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ABSTRACT 

Glutamate carboxypeptidase II (GCPII) is a transmembrane glycoprotein, which 

consists of short intracellular and transmembrane domains, and a large extracellular 

domain possessing carboxypeptidase activity. In the human body, GCPII fulfils a 

neuromodulatory function in the brain and facilitates folate absorption in the small 

intestine. In addition to the brain and small intestine, high level of GCPII is also present 

in the prostate and kidney. However, GCPII function in these tissues has not been 

determined yet. To study the role of GCPII in detail, several research groups attempted 

to inactivate GCPII encoding gene Folh1 in mice. Surprisingly, the experiments led to 

rather conflicting results ranging from embryonic lethality to generation of viable 

GCPII-deficient mice without any obvious phenotype. This dissertation project aimed to 

dissect the discrepancy using alternative strategy for gene modification. 

For this purpose, we designed TALENs that specifically targeted exon 11 of Folh1 

gene and manipulated mouse zygotes of C57BL/6NCrl genetic background. We analysed 

all genetically modified mice of F0 generation for presence of TALEN-mediated 

mutations and established 5 different GCPII-mutant mouse colonies from founder mice 

that altogether carried 2 frame-shift mutations and 3 small in-frame deletions. 

We thoroughly characterized all 5 colonies and found out that GCPII is not expressed in 

any of mice homozygous for Folh1-mutant variant. We were thus able to generate viable 

GCPII-deficient mice that breed normally and do not show any overt phenotype. 

Produced GCPII-deficient mice were utilized for investigation of potential role of 

GCPII in the urogenital system. It was revealed that aged GCPII-deficient mice possess 

increased propensity to enlarged seminal vesicles, though the origin of this dilation is yet 

to be determined. In contrast, kidneys from aged GCPII-deficient mice did not display 

any pathological abnormalities and targeted metabolomics of mouse urine showed only 

3 out of 193 measured metabolites discriminating GCPII-deficient and wild type mice. 

In addition to dissecting the discrepancy found in the literature by showing that 

GCPII-deficient mice are viable, this dissertation project may set the direction for 

revealing the GCPII function in reproduction. Strikingly, supposed unimportance of 

GCPII for kidney function may open the door for GCPII-targeted anti-cancer treatment. 

 

KEY WORDS: GCPII, PSMA, Folh1, GCPII-deficient mice, knockout mice, TALEN, 

enlarged seminal vesicles, urogenital system, kidney, urine metabolomics, NAAG, folate 
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ABSTRAKT 

Glutamátkarboxypeptidasa II (GCPII) je transmembránový glykoprotein skládající 

se z krátké intracelulární a transmembránové domény a velké extracelulární domény, 

která vykazuje karboxypeptidasovou aktivitu. GCPII se podílí na neuromodulaci 

v mozku a absorpci folátů v tenkém střevě. Kromě těchto tkání se GCPII též vyskytuje 

v prostatě a ledvinách. Zde je ale její role neznámá. Za účelem zjištění funkce GCPII se 

několik vědeckých skupin pokusilo inaktivovat gen Folh1 (kódující GCPII) v myši. Tyto 

experimenty však vedly k rozporuplným výsledkům. Zatímco dvě studie ukázaly, že 

inaktivace genu Folh1 v myši vede k embryonální letalitě, jiné dvě studie publikovaly, 

že i po zmíněné inaktivaci jsou myši stále viabilní a navíc nevykazují žádný výrazný 

fenotyp. Cílem tohoto projektu bylo pokusit se připravit a charakterizovat myši 

s inaktivovaným Folh1 genem pomocí alternativní metody genetické modifikace.  

Za tímto účelem byly vytvořeny TALENy, které specificky cílily 11. exon genu 

Folh1 v myších zygotách genetického pozadí C57BL/6NCrl. Narozená mláďata 

generace F0 byla analyzována pro přítomnost mutací v rámci genu Folh1 a myši, které 

dohromady nesly 5 různých delecí, byly vybrány pro vytvoření mutantních linií. Linie, 

které nesly mutantní varianty genu Folh1 na obou alelách, neobsahovaly detekovatelnou 

hladinu GCPII. Bylo potvrzeno, že myši s vyřazeným genem pro GCPII jsou viabilní, 

nemají reprodukční problémy a obecně nevykazují žádný výrazný fenotyp. 

Modifikované myši byly použity pro zkoumání funkce GCPII v urogenitálním 

systému. Bylo zjištěno, že starší myši s vyřazeným genem pro GCPII mají zvýšený sklon 

k obstrukci semenných váčků. Zdroj tohoto fenotypu se ale nepodařilo objasnit. Ledviny 

starších modifikovaných myší nevykazovaly patologické změny a metabolomická 

analýza moči poukázala pouze na 3 ze 193 možných metabolitů, jejichž hladiny se u 

modifikovaných myší a myší divokého typu významně lišily.  

Kromě prokázání, že myši s vyřazeným genem pro GCPII jsou viabilní, by tento 

disertační projekt mohl napomoci k odhalení potenciální role GCPII v reprodukci. 

Pravděpodobný omezený vliv GCPII na funkci ledvin by poté mohl být užitečný pro 

vývoj protirakovinových léků cílených na GCPII. 

 

KLÍČOVÁ SLOVA: GCPII, PSMA, Folh1, myši s vyřazeným genem pro GCPII, 

geneticky modifikované myši, TALEN, zvětšené semenné váčky, urogenitální systém, 

ledviny, metabolomická analýza moči, NAAG, folát 
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1. INTRODUCTION 

1.1. Discovery of glutamate carboxypeptidase II (GCPII)  

The first research reports regarding glutamate carboxypeptidase II (GCPII) were 

published in late 1980s. Back then, three distinct designations for GCPII – N-acetylated 

alpha-linked acidic dipeptidase (NAALADase), prostate specific membrane antigen 

(PSMA) and folate hydrolase (Folh1) – were invented since the scientists from three 

unrelated research fields – neurology, urology and dietology – worked on this protein 

independently.  

Indeed, in two reports from 1986 and 1987, Robinson and colleagues showed 

identification of a membrane-bound enzyme able to hydrolyse a peptide neurotransmitter 

N-acetyl-L-aspartyl-L-glutamate (NAAG) and entitled it NAALADase (Robinson et al. 

1986; Robinson et al. 1987). In a completely different report from 1986, Chandler and 

colleagues isolated folate hydrolase from jejunal brush-border and demonstrated that this 

enzyme is involved in folate absorption (Chandler et al. 1986). Around the same time, 

Horoszewicz and colleagues developed a monoclonal antibody 7E11 that strongly 

interacted with human prostatic cells (Horoszewicz et al. 1987). The antigen recognized 

by this antibody was identified several years later and denoted as PSMA (Pinto et al. 

1996).  

Interestingly, it took almost a decade for the scientists from the three fields to 

realize that NAALADase, PSMA and folate hydrolyse are in fact a single enzyme entity. 

First, PSMA was shown to be capable of folate hydrolysis (Pinto et al. 1996) as well as 

NAAG hydrolysis (Carter et al. 1996). A computational prediction (Rawlings and Barrett 

1997) followed by a series of experimental studies from the laboratory of Joseph T. Coyle 

then demonstrated that the three proteins possess identical sequences and enzyme 

properties (Luthi-Carter et al. 1998b; Luthi-Carter et al. 1998a; Luthi-Carter et al. 1998c; 

Halsted et al. 1998). A united name – glutamate carboxypeptidase II – for all three 

original designations was thus introduced. Although this name was also approved by 

International Union of Biochemistry and Molecular Biology and should be thus used 

preferentially, one of the original names – PSMA – still prevails in the literature.  
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1.2. Human and mouse GCPII: from DNA to protein 

1.2.1. GCPII-encoding genes and mRNA 

Human GCPII is encoded by a gene designated as FOLH1, which is localized on 

11th chromosome at a position 11p11-p12 (O'Keefe et al. 1998; Rinkerschaeffer et al. 

1995; Maraj et al. 1998). FOLH1 spans 62035 base pairs and originally consists of 19 

exons and 18 introns (O'Keefe et al. 1998). Nevertheless, at least six alternative splicing 

variants have been identified including four variants with alternatively spliced exon 1 – 

PSM’ (Su et al. 1995), PSM-C, PSM-D (O’Keefe et al. 2001; Schmittgen et al. 2003), 

PSM-E (Cao et al. 2007) – and two variants with specific exon deletions – PSMAΔ6 and 

PSMAΔ18 (Williams and Kole 2006). Moreover, number of other alternative splice 

variants could to be found in public databases (http://www.ncbi.nlm.nih.gov; 

http://www.ensembl.org). 

Mouse GCPII is encoded by a gene designated as Folh1, which is localized on 7th 

chromosome at a position 7D1-D2 (Bacich et al. 2001). Public databases indicate that 

Folh1 spans around 57000 base pairs and its intron/exon structure is similar to human 

orthologue (http://www.ncbi.nlm.nih.gov; http://www.ensembl.org). Even though no 

alternative splicing of mouse mRNA have been reported to date, several splice variants 

are deposited in public databases (http://www.ncbi.nlm.nih.gov; 

http://www.ensembl.org). 

 

1.2.2. GCPII protein 

GCPII is type II transmembrane glycoprotein consisting of a short intracellular 

domain, a single membrane-spanning domain and a large extracellular domain (Rawlings 

and Barrett 1997; Bacich et al. 2001). Human GCPII (hGCPII) contains 750 amino acids 

(Israeli et al. 1993) and shares 86% sequence identity and 91% sequence similarity with 

mouse GPCII (mGCPII) that contains 752 amino acids (Bacich et al. 2001; Knedlik et 

al. 2017). An alignment of primary structures of both orthologues is depicted in Figure 1 

(p. 14).  
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Figure 1: Sequence alignment of human and mouse full-length GCPII proteins. Identical 

amino acid residues are highlighted in light blue, similar residues in pink and non-similar residues in white. 

Black rectangle defines predicted GCPII transmembrane domain; dashed red rectangle marks epitope of 

the antibody GCP2-04 (Barinka et al. 2004a; Tykvart et al. 2014). Black rings mark potential 

N-glycosylation sites. The residues participating on substrate recognition, hydrolysis and product binding 

are designated as stars. Red stars: residues forming the S1 pocket (Barinka et al. 2008); blue stars: zinc 

ligands (Speno et al. 1999; Mesters et al. 2006); black star: catalytic base (Klusak et al. 2009); green stars: 

residues defining the S1’ pocket (Barinka et al. 2007). The figure was adapted from (Knedlik et al. 2017). 
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Both proteins contain 10 potential N-linked glycosylation sites from which at least 

some are glycosylated. Indeed, while the molecular weight of GCPII was predicted from 

the amino acid sequence to be around 84 kDa, the molecular weight of GCPII determined 

experimentally is around 100 kDa (Israeli et al. 1994; Bacich et al. 2001). In addition, 

high sequence identity of both proteins ensures that some monoclonal antibodies 

produced as tools for hGCPII detection could be also used in mGCPII research (Tykvart 

et al. 2014). Especially, the epitope of the antibody GCP2-04 is highly conserved 

(see Figure 1, p. 14) (Barinka et al. 2004a; Tykvart et al. 2014). 

Tertiary structure of extracellular portion of GCPII was resolved by protein 

crystallography for hGCPII (see Figure 2) (Davis et al. 2005; Mesters et al. 2006) but 

not yet for mGCPII. Nevertheless, due to the high sequence similarity, it can be expected 

that mGCPII 3D structure closely resembles the 3D structure of hGCPII. 

 

 

 

 

Figure 2: 3D structure of human GCPII. Crystal structure of extracellular part of human GCPII 

homodimer in cartoon representation (PDB identification code 2PVW) tethered to plasmatic membrane. 

One monomer is displayed in light grey; in the other monomer, individual domains are shown by distinct 

colours: the protease-like domain in pink, the apical domain in cyan, and the C-terminal domain 

(i.e. dimerization domain) in blue. The structure was created using PyMol (DeLano 2004). Illustrative 

display of transmembrane and intracellular part of GCPII is coloured dark grey.  
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The extracellular part of human GCPII (amino acids 44-750) consists of three 

domains – the protease-like domain (amino acids 59-116 and 352-590), the apical domain 

(amino acids 117-351) and the C-terminal or the dimerization domain (amino acids 

591 - 750) (see Figure 2, p. 15) (Davis et al. 2005; Mesters et al. 2006; Barinka et al. 

2012). Through the dimerization domain, the extracellular part of GCPII folds to a 

homodimer, which displays a pronounced overall fold similarity to the transferrin 

receptor (Mesters et al. 2006; Lawrence et al. 1999). 

 

 

1.3. GCPII enzymology 

As the name suggests, GCPII (EC 3.4.17.21) is a peptidase that hydrolyses its 

substrates at C-terminal glutamate. According to MEROPS database, GCPII belongs to 

a metallopeptidase subfamily M28B (Rawlings et al. 2016) since it requires 2 co-catalytic 

zinc cations for its activity (Speno et al. 1999). Moreover, GCPII needs to be 

post-translationally N-glycosylated (see Chapter 1.2., p. 13) in order to be capable of 

proteolysis (Ghosh and Heston 2003; Barinka et al. 2004b). 

The active sites as well as S1 and S1’ specificity pockets in the human and mouse 

GCPII are conserved (see Figure 1, p. 14); the structural studies performed on hGCPII 

should thus also apply to mGCPII. Four residues responsible for substrate binding into 

S1 pocket of hGCPII – Arg463, Asn519, Arg534 and Arg536 – were identified (Barinka 

et al. 2008). The S1 pocket seems to be relatively specific since the P1 position within 

the substrate needs to be occupied by negatively charged residue in order to ensure 

efficient hydrolysis (Hlouchova et al. 2012a).  

The active site itself harbours catalytic Glu424 (in hGCPII, Glu426 in mGCPII) 

and 2 zinc atoms (Speno et al. 1999; Mesters et al. 2006). The catalytic Glu424 is a 

general base in the catalytic mechanism (Speno et al. 1999); it has been shown that a 

specific mutation E424A leads to complete loss of GCPII enzymatic activity (Klusak et 

al. 2009). The zinc atoms are coordinated by five residues – His377, Asp387, Glu425, 

Asp453 and His553 – which specific mutations result in severely reduced enzymatic 

activity (Speno et al. 1999).  



17 

 

Due to the conservation of the active site and the specific pockets, hGCPII and 

mGCPII possess similar substrate profiles. Indeed, both orthologues have been shown to 

process most of the N-acetylated dipeptides in a dipeptide library Ac-X-Glu-OH, where 

X is any proteinogenic amino acid (Barinka et al. 2002; Tykvart et al. 2015; Knedlik et 

al. 2017). With regard to the physiologically relevant substrates, both hGCPII and 

mGCPII hydrolyse N-acetyl-L-aspartyl-L-glutamate (NAAG) and 

poly-gamma-glutamylated folates (FolGlun) (for more information on the physiological 

function see Chapter 1.5., p. 23) (Robinson et al. 1987; Halsted 1991; Bacich et al. 2001). 

While cleavage of NAAG yields N-acetyl-L-aspartate and L-glutamate, successive 

hydrolysis of FolGlun eventually results in release of folate and several free L-glutamates 

(see Figure 3) (Robinson et al. 1987; Bacich et al. 2001; Navratil et al. 2014). 

 

 

Figure 3: GCPII-catalysing hydrolysis of naturally occurring substrates. A: Catalysis of 

N-acetyl-L-aspartyl-L-glutamate (NAAG) cleavage. B: Catalysis of poly-gamma-glutamylated folates 

(FolGlun) hydrolysis. 
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1.4. Expression profile of human and mouse GCPII 

1.4.1. Expression profile on the mRNA level 

GCPII mRNA profile was mainly studied by RT-PCR which showed predominant 

expression in the human prostate. In other tissues such as brain, kidney, small intestine, 

colon, liver, spleen, pancreas, testis, ovary and heart, the mRNA was also detected but in 

more than one order of magnitude lower amount than in the prostate (Israeli et al. 1994; 

Pangalos et al. 1999; Renneberg et al. 1999; Gala et al. 2000; Cunha et al. 2006). 

In contrast with humans, almost no GCPII mRNA expression was observed in the 

mouse prostate (Bacich et al. 2001; Knedlik et al. 2017). Nevertheless, it is important to 

note that the anatomy of mammalian prostate is rather complex. Mouse prostate consists 

of four separate lobes differing in anatomy as well as histology (Oliveira et al. 2016), 

which the authors did not seem to take into consideration. The highest amount of mRNA 

was detected in the mouse kidney followed by the testis, brain, eyes, lungs, spleen, ovary, 

uterus and salivary gland (Bacich et al. 2001; Collard et al. 2011; Knedlik et al. 2017).  

It is possible that GCPII mRNA is also expressed in other human and mouse tissues 

since not all tissues have been examined. On the other hand, it cannot be excluded that 

some of the published data were only false positive results. It is thus not surprising that 

the EST profiles available for both human and mouse in the UniGene database 

(https://www.ncbi.nlm.nih.gov/unigene) only partially correspond to the published data. 

   

 

1.4.2. Expression profile on the protein level 

Since the development of the first antibody 7E11 (Horoszewicz et al. 1987), 

expression profile of GCPII protein in both the physiological and pathophysiological 

conditions has been thoroughly investigated. However, the data are inconsistent, which 

is most probably caused by two main reasons. First, individual studies utilised different 

detection methods ranging from Western blotting, ELISA and immunohistochemistry to 

in vivo imaging (Barinka et al. 2012). The generated data may thus considerably differ 

due to variable detection limits of each method. Second, distinct antibodies have been 
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used but most of them were poorly characterized, which could have led to improper 

exploitation of the antibodies and thus generation of false positive/negative results.  

From these reasons, the most commonly used antibodies against GCPII were 

recently thoroughly characterize and their performances in different detection methods 

were compared directly (Tykvart et al. 2014). The authors of this report then suggested 

guidelines on how to use the antibodies in a proper and the most efficient way. 

To decrease the data inconsistency, it will be desirable if this study would get into the 

general awareness of researchers working in the GCPII field. 

In comparison to numerous of antibodies being produced against hGCPII, not 

many antibodies intended for mGCPII research are available. Due to the high sequence 

identity of both orthologues (see Chapter 1.2.2., p. 13), some of the antibodies against 

hGCPII could be used for detection of mGCPII (Tykvart et al. 2014). Nevertheless, the 

data collected for mGCPII expression profile has been mainly generated using 

NAAG-hydrolysing assay. 

 

1.4.2.1. Expression in healthy tissues 

Despite the data inconsistency, a consensus has been reached on GCPII expression 

within human body in the prostate, nervous system, small intestine and kidney (Barinka 

et al. 2012). These tissues were further examined using either human or rat histological 

samples to determine the exact localization of GCPII. It was found that GCPII is 

expressed in the acinar epithelium within the prostate (Rovenska et al. 2008; Kinoshita 

et al. 2006; Silver et al. 1997), astrocytes and Schwann cells within the nervous system 

(Berger et al. 1995; Berger et al. 1999; Sacha et al. 2007; Carozzi et al. 2008), duodenal 

mucosa within the small intestine (Kinoshita et al. 2006; Silver et al. 1997) and proximal 

tubules within the kidney (Dumas et al. 1999; Rovenska et al. 2008; Kinoshita et al. 

2006; Silver et al. 1997).  

Several studies also showed that GCPII expression profile within the human body 

is much broader and is thus not restricted only to the prostate, nervous system, small 

intestine and kidney. It should be noted though that the level of GCPII in other than the 

mentioned tissues is much lower. The list of tested tissues together with the number of 

studies investigating individual tissues is summarized in Table 1 (p. 20). 
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Table 1: Expression profile of GCPII protein in humans and mice. The numbers indicate the 

amount of reports showing GCPII expression in particular tissue out of all the reports investigating the 

particular tissue. 

 

 

TISSUE humans mice REFERENCE 

adrenal gland 1/5 1/1 
(Horoszewicz et al. 1987), (Lopes et al. 1990), (Silver et al. 1997), 
(Chang et al. 1999b), (Kinoshita et al. 2006), (Knedlik et al. 2017) 

blood 4/5 --- 
(Rochon et al. 1994), (Troyer et al. 1995), (Beckett et al. 1999), 

(Xiao et al. 2001), (Knedlik et al. 2014) 

brain 5/10 2/2 

(Horoszewicz et al. 1987), (Lopes et al. 1990), (Troyer et al. 1995), 
(Silver et al. 1997), (Zhang et al. 1998), (Chang et al. 1999b), 

(Bacich et al. 2001), (Kinoshita et al. 2006), (Mhawech-Fauceglia 
et al. 2007), (Sacha et al. 2007), (Rovenska et al. 2008), (Knedlik 

et al. 2017) 

breast 4/9 --- 

(Horoszewicz et al. 1987), (Troyer et al. 1995), (Silver et al. 1997), 
(Zhang et al. 1998), (Chang et al. 1999b), (Sokoloff et al. 2000), 

(Kinoshita et al. 2006), (Mhawech-Fauceglia et al. 2007), 
(Rovenska et al. 2008) 

colon 3/10 --- 

(Horoszewicz et al. 1987), (Lopes et al. 1990), (Troyer et al. 1995), 
(Silver et al. 1997), (Zhang et al. 1998), (Chang et al. 1999b), 

(Sokoloff et al. 2000), (Kinoshita et al. 2006), (Mhawech-Fauceglia 
et al. 2007), (Rovenska et al. 2008) 

esophagus 1/2 --- (Chang et al. 1999b), (Kinoshita et al. 2006) 

gall bladder 0/1 --- (Mhawech-Fauceglia et al. 2007) 

heart 2/5 0/2 
(Horoszewicz et al. 1987), (Lopes et al. 1990), (Troyer et al. 1995), 
(Bacich et al. 2001), (Mhawech-Fauceglia et al. 2007), (Rovenska 

et al. 2008), (Knedlik et al. 2017) 

kidney 9/11 2/2 

(Horoszewicz et al. 1987), (Lopes et al. 1990), (Silver et al. 1997), 
(Liu et al. 1997), (Zhang et al. 1998), (Chang et al. 1999b), 

(Dumas et al. 1999), (Sokoloff et al. 2000), (Bacich et al. 2001), 
(Kinoshita et al. 2006), (Mhawech-Fauceglia et al. 2007), 

(Rovenska et al. 2008), (Knedlik et al. 2017) 

liver 2/9 0/2 

(Horoszewicz et al. 1987), (Lopes et al. 1990), (Troyer et al. 1995), 
(Silver et al. 1997), (Zhang et al. 1998), (Chang et al. 1999b), 

(Sokoloff et al. 2000), (Bacich et al. 2001), (Kinoshita et al. 2006), 
(Rovenska et al. 2008) , (Knedlik et al. 2017) 

lung 1/8 0/1 

(Horoszewicz et al. 1987), (Lopes et al. 1990), (Troyer et al. 1995), 
(Zhang et al. 1998), (Chang et al. 1999b), (Kinoshita et al. 2006), 

(Mhawech-Fauceglia et al. 2007), (Rovenska et al. 2008), (Knedlik 
et al. 2017) 

lymph node 0/5 --- 
(Horoszewicz et al. 1987), (Lopes et al. 1990), (Silver et al. 1997), 

(Zhang et al. 1998), (Mhawech-Fauceglia et al. 2007) 

ovary 3/8 0/1 

(Horoszewicz et al. 1987), (Troyer et al. 1995), (Zhang et al. 1998), 
(Chang et al. 1999b), (Sokoloff et al. 2000), (Kinoshita et al. 2006), 
(Mhawech-Fauceglia et al. 2007), (Rovenska et al. 2008), (Knedlik 

et al. 2017) 

pancreas 1/6 0/1 
(Horoszewicz et al. 1987), (Lopes et al. 1990), (Silver et al. 1997), 
(Chang et al. 1999b), (Mhawech-Fauceglia et al. 2007), (Rovenska 

et al. 2008), (Knedlik et al. 2017) 

prostate 13/13 0/2 

(Horoszewicz et al. 1987), (Lopes et al. 1990), (Troyer et al. 1995), 
(Wright et al. 1995), (Silver et al. 1997), (Liu et al. 1997), (Zhang et 

al. 1998), (Chang et al. 1999b), (Sokoloff et al. 2000), (Bacich et 
al. 2001), (Kinoshita et al. 2006), (Mhawech-Fauceglia et al. 2007), 

(Rovenska et al. 2008), (Wolf et al. 2010), (Knedlik et al. 2017) 

salivary gland 2/3 2/2 
(Troyer et al. 1995), (Bacich et al. 2001), (Mhawech-Fauceglia et 

al. 2007), (Wolf et al. 2010), (Knedlik et al. 2017) 

skeletal muscle 1/7 0/1 
(Horoszewicz et al. 1987), (Lopes et al. 1990), (Troyer et al. 1995), 

(Silver et al. 1997), (Zhang et al. 1998), (Chang et al. 1999b), 
(Rovenska et al. 2008), (Knedlik et al. 2017) 



21 

 

TISSUE humans mice REFERENCE 

seminal fluid 2/2 --- (Troyer et al. 1995), (Sokoloff et al. 2000) 

seminal vesicles 0/2 --- (Bostwick et al. 1998), (Kinoshita et al. 2006) 

skin 1/7 --- 
(Horoszewicz et al. 1987), (Lopes et al. 1990), (Silver et al. 1997), 
(Chang et al. 1999b), (Sokoloff et al. 2000), (Mhawech-Fauceglia 

et al. 2007), (Rovenska et al. 2008) 

small intestine 8/11 0/1 

(Horoszewicz et al. 1987), (Lopes et al. 1990), (Troyer et al. 1995), 
(Silver et al. 1997), (Liu et al. 1997), (Chang et al. 1999b), 

(Sokoloff et al. 2000), (Kinoshita et al. 2006), (Mhawech-Fauceglia 
et al. 2007),  (Rovenska et al. 2008), (Wolf et al. 2010), (Knedlik et 

al. 2017) 

spleen 1/4 1/1 
(Horoszewicz et al. 1987), (Lopes et al. 1990), (Mhawech-

Fauceglia et al. 2007),  (Rovenska et al. 2008), (Knedlik et al. 
2017) 

stomach 1/7 --- 
(Horoszewicz et al. 1987), (Lopes et al. 1990), (Silver et al. 1997), 
(Zhang et al. 1998), (Chang et al. 1999b), (Kinoshita et al. 2006), 

(Mhawech-Fauceglia et al. 2007) 

testis 2/7 0/2 

(Horoszewicz et al. 1987), (Lopes et al. 1990), (Silver et al. 1997), 
(Zhang et al. 1998), (Chang et al. 1999b), (Bacich et al. 2001), 

(Mhawech-Fauceglia et al. 2007),  (Rovenska et al. 2008), (Knedlik 
et al. 2017) 

thyroid gland 0/5 --- 
(Horoszewicz et al. 1987), (Lopes et al. 1990), (Silver et al. 1997), 

(Chang et al. 1999b), (Mhawech-Fauceglia et al. 2007) 

urinary bladder 3/6 --- 
(Horoszewicz et al. 1987), (Silver et al. 1997), (Chang et al. 

1999b), (Kinoshita et al. 2006), (Mhawech-Fauceglia et al. 2007), 
(Rovenska et al. 2008) 

urothelium 2/4 --- 
(Horoszewicz et al. 1987), (Bostwick et al. 1998), (Gala et al. 

2000), (Kinoshita et al. 2006) 

uterus 2/4 --- 
(Horoszewicz et al. 1987), (Zhang et al. 1998), (Mhawech-

Fauceglia et al. 2007), (Rovenska et al. 2008) 

 

 

In agreement with mRNA expression profile, the distribution of hGCPII and 

mGCPII proteins slightly differs. While the prostate is considered as a tissue with the one 

of the highest GCPII expression level within humans (Sokoloff et al. 2000), mouse 

prostate does not contain almost any GCPII protein (Bacich et al. 2001; Knedlik et al. 

2017). Nevertheless, similarly to mRNA experiments, the mouse prostate lobe utilized 

for the analysis of GCPII protein level was not specified. It cannot be thus excluded that 

the GCPII is expressed in some of the mouse prostate lobes. The mouse tissue with the 

highest amount of expressed GCPII is the kidney followed by the brain (Bacich et al. 

2001; Knedlik et al. 2017). In contrast, almost no GCPII was detected in the small 

intestine. The comparison of the GCPII expression within humans and mice is 

summarized in Table 1 (p. 20). 
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1.4.2.2. Expression in pathological conditions  

As the alternative name ‘prostate-specific membrane antigen’ indicates, it has been 

consecutively shown that GCPII is overexpressed in the prostate cancer cells 

(Horoszewicz et al. 1987; Lopes et al. 1990; Troyer et al. 1995; Wright et al. 1995; Liu 

et al. 1997; Silver et al. 1997; Bostwick et al. 1998; Chang et al. 1999b; Sokoloff et al. 

2000; Kinoshita et al. 2006; Mhawech-Fauceglia et al. 2007; Perner et al. 2007; Minner 

et al. 2011; Chaux et al. 2013). GCPII is thus considered as one of the prostate cancer 

markers and several reports pointed out that the amount of GCPII increases with 

increasing prostate cancer grade (Bostwick et al. 1998; Perner et al. 2007; Minner et al. 

2011). Moreover, considerable level of GCPII is also present in different prostate cancer 

metastases (Horoszewicz et al. 1987; Wright et al. 1995; Silver et al. 1997; Chang et al. 

2001; Perner et al. 2007).   

In addition to the prostate cancer, expression of GCPII has been also observed in 

numerous other carcinomas such as bladder carcinoma, breast carcinoma, colorectal 

adenocarcinoma, non-small cell lung carcinoma, glioma, clear cell renal cell carcinoma, 

thyroid carcinomas among others (Liu et al. 1997; Silver et al. 1997; Chang et al. 1999b; 

Dumas et al. 1999; Gala et al. 2000; Sokoloff et al. 2000; Kinoshita et al. 2006; Baccala 

et al. 2007; Mhawech-Fauceglia et al. 2007; Lane et al. 2008; Haffner et al. 2009; 

Samplaski et al. 2011; Zeng et al. 2012; Nomura et al. 2014; Abdel-Hadi et al. 2014; 

Ren et al. 2014; Wernicke et al. 2014; Wang et al. 2015; Crowley et al. 2016; Salas 

Fragomeni et al. 2017; Kasoha et al. 2017; Schmidt et al. 2017; Heitkotter et al. 2017; 

Bychkov et al. 2017; Moore et al. 2017; Klein Nulent et al. 2017; Spatz et al. 2018; 

Tolkach et al. 2018; Heitkotter et al. 2018; Matsuda et al. 2018). Most of these 

carcinomas express GCPII in tumour-associated neovasculature (Liu et al. 1997; Silver 

et al. 1997; Chang et al. 1999a; Chang et al. 1999b; Dumas et al. 1999; Haffner et al. 

2009), which is in contrast with the prostate cancer, where GCPII is mainly localized on 

the tumour cells (Wright et al. 1995; Silver et al. 1997; Bostwick et al. 1998; Perner et 

al. 2007; Minner et al. 2011).   

Except of different types of cancer, GCPII seems to be also overexpressed in 

inflammatory bowel disease (IBD). Indeed, it has been shown that FOLH1 gene is 

upregulated in IBD (Noble et al. 2010; Zhang et al. 2012; Ben-Shachar et al. 2013) and 

in one of the cases, immunohistochemistry was performed to further confirm GCPII 
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expression on the protein level (Zhang et al. 2012). Recently, 2.8 to 40-fold increase of 

GCPII enzymatic activity was reported in the affected intestinal mucosa of IBD patients 

when compared to normal colon from healthy volunteers (Rais et al. 2016). Taking these 

findings together, GCPII may serve as a biomarker for IBD. 

 

1.5. GCPII in physiological and pathological conditions 

In spite of the fact that GCPII is expressed in numerous healthy as well as 

malignant tissues (see Chapter 1.4., p. 18), its biological role has been only established 

in the brain and small intestine. The GCPII functions in both tissues correspond with its 

two enzymatic activities (see Chapter 1.3., p. 16) and are thus distinct. While in the brain, 

GCPII fulfils a neuromodulatory role (see Chapter 1.5.1., p. 23), in the small intestine, it 

is involved in folate metabolism (see Chapter 1.5.2., p. 25). In addition, GCPII has been 

suggested to play several distinct (though also contradictory) roles in healthy prostate 

and different carcinomas but not enough convincing data has been gathered for any 

hypothesis to be widely accepted by scientific community (see Chapter 1.5.3., p. 27). 

Interestingly, the function of GCPII in the kidney remains completely elusive.   

 

1.5.1. GCPII function in the brain 

GCPII fulfils the neuromodulatory role through cleavage and thus deactivation of 

NAAG, which is the most abundant peptide neurotransmitter in the mammalian brain 

(Neale et al. 2000). NAAG has been suggested to bind to two distinct types of receptors 

during the synaptic transmission – N-methyl-d-aspartate receptors (NMDARs) and type 

3 metabotropic glutamate receptors (mGluR3s) (Wroblewska et al. 1993; Westbrook et 

al. 1986). Since the physiological relevance of NAAG action through NMDARs has been 

repeatedly questioned in the literature (Neale et al. 2011), it will not be discussed here 

further. On the other hand, the neuromodulatory function of NAAG executed through 

mGluR3s seems to be generally accepted (Khacho et al. 2016; Neale et al. 2011). 

The basic mechanism of the synaptic transmission is depicted in Figure 4 (p. 24). 
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Figure 4: Involvement of NAAG and GCPII in neuromodulation. During the synaptic 

transmission, NAAG is released together with excitatory neurotransmitter (such as glutamate) from the 

presynaptic neuron (Neale et al. 2011). Subsequently, glutamate triggers the postsynaptic neuron 

stimulation through binding into NMDARs, while NAAG activates mGluR3s situated on presynaptic 

neurons and perisynaptic astrocytes (Wroblewska et al. 1997; Wroblewska et al. 1998; Wroblewska et al. 

2006). Activation of presynaptic mGluR3 leads to inhibition of additional release of neurotransmitters from 

the presynaptic neuron (Zhao et al. 2001; Zhong et al. 2006; Sanabria et al. 2004; Romei et al. 2013); 

stimulation of mGluR3 on astrocytes triggers signalling pathway resulting in the secretion of 

neuroprotective factors such as TGF-β (Thomas et al. 2001; Bruno et al. 1998; Ruocco et al. 1999). Both 

these actions help to prevent excitotoxicity. In contrast, GCPII located on astrocytes hydrolyses NAAG 

into N-acetyl-L-aspartyl (NAA) and glutamate (Glu) and thus discontinues the neuroprotective actions. 

The figure was adapted from (Knedlik 2017). 

 

 

 

During the synaptic transmission, postsynaptic nerve may be overstimulated by 

excessive level of excitatory neurotransmitter, such as glutamate. This can lead to 

neurotoxicity and subsequent severe pathological effects (Doble 1999). To avoid such 

pathological conditions, a neuroprotective agent, such as NAAG, is released from the 

presynaptic neuron together with the primary neurotransmitter. The stimulation of the 
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postsynaptic neuron is then downregulated by a combination of neuroprotective actions 

resulting from mGluR3s activation (Khacho et al. 2016; Neale et al. 2011). Since GCPII 

serves as NAAG deactivator, it is not surprising that substantial amount of effort has been 

made to find a selective GCPII inhibitor that could be possibly used in a treatment of 

neurological disorders (see Chapter 1.8., p. 37). 

 

 

1.5.2. GCPII function in the small intestine 

GCPII participates in the folate metabolism through facilitation of their absorption. 

The natural folates are usually present in a diet as folylpoly-gamma-glutamates (Zhao et 

al. 2009; McNulty and Pentieva 2010; Miller 2013). However, the proton-coupled folate 

transporter responsible for folate absorption from the intestinal lumen is highly specific 

for monoglutamylated folates (Qiu et al. 2006; Qiu et al. 2007). The polyglutamylated 

folates need to be thus first hydrolysed on intestinal brush-border by GCPII (Halsted 

1991). The GCPII action in the folate absorption is thus crucial. The process of folate 

absorption and transport within the human body is depicted in Figure 5 (p. 26). 

Interestingly, in the rat intestine, polyglutamylated folates are not hydrolysed by 

GCPII but by γ-glutamylhydrolase (Shafizadeh and Halsted 2007). Since GCPII seems 

not to be present in the mouse intestine (see Chapter 1.4.2.1., p. 19), it is likely that the 

folate absorption in mice is facilitated similarly as in rats. 

Once absorbed into the portal circulation, most of the folates is taken up by the 

liver, where it is appropriately metabolized and then either retained or distributed 

throughout the body (Shane 2010). The major circulating form of folate is 

5-methyl-tetrahydrofolate (5-MTHF) (Damaraju et al. 2008). After the cellular uptake, 

5-MTHF is metabolized to its polyglutamylated forms, which ensures retention of folate 

pools within the cell (Balinska et al. 1982). In the cells, folates participate in the 

one-carbon metabolism such as methionine synthesis from homocysteine, synthesis of 

purine basis or synthesis of thymidine (Stover 2010). 
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Figure 5: Folate absorption and transport within human body. Folates occurring in a diet as 

folylpolyglutamates (FolGlun) are first hydrolysed on the brush-border membrane of small intestine by 

GCPII (Halsted 1991). Monoglutamylated folates (Fol) are then taken up by the intestinal cells through 

proton-coupled folate transporter (PCFT) and either released unmodified into the portal circulation through 

multidrug resistant protein 3 (MRP3) or transformed into 5-methyl-tetrahydrofolate (5-MTHF), which can 

be then also released into the blood through MRP3 (Patanwala et al. 2014). After the absorption, most of 

the folate is taken up by the liver, where it is transformed to 5-MTHF and either polyglutamylated, which 

ensures retention within the cells, or released to the blood or bile (Shane 2010). Through the blood, 

5-MTHF is transported to peripheral tissue, where it is also transformed to polyglutamylated form in which 

executes a desired function. The folate homeostasis is maintained by glomerular filtration and tubular 

reabsorption in the kidney (Damaraju et al. 2008). The figure was adapted from (Patanwala et al. 2014) 

and (Halsted et al. 2010). 

  

 

 

 Due to the involvement of GCPII in the folate absorption, number of reports 

dealing with a possible influence of FOLH1 gene polymorphisms on folate metabolism 

emerged (Devlin et al. 2000; Lievers et al. 2002; Vargas-Martinez et al. 2002; Morin et 

al. 2003; Afman et al. 2003; Melse-Boonstra et al. 2004; Chen et al. 2004; Devlin et al. 

2006; Halsted et al. 2007; DeVos et al. 2008; Eklof et al. 2008; Guo et al. 2013; Roffman 

et al. 2013; Cummings et al. 2017). Nevertheless, the published data are rather 
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conflicting and further research is thus desirable. Two naturally occurring 

polymorphisms have been reported to date – rs61886492 (also known as C1561T) and 

rs202676 (also known as T484C). 

rs61886492 polymorphism has been associated with increased serum folate levels 

(Halsted et al. 2007; Lievers et al. 2002; Afman et al. 2003; DeVos et al. 2008; Melse-

Boonstra et al. 2004; Eklof et al. 2008). Two of the reports also demonstrated decreased 

serum homocysteine levels in association with rs61886492 (Eklof et al. 2008; Halsted et 

al. 2007), but others failed to confirm this phenomenon (Lievers et al. 2002; Afman et 

al. 2003; DeVos et al. 2008; Melse-Boonstra et al. 2004). Moreover, number of studies 

did not observe any effect of rs61886492 on serum folate or homocysteine (Vargas-

Martinez et al. 2002; Morin et al. 2003; Chen et al. 2004; Devlin et al. 2006). The 

expression of FOLH1 gene with rs61886492 polymorphism results in a protein product 

with a mutation H475Y (Devlin et al. 2000). This mutation has been shown not to alter 

GCPII activity towards polyglutamylated folates (Navratil et al. 2014). If this 

polymorphism is indeed associated with altered serum folate levels, the mechanism of 

action most probably does not involve proteolytic activity of the mutated enzyme and 

remains to be determined.  

rs202676 polymorphism has been studied to much lesser extent but the recent 

reports have shown that it correlates with lower red blood cells folate levels (Roffman et 

al. 2013; Guo et al. 2013; Cummings et al. 2017). Interestingly, the expression of FOLH1 

gene with this missense mutation leads to a protein product with a mutation Y75H that 

has been predicted by structural modelling to alter both the secondary and tertiary 

structure of GCPII (Guo et al. 2013). Consequently, this mutation could affect the 

binding of polyglutamylated folates into the GCPII (Guo et al. 2013) and the folate 

absorption could be thus possibly impaired.  

 

 

1.5.3. Proposed functions of GCPII 

As mentioned previously, the function of GCPII in other tissues than the brain and 

small intestine is unclear. It is still debated whether additional physiological substrate of 

GCPII could exist or whether GCPII could also serve as a receptor for yet unknown 

extracellular ligand. Indeed, since GCPII possesses structural similarity to transferrin 
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receptor (see Chapter 1.2.2., p. 13) and is able to internalize upon ligand binding (Liu et 

al. 1998; Rajasekaran et al. 2003), the receptor hypothesis is suggestive. One report has 

even proposed that GCPII might itself be capable of folate uptake into the cell (Yao et 

al. 2010). However, no follow-up research has been carried out in this matter since.  

In case of the GCPII role in the prostate cancer cells and tumour-associated 

neovasculature (see Chapter 1.4.2.2., p. 22), the literature is not unified. Some reports 

associate GCPII function with carcinogenesis and tumour progression (Yao et al. 2008; 

Yao et al. 2010). This hypothesis is strengthen by the fact that GCPII has been repeatedly 

detected in prostate cancer metastases (see Chapter 1.4.2.2., p. 22). On the contrary, 

others show that GCPII rather suppresses cancer invasiveness (Ghosh et al. 2005). 

A detailed current status of knowledge on how GCPII could be involved in malignant 

processes is beyond the scope of this thesis but has been recently reviewed elsewhere 

(Evans et al. 2016).  

 

1.6. GCPII-deficient mice 

In order to study the physiological function of GCPII in more detail, inactivation 

of Folh1 gene in mouse seems to be an ideal direction. Indeed, since the enzymatic 

properties and expression profiles of mGCPII and hGCPII are similar (see Chapter 1.3., 

p. 16 and 1.4.2.1., p. 19), mice may well approximate humans. Several research groups 

attempted to produce GCPII deficient mice but the results were rather controversial. 

Some reports showed that inactivation of Folh1 gene leads to generation of viable GCPII 

deficient mice with no obvious phenotype (Bacich et al. 2002; Gao et al. 2015). 

In contrast, others demonstrated that GCPII deficiency is embryonically lethal (Tsai et 

al. 2003; Han et al. 2009).  

It remains unclear why such striking differences in outcomes of GCPII deficient 

mice preparation have been observed. In all cases, an embryonic stem cells (ESCs) 

manipulation was chosen for the gene disruption (see Chapter 1.6.1., p. 29). The 

methodologies thus mainly differed in the design of the targeting construct (see Chapter 

1.6.2., p. 33).  
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1.6.1. Common gene disruption techniques for generation of 

knockout mice 

A traditional technique for generation of knockout mice – ESCs manipulation – 

was first utilized in late 1980s (Joyner et al. 1989; Zijlstra et al. 1989; Schwartzberg et 

al. 1989). Since then, large number of publications has used this technique to describe 

functions of genes in living mice. The generation of gene disruption by ESCs 

manipulation is based on homology recombination. In a general setting, ESCs are first 

cultivated from mouse blastocysts and subsequently transfected by targeting vector 

(construct) (Anastassiadis et al. 2013). The vector contains a disruption within the 

targeting gene and long homology arms for the specific recombination (see Figure 6). 

The disruption design varies but usually one or more exons of targeting gene are replaced 

by a combination of a selectable marker resistance (such as PGK-Neo for selection in 

a presence of neomycine) and reporter gene (such as LacZ) (Mountford et al. 1994).  

 

 

 

 
 

 

Figure 6: Gene disruption in mouse embryonic stem cells (ESCs). Targeting vector for gene 

disruption contains long homology arms as well as replacement of a part of the targeting gene by selectable 

marker resistance (such as neomycine – Neo) and reporter gene (such as LacZ). The homology 

recombination of targeting vector and the targeted gene in the ESCs may then result in generation of a 

specific gene disruption. 
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Once the targeting vector is transfected into the ESCs, homologous recombination 

between the construct and the targeted gene may occur. The ESCs containing the 

construct within the genome may be then selected by culturing in media supplemented 

by the selectable marker. Finally, ESCs with desired gene disruption are injected into 

recipient blastocysts that are subsequently implanted into recipient pseudo-pregnant 

foster mother. From the progeny, a mouse with desired gene disruption may be selected 

to establish knockout mouse colony (Capecchi 2005).  

Despite its widespread usage, ESCs manipulation possesses several drawbacks. 

First, ESC lines were traditionally derived from 129 mouse strain, which is not ideal 

background for phenotyping (Seong et al. 2004). Even though ESC lines from C57 

mouse strain are also available (Ledermann and Burki 1991), the ESCs with 129 genetic 

background display much more favourable properties for manipulation (Limaye et al. 

2009). The knockout mice have been thus routinely prepared using 129 genetic 

background but they needed to be backcrossed to C57 strain, which displays much better 

properties for phenotyping studies (Seong et al. 2004; Bouabe and Okkenhaug 2013). 

This process is not only time-consuming and costly but also does not lead to generation 

of knockout mice on pure genetic background, which may influence the phenotyping 

results. 

Second, retention of selectable marker cassette within the targeted loci may result 

in unexpected phenotypes of knockout mice. Indeed, it has been repeatedly demonstrated 

that the selectable marker cassette strongly influences expression of neighbouring genes 

(Olson et al. 1996; Pham et al. 1996). Such striking drawback has been overcome by 

removal of the selectable marker cassette from the targeted loci by site-specific 

recombination. This is enabled by the cassette being flanked by site-specific 

recombination target sites (such as loxP or FRT) (Anastassiadis et al. 2013). 

Nevertheless, number of knockout mice routinely used for experiments does not contain 

these sites, thus the removal of the selectable marker cassette is not possible.   

Finally, ESCs manipulation is labour- and time-consuming process since it consists 

of many steps that may take as long as several months. From these reasons, alternative 

ways of gene disruption in mice have emerged. These mainly include gene targeting by 

engineering (programmable) nucleases such as Zinc-Finger Nucleases, Transcription 

Activator-Like Effector Nucleases (TALENs) and CRISPR/Cas9 (for ‘Clustered 

Regularly Interspaced Short Palindromic Repeats’ in a combination with Cas9 
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endonuclease) (Pauwels et al. 2014). In addition to time saving, these technologies enable 

production of knockout mice on a pure genetic background and do not require selectable 

marker. A detailed description of gene targeting using programmable nucleases is beyond 

the scope of this thesis. Here, only a basic principle with focus on TALENs will be 

introduced.  

The engineering nucleases comprise two basic domains – sequence-specific 

DNA-binding domain and sequence-nonspecific DNA-cleaving domain (Gaj et al. 

2013). TALEN design is depicted in Figure 7 as an example. DNA-binding domain in 

TALENs is composed of highly conserved protein repeats that are customisable for 

essentially any sequence. As the DNA-cleaving domain, FokI nuclease is usually utilized 

(Joung and Sander 2013). To generate mouse with specific gene ablation, mRNA 

encoding particular TALENs is injected into the recipient blastocysts where TALENs are 

produced using host translation apparatus (Sung et al. 2013). Once assembled, TALENs 

may cleave within a desired DNA sequence generating double-strand breaks (DSB) 

(see Figure 7).  

 

 

Figure 7: TALEN design and action. TALENs bind and cleave the desired DNA sequence as dimers. 

Each monomer of a TALEN compromise DNA binding domain (TALE from Transcription Activator-Like 

Effector), which consists of a combination of protein repeats that specifically recognize particular 

nucleobases, and DNA-cleaving domain (N from Nuclease) responsible for generation of DNA 

double-strand breaks (DSBs). DNA-cleaving domain is usually represented by one monomer of FokI 

nuclease, which needs to dimerize in order to execute the DNA cleavage (Pauwels et al. 2014). 
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The nuclease-induced DSBs stimulate DNA repair mechanisms – non-homologous 

end joining (NHEJ) or homology directed repair (see Figure 8) (Gaj et al. 2013). NHEJ 

frequently introduces variable length insertions or deletions within the targeted gene, 

which may result in a generation of frame-shift mutations (Pauwels et al. 2014). 

The protein products of such disrupted gene may either be produced as truncated versions 

or not be produced at all. In contrast, HDR may occur when a donor DNA is provided 

and thus this DNA repair mechanism leads to customized gene alteration (Pauwels et al. 

2014). 

 

 

 

 

 

 

Figure 8: Nuclease-mediated gene modifications. Once nuclease-induced DSB occurs in the cell, 

DNA repair mechanisms are stimulated. These include non-homologues end joining (NHEJ) and 

homology-directed repair (HDR). NHEJ generates insertions or deletions (INDEL mutations) through 

which a premature stop codon may be introduced into the targeted gene. Homology-directed repair can 

only occur when donor template DNA is provided. It may result in introduction of precise nucleotide 

insertions or substitutions (Joung and Sander 2013; Gaj et al. 2013; Pauwels et al. 2014). 

 
 

 

The rest of the process of knockout mice preparation by programmable nucleases 

is similar to that by ESCs manipulation. Nuclease-modified blastocysts are implanted 

into the recipient pseudo-pregnant foster mother and the resulting progeny is screened 

for the presence of nuclease-mediated gene alterations (Sung et al. 2013). Founder mice 

with desired mutations may be then selected to establish a knockout mouse colony. 
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1.6.2. Folh1 gene disruption 

The first GCPII-deficient mice were reported in 2002 by Bacich and colleagues 

(Bacich et al. 2002). These mice were prepared by manipulation of ESCs of 129sv 

genetic background with subsequent injection, implantation and backcrossing to 

C57 strain. The targeting construct lacked intron-exon boundary sequences of exons 1 

and 2 of the Folh1 gene and contained several in-frame stop codons between exon 1 and 

2. As a selectable marker resistance, PGK-Neo was used. Unfortunately, the site-specific 

recombination target sites, which would flank the neomycine cassette, were not 

introduced; the removal of the cassette is thus not possible.  

GCPII-deficient mice produced by Bacich and colleagues displayed dramatically 

decreased NAAG-hydrolysing activity in the brain and kidney as compared with wild 

type (WT) littermates. Interestingly, the NAAG and glutamate levels in the brains of 

GCPII-deficient mice were not significantly impaired. It was thus suggested that deletion 

of Folh1 gene might lead to induction of expression of other genes such as Naalad2 gene 

that encodes mGCPIII (see Chapter 1.7, p. 34).  

Following study performed by Bzdega and co-workers questioned this hypothesis 

since the authors did not observe increase of GCPIII mRNA in the brains of 

GCPII-deficient mice when compared to their WT counterparts (Bzdega et al. 2004). 

Nevertheless, experiments confirming this observation on protein level need to be 

performed before this hypothesis will be definitely disproved. It cannot be also excluded 

that the low level of NAAG-hydrolysing activity detected in GCPII-deficient mice is 

sufficient for complementing the main GCPII-related functions. When performing 

phenotypic examination of GCPII WT vs. deficient mice, no significant differences in 

standard neurological behaviour were observed. However, it was shown that 

GCPII-deficient mice are protected from peripheral neuropathies and traumatic brain 

injury (TBI) (Bacich et al. 2005). 

In 2003, another report regarding preparation of GCPII-deficient mice was 

published (Tsai et al. 2003). Surprisingly, in this work, the research group of Joseph T. 

Coyle showed that manipulation of ESCs cells by deletion of exons 9 and 10 of Folh1 

gene leads to embryonic lethality. The reason for deletion of exons 9 and 10 rather than 

exons at the beginning of Folh1 gene lied in the effort to disrupt the active site of GCPII. 

Indeed, these exons encode zinc ligand domain, which is essential for enzyme activity 
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(see Chapter 1.3., p. 16). Similar to Bacich and colleagues, the research group of Joseph 

T. Coyle performed the ESCs manipulation on 129sv background followed by injection 

and implantation to C57 strain.  

Moreover, the neomycine cassette was not removed from the genome. It was thus 

hypothesized that the selectable marker retention could be connected with the embryonic 

lethality. Nevertheless, the same research group subsequently attempted to reproduce the 

work of Bacich and co-workers by deletion of exons 1 and 2 of Folh1 gene in ESCs from 

129sv mice, and, in this case, flanked the neomycine cassette by loxP sites. Neither 

simulation of the successful design nor removal of neomycine cassette resulted in 

generation of viable GCPII-deficient mice (Han et al. 2009).  

In 2015, independent research group described production of GCPII-deficient mice 

by deletion of exon 3 to 5 of Folh1 gene in ESCs of 129sv background followed by 

injection and implantation to C57 strain (Gao et al. 2015). The neomycine cassette was 

also not flanked by the site-specific recombination target sites; its removal is thus 

impossible. In agreement with the report of Bacich and co-workers, Gao and colleagues 

observed dramatic decrease of NAAG-hydrolysing activity in the GCPII-deficient mouse 

brains when compared with their WT counterparts. Moreover, GCPII-deficient mice of 

Gao and co-workers showed similar phenotypic characteristics as these of Bacich and 

colleagues. Indeed, in comparison with WT mice, GCPII-deficient mice did not display 

overt behavioural alterations but were less susceptible to TBI and their long-term 

behavioural outcomes after the TBI were improved (Gao et al. 2015).  

  

 

1.7. GCPII paralogues 

Several different GCPII paralogues could be found in the human proteome. In 

general, all paralogues possess structural similarity with GCPII but their functions are 

not known (Hlouchova et al. 2012b). The closest GCPII paralogue is PSMA-like 

(PSMAL; 98% sequence identity) followed by glutamate carboxypeptidase III (GCPIII; 

68% sequence identity), N-acetylated α-linked Acidic Dipeptidase-like (37% sequence 

identity) and N-acetylated α-linked Acidic Dipeptidase-like 2 (20% sequence identity) 

(Hlouchova et al. 2012b). Despite the high sequence identity of GCPII and PSMAL, 
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the proteins differ dramatically since the gene encoding PSMAL lacks more than 1 kbp, 

which leads to PSMAL being shorten to 442 amino acids (O'Keefe et al. 2004; 

Hlouchova et al. 2012b). Moreover, in contrast to other GCPII paralogues, PSMAL is 

only present in primates (Lambert and Mitchell 2007). Detailed description of each 

paralogue is beyond the scope of this thesis. Here, only GCPIII as the only GCPII 

paralogue capable of NAAG hydrolysis will be covered. 

 

 

1.7.1. Glutamate carboxypeptidase III (GCPIII) in humans and 

mice 

In addition to 68% sequence identity, human GCPIII (hGCPIII) shares 81% 

sequence similarity with hGCPII and the overall 3D structures of both proteins are not 

much distinct (Hlouchova et al. 2009; Pangalos et al. 1999). Mouse GCPIII (mGCPIII) 

shares 85% sequence identity with hGCPIII and 70% sequence identity with mGCPII 

(Bzdega et al. 2004). Similar to GCPII, GCPIII is membrane-bound glycoprotein that 

folds into a homodimer (Hlouchova et al. 2009). The post-translational N-glycosylation 

is crucial for its enzymatic activities (Collard et al. 2011; Hlouchova et al. 2007). 

To date, three different naturally occurring substrates of GCPIII have been reported 

– NAAG, FolGlun and β-citryl-L-glutamate (BCG), which is considered as a specific 

substrate of GCPIII (Pangalos et al. 1999; Navratil et al. 2016; Collard et al. 2011). 

A principle of the hydrolysis catalysed by GCPIII is identical to that of GCPII, 

i.e. C-terminal glutamate is cleaved off the substrate. The NAAG and FolGlun cleavage 

by GCPIII is thus performed the same way as by GCPII (see Figure 3, p. 17). 

The hydrolysis of BCG yields citrate and L-glutamate (see Figure 9).  

 

 

 
 
 

Figure 9: BCG-hydrolysing reaction catalysed by GCPII. 
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While hGCPIII has been tested against all three substrates (Hlouchova et al. 2007; 

Navratil et al. 2016), the enzymological data for mGCPIII are only available for NAAG 

and BCG (Collard et al. 2011). Nevertheless, due to the high sequence identity of 

mGCPIII with hGCPIII, it can be expected that mGCPIII is also capable of FolGlun 

hydrolysis. 

Since GCPII and GCPIII possess similar substrate specificity, it is not surprising 

that several studies comparing their catalytic performance have emerged (Bzdega et al. 

2004; Hlouchova et al. 2007; Navratil et al. 2016; Collard et al. 2011). The main 

difference between both enzymes seems to be their response to a presence of metal ions 

during hydrolysing reactions. Indeed, while both hGCPII and mGCPII are rather 

metal-insensitive, hGCPIII and mGCPIII can be stimulated or inhibited by addition of 

divalent metal ions (Collard et al. 2011; Navratil et al. 2016). In the absence of divalent 

metal ions, GCPII has been shown to be two order of magnitude more efficient towards 

both NAAG and FolGlun than GCPIII. The activity assays could be thus exploited for 

specific detection of GCPII in the tissue lysates or body fluids, especially in cases when 

hGCPII needs to be quantified (Knedlik et al. 2014) or generally in mGCPII research, 

where not many efficient antibodies for immunological techniques are available.  

The behaviour of GCPIII in the hydrolysing reaction depends on the combination 

of the substrate being hydrolysed and metal ion being present. When hydrolysing NAAG, 

both hGCPIII and mGCPIII are stimulated by addition of Mn2+ or Zn2+ and slightly 

inhibited by addition of Ca2+ (Collard et al. 2011; Navratil et al. 2016). In case of 

FolGlun, only FolGlu1 hydrolysis by hGCPIII was tested and showed activation in the 

presence of all three investigating metal ions (Mn2+, Zn2+ and Ca2+) (Navratil et al. 2016). 

In contrast, when hydrolysing BCG, both hGCPIII and mGCPIII are stimulated by 

addition of Mn2+ or Ca2+ and slightly inhibited by addition of Zn2+ (Collard et al. 2011; 

Navratil et al. 2016).  

The localization of GCPIII protein in humans and mice has not been studied in 

detail since not many research tools are available. Nevertheless, it is widely accepted that 

both hGCPIII and mGCPIII are mainly expressed in the testis (Collard et al. 2011; 

Navratil et al. 2016), where high level of BCG is also present (Miyake et al. 1982). 

In addition, using BCG-hydrolysing assay, reasonable amount of GCPIII was detected in 

the human prostate, brain, kidney and small intestine (Navratil et al. 2016) as well as in 

the mouse kidney, lungs, uterus and bladder (Collard et al. 2011). Nevertheless, the tested 
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sets of human and mouse tissues were not complete and the number of biological 

replicates was not sufficient. Further research is thus necessary to reach the final 

consensus of what is the expression profile of GCPIII within the body.   

The physiological function of GCPIII remains to be still revealed. Since GCPIII 

possesses similar substrate specificities as GCPII and, in addition, GCPII deficient mice 

display residual NAAG-hydrolysing activity, it has been proposed that GCPIII may serve 

as a complementary enzyme to GCPII (Bacich et al. 2002). Nevertheless, in the testis, 

the expression level of GCPIII is more than one order of magnitude higher than that of 

GCPII (Navratil et al. 2016). It is thus possible that GCPIII plays also other roles within 

the body. These may be connected with BCG metabolism. However, the function of BCG 

is also unclear. It was proposed that BCG may participate in the brain development 

(Miyake et al. 1978; Miyake and Kakimoto 1981), spermatogenesis (Miyake et al. 1982) 

and physiologically important chelation of iron and copper, which leads to inhibition of 

xanthine oxidase, activation of aconitase or scavenging of reactive oxygen species 

(Hamada-Kanazawa et al. 2010; Narahara et al. 2010; Hamada-Kanazawa et al. 2011). 

Nevertheless, BCG has been only studied by one research group and further research is 

thus necessary. 

 

 

1.8. GCPII as a pharmaceutical target 

Considering its overexpression in cancer (see Chapter 1.4.2.2., p. 22) and 

neuromodulatory function in the brain (see Chapter 1.5.1., p. 23), it is not surprising that 

GCPII represents a promising pharmaceutical target. Recently, GCPII has been also 

proposed as a pharmaceutical target for IBD (Rais et al. 2016; Date et al. 2017). In the 

prostate cancer as well as all cancers containing GCPII-expressing neovasculature, 

GCPII may be used as a molecular address for targeted delivery of diagnostic and 

therapeutic substances (Evans et al. 2016; Wustemann et al. 2018; Salas Fragomeni et 

al. 2018). In contrast, in neurological disorders, GCPII may serve as a target for specific 

inhibition of NAAG-hydrolysing activity leading to alleviation of excitotoxicity (Evans 

et al. 2016). Similarly, with yet unknown mechanism, GCPII inhibitors seem to decrease 

severity of IBD (Rais et al. 2016; Date et al. 2017). A detailed description of diagnostic 
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and therapeutic potential of GCPII is beyond the scope of this thesis but has been recently 

reviewed elsewhere (Evans et al. 2016; Wustemann et al. 2018). Here, only a brief 

overview of state-of-the-art focusing on substances already tested in clinical settings will 

be presented. 

 

1.8.1. GCPII as target for neurological diseases  

As already mentioned, the therapeutic potential of GCPII inhibition in 

neurological diseases is based on the blocking of NAAG degradation. Consequently, 

NAAG as the neuroprotective agent help to attenuate symptoms of pathological 

conditions. Studies performed on rats and mice have shown a positive impact of GCPII 

inhibition on ischemic-hypoxic and traumatic brain injury (Slusher et al. 1999; Tortella 

et al. 2000; Zhong et al. 2005; Feng et al. 2012), inflammatory and neuropathic pain 

(Yamamoto et al. 2001; Yamamoto et al. 2004; Carpenter et al. 2003), amyotrophic 

lateral sclerosis (Ghadge et al. 2003), schizophrenia (Olszewski et al. 2004; Olszewski 

et al. 2012), multiple sclerosis (Rahn et al. 2012) and autoimmune encephalomyelitis 

(Ha et al. 2016).  

Even though rats and mice are ideal animal models for development of 

GCPII-related treatment of neuropathies since both GCPII orthologues well approximate 

the human enzyme (Rovenska et al. 2008; Knedlik et al. 2017), none of the GCPII 

inhibitors has made it to a clinical practice to date. Indeed, most of the compounds are 

polar and their ability to cross blood-brain barrier is thus limited (Zhong et al. 2014). To 

improve pharmacokinetic profiles of GCPII inhibitors, prodrugs of current compounds 

or completely novel scaffolds with higher lipophilicity need to be tested.   

 

1.8.2. GCPII as target for cancer diagnosis and therapy 

Cancer imaging and therapy has become the most studied field in GCPII research. 

To deliver imaging or therapeutic substance into the GCPII-expressing malignancy, 

antibody-based or small ligand-based targeting is most frequently used. For cancer 

imaging, the targeting substance is mainly combined with a radionuclide and utilized in 

emission tomography (usually PET or SPECT). In contrast, the spectrum of targeting 
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cargos for cancer therapy is much broader including radionuclides and variety of 

cytotoxic (mainly antimitotic) molecules.  

The only imaging agent approved by the US Food and Drug Administration 

(FAD) for diagnosis of prostate cancer is monoclonal antibody 7E11 labelled by 111In 

(Kahn et al. 1994; Haseman et al. 1996), which targets intramembrane part of GCPII and 

its detection capabilities in vivo are thus limited to dead or necrotic cells (Wustemann et 

al. 2018). From this reason, monoclonal antibodies binding to extracellular part of GCPII 

have been developed and some of them already tested in clinical trials (Bander et al. 

2003). Nevertheless, antibodies usually possess great half-life resulting in slow clearance 

from the body and prolonged exposure of the patient. Small molecule-based targeting 

has thus simultaneously emerged. To date, number of distinct GCPII inhibitors has been 

labelled with variety of radioisotopes including 68Ga 99mTc, 18F and 64Cu (Wustemann et 

al. 2018). Several of the prepared GCPII radioligands such as 68Ga-PSMA-11, 

99mTc-MIP-1404 or 18F-DCFPyL have already been investigating in preclinical and 

clinical studies (Psimadas et al. 2018; Wustemann et al. 2018).  

The first antibody conjugate tested in clinical trials for treatment of prostate 

cancer was 7E11 antibody radiolabelled with 90Y. However, its efficacy was extremely 

low and the patients exhibited high hematologic toxicity (Deb et al. 1996; Kahn et al. 

1999). In contrast, the second-generation antibody J591 labelled with 177Lu demonstrated 

excellent targeting in patients suffering from metastatic castration-resistant prostate 

cancer (mCRPC). Moreover, serum level of PSA, which is a marker routinely used for 

prostate cancer monitoring (Adhyam and Gupta 2012), displayed a dose-dependent 

decline in some patients after administration of the 177Lu-J591 antibody (Bander et al. 

2005; Tagawa et al. 2013; Tagawa et al. 2010). Apart from radiolabelled antibodies, 

antibodies conjugated to antimitotic drugs mertansine (DM1) and monomethyl 

auristatin E (MMAE) have already entered clinical trials. While the antibody-DM1 

conjugate exhibited neurotoxicity and limited activity in mCRPC patients (Milowsky et 

al. 2016), the antibody-MMAE conjugate displayed low toxicity and PSA decline of 

more than 50% in one of three mCRPC patientsgt (the complete results of the Phase 2 

trial can be accessed at https://clinicaltrials.gov/ct2/show/record/NCT02020135). 

Despite promising clinical testing, therapeutic antibodies targeting GCPII display 

dose-limiting myelosuppression (Psimadas et al. 2018). Development of therapeutic 

small ligands of GCPII has been thus also on the rise. Especially, a molecule labelled 
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with 177Lu designated as 177Lu-PSMA-617 has been showing promising results of clinical 

trials in terms of its safety and efficacy (Kratochwil et al. 2016; Baum et al. 2016; Rahbar 

et al. 2017). Indeed, the PSA decline exceeding 50% occurred in one of two mCRPC 

patients (Brauer et al. 2017; Rahbar et al. 2017). In addition, small selective GCPII 

inhibitors conjugated with antimitotic drugs docetaxel and tubulysin have entered first 

phases of clinical trials for treatment of nonsmall-cell lung cancer and recurrent mCRPC, 

respectively (Srinivasarao and Low 2017). 

Finally, GCPII-based immunotherapy of prostate cancer has been increasingly 

investigated. Even though only a few studies have been performed in a clinical setting, 

several different therapies have been suggested. These include therapies based on 

dendritic cells (Meng et al. 2016; Xi et al. 2015), GCPII-CD3 diabodies and Fab 

conjugates (Baum et al. 2013; Patterson et al. 2017), T-cells bearing a chimeric antigen 

receptor (Santoro et al. 2015; Serganova et al. 2017; Junghans et al. 2016; Zhang et al. 

2018). 
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2. AIMS AND OBJECTIVES  

The efforts to inactivate Folh1 gene in mice by manipulation of the embryonal 

stem cells have led to rather conflicting results ranging from embryonal lethality to 

production of viable GCPII-deficient mice with no obvious phenotype. One of the aims 

of this study was thus to resolve this discrepancy by utilisation of an alternative way for 

Folh1 gene inactivation.  

The reason why some of the GCPII-deficient mice are viable could relate to 

residual NAAG-hydrolysing activity detected in these mice. In contrast, the embryonic 

lethality of other GCPII-deficient mice could be a result of a complete inactivation of 

Folh1 gene. The aim was thus to specifically disrupt Folh1 gene within a sequence 

encoding active site of GCPII. This would avoid not only potential production of partially 

active GCPII from alternatively spliced mRNA but also embryonic lethality. We 

hypothesized that if GCPII fulfils both the receptor and the enzyme functions within the 

body, GCPII-mutant mice expressing inactive mutant variant of GCPII could be possibly 

viable. 

Finally, even though GCPII has been thoroughly studied for more than three 

decades, its biological function outside brain and small intestine is still not fully 

understood. Even in the case of GCPII-deficient mice, researchers mainly focused on its 

involvement in nervous system. If GCPII-deficient or GCPII-mutant mice were viable, 

the aim of this study would be to explore the physiological function of GCPII in 

urogenital system.  

 

To meet the aims, following objectives were set: 

 

1. Perform TALEN-mediated Folh1 gene disruption in mice within 

a sequence encoding active site of GCPII 

 

2. Analyse TALEN-mediated mutations and select founder mice carrying 

both the frame-shift mutations and deletions potentially resulting in only 

small deletion within the active site of GCPII 
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3. Establish mutant mouse colonies and develop reliable genotyping protocol 

 

4. Characterize recombinant mouse GCPII in terms of its kinetic properties in 

NAAG hydrolysis reaction 

 

5. Prepare and characterize recombinant mutant variants of GCPII that would 

potentially be expressed in GCPII-mutant mice 

 

6. Characterize GCPII-mutant and GCPII-deficient mice 

 

7. Investigate the impact of GCPII disruption on reproductive tissue and renal 

function by careful examination of GCPII-mutant and GCPII-deficient 

mice 
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3. MATERIALS AND METHODS 

3.1. Materials 

3.1.1. Chemicals and solutions 

acetic acid .................................................................................... Penta (Prague, Czechia) 

N-acetyl-L-aspartyl-L-glutamic acid .............................. Sigma-Aldrich (St. Louis, USA) 

acrylamide ....................................................................... Sigma-Aldrich (St. Louis, USA) 

agarose ................................................................................ Serva (Heidelberg, Germany) 

Albumin standard (2 mg/ml) ..................................... Thermo Scientific (Waltham, USA) 

All Blue Prestained Protein Standards for SDS-PAGE ............ Bio-Rad (Hercules, USA) 
ammonium persulfate ......................................................... Serva (Heidelberg, Germany) 

ampicillin ........................................................................ Sigma-Aldrich (St. Louis, USA) 

D-biotin ............................................................................... GeneTiCA (Prague, Czechia) 

BIS-TRIS propane .......................................................... Sigma-Aldrich (St. Louis, USA) 

blasticidin ............................................................................... Invitrogen (Carlsbad, USA)  

boric acid ....................................................................................... USB (Cleveland, USA) 

bromphenol blue ............................................................. Sigma-Aldrich (St. Louis, USA)  

Casein Buffer 20X-4X Concentrate ...................................... SDT (Baesweiler, Germany) 

chloroform ...................................................................... Sigma-Aldrich (St. Louis, USA) 

Complete Mini, EDTA free, Protease inhibitor cocktail tablets ......................................... 

 ................................................................................................ Roche (Basel, Switzerland) 

copper(II) sulfate ....................................................................... Lachema (Brno, Czechia) 

Creatinine Standard ...................................................... Dialab (Wiener Neudorf, Austria) 

dimethylformamide ......................................................... Sigma-Aldrich (St. Louis, USA) 

dimethyl sulfoxide .......................................................... Sigma-Aldrich (St. Louis, USA) 

DNA ladders 100 bp and 1 kbp ............................................... Qiagen (Hilden, Germany) 

dNTP mix ............................................................................ Serva (Heidelberg, Germany) 

ethanol .......................................................................................... Penta (Prague, Czechia) 

ethylenediaminetetraacetic acid (EDTA) ........................ Sigma-Aldrich (St. Louis, USA) 

fetal bovine serum (FBS) .............................................................. Gibco (Carlsbad, USA) 

formaldehyde ............................................................................... Penta (Prague, Czechia) 

Formalin solution, neutral buffered, 10% ....................... Sigma-Aldrich (St. Louis, USA) 
formic acid ................................................................................... Penta (Prague, Czechia) 

GelRed Nucleic Acid Gel Stain ............................................... Biotinum (Fremont, USA) 

L-glutamine ..................................................................... Sigma-Aldrich (St. Louis, USA) 

glycerol ........................................................................................ Penta (Prague, Czechia) 

glycine ............................................................................ Duchefa (Haarlem, Netherlands) 

hydrochloric acid ......................................................................... Penta (Prague, Czechia) 

hydrogen peroxide .......................................................... Sigma-Aldrich (St. Louis, USA) 

hygromycin B  ....................................................................... Invitrogen (Carlsbad, USA) 
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Igepal CA-630 ................................................................. Sigma-Aldrich (St. Louis, USA) 

IMDM medium ............................................................................. Gibco (Carlsbad, USA) 

4-iodophenol ............................................................. Thermo Scientific (Waltham, USA)  

isopropanol ................................................................................... Penta (Prague, Czechia) 

LB agar ........................................................................... Sigma-Aldrich (St. Louis, USA) 

LB medium ..................................................................... Sigma-Aldrich (St. Louis, USA) 

LC-MS Grade water ............................................ Fisher Chemicals (Loughborough, UK) 

luminol ............................................................................ Sigma-Aldrich (St. Louis, USA) 

2-mercaptoethanol .......................................................... Sigma-Aldrich (St. Louis, USA) 

methanol ....................................................................................... Penta (Prague, Czechia) 

N,N'-methylen-bis(acrylamide) .................................................... USB (Cleveland, USA) 

MilliQ deionized water ............................................................ Millipore (Billerica, USA) 

Narkamon 50 mg/ml .............................................. Bioveta (Ivanovice na Hane, Czechia) 

Octaethylene Glycol Monododecyl Ether (C12E8) ......... Affymetrix (Santa Clara, USA) 

opti-MEM medium ....................................................................... Gibco (Carlsbad, USA) 

Phenol solution equilibrated with Tris HCl, pH 8.0 ....... Sigma-Aldrich (St. Louis, USA) 

polyethylenimine ............................................................ Sigma-Aldrich (St. Louis, USA) 

potassium chloride .......................................................... Sigma-Aldrich (St. Louis, USA) 

potassium hydroxide .................................................................... Penta (Prague, Czechia) 

potassium phosphate dibasic ............................................ Sigma-Aldrich (St. Louis, USA 

PPP Master Mix .......................................................................Top-Bio (Vestec, Czechia) 

Protein Assay Dye Reagent Concentrate .................................. Bio-Rad (Hercules, USA) 
Rometar 20 mg/ml ................................................. Bioveta (Ivanovice na Hané, Czechia) 

Rotiszint ECO Plus scintillation cocktail ........................Carl Roth (Karlsruhe, Germany) 

SF900II medium ........................................................................... Gibco (Carlsbad, USA) 

silver nitrate .............................................................................. Lachema (Brno, Czechia) 

sodium acetate trihydrate ............................................................. Penta (Prague, Czechia) 

sodium carbonate ......................................................................... Penta (Prague, Czechia) 

sodium chloride ......................................................................... Lachema (Brno, Czechia) 

sodium dodecyl sulfate ................................................... Sigma-Aldrich (St. Louis, USA) 

sodium hydroxide ........................................................................ Penta (Prague, Czechia) 

sodium phosphate dibasic ............................................... Sigma-Aldrich (St. Louis, USA) 

sodium thiosulfate pentahydrate .................................................. Penta (Prague, Czechia) 

sucrose ............................................................................ Sigma-Aldrich (St. Louis, USA) 

SuperSignal West Femto .......................................... Thermo Scientific (Waltham, USA) 

SYPRO® Orange Protein Gel Stain ............................... Sigma-Aldrich (St. Louis, USA) 

TEMED (tetramethylethylendiamine) .................................... Fluka (Buchs, Switzerland) 

Tris (tris(hydroxymethyl)aminomethane) ..................................... USB (Cleveland, USA) 

Trypan Blue .................................................................... Sigma-Aldrich (St. Louis, USA) 

Tween 20 ....................................................................................... USB (Cleveland, USA) 

urea .................................................................................. Sigma-Aldrich (St. Louis, USA) 

X-gal ......................................................................... Thermo Scientific (Waltham, USA) 

Zoletil ......................................................................................... Virbac (Prague, Czechia) 
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3.1.2. Instruments and devices 

autoclave: MLS-3020U, Sanyo (Osaka, Japan) 

centrifuges:  Biofuge Pico, Heraeus Instruments (Hanau, Germany) 

 Beckman Allegra X-15R, Beckman Coulter (Brea, USA) 

 Centrifuge 5415R, Eppendorf (Hamburg, Germany) 

 Fresco 21 Centrifuge, Thermo Scientific (Waltham, USA) 

 Megafuge 2.0R, Heraeus Instruments (Hanau, Germany) 

 Sorvall Evolution RC, Thermo Scientific (Waltham, USA) 

chromatography:  ÄKTApurifier 10, GE Healthcare (Chicago, USA) 

electrophoresis systems:  B1A Gel Electrophoresis, Thermo Scientific (Waltham, USA) 

 B3 Gel Electrophoresis, Thermo Scientific (Waltham, USA) 

 Vertical Electrophoresis Sigma-Aldrich (St. Louis, USA) 

filtration system: LabScale™ TFF system, Millipore (Billerica, USA)  

homogenizer: TissueLyser II, Qiagen (Hilden, Germany) 

imaging systems: LAS-3000 CCD Camera, Fujifilm (Tokyo, Japan) 

 Odyssey CLx Infrared Imaging System, LI-COR Biosciences 

 (Lincoln, USA) 

 UV lamp UVT-20 SML, Herolab (Wiesloch, Germany) 

incubators: CO2 incubator MCO-17AI, Sanyo (Osaka, Japan) 

 CO2 incubator MCO-19AIC, Sanyo (Osaka, Japan) 

 Innova44, New Brunswick Scientific (Enfield, USA) 

 IPP400, Memmert (Schwabach, Germany) 

laboratory scales:  EK-400H, A&D Company, (Tokyo, Japan) 

 PLS 4000-2, KERN & Sohn GmpH (Postfach, Germany) 

 XA 116/X, Radwag (Sumperk, Czechia)  

shakers: KS 260 basic, IKA (Staufen im Breisgau, Germany) 

 Sky Line DRS-12, Elmi (Calabasas, USA) 

PCR Thermocycler  TGradient, Biometra (Göttingen, Germany) 

 TRIO 48, Biometra (Göttingen, Germany) 

 LightCycler®480 II, Roche (Basel, Switzerland) 

pH-meter:  pH 50, XS instruments (Carpi, Italy) 
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pipettes: C200-12, CappAero 12-Channel Pipette, CAPP (Nordhausen,

 Germany) 
 Pipetman L (2 µl, 10 µl, 20 µl, 200 µl, 1 ml), Gilson 

 (Middleton, USA) 

 Pipetman Neo Multichannel (12 channels, 2 – 20 µl), Gilson 

 (Middleton, USA) 

 12-channel pipette 20 - 200 μl C200-12 (Capp) 

 REPETMAN Electronic Pipette, Gilson (Middleton, USA) 

scanner: CanoScan 8400F, Canon (Tokyo, Japan) 

scintillation counter: Tri-Carb Liquid Scintillation Counter, PerkinElmer (Waltham, 

 USA) 

sonication bath:  S 30 Elmasonic, Elma (Singen, Germany)  

spectrophotometers:  Infinite® M1000 PRO, Tecan (Männedorf, Switzerland) 

 NanoDrop ND-1000, Thermo Scientific (Waltham, USA) 

thermostats:  mixing block MB-102, Bioer (Hangzhou, China) 

 water bath, Grant (Shepreth, United Kingdom) 

vortexes: LTM2, Vývojové dílny ČSAV (Prague, Czechia) 

 MX-S, Dragonlab (Beijing, China) 

Western blot apparatus:  Mini Trans-Blot® Cell, Bio-Rad (Hercules, USA) 

 

3.1.3. Other material 

3.1.3.1. Antibodies 

GCP2-04 ..................................................................................... Exbio (Prague, Czechia) 

GCP2-02 ......................................................................................... (Barinka et al. 2004a) 

Mouse Monoclonal Anti-β-Actin antibody, clone AC-15 .................................................. 

 ........................................................................................ Sigma-Aldrich (St. Louis, USA) 

YPSMA ................................................................................... Anogen (Toronto, Canada) 

 

Neutravidin-HRP (1mg/ml) ...................................... Thermo Scientific (Waltham, USA) 

 

IRDye 680 RD Goat anti-Mouse antibody ............. LI-COR Biosciences (Lincoln, USA) 

Goat anti-Mouse IgG (H+L) Secondary Antibody, HRP (0.8 mg/ml) ............................... 

 .................................................................................. Thermo Scientific (Waltham, USA) 

Histofine Simple Stain™ MAX PO (MULTI)  ....... Nichirei Biosciences (Tokyo, Japan) 
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3.1.3.2. Enzymes 

Benzonase Nuclease ................................................................ Novagen (Madison, USA) 

Restriction enzymes BstZ17I, DpnI, XhoI ........... New England BioLabs (Ipswich,USA) 

Pfu DNA Polymerase ............................................ New England BioLabs (Ipswich,USA) 

Phusion High-Fidelity DNA Polymerase ............. New England BioLabs (Ipswich,USA) 

proteinase K .......................................................... New England BioLabs (Ipswich,USA) 

 

3.1.3.3. Cell cultures 

E. coli Top10 cells ................................................................. Invitrogen (Carlsbad, USA) 

Drosophila Schneider’s S2 cells ............................................ Invitrogen (Carlsbad, USA) 

HEK 293 cells ............................................................................. ATTC (Manassas, USA) 

 

 

3.1.3.4. Primers 

All primers were purchased from Sigma-Aldrich. Primers 1-4 were used for 

genotyping (see Chapter 3.2.1.2., p. 51 and 3.2.1.4., p. 52), primers 5-16 for mutagenesis 

(see Chapter 3.2.2.1., p. 53) and primers 17-22 for sequencing (see Chapter 3.2.1.2., 

p. 51, 3.2.2.1., p. 53 and 3.2.3.1., p. 57). 
 

# DESIGNATION SEQUENCE 

1 Folh1-F 5´-GGGCTATGCATTTTTCAGGA-3´ 

2 Folh1-R 5´-GCAGCAAGTGCCTTAACCAG-3´ 

3 F-mGCPII_genotyp 5´-ATTTTGTTTGCAAGCTGG-3´ 

4 R-mGCPII_genotyp 5´-CACTCAGTAGAACCAAGAAGG-3´ 

5 F-mGCPIIdel3 5´-TGCAAGCTGGGATGCAGAAGTTGGCCTTCTTGGTTCTACT-3´ 

6 R-mGCPIIdel3 5´-AGTAGAACCAAGAAGGCCAACTTCTGCATCCCAGCTTGCA-3´ 

7 F-mGCPIIdel4 5´-TGCAAGCTGGGATGCAGATGTGGCCTTCTTGGTTCTACTG-3´ 

8 R-mGCPIIdel4 5´-CAGTAGAACCAAGAAGGCCACATCTGCATCCCAGCTTGCA-3´ 

9 F-mGCPIIdel6 5´-TGCAAGCTGGGATGCAGAAGGCCTTCTTGGTTCTACTG-3´ 

10 R-mGCPIIdel6 5´-CAGTAGAACCAAGAAGGCCTTCTGCATCCCAGCTTGCA-3´ 

11 F-mGCPIIdel9 5´-TTTGTTTGCAAGCTGGGATGAAGGCCTTCTTGGTTCTACT-3´ 

12 R-mGCPIIdel9 5´-AGTAGAACCAAGAAGGCCTTCATCCCAGCTTGCAAACAAA-3´ 

13 F-mGCPIIdel12 5´-TTTGTTTGCAAGCTGGGATGGCCTTCTTGGTTCTACTGAG-3´ 

14 R-mGCPIIdel12 5´-CTCAGTAGAACCAAGAAGGCCATCCCAGCTTGCAAACAAA-3´ 

15 F-mGCPIIdel17 5´-CAATTTTGTTTGCAAGCTGGCCTTCTTGGTTCTACTGAGT-3´ 

16 R-mGCPIIdel17 5´-ACTCAGTAGAACCAAGAAGGCCAGCTTGCAAACAAAATTG-3´ 

17 M13 Reverse  5´-CAGGAAACAGCTATGAC-3´ 

18 FseqpTRETight 5´-AGGCGTATCACGAGGCCCTTTCGT-3´ 

19 RseqpTRETight 5´-TATTACCGCCTTTGAGTGAGCTGA-3´ 

20 RMin1-forward 5´-GCACGAACTGAAGACTTCTTTAAACTGGAACGGG-3´ 

21 RMin3-reverse 5´-CATAGACACTGTGATAGAGAGGATAGCTGC-3´ 

22 BGH-reverse 5´-TAGAAGGCACAGTCGAGG-3´ 
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3.1.3.5. Vectors 

pCoBlast  ................................................................................ Invitrogen (Carlsbad, USA) 

pCR™II-TOPO® ..................................................................... Invitrogen (Carlsbad, USA) 

 

pTreTight-mGCPII .................................................................................... (Knedlik 2008) 
 

 
Figure 10: Vector map of pTreTight-mGCPII encoding membrane-bound mGCPII in 

mammalian cells. The approximate site where the deletions were introduced in order to generate vectors 

encoding membrane-bound mGCPII mutant variants is designated as ‘mutation site’ (for more information 

see Chapter 3.2.2.1., p. 53). Restriction sites for BstZ17I and XhoI to clone the mutated part into the 

pMT/Bip/Avi_rm-GCPII are shown. Sequencing primers are designated teal. 

 

pMT/BiP/Avi_rm-GCPII .................................................................. (Knedlik et al. 2017) 

 

Figure 11: Vector map of pMT/BiP/Avi_rm-GCPII encoding extracellular part of mGCPII 

in insect cells (rm-GCPII). The protein construct rm-GCPII consists of extracellular part of mGCPII 

and Avi-Tag that is specifically biotinylated during the protein expression. The expression is induced by 

addition of Cu2+ cations that bind to the metallothionein (MT) promoter (for more information see 

Chapter 3.2.3.2., p. 58). The ‘Bip secretion signal’ ensures that the expressed protein is secreted into the 

conditioned media of the cells. Restriction sites for BstZ17I and XhoI to clone the mutated part from 

pTreTight-mGCPII mutant variants into the pMT/Bip/Avi_rm-GCPII in order to generate vectors encoding 

rm-GCPII mutant variants are shown (for more information see Chapter 3.2.3.1., p. 57). Sequencing 

primers are designated teal. 
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3.1.3.6. Chromatography columns and recyclable filters 

AG1-X resin .............................................................................. Bio-Rad (Hercules, USA) 

HiLoad™ Superdex™ 200 10/300 GL ............................ GE-Healthcare (Chicago, USA) 

Pellicon XL Biomax50 cassette ............................................... Millipore (Billerica, USA) 

Streptavidin Mutein Matrix™................................................. Roche (Basel, Switzerland) 

 

 

3.1.3.7. Consumables 

Amicon® Ultra 0.5 mL ............................................................ Millipore (Billerica, USA) 

Amicon® Ultra 15 mL ............................................................. Millipore (Billerica, USA) 

Cell Culture plates 35mm, 100mm .......................................... Biotech (Prague, Czechia) 

Calcium Phosphate Transfection Kit ..................................... Invitrogen (Carlsbad, USA) 

Creatinine enzymatic kit .............................................. Dialab (Wiener Neudorf, Austria) 

disposable 5ml gravity-flow columns ....................... Thermo Scientific (Waltham, USA) 

disposable pipettes 5 ml, 10 ml, 25 ml ........................................ Baria (Prague, Czechia) 

Gilson pipette tips 10 µl, 200 µl, 300 µl, 1000 µl .................. SIPOCH (Prague, Czechia) 

LightCycler® 480 Multiwell Plate 96 .................................... Roche (Basel, Switzerland) 

LightCycler® 480 Sealing Foil ............................................... Roche (Basel, Switzerland)  

Micro-tubes 1.5 ml, 2 ml ......................................................... Sarstedt (Prague, Czechia) 

Microcon-10kDa Centrifugal Filter ......................................... Millipore (Billerica, USA) 

Microtitration 96-well plate, F-bottom ........................................ P-lab (Prague, Czechia) 

Microtitration 96-well plate, U-bottom ....................................... P-lab (Prague, Czechia) 

Mouse Direct PCR Kit ................................................................ Bimake (Houston, USA) 

nitrocellulose membrane ........................................................... Bio-Rad (Hercules, USA) 

NUNC Maxisorb 96 well plate ........................................ Trigon Plus (Cestlice, Czechia) 

Pasteur pipettes ............................................................................ P-lab (Prague, Czechia) 

PCR tubes .................................................................. Shoeller Pharma (Prague, Czechia) 

PCR strips ................................................................................. Biogen (Prague, Czechia) 

Petri dishes 90mm ................................................... GAMA (Ceske Budejovice, Czechia) 

Pipette filter tips 10 µl, 200 µl, 1000 µl.................................. SIPOCH (Prague, Czechia) 

QIAquick Gel Extraction Kit ................................................... Qiagen (Hilden, Germany) 

Repet-tips 0.5 ml, 5 ml, 12.5 ml ................................................Gilson (Middleton, USA) 

Sorensen pipette tips 10 µl, 200 µl, 1000 µl ......................... MUF-Pro (Prague, Czechia) 

TOPO® TA Cloning® Kit ....................................................... Invitrogen (Carlsbad, USA) 

tubes 15 ml, 50 ml .................................................................... Sarstedt (Prague, Czechia) 

Whatman filter paper, Grade 470 .................................... GE-Healthcare (Chicago, USA) 

Zyppy™ Plasmid Miniprep Kit ......................................... Zymo Research (Irvine, USA) 
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3.1.4. Software 

ChemDraw 13 .............................................................................. PerkinElmer (Waltham) 

Gimp 2.10.4 ...................................................................... The GIMP Development Team 

GraFit 5 .................................. Erithacus Software Ltd (Horley Surrey, United Kingdom) 

Inkscape ....................................................................... The Inkscape Development Team 

Microsoft Office ............................................... Microsoft Corporation (Redmond, USA) 

Vector NTI 11 ........................................................................ Invitrogen (Carlsbad, USA) 

 

 

3.2. Methods 

3.2.1. Preparation of GCPII mutant mice 

All animal procedures were performed in accordance with European directive 

2010/63/EU, ethically reviewed and approved by the Czech Central Commission for 

Animal Welfare. All mice were housed under standard pathogen-free conditions. GCPII 

deficient mice were prepared by Transcription Activator-Like Effector Nuclease 

(TALEN)-mediated genome editing, which was performed by Dr. Petr Kasparek at IMG 

CAS. More information on the preparation of F0 generation could be found in (Vorlova 

et al. 2018). 

 

3.2.1.1. Phenol-chloroform extraction of chromosomal DNA 

 Chromosomal DNA was isolated from tail biopsies of newborn pups, which were 

performed by trained technician in the Animal Facility of IMG CAS. First, tail was 

incubated in 1 ml of lysis buffer containing 100 mM Tris-HCl, 200 mM NaCl, 

5 mM EDTA, 0.2% SDS and 250 µg/ml Proteinase K overnight at 55 ºC. Second, phenol 

solution equilibrated with 10 mM Tris HCl, pH 8.0 (Sigma-Aldrich) was mixed with 

chloroform in a ratio of 1:1 and phenol/chloroform extraction was performed by addition 

of 750 µl of phenol/chloroform into the tail digest solution. After 15 seconds of shaking, 

solution was centrifuged at 16000 g for 3 minutes and the upper aqueous phase was 

transferred into a new tube. The phenol/chloroform extraction was repeated once, 

aqueous phase was subsequently transferred into a new tube and mixed thoroughly with 

100 µl of 3 M sodium acetate, pH 6.0 and 1 ml of 100% ethanol (Penta). The solution 
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with precipitated DNA was centrifuged at 16000 g for 5 minutes followed by aspiration 

of the supernatant and washing of the pellet by 750 µl of 75% ethanol. Finally, the 

solution was centrifuged at 16000 g for 5 minutes, the supernatant aspirated and the pellet 

dried out for 1-2h before being dissolved in 100 µl of deionized water. 

 

3.2.1.2. Analysis of TALEN-mediated mutations 

Chromosomal DNA isolated from tail biopsies was used as a template for PCR to 

generate fragments of around 500 bp (546 bp for wild type allele) that were ligated into 

pCRII-TOPO vector and analysed for the presence of TALEN-mediated mutations using 

Sanger sequencing. PCR reactions of total volume of 20 µl consisted of 10-50 ng of 

chromosomal DNA, 1µM primers – Folh1-F and Folh1-R (for more information 

see Chapter 3.1.3.4., p. 47) – and PPP Master Mix (Top-Bio) that contains Taq DNA 

polymerase, dNTPs and optimized reaction buffer. The reactions were run in PCR 

Thermocycler (Biometra) using initialization for 3 minutes at 95 ºC followed by 

33 cycles of denaturation for 30 seconds at 95 ºC, annealing for 30 seconds at 63 ºC and 

elongation for 40 seconds at 72 ºC. Final elongation was performed for 5 minutes at 

72 ºC. PCR products were separated by horizontal agarose electrophoresis at 120V for 

40 minutes using 1% agarose (Serva) in TAE buffer (40 mM Tris-acetate, pH 8.4, 

1 mM EDTA) containing GelRed 10000X (Biotinum) and visualized by UV lamp 

(Herolab). Fragments of around 500 bp were isolated from the gel using QIAquick Gel 

Extraction Kit (Qiagen) according to manufacturer’s instructions.  

Isolated DNA fragments were ligated into pCRII-TOPO vector using TOPO TA 

Cloning Kit (Invitrogen) according to manufacturer’s instructions. As the competent 

cells, E. coli strain Top10 (Invitrogen) was used. Next day, at least 6 white colonies from 

each agar plate were taken and cultured with LB medium containing 50 µg/ml ampicillin 

overnight at 37 ºC. The subsequent isolation of amplified plasmids was performed using 

Zyppy™ Plasmid Miniprep Kit (Zymo Research) according to manufacturer’s 

instructions. Plasmid DNA purity and concentration was assessed by spectrophotometry 

using NanoDrop (Thermo Scientific) and the resulting plasmids were sequenced by 

GATC Biotech (Konstanz, Germany) using M13 Reverse primer (for more information 

see Chapter 3.1.3.4., p. 47). DNA sequences were analysed using Vector NTI software 

(Invitrogen). 
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3.2.1.3. Establishment of GCPII mutant mouse colonies and colony 

management 

Three founder mice carrying in total 5 deletions – 3 bp (del3), 4 bp (del4), 

6 bp (del6), 12 bp (del12) and 17 bp (del17) – within exon 11 of Folh1 gene were bred 

with C57Bl/6NCrl wild type (WT) mouse to produce F1 generation. To avoid genetic 

drift, all colonies were bred in a breeding scheme heterozygous mutant × wild type. For 

each generation, C57Bl/6NCrl WT mice were supplemented from the Animal Facility of 

IMG CAS. Homozygous mutants and their heterozygous mutant and WT littermates 

were produced by crossbreeding of heterozygous mutants of at least F2 generation.  

 

3.2.1.4. GCPII-mutant mice genotyping 

Tail biopsies of 3-weeks old pups were taken by trained technician in the Animal 

Facility of IMG CAS. Chromosomal DNA was isolated from tail biopsies using Mouse 

Direct PCR Kit (Bimake) according to manufacturer’s instructions with slight 

modifications. The mouse tail was incubated with 50 l of Buffer L and 1 l of Protease 

Plus (both supplemented in the Mouse Direct PCR Kit) for 30 minutes at 55C followed 

by incubation for 5 minutes at 95 C. 

The tissue lysate was subsequently used as a template for nested PCR consisting 

of 2 successive rounds of PCR. In the first round, Folh1-F and Folh1-R primers were 

used to amplify fragment of around 540 bp (546 bp for WT allele, 543 bp for del3 allele, 

542 bp for del4 allele, 540 bp for del6 allele, 534 bp for del12 allele and 529 bp for del17 

allele). PCR reactions of total volume of 20 µl consisted of 1 µl template, 0.25 µM 

primers and M-PCR OPTI mix (supplemented in the Mouse Direct PCR Kit) that 

contains Taq DNA polymerase, dNTPs and optimized reaction buffer. The reactions were 

run in PCR Thermocycler (Biometra) using initialization for 3 minutes at 95 ºC followed 

by 33 cycles of denaturation for 30 seconds at 95 ºC, annealing for 30 seconds at 57 ºC 

and elongation for 40 seconds at 72 ºC. Final elongation was performed for 5 minutes at 

72 ºC. PCR reactions from the first round of nested PCR were subsequently diluted 

200-fold by deionized water and served as templates for second round of nested PCR.  

In the second round, PCR reactions of total volume of 20 µl consisted of 1 µl 

diluted template, 0.25 µM primers – F-mGCPII_genotyp and R-mGCPII_genotyp 

(for more information see Chapter 3.1.3.4., p. 47) – and PPP Master Mix (Top-Bio) that 
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contains Taq DNA polymerase, dNTPs and optimized reaction buffer. The reactions were 

run in PCR Thermocycler (Biometra) using initialization for 3 minutes at 95 ºC followed 

by 33 cycles of denaturation for 30 seconds at 95 ºC, annealing for 30 seconds at 58 ºC 

and elongation for 30 seconds at 72 ºC. Final elongation was performed for 1 minute at 

72 ºC. 

PCR products of the second round of nested PCR were analysed by DNA 

polyacrylamide gel electrophoresis (DNA-PAGE). The gel consisted of TBE buffer 

(89 mM Tris-borate, pH 8.3, 2 mM EDTA), 16% (v/v) acrylamide mixture (acrylamide 

with N,N'-bisacrylamide in a ratio of 19:1), 0.1% (w/v) ammonium persulfate (APS) and 

0.01% (v/v) TEMED. 5 l of the reaction mixture from the second round of nested PCR 

were loaded into the polyacrylamide gel and PCR products were separated in vertical 

electrophoresis apparatus (Sigma-Aldrich) filled by the TBE running buffer at 160V for 

90 minutes. To analyse the amplified fragments of specific length (56 bp for WT allele, 

53 bp for del3 allele, 52 bp for del4 allele, 50 bp for del6 allele, 44 bp for del12 allele, 

39 bp for del17 allele), the polyacrylamide gel was incubated in 10000× diluted GelRed 

(Biotium) in TBE buffer for 30 minutes and visualized by UV lamp (Herolab). 

 

3.2.2. Preparation of membrane-bound protein variants of mouse 

GCPII 

3.2.2.1. Cloning of vectors encoding membrane-bound protein variants of 

mGCPII 

All vectors encoding membrane-bound mutant variants (del3, del4, del6, del12 and 

del17) were prepared by site-directed mutagenesis. As a starting vector, 

pTreTight-mGCPII plasmid (see Chapter 3.1.3.5., p. 48), which encodes full-length 

mGCPII protein was used. This vector was previously prepared by colleagues in our 

laboratory.  

Plasmids pTreTight-mGCPIIdel3, pTreTight-mGCPIIdel4 and 

pTreTight-mGCPIIdel6 were prepared from pTreTight-mGCPII using Phusion 

High-Fidelity DNA Polymerase (New England BioLabs) according to manufacturer’s 

instructions with slight modifications. PCR reactions of total volume of 40 µl consisted 
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of 20 ng of template vector, 0.75 µM primers (for more information see Chapter 3.1.3.4., 

p. 47), Phusion HF buffer (New England BioLabs), 250 µM dNTPs and 0.6 U of Phusion 

High-Fidelity DNA Polymerase. The reactions were run in PCR Thermocycler 

(Biometra) using initialization for 1 minute at 98 ºC followed by 20 cycles of 

denaturation for 15 seconds at 98 ºC, annealing for 45 seconds at 40 ºC and elongation 

for 4 minutes at 72 ºC. Final elongation was performed for 10 minutes at 72 ºC. 

Plasmids pTreTight-mGCPIIdel12 and pTreTight-mGCPIIdel17 were prepared by 

site-directed mutagenesis using Pfu DNA polymerase (New England BioLabs). 

First, an intermediate step of site-directed mutagenesis producing the plasmid 

pTreTight-mGCPIIdel9 from the plasmid pTreTight-mGCPIIdel6 was performed. 

The plasmid pTreTight-mGCPIIdel9 then served as a template for preparation of the 

plasmid pTreTight-mGCPIIdel12. Finally, the plasmid pTreTight-mGCPIIdel12 was 

used as a template for preparation of the pTreTight-mGCPIIdel17. PCR reactions of total 

volume of 50 µl consisted of 50 ng of template vector, 1 µM primers (for more 

information see Chapter 3.1.3.4., p. 47), reaction buffer (New England BioLabs), 250 µM 

dNTPs and 2.5 U of Pfu DNA polymerase. The reactions were run in PCR Thermocycler 

(Biometra) using initialization for 30 seconds at 95 ºC followed by 18 cycles of 

denaturation for 30 seconds at 95 ºC, annealing for 1 minute at 55 ºC and elongation for 

5 minutes at 68 ºC.  

 After the site-directed mutagenesis, 20 U of DpnI (New England BioLabs) was 

added into each PCR reaction mixture and the reactions were incubated for 1 hour at 

37 ºC. Uncleaved plasmids were subsequently purified using QIAquick Gel Extraction 

Kit (Qiagen) according to manufacturer’s instructions and transformed into the E. coli 

Top10 competent cells (Invitrogen) according to the manufacturer’s instruction. 

The success of mutagenesis was monitored by colony PCR. At least 5 colonies from each 

agar plate were taken and each of the colonies was suspended in 10 µl of deionized water. 

3 µl of this bacterial mixture were used as a template for PCR reaction that was performed 

the same way as the second round of nested PCR within the GCPII-mutant mice 

genotyping (see Chapter 3.2.1.4., p. 54). Additionally, 2 µl of the bacterial mixture was 

transformed onto the new agar plate containing ampicillin and let grow overnight at 

37 ºC. 

Based on the result of colony PCR, a bacterial colony from each mutagenesis was 

chosen and cultured with LB medium containing 50 µg/ml ampicillin overnight at 37 ºC. 
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The subsequent isolation of amplified plasmids was performed using Zyppy™ Plasmid 

Miniprep Kit (Zymo Research) according to manufacturer’s instructions. Plasmid DNA 

purity and concentration was assessed by spectrophotometry using NanoDrop 

(Thermo Scientific) and the resulting plasmids were sequenced by GATC Biotech 

(Konstanz, Germany) using several different primers – FseqpTRETight, 

RseqpTRETight, RMin1-forward and RMin3-reverse (for more information see Chapter 

3.1.3.4., p. 47). DNA sequences were analysed using Vector NTI software (Invitrogen). 

 

3.2.2.2. Expression of membrane-bound protein variants of mGCPII using 

HEK293 cells 

Membrane-bound protein variants of mGCPII were expressed after transient 

transfection of pTreTight- vectors (mGCPII, mGCPIIdel3, mGCPIIdel4, mGCPIIdel6, 

mGCPIIdel12 and mGCPIIdel17; see Chapter 3.2.2.1., p. 53) into the cell line 

HEK293offA2. This cell line contains Tet-Off expression system and was derived from 

HEK293 cells (human embryonic kidney cell line) by stable transfection of a plasmid 

pTet-Off-Advanced (Clontech). The preparation of HEK293offA2 was performed 

previously by Dr. Pavel Šácha and Jana Starková in our laboratory.   

HEK293offA2 cells were cultured in 100 mm plates filled by 10 ml IMDM 

complete medium (IMDM (Gibco) supplemented by 10% FBS (Gibco) and 40 mM 

L-glutamine) until reaching a confluence of 60-70%. The transfection mixture of total 

volume of 830 μl consisted of opti-MEM medium (Gibco), 21 μg of plasmid DNA and 

10% (v/v) polyethylenimine (Sigma-Aldrich). After 15 minutes incubation at room 

temperature, the transfection mixture was carefully added into and gently mixed with the 

IMDM complete medium in the plates with HEK293offA2 cells. The cells were 

incubated at 37 ºC and 5% CO2 for 3 days before being harvested by suspending in the 

IMDM complete medium followed by centrifugation for 5 minutes at 500 g. Finally, the 

cells were washed twice by PBS and stored lysed by cell lysis buffer 

(see Chapter 3.2.2.3., p. 56). 
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3.2.2.3. Analysis of the protein yield of membrane-bound mGCPII variants 

HEK293offA2 cells with expressed membrane-bound mGCPII variants were lysed 

by cell lysis buffer, which consisted of 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 

1× cOmplete protease inhibitor cocktail (Roche) and 1% C12E8 detergent (Affymetrix). 

Cells harvested from one 100 mm plate were suspended in 450 µl of cell lysis buffer, 

sonicated three times for 1 minute in a cold-water bath and incubated on ice for 

45 minutes. Subsequently, the cell suspension was sonicated for 1 minute in a cold-water 

bath and centrifuged for 20 minutes at 600 g, 4 ºC. The protein concentration was 

measured in the supernatant using Bradford protein assay (see Chapter 3.2.5.2., p. 64) 

and the approximate level of expression of all membrane-bound mGCPII variants was 

assessed by Western blotting (see Chapter 3.2.6., p. 65). 

To measure the exact amount of membrane-bound mGCPII variants in the cell 

lysates, denatured ELISA was performed. For this purpose, standard (rm-GCPII, see 

Chapter 3.2.3., p. 57) as well as cell lysate solutions were first denatured. Standard was 

diluted by cell lysis buffer containing 1% SDS to a final concentration of 50 ng/µl and 

heated by temperature gradient 0.2 ºC/s to 70 ºC followed by rapid cooling to 20 ºC. The 

denatured solution was then diluted by ELISA sample buffer, which consisted of 50 mM 

Tris-HCl, pH 7.4, 100 mM NaCl, 0.2% Tween-20 and 0.08% SDS, to generate standard 

solutions of concentrations of 100, 75, 50, 37.5, 25, 10, 5, 2.5, 1.25 and 0.63 pg/µl. 

Cell lysates of total protein amount of 30 µg approximately were mixed with 10% SDS 

to reach a final concentration of SDS of 1%. Subsequently, the mixtures were heated by 

temperature gradient 0.2 ºC/s to 70 ºC, rapidly cooled down to 20 ºC and diluted 20×, 

40×, 80× and 160× by ELISA sample buffer. 

ELISA was performed in a 96-well plate format and all procedures were carried 

out at room temperature. All incubations and washes were carried out on an orbital shaker 

at 100 RPM and 500 RPM, respectively. The NUNC Maxisorb 96-well plate was coated 

with 500 ng of capturing antibody GCP-04 (Exbio) diluted in 100 mM borate, pH 9.5, 

per well for 75 minutes. The wells were subsequently washed three times by TBS 

(50 mM Tris-HCl, pH 7.6, 137 mM NaCl, 2.7 mM KCl) and blocked for 4 hours by 

250 µl of Casein Buffer 20X-4X Concentrate (SDT) diluted 10× in TBS. After washing 

for three times by 250 µl of TBS containing 0.05% Tween-20, 100 µl of denatured 

standard solutions or denatured cell lysates were added to pre-coated wells and incubated 

for 1 hour. The wells were then washed three times with TBS containing 
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0.05% Tween-20, and incubated for 35 minutes with 50 ng of biotinylated antibody 

GCP-02 (Barinka et al. 2004a) diluted in the ELISA sample buffer. After next washing 

step, all wells were incubated for 30 minutes with 50 ng of neutravidin-HRP (Pierce) 

diluted in TBS containing 0.1% Tween-20. Subsequently, plates were washed five times 

with TBS containing 0.05% Tween-20 and 175 µl of chemiluminescent substrate 

solution (100 mM Tris-HCl, pH 8.0, 2.5 mM luminol (Sigma-Aldrich), 

2 mM 4-iodophenol (Thermo Scientific) and 0.018% hydrogen peroxide 

(Sigma-Aldrich)) were added to each well. The chemiluminescence was measured for 

500 ms using an Infinite® M1000 PRO (Tecan).  

 

3.2.3. Preparation and characterization of extracellular parts of 

protein variants of mouse GCPII 

3.2.3.1. Cloning of vectors encoding extracellular parts of protein variants of 

mGCPII 

The plasmid pMT/BiP/Avi_rm-GCPII (see Chapter 3.1.3.5., p. 48) encoding 

extracellular part of mGCPII wild type (WT) was generated previously in our laboratory 

(Knedlik et al. 2017). All mutant variants (del3, del4, del6, del12 and del17) were 

prepared by Lenka Simonova, who performed restriction enzyme digestion of 

corresponding pTreTight- vectors and pMT/BiP/Avi_rm-GCPII using enzymes BstZ17I 

and XhoI (New England BioLabs) followed by ligation of the fragment from 

pTreTight- vector into the cleaved pMT/BiP/Avi_rm-GCPII.  

The reaction mixture consisted of 1 µg of plasmid DNA, CutSmart buffer 

supplemented with the enzymes, 20 U of XhoI and 20 U of BstZ17I. After the incubation 

for 1 hour at 37 ºC, the samples were mixed with DNA loading buffer (40% sucrose, 

0.25% bromphenol blue) and the restriction enzyme digestion products were separated 

by horizontal agarose electrophoresis (1% agarose in TAE buffer containing GelRed 

10000X, 120V, 40 minutes).  

The fragments from pTreTight- vectors of around 1400 bp and the linearized   

pMT/BiP/Avi_rm-GCPII of around 3400 bp were isolated from the gel using QIAquick 

Gel Extraction Kit (Qiagen) according to manufacturer’s instructions. The ligation of the 
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fragments into the linearized vector was carried out by T4 DNA ligase (New England 

BioLabs) according to manufacturer’s instructions. As the competent cells, E. coli strain 

Top10 (Invitrogen) was used. Next day, a colony from each agar plate was taken and 

cultured with LB medium containing 50 µg/ml ampicillin overnight at 37 ºC.  

The subsequent isolation of amplified plasmids pMT/BiP/Avi_rm-GCPIIdel3, 

pMT/BiP/Avi_rm-GCPIIdel4, pMT/BiP/Avi_rm-GCPIIdel6, pMT/BiP/Avi_rm-

GCPIIdel12 and pMT/BiP/Avi_rm-GCPIIdel17 was performed using Zyppy™ Plasmid 

Miniprep Kit (Zymo Research) according to manufacturer’s instructions. Plasmid DNA 

purity and concentration was assessed by spectrophotometry using NanoDrop 

(Thermo Scientific) and the resulting plasmids were sequenced by GATC Biotech 

(Konstanz, Germany) using Rmin1-forward and BGH-reverse primers (for more 

information see Chapter 3.1.3.4., p. 47). DNA sequences were analysed using Vector 

NTI software (Invitrogen). 

 

3.2.3.2. Expression of extracellular parts of protein variants of mGCPII using 

Drosophila S2 cells 

The extracellular parts of wild type and mutant variants of mouse GCPII 

(rm-GCPII, rm-GCPIIdel3, rm-GCPIIdel4, rm-GCPIIdel6, rm-GCPIIdel12 and 

rm-GCPIIdel17) were expressed in a similar fashion as previously described in (Knedlik 

et al. 2017). The stably transfected cultures of Drosophila S2 cells expressing these 

recombinant proteins were prepared by Jana Starkova. For the stable transfection, 

Drosophila S2 (BiP-BirA-KDEL) cells previously prepared in our laboratory were 

utilized. These cells were generated by stable co-transfection of Drosophila S2 cells by 

pMT/BiP/BirA/KDEL (Tykvart et al. 2012) and pCoHygro (Invitrogen) to generate 

hygromicin-resistent cell cultures that express biotin-protein ligase (BirA) within 

endoplasmic reticulum.  

Drosophila S2 (BiP-BirA-KDEL) cells were grown in a 35 mm plate in SF900II 

complete medium (SF900II (Gibco) supplemented by 10% FBS (Gibco)) at 25 ºC until 

reaching a density of 2×106 cells per ml. The co-transfection of the cells by 

pMT/BiP/Avi_rm-GCPII- vectors and pCoBlast (Invitrogen) was subsequently 

performed using the Calcium Phosphate Transfection Kit (Invitrogen) according to 

manufacturer’s instruction. Cells containing transfected vectors were selected using 
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cultivation of the transfectants at 25 ºC in the SF900II complete medium containing 

blasticidin (Invitrogen) and hygromycin B (Invitrogen).  

To investigate the ability of the stably transfected cultures to express 

rm-GCPII WT and mutant variants, the cells were cultured at 25 ºC in a 35-mm plate in 

SF900II medium (Gibco) and the protein expression was induced by CuSO4 as described 

in (Knedlik et al. 2017). The presence of the rm-GCPII WT and mutant variants in the 

conditioned media was analysed by Western blotting (see Chapter 3.2.6., p. 65). The cell 

cultures expressing the highest amounts of the recombinant proteins were used for 

large-scale expression. Large-scale expression was carried out in a similar fashion as 

previously described for recombinant human GCPII (rh-GCPII) (Barinka et al. 2002). 

Briefly, stably transfected cell cultures were cultured in SF900II medium (Gibco) in 

a spinner flask at 25 ºC until reaching a density of 8×106 cells per ml in 500-1000 ml cell 

suspension. The recombinant protein expression was induced by 1 mM CuSO4 followed 

by procedures identical to those described in (Barinka et al. 2002). The cells were 

harvested after 8 days from induction by centrifugation at 500 g for 10 minutes. The 

supernatants were then centrifuged at 4000 g for 30 minutes, analysed for expression 

yield of rm-GCPII WT and mutant variants using Western blotting (see Chapter 3.2.6., 

p. 65) and stored at -80 ºC until further use. 

 

3.2.3.3. Purification of extracellular parts of protein variants of mGCPII  

The supernatants from recombinant protein expressions (see Chapter 3.2.3.2., 

p. 58) containing biotinylated rm-GCPII and its mutant variants were thawed, centrifuged 

for 30 minutes at 5250 g, 4 ºC and concentrated 10× using LabScale™ TFF system 

(Millipore) with a Pellicon XL Biomax50 cassette (Millipore). The recombinant proteins 

were subsequently purified from the concentrated S2 cell media using Streptavidin 

Mutein Matrix (Roche) according to previously published protocol (Tykvart et al. 2012) 

with minor modifications. Briefly, two rounds of purification were performed; each 

round consisted of incubation of equilibrated conditioned medium (i.e. flow-through 

fraction from the first round in case of the second round) with Streptavidin Mutein Matrix 

overnight at 4 ºC, two washing steps and five elution steps. The first washing step was 

performed by 2 column volumes (cv) of washing buffer (100 mM Tris-HCl, pH 7.2, 

150 mM NaCl), while the second washing step was performed by 25cv of washing 
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buffer. All elution steps were performed by 1cv of elution buffer (100 mM Tris–HCl, 

pH 7.2, 150 mM NaCl, 2 mM D-biotin).  

Following the purification, the fractions containing the highest amount of the 

recombinant proteins were poured and their buffers were changed to 10 mM Tris-HCl, 

pH 7.4, 100 mM NaCl using Amicon Ultra centrifugal filters (Millipore) according to 

manufacturer’s instructions. Finally, the protein concentration in the solutions was 

determined by spectrophotometry using NanoDrop (Thermo Scientific) 

(see Chapter 3.2.5.1., p. 64) and the solutions were concentrated using Amicon Ultra 

centrifugal filters (Millipore) to reach a minimum protein concentration of 1 mg/ml. 

 

3.2.3.4. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

To monitor the purification, discontinuous SDS-PAGE followed by silver staining 

of the polyacrylamide gel was performed. All gels consisted of 11% resolving gel and 

5% stacking gel. All samples for the SDS-PAGE were mixed with SDS-PAGE loading 

buffer (350 mM Tris, pH 6.8, 30% glycerol, 10% SDS, 4% 2-mercaptoethanol, 

0.01% bromphenol blue) in a ratio of 5:1 and boiled for 10 minutes. The samples for the 

SDS-PAGE were collected from all purification steps. While in most cases 10 µl of the 

purification fraction were analysed, in case of the first elution fraction, 1 µl was usually 

sufficient. To compare purification outcomes of different protein variants using 

SDS-PAGE followed by silver staining, 250 ng of total protein were loaded into the 

polyacrylamide gel. 

The mixture for 11% resolving gel consisted of 375 mM Tris-HCl (pH 8.8), 

11% (v/v) acrylamide mixture (acrylamide with N,N'-bisacrylamide in the ratio 35.7:1), 

0.1% (w/v) SDS, 0.1% (w/v) ammonium persulfate (APS) and 0.01% (v/v) TEMED. 

The mixture for 5% stacking gel consisted of 250 mM Tris-HCl (pH 6.8), 5% (v/v) 

acrylamide mixture (acrylamide with N,N'-bisacrylamide in a ratio 35.7:1), 0.1% (w/v) 

SDS, 0.1% (w/v) ammonium persulfate (APS) and 0.02% (v/v) TEMED. SDS-PAGE 

was run in the vertical electrophoresis apparatus (Sigma-Aldrich) filled by SDS running 

buffer (25 mM Tris- glycine, pH 8.8, 0.1% SDS) at a constant voltage of 150 V until the 

bromphenol blue dye reached the bottom of the gel.  
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The separated proteins were visualized by silver staining. First, the gel was fixed 

by fixation buffer (12% (v/v) acetic acid, 50% (v/v) methanol, 0.02% (v/v) 

formaldehyde) for 20 minutes and washed three times by 50% (v/v) methanol for 

5 minutes. Exposure, impregnation and development were always followed by washing 

for three times using distilled water. The exposure was performed by 0.02% (w/v) sodium 

thiosulfate pentahydrate for 1 minute and the impregnation by 0.2% (w/v) silver nitrate 

and 0.02% (v/v) formaldehyde for 15 minutes. The gel was subsequently developed by 

566 mM sodium carbonate, 16 μM sodium thiosulfate pentahydrate and 0.02% (v/v) 

formaldehyde until the protein bands were clearly visible. The gel was additionally 

incubated in 12% (v/v) acetic acid and 50% (v/v) methanol for 10 minutes and scanned 

on the scanner (Canon). 

 

3.2.3.5. Size-exclusion chromatography 

Size-exclusion chromatography was performed with recombinant proteins 

rm-GCPII and rm-GCPIIdel3 using ÄKTApurifier 10 (GE Healthcare) with a column 

HiLoad™ Superdex™ 200 10/300 GL (GE-Healthcare). As a mobile phase, buffer 

consisting of 10 mM Tris-HCl, pH 7.4 and 150 mM NaCl was used. At least 0.5 mg of 

the recombinant protein (200 µl of 2.5 mg/ml rm-GCPII, 350 µl of 1.6 mg/ml 

rm-GCPIIdel3) purified by Streptavidin Mutein (see Chapter 3.2.3.3., p. 59) was injected 

into the injection valve by an injection loop of 500 µl. Separation was performed in a 

flow rate of 0.5 ml/min followed by fractionation by 0.5 ml.  

The fractions containing proteins were analysed by SDS-PAGE followed by silver 

staining in a similar fashion as described in Chapter 3.2.3.4 (p. 60). The sample volume 

for preparation of SDS-PAGE samples was 5 µl. Following the size-exclusion 

chromatography, the fractions containing the highest amount of the recombinant proteins 

were poured and their buffers were changed to 25 mM BIS-TRIS propane (BTP)/HCl, 

pH 7.4, 150 mM NaCl using Amicon Ultra centrifugal filters (Millipore) according to 

manufacturer’s instructions. Finally, the protein concentration in the solutions was 

determined by spectrophotometry using NanoDrop (Thermo Scientific) 

(see Chapter 3.2.5.1., p. 64) and the solutions were concentrated using Amicon Ultra 

centrifugal filters (Millipore) to reach a minimum protein concentration of 0.8 mg/ml. 
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3.2.3.6. Thermofluor assay 

To assess thermal stability of rm-GCPII and rm-GCPIIdel3, Thermofluor assay 

using protocol similar to that described previously by others (Ericsson 2006) was 

performed. Thermofluor assay was carried out in a 96-well plate format (LightCycler® 

480 Multiwell Plate 96, Roche) with total volume of a tested mixture being 25 µl. 

The tested mixture consisted of 625× diluted Sypro Orange (Sigma-Aldrich) and 1.5 µg 

of a recombinant protein diluted in a buffer containing 25 mM BTP/HCl, pH 7.4 and 

150 mM NaCl. Thermofluor assay was performed in LightCycler®480 II (Roche) with 

a temperature range between 20 ºC and 95 ºC in an increment of 0.01 ºC/s. 50 acquisitions 

were taken per ºC. The protein melting temperatures were subsequently analysed using 

the LightCycler®480 II software (Roche). 

 

3.2.4. Preparation of mouse tissue lysates 

3.2.4.1. Collection of mouse tissues 

Mice were sacrificed using intraperitoneal injection of anesthetics followed by 

cervical dislocation. As the anesthetics, a mixture of either ketamine (Narkamon, 

125mg/kg) and xylazine (Rometar, 20mg/kg) or tiletamine (Zoletil, 125mg/kg), 

zolazepam (Zoletil, 125mg/kg) and xylazine (Rometar, 10mg/kg) was used. 

All dissections were carried out in a maximum of 60 minutes after mice death. Most of 

the urogenital organs were dissected by MUDr. František Sedlák. Tissues were frozen 

using dry ice immediately after the collection and stored at -80 ºC until processed further. 

 

3.2.4.2. Preparation of kidney and brain lysates 

For the tissue lysate preparation, whole male kidney and whole one of the two 

identical hemispheres of the male brain were taken. All procedures were performed on 

ice. The tissues were weighted and 3 µl of cold tissue lysis buffer (50 mM Tris-HCl, 

pH 7.4, 100 mM NaCl, 1× Roche cOmplete protease inhibitor cocktail) were added per 

1 mg of the tissue. The homogenization was performed using TissueLyser II (Qiagen) 

according to manufacturer’s instructions. The tissues were first homogenized at 30 Hz 

and 4 ºC for 3 minutes. 120 µl of the tissue homogenate were then taken and mixed with 
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180 µl of cold tissue lysis buffer. Usually, the mixture was then additionally 

homogenized by TissueLyser II at 30 Hz and 4 ºC for 3 minutes. The second 

homogenisation step was not included in the first stages of tissue lysate preparations 

though, which led to incomplete solubilisation of mGCPII (see Chapter 4.3.1., p. 87).  

Prepared homogenates of 300 µl were mixed with 300 µl of cold lysis buffer 

supplemented by 2% Igepal CA-630 (Sigma-Aldrich). The samples were sonicated in 

a water bath four times for 1 minute at 0 ºC and subsequently centrifuged at 16000 g and 

4 ºC for 30 minutes. While the supernatants (i.e. soluble fractions of tissue lysates) were 

stored at -80 ºC until used further, the pellets (i.e. insoluble fractions of tissue lysates) 

were processed straight after.  

First, the pellets were washed twice by 500 µl of PBS (12 mM phosphate, pH 7.4, 

137 mM NaCl, 2.7 mM KCl) and incubated with 1.3 U of Benzonase Nuclease 

(Novagen) diluted in PBS. Next, the pellets were suspended in 120 µl of pellet sample 

buffer (60 mM Tris, pH 6.8, 15% glycerol, 1% SDS, 4 M urea, 4% 2-mercaptoethanol, 

0.01% bromphenol blue) and boiled until completely dissolved. Finally, the samples 

were mixed thoroughly and stored at -20 ºC until further use. 

 

3.2.4.3. Preparation of urogenital tissue lysates 

For the male urogenital tissue lysate preparation, whole organs of the urogenital 

system were taken. The organs included testicle, epididymis, spermatic cord, kidney, 

ureter, urinary bladder, urethra, seminal vesicle, anterior prostate, dorsal prostate, lateral 

prostate, ventral prostate, bulbourethral gland and preputial gland. All procedures were 

performed on ice. The tissues were weighted and 3 µl of cold tissue lysis buffer 

(50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1× Roche cOmplete protease inhibitor 

cocktail) were added per 1 mg of the tissue. The homogenization was performed using 

TissueLyser II (Qiagen) according to manufacturer’s instructions at 30Hz and 4 ºC for 

5 minutes.  

Prepared homogenates were mixed with appropriate amount of cold lysis buffer 

supplemented by 5% Igepal CA-630 (Sigma-Aldrich) to reach a final detergent 

concentration of 1%. The mixtures were sonicated in a water bath four times for 1 minute 

at 0 ºC. Finally, the samples were centrifuged at 16000 g and 4 ºC for 30 minutes and the 

supernatants were stored at -80 ºC until used further.  
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3.2.5. Determination of protein concentration 

3.2.5.1. NanoDrop measurement of protein concentration 

NanoDrop (Thermo Scientific) was used to determine the concentration of purified 

proteins (see Chapter 3.2.3.3., p. 59 and 3.2.3.5., p. 61). The application module ‘Protein 

A280‘, which measures protein concentration using spectrophotometry at 280 nm, was 

chosen and the measurement was performed according to manufacturer’s instructions 

with Sample Type being set to 1 Abs = 1 mg/mL. The final concentration of rm-GCPII 

WT and mutant variants was then calculated using equation, which takes the extinction 

coefficient of the proteins into an account: 

 

crm-GCPII  = cmeasured  ∙ 0.75  

 

3.2.5.2. Bradford protein assay 

To determine the protein concentration in the cell lysates (see Chapter 3.2.2.3., 

p. 56) and tissue lysates (see Chapter 3.2.4., p. 62), Bradford protein assay (Bradford 

1976) in a 96-well plate format was utilized. A calibration curve consisted of 

10 concentrations of Albumin standard (2 mg/ml, Thermo Scientific) diluted in PBS, 

the total amount of standard per well ranged from 0.25 µg to 4 µg. The lysates were 

diluted appropriately to ensure the resulting absorbance being approximately in the 

middle of the calibration curve.    

The samples for protein concentration measurement were prepared by pipetting of 

20 µl of diluted standard/lysate into the well of 96-well transparent plate with flat bottom 

(P-lab) followed by addition of 180 µl of Protein Assay Dye diluted 4.5× in deionized 

water. The solutions were mixed thoroughly with a multichannel pipette and incubated 

5 minutes at room temperature. The absorbance was measured at 595 nm using an Infinite 

microplate reader (Tecan) and the protein concentrations were subsequently calculated 

in Microsoft Excel. 
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3.2.6. Western blot analysis 

A combination of SDS-PAGE and wet electroblotting was used for Western blot 

analysis. Western blotting was utilized to approximate the level of expression of 

membrane-bound mGCPII variants (see Chapter 3.2.2.3., p. 56), to monitor preparation 

of the extracellular parts of mGCPII variants (see Chapter 3.2.3., p. 57) and to analyse 

mouse tissue lysates (see Chapter 3.2.4.2., p. 62). The SDS-PAGE procedure was almost 

identical to that described in Chapter 3.2.3.4. (p. 60), only the amount of samples loaded 

into the polyacrylamide gel differed in dependence on the application (see below). 

The electroblotting was performed onto nitrocellulose membrane in the Mini 

Trans-Blot® Cell (Bio-Rad) filled by electroblotting buffer (12.5 mM Tris-glycine, 

pH 8.3, 10% (v/v) methanol) at a constant voltage of 100 V for 1 hour. Membranes were 

then blocked with casein solution (Casein Buffer 20X-4X Concentrate (SDT) diluted 20× 

in PBS) for at least 1 hour at room temperature. The subsequent antibody incubations 

differed in dependence on the application (see below).  

When using Western blot analysis to approximate the level of expression of 

membrane-bound mGCPII variants (see Chapter 3.2.2.3., p. 56), 50 µg of total protein 

was loaded into the gel. After the casein blocking step, the membrane was incubated for 

1 hour at room temperature with 1 µg of GCPII-04 antibody (Exbio) diluted in casein 

solution. Subsequently, the membrane was washed three times with PBS containing 

0.05% Tween-20 and incubated with goat anti-mouse (G-a-M) antibody conjugated with 

horseradish peroxidase (HRP) diluted 1:25000 in casein solution for 1 hour at room 

temperature. The second washing step (three times in PBS containing 0.05% Tween-20) 

was then performed and the membrane was developed using chemiluminescence 

(see below). 

In case of monitoring the preparation of the extracellular parts of mGCPII variants 

(see Chapter 3.2.3., p. 57), three different Western blot analysis were performed. First, 

15 µl of conditioned media were analysed to investigate the ability of stably transfected 

cell cultures (see Chapter 3.2.3.2., p. 58) to express rm-GCPII WT and mutant variants. 

Second, after the large-scale expression (see Chapter 3.2.3.2., p. 58), 15 µl of conditioned 

media were analysed to estimate the expression yield of rm-GCPII WT and mutant 

variants. Third, 20 ng of rm-GCPII variant approximately (as estimated from the silver 

stained polyacrylamide gel, see Chapter 3.2.3.4., p. 60) was loaded into the gel in order 

to compare purification outcomes of rm-GCPII WT and mutant variants. After the casein 
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blocking step, the membranes were incubated for 2 hours at 4 ºC with 2 µg of 

neutravidin-HRP (Pierce) diluted in casein solution. Subsequently, the membranes were 

washed four times with PBS containing 0.05% Tween-20 and developed using 

chemiluminescence (see below). 

When using Western blotting to analyse mouse tissue lysates (see Chapter 3.2.4.2., 

p. 62), an amount of supernatant corresponding to 100 µg of total protein or 20 µl of 

processed pellet were loaded into the gel. After the casein blocking step, the membranes 

were incubated overnight at 4 ºC with antibody mixture diluted in casein solution. 

The antibody mixture contained antibody against mGCPII and antibody against β-actin, 

which served as a loading control. For the detection of mGCPII, antibody GCP-04 

(Exbio) labelled by HRP (GCPII-04-HRP) diluted 1:250 in casein solution was used. 

GCPII-04-HRP was prepared by MUDr. František Sedlák, who conjugated GCPII-04 

with HRP at pH 9.4 using EZ-Link™ Plus Activated Peroxidase Kit (Thermo Scientific) 

according to manufacturer’s instructions. For detection of β-actin, Mouse Monoclonal 

Anti-β-Actin antibody, clone AC-15 (Sigma-Aldrich) in dilutions of 1:5000 (for the 

kidney and seminal vesicle lysates) and 1:200000 (for the brain lysates) in casein solution 

was used. Next day, membranes were washed four times with PBS containing 0.05% 

Tween-20 and incubated for 1 hour at room temperature with IRDye 680 RD Goat 

anti-Mouse antibody (LI-COR Biosciences) diluted 1:15000 in casein solution. 

The second washing step (three times in PBS containing 0.05% Tween-20) was then 

performed and the membranes were developed using both chemiluminescence 

(to visualize mGCPII, see below) and fluorescence (to visualize β-actin, see below). 

Finally, the membranes dedicated for chemiluminescence capturing were 

incubated with 500 µl of SuperSignal West Femto chemiluminescent substrate 

(Thermo Scientific) and developed using either LAS-3000 CCD Camera (Fujifilm) or 

ChemiDoc-It 600 Imaging System (UVP). The membranes dedicated for fluorescence 

capturing were developed straight after the second washing step using 700 nm channel 

in Odyssey CLx Infrared Imaging System (LI-COR Biosciences).   
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3.2.7. NAAG-hydrolysing activity assay  

NAAG-hydrolysing activity assay was performed to compare kinetic parameters 

of NAAG-hydrolysing reaction catalysed by rm-GCPII and rh-GCPII 

(see Chapter 3.2.7.1.), to analyse enzyme activity of membrane-bound protein variants 

of mGCPII (see Chapter 3.2.7.2., p. 68), to characterize GCPII-deficient mice 

(see Chapter 3.2.7.3., p. 68) and to investigate the amount of GCPII present in chosen 

mouse tissues (see Chapter 3.2.7.3., p. 68). NAAG radiolabelled by tritium on the 

terminal glutamate (3H-NAAG) was used as a substrate for all enzyme reactions. 

The procedure was performed as previously described (Knedlik et al. 2014) with minor 

modifications.  

 

3.2.7.1. Reaction setup for determination of kinetic parameters of NAAG-

hydrolysing reaction  

Recombinant biotinylated proteins rm-GCPII and rh-GCPII for determination of 

kinetic parameters of NAAG-hydrolysing reaction were prepared previously in our 

laboratory (Knedlik et al. 2017; Tykvart et al. 2012). The protein concentration was 

determined by Ing. Radko Souček at IOCB CAS, who performed quantitative amino acid 

analysis (Biochrom) following the manufacturer’s protocol.  

Reactions were carried out in a 96-well plate format (Microtitration 96-well plate 

with U-bottom, P-lab) at 37 ºC in a reaction buffer containing 25 mM BTP-HCl, pH 7.4, 

150 mM NaCl and 0.001% C12E8. The total volume of a reaction was 100 µl. The total 

concentration of NAAG (i.e. a mixture of NAAG (Sigma-Aldrich) and 3H-NAAG 

(prepared by Dr. Tomas Elbert at IOCB Prague)) in the reaction ranged from 20 nM to 

40 µM. The concentration of 3H-NAAG in the reaction was 5 nM for all NAAG 

concentration points lower than 5 µM and 10 nM for all NAAG concentration points 

between 5 µM and 40 µM. The concentration of the enzyme was set accordingly to ensure 

NAAG conversion being lower than 25%. The reactions were started by addition of the 

substrate and stopped after 20 minutes by addition of a stopping buffer 

(see Chapter 3.2.7.4., p. 69). Subsequent analyses of NAAG conversion together with 

KM and kcat determination are described in Chapter 3.2.7.4 (p. 69). The data are presented 

as the mean of three independent measurements ± standard deviation; one measurement 

consisted of 12 different NAAG concentrations. 
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3.2.7.2. Reaction setup for analysis of enzyme activity of membrane-bound 

protein variants of mGCPII 

Reactions were carried out at 37 ºC in a reaction mixture consisting of 35 µl of 

reaction buffer (TBS supplemented by 0.1% Tween-20) and 55 μl of the cell lysate 

diluted appropriately in the cell lysis buffer (see Chapter 3.2.2.2., p. 55). The amount of 

the cell lysate per reaction corresponded to 5 ng of membrane-bound protein variant of 

mGCPII as determined by ELISA (see Chapter 3.2.2.3., p. 56). As a positive control, 

a lysate from HEK293offA2 cells stably transfected by pTreTight-mGCPII vector 

(see Chapter 3.1.3.5., p. 48) was used. This cell line was prepared previously in our 

laboratory by Jana Starková. As a negative control, a lysate from non-transfected 

HEK293offA2 cells was used and its amount was set to a total amount of proteins to be 

the highest from the tested lysates.  

The total volume of the reaction mixture containing the reaction buffer and the 

lysate was 90 µl. Reactions were started by addition of 10 μl of 1 μM NAAG (containing 

50 nM 3H-NAAG) and stopped after 60 minutes by a stopping buffer 

(see Chapter 3.2.7.4., p. 69). Subsequent analysis of NAAG conversion is described in 

Chapter 3.2.7.4. (p. 69). The reactions were performed in triplicates and the data are 

presented as the mean of technical replicates ± standard deviation. 

 

3.2.7.3. Reaction setup for analysis of NAAG hydrolysis in mouse tissue 

lysates 

Reactions were carried out at 37 ºC in a reaction mixture consisting of 70 μl of 

reaction buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween-20) and 20 μl of 

the tissue lysate diluted appropriately in the tissue lysis buffer (see Chapter 3.2.4., p. 62). 

The total amount of the proteins was 100 µg for the characterization of GCPII-deficient 

mice using kidney and brain lysates (see Chapter 3.2.4.2., p. 62) and 30 µg for estimation 

of the amount of GCPII present in chosen mouse tissues (see Chapter 3.2.4.3., p. 63). 

For a precise determination of GCPII amount in the epididymis and spermatic cord, 

the total amounts of proteins were set to 0.3 µg and 20 µg, respectively. In each sample 

set, a calibration curve of rm-GCPII (10 pg, 25 pg, 50 pg, 100 pg, 125 pg and 250 pg of 

rm-GCPII per reaction) was included.  
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Reactions were started by addition of 10 μl of 1 μM NAAG (containing 50 nM 

3H-NAAG) into the reaction mixture and stopped after 17 hours (i.e. after overnight 

incubation) or 6 hours using stopping buffer (see Chapter 3.2.7.4., p. 69). Subsequent 

analysis of NAAG conversion is described in Chapter 3.2.7.4. (p. 69). The reactions were 

performed in duplicates or triplicates. The data from radioactive assay are presented as 

the mean of biological replicates ± standard deviation. 

 

3.2.7.4. Analysis of NAAG conversion during NAAG-hydrolysing reaction  

The reactions were stopped by 100 μl of ice-cold stopping buffer 

(200 mM KH2PO4, 2 mM 2-mercaptoethanol, pH 7.4). The released glutamate was 

separated from the unreacted NAAG using ion exchange chromatography following 

slightly modified protocol described previously (Robinson 1987). Briefly, ion exchange 

mini-columns were prepared using glass Pasteur capillary pipettes and AG1-X resin 

(Bio-Rad) (2 ml of 50% slurry) that was pre-washed by degassed deionized water. 200 µl 

reactions were subsequently applied and the free glutamate was eluted by 2.5 ml of 1 M 

formic acid. The eluate containing radioactive glutamate was mixed with 6 ml of 

the Rotiszint ECO Plus scintillation cocktail (Roth) and the radioactivity was quantified 

by liquid scintillation using a Tri-Carb Liquid Scintillation Counter (Perkin-Elmer). 

The NAAG conversion was calculated using following equation: 

 

NAAG conversion [%] = 
dpm

sample
– dpm

blank

dpm
total

 – dpm
blank

 ∙ 100 

 

where blank is a reaction, in which NAAG was incubated using the same reaction 

conditions as in case of the sample, only the enzyme was not added, and total is 

a reaction, where a recombinant enzyme was added in a great excess to ensure complete 

cleavage of NAAG. NAAG conversions then served either as outcomes of the analysis 

itself or as starting values for further analysis.  

To determine GCPII amount in the mouse epididymis and spermatic cord, NAAG 

conversions in the tissues were compared with the NAAG conversion of rm-GCPII 

calibration curve (see Chapter 3.2.7.3., p. 68). To determine KM and kcat values 
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(see Chapter 3.2.7.1., p. 67), the amount of glutamate released was first calculated from 

NAAG conversion and the reaction rate was subsequently calculated using equation: 

 

v = 
cglutamate

cenzyme ∙ t
 

  

KM and kcat values were then determined using GraFit program, version 5 (Erithacus 

Software Limited) (Leatherbarrow 2001), where the dependence of the reaction rate on 

the concentration of the substrate was fitted into the Michaelis-Menten equation by 

non-linear regression.  

 

3.2.8. Mouse phenotyping 

3.2.8.1. Gross anatomy  

Mice were sacrificed using intraperitoneal injection of a mixture of ketamine 

(Narkamon, 125mg/kg) and xylazine (Rometar, 20mg/kg) followed by cervical 

dislocation. A midline skin incision extending from the lower jaw to the caudal abdomen 

was then usually performed and the main organs were examined for possible 

abnormalities. Subsequently, the seminal vesicles were localized and their images were 

taken together with a length scale. Using the length scale as an internal standard, seminal 

vesicle area was measured by ImageJ software (Rueden et al. 2017). 

 

3.2.8.2. Histopathology and immunohistochemistry 

Following gross anatomy examination, selected mouse tissues including kidney 

and most tissues from urogenital system were collected. Most of the urogenital organs 

were dissected by MUDr. František Sedlák. All dissections were performed in 

a maximum of 60 minutes after mice death. Tissues were immersed in 10% neutral 

buffered formalin (Sigma-Aldrich) immediately after the collection and stored at 4 ºC 

before processed further. Human epididymis slices were obtained from 

prof. MUDr. Josef Zámečník, Ph.D. from Motol University Hospital.  
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The mouse kidneys and seminal vesicles were examined by MUDr. Tomáš 

Olejár, Ph.D. at First Faculty of Medicine using standard histopathological procedures. 

Briefly, tissues were taken out of the buffered formalin and transversely sectioned. 

Subsequently, the sections were dehydrated using graded ethanol, immersed in xylene 

and embedded in paraffin. Slices of depth of 5 µm were then prepared and stained, 

haematoxylin and eosin (H&E) and thoroughly examined. 

Immunohistochemistry (IHC) was performed to localize mGCPII within the male 

mouse urogenital system and to explore possible expression of hGCPII in human 

epididymis. IHC was mainly performed by MUDr. František Sedlák and the protocol is 

described in (Vorlova et al. 2018) in detail. To detect GCPII in different parts of male 

mouse urogenital system, antibodies GCP-04 (Exbio) and GCP-02 (Barinka et al. 2004a) 

were used. To detect GCPII in the human epididymis, antibodies GCP-04 (Exbio), 

GCP-02 (Barinka et al. 2004a) and YPSMA-1 (Anogen) were used. As the secondary 

antibody, Histofine Simple Stain™ MAX PO (MULTI) (Nichirei Biosciences) was 

utilized. 

 

3.2.8.3. Metabolomic analysis of mouse urine 

The mouse urine samples had been collected straight before mice were 

anesthetized (see Chapter 3.2.4.1., p. 62 and 3.2.8.1., p. 70). The mice were taken out of 

the cage and let urinate on the sterile plastic foil. The urine was then aspirated by 

automatic pipette, frozen on a dry ice and stored at -80 ºC until being analysed for 

creatinine concentration.  

The creatinine concentration was determined in all urine samples in order to 

normalize them for metabolomic analysis (see below). The urines were thawed on ice 

and centrifuged for 10 minutes at 16000 g and 4 ºC. A small volume (2 µl - 5µl) of each 

urine sample was then analysed using Creatinine enzymatic kit (Dialab), which is based 

on a series of coupled reactions where creatinine serves as a starting substrate and a dye 

as end product. The amount of the produced dye measured spectrophotometrically is 

proportional to the amount of creatinine in the tested sample. The protocol recommended 

by the manufacturer was modified for measurement in 96-well format. 

A calibration curve consisted of 12 concentrations of Creatinine standard (177 µM, 

Dialab) diluted in normal saline (154 mM NaCl), the total amount of standard per well 
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ranged from 177 pmol to 2655 pmol. The urine samples were diluted 30× in normal 

saline. In case the creatinine concentration determined was not within the calibration 

curve, the measurement was repeated with appropriate amount of urine sample. Three 

different control samples were included in each measurement in order to monitor the 

quality control.   

15 µl of diluted urine sample/control sample/standard were pipetted into the 

96-well transparent plate with flat bottom (P-lab), mixed with 150 µl of Reagent 1 

(Creatinine enzymatic kit, Dialab) using a multichannel pipette and incubated 5 minutes 

at 37 ºC. The absorbance was measured at 550 nm using an Infinite microplate reader 

(Tecan) in a 9-reads-per-well mode. 50 µl of Reagent 2 (Creatinine enzymatic kit, Dialab) 

were subsequently added and the reactions were mixed thoroughly by a multichannel 

pipette. After additional incubation for 5 minutes at 37 ºC, the absorbance was measured 

at 550 nm using an Infinite microplate reader (Tecan) in a 9-reads-per-well mode. 

The creatinine concentration was calculated using Microsoft Excel. 

All urine samples containing sufficient amount of creatinine for metabolomic 

analysis were diluted by cold LC-MS Grade water (Thermo Scientific) to reach a final 

concentration of creatinine of 700 µM. Such diluted samples were then transferred to 

Microcon-10kDa centrifugal filters (Millipore) and centrifuged at 14000 g and 4 ºC until 

the flow-through fractions reached required volumes. Aliquots of 2 µl of each flow 

through fraction were then poured to generate a pooled sample for quality control of 

metabolomic analysis. Finally, all flow through urine samples and the pooled sample 

were frozen in liquid nitrogen and stored at -80 ºC until further use.  

Additional sample preparation and the targeted metabolomic analysis using 

high-performance liquid chromatography coupled to tandem mass spectrometry 

(HPLC-MS/MS) was performed by Dr. David Friedecky and colleagues at Institute of 

Molecular and Translational Medicine (IMTM) at Faculty of Medicine and Dentistry of 

Palacky University in Olomouc. The amount of sample injected per run corresponded 

approximately to 500 pmol of creatinine. The methodology was identical to that 

described by the colleagues from IMTM for targeted metabolomics of rat cerebrospinal 

fluid and plasma in (Karlikova et al. 2017). 
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3.2.9. Statistical analysis 

Statistical analysis of mouse seminal vesicle enlargements was performed by 

Dr. Marek Maly at National Institute of Public Health using statistical software Stata, 

release 9.2 (Stata Corp LP, College Station, TX). More information could be found in 

(Vorlova et al. 2018).  

Statistical analysis of metabolomics data was performed by Dr. David Friedecky 

and colleagues at IMTM using the R programme (version 3.1.2). A statistical evaluation 

and data treatment performed by the colleagues at IMTM was previously described for 

metabolomic analysis of rat cerebrospinal fluid and plasma in (Karlikova et al. 2017). 
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4. RESULTS 

4.1. Generation of GCPII-mutant mice 

4.1.1. TALEN-mediated disruption of Folh1 gene 

In order to generate GCPII-mutant mice, Folh1 gene disruption using targeted 

endonucleases was performed. Dr. Petr Kasparek from IMG CAS designed TALENs that 

targeted exon 11 of Folh1 gene within the sequence encoding active site of mGCPII 

(specifically, the sequence encoding zinc-coordinating Glu427 and the catalytic base 

Glu426, see Figure 12) and performed two independent microinjections into mouse 

zygotes (for more information see (Vorlova et al. 2018)). This resulted in production of 

F0 generation consisting of 65 transgenic mice in C57BL/6NCrl genetic background. 

These were analysed for a presence of TALEN-mediated mutations (see Chapter 3.2.1.2., 

p. 51).  

 

 

 

Figure 12: TALEN-mediated Folh1 gene disruption performed by Dr. Petr Kasparek at 

IMG CAS. TALEN activity followed by non-homologous end joining generated several different 

mutations within exon 11 of Folh1 gene. Three transgenic mice (designated as 131, 462 and 211) in 

C57BL/6NCrl genetic background were then selected as founders for establishing the GCPII-mutant 

mouse colonies. The Folh1 gene and Folh1-mutant gene sequences were generated and analysed using 

Vector NTI. 



75 

 

Three distinct founder mice were then selected for establishing GCPII-mutant 

mouse colonies – a mouse designated as 131 that carried deletions of 3 bp (del3) and 

6 bp (del6) within exon 11 of Folh1 gene, a mouse 462 with deletion of 12 bp (del12) 

and a mouse 211 with deletions of 4 bp (del4) and 17 bp (del17) (see Figure 12 , p. 74).  

The potential protein products of the Folh1-mutant gene expression are 

summarized in Figure 13. An expression of Folh1-del3, Folh1-del6 and Folh1-del12 

would lead to production of full-length mGCPII with 1, 2 or 4, respectively, amino acid 

deletions within the active site of mGCPII (mGCPIIdel3, mGCPIIdel6 and 

mGCPIIdel12). While mGCPIIdel3 and mGCPIIdel6 lack one from the two active site 

glutamates, mGCPIIdel12 lacks both of them. The mouse colonies carrying these 

mutations could thus potentially express inactive variants of mGCPII. Nevertheless, 

following experiments showed that not only the biochemical properties of recombinantly 

prepared mGCPIIdel3, mGCPIIdel6 and mGCPIIdel12 dramatically differ from those of 

mGCPII wild type (WT) protein (see Chapter 4.2.3., p. 82 and 4.2.4., p. 84), but also 

these variants were not detected in the GCPII-mutant mouse tissues (see Chapter 4.3.1., 

p. 87).       

 

 

Figure 13: Protein product of Folh1 gene expression compared to potential protein 

products of Folh1-mutant gene expression. Protein sequences were generated and analysed using 

Vector NTI. 

 
 

 

The genes Folh1-del4 and Folh1-del17 contain frameshift sequences and their 

potential expression would thus result in shorten protein products (456 and 428, 

respectively, instead of 752 amino acids). However, no such protein product was detected 

in GCPII-del4 and GCPII-del17 mutant mice (see Chapter 4.3.1., p. 87 and 4.3.2., p. 89). 
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4.1.2. GCPII-mutant mouse colony management 

F1 generations of all five GCPII-mutant mouse colonies were produced by 

breeding of F0 transgenic mice 131, 462 and 211 with C57BL/6NCrl wild type mice. 

To monitor the genotypes of newborns, a robust genotyping method based on nested PCR 

was established (see Figure 14). This method consists of two successive PCRs. In the 

first round, a fragment of around 540 bp is amplified (the exact length of the fragment 

depends on the Folh1 gene variant). The second round of nested PCR then uses the 

fragment from the first round as a template to produce small fragments of defined lengths 

that are analysed by DNA-PAGE (see Figure 15, p. 77). 

 

 

 

 

Figure 14: Schematic representation of GCPII-mutant mice genotyping procedure based 

on nested PCR. The first round of nested PCR uses chromosomal DNA as a template together with 

Folh1-F and Folh1-R primers to amplify fragments of around 540 bp. The second round uses the fragment 

amplified in the first round as a template together with primers F-mGCPII_genotyp and 

R- mGCPII_genotyp to generate fragments of a specific length depending on genotype.  

 

 

F1 generation of all GCPII-mutant variants bred normally and did not show any 

obvious phenotype. Similarly, heterozygous mice of F2 and all following generations 

carrying Folh1-del3, Folh1-del4 or Folh1-del17 did not show any reproductive or 

phenotypic abnormalities. The mouse colonies carrying Folh1-del3, Folh1-del4 or 

Folh1-del17 were maintained using heterozygote × wild type breeding scheme. The mice 

homozygous for Folh1-del3, Folh1-del4 or Folh1-del17 were generated by intercrossing 
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of heterozygous mice of at least F2 generation. Neither embryonic lethality nor any 

obvious phenotypes of mice homozygous for Folh1-del3, Folh1-del4 or Folh1-del17 

were observed. Subsequent intercrossing of the homozygous mice was also in 

correspondence with usual breeding performance of C57BL/6NCrl mice.  

 

 

 

Figure 15: Analysis of fragments from second round of nested PCR. The PCR products were 

separated by DNA-PAGE followed by gel staining using GelRed (see Chapter 3.2.1.4., p. 52). The specific 

lengths of fragments for each genotype variant are stated. Folh1+/+ indicates WT mice, Folh1+/- indicates 

heterozygous mice and Folh1-/- indicate mice homozygous for a specific Folh1-mutant gene variant. 

 

 

In agreement with other GCPII-mutant variants, the heterozygous mice of 

F2 generation carrying Folh1-del6 or Folh1-del12 did not show any obvious phenotype. 

These colonies were not expanded much further; a reproduction performance was thus 

not studied in detail. Nevertheless, no reproductive abnormalities were observed in 

a small cohort of Folh1-del6 homozygous mice. In addition, mice homozygous for 

Folh1-del6 or Folh1-del12 did not show any obvious phenotype.   
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4.2. Characterization of mouse GCPII and its mutant 

variants 

4.2.1. Kinetic characterization of recombinant mouse GCPII 

Kinetic parameters of recombinant mouse GCPII (i.e. extracellular part of 

mGCPII) were published in (Knedlik et al. 2017) (see Appendix 1), where a direct 

comparison of rm-GCPII and its human counterpart was performed. Here, only kinetic 

properties of both enzymes when catalysing NAAG hydrolysis are summarized. 

The recombinant enzymes of high purity were prepared previously in our laboratory 

(Knedlik et al. 2017; Tykvart et al. 2012) by recombinant expression in insect cells. The 

amount of the enzyme was optimized for each NAAG concentration to ensure that the 

substrate conversion is below 25% and the kinetic measurements are thus performed 

within the initial reaction velocity. The Michaelis-Menten kinetics for NAAG hydrolysis 

catalysed by rm-GCPII and rh-GCPII is depicted in Figure 16.  

 

 

 

 

Figure 16: Michaelis-Menten kinetics of recombinant mouse GCPII (rm-GCPII) and 

recombinant human GCPII (rh-GCPII) for NAAG-hydrolysing reaction. The reactions were 

carried out in a reaction buffer containing 25 mM BTP-HCl, pH 7.4, 150 mM NaCl and 0.001% C12E8 

for 20 minutes at 37 ºC. The amount of the enzyme was set accordingly to ensure substrate conversion 

being below 25%. The error bars represent standard deviation of at least two independent measurements. 

The data were modelled using non-linear regression function in GraFit 5.0.4 (Leatherbarrow 2001).  
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The kinetic parameters were calculated using GraFit 5.0.4 (Leatherbarrow 2001) 

and are summarized in Table 2. It was determined that the catalytic efficiency of 

recombinant mouse GCPII is lower than that of its human counterpart. Indeed, even 

though the turnover numbers are very similar, the KM value of rm-GCPII is almost four 

times higher than that of rh-GCPII (see Table 2). 

 
 

 

Table 2: Kinetic parameters of recombinant mouse GCPII (rm-GCPII) and recombinant 

human GCPII (rh-GCPII) for NAAG-hydrolysing reaction. The calculations were performed in 

GraFit 5.0.4 (Erithacus Software Limited) (Leatherbarrow 2001). 

 

 

Enzyme KM [nM] kcat [s-1] kcat/KM [× 107 s-1 M] 

rm-GCPII 1900 ± 100 1.44 ± 0.02 0.077 ± 0.001 

rh-GCPII 550 ± 60 1.45 ± 0.04 0.265 ± 0.007 

 

 

4.2.2. NAAG-hydrolysing activity of membrane-bound mutant 

variants of mGCPII 

To investigate whether the potential protein products of the Folh1-mutant gene 

expression (see Figure 13, p. 75) lose the ability to hydrolyse NAAG, the 

membrane-bound recombinant mutant variants of mGCPII were tested. For this purpose, 

pTreTight plasmids intended for transient transfection of HEK293 cells were first 

prepared using site directed mutagenesis (see Chapter 3.2.2.1., p. 53). 

The pTreTight-mGCPII vector (see Chapter 3.1.3.5., p. 48) served as a template and the 

deletions identical to those identified in the founder mice (see Figure 12, p. 74) were 

gradually introduced.  

The mutagenesis was performed in several steps (see Table 3, p. 80) since an 

attempt to delete more than 6 bp within one site-directed mutagenesis reaction was 

repeatedly unsuccessful. Moreover, straight preparation of a vector with 12 bp deletion 

from a vector with 6 bp also failed. The intermediate step of 9 bp deletion needed to be 

thus included. The sequences of all vectors were verified by Sanger sequencing 

(see Chapter 3.2.2.1., p. 53). 
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Table 3: Summary of site-directed mutagenesis performed to prepare vectors encoding 

membrane-bound mutant variants of mGCPII. The vectors utilized for subsequent transient 

transfection of HEK293 cells are highlighted in bold. More information about primers could be 

found in Chapter 3.1.3.4. (p. 47). 

 

Step Template Primers Product  

1 pTreTight-mGCPII 

F-mGCPIIdel3 
R-mGCPIIdel3 pTreTight-mGCPIIdel3 

F-mGCPIIdel4 
R-mGCPIIdel4 

pTreTight-mGCPIIdel4 

F-mGCPIIdel6 
R-mGCPIIdel6 pTreTight-mGCPIIdel6 

2 pTreTight-mGCPIIdel6 
F-mGCPIIdel9 
R-mGCPIIdel9 pTreTight-mGCPIIdel9 

3 pTreTight-mGCPIIdel9 
F-mGCPIIdel12 
R-mGCPIIdel12 pTreTight-mGCPIIdel12 

4 pTreTight-mGCPIIdel12 
F-mGCPIIdel17 
R-mGCPIIdel17 

pTreTight-mGCPIIdel17 

 

 

 

All membrane-bound protein variants of mGCPII together with membrane-bound 

mGCPII WT (i.e. mGCPII full-length protein) were expressed using transient 

transfection of HEK293A2off cells by corresponding pTreTight vectors (for more details 

see Chapter 3.2.2.2., p. 55). HEK293A2off cells not transfected by any vector served as 

a negative control. As a positive control, HEK293A2off cells stably transfected by 

pTreTight-mGCPII (previously prepared in our laboratory, see Chapter 3.2.7.2., p. 68) 

cultured in the same conditions as the cells intended for transient transfection, were 

utilized.  

The Western blot analysis of HEK293A2off cell lysates performed 3 days after the 

transfection revealed that all membrane-bound mutant variants of mGCPII were 

expressed (see Figure 17, panel A, p. 81; for predicted molecular weight of each mutant 

variant Figure 13, p. 75). The expression yield determined by ELISA (see Chapter 

3.2.2.3., p. 56) was similar for all proteins produced transiently and ranged from 40 pg 

to 200 pg of mGCPII variant per 1 µg total protein. In contrast, the expression yield of 

mGCPII WT produced in stably transfected cells was more than one order of magnitude 

higher (around 2.5 ng of full-length mGCPII per 1 µg total protein). 
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Figure 17: Expression and NAAG hydrolysis analysis of membrane-bound mGCPII and its 

mutant variants. A: Western blot analysis of lysates of HEK293A2off cells that were transiently 

transfected by pTreTight vectors encoding membrane-bound mGCPII variants compared to positive and 

negative control. The positive control indicates lysate of HEK293A2off cells stably transfected by 

pTreTight-mGCPII vector. The negative control indicates lysate of HEK293A2off cells that were not 

transfected by any vector. 50 µg of total protein from each cell lysate was analysed. rm-GCPII indicates 

purified extracellular part of mouse GCPII, which served as a standard (10 ng were loaded). To detect 

mGCPII, antibody GCPII-04 (Exbio) was used since its epitope is located between amino acids 94E and 

111V (Tykvart et al. 2014). B: NAAG hydrolysis activity in lysates of HEK293A2off cells that were 

transiently transfected by pTreTight vectors encoding membrane-bound mGCPII variants compared to 

positive and negative control. The amount of lysate corresponding to 5 ng of membrane-bound mGCPII 

variant was tested. The amount of negative control was set to a total amount of proteins to be the highest 

from the tested lysates. The reactions were incubated for 1 hour at 37 ºC in TBS supplemented by 

0.1% Tween-20. The error bars represent standard deviations of technical triplicates.  

 

 

 

 

 

Based on the ELISA results, an amount of each cell lysate corresponding to 5 ng 

of mGCPII variant was incubated for 1 hour with NAAG (see Figure 17, panel B). While 

the NAAG conversion in the cell lysate containing transiently expressed 

membrane-bound mGCPII WT was as high as that in the lysate of stably transfected cells 

(i.e. around 90%), the NAAG-hydrolysing activity was dramatically decreased in all cell 

lysates containing membrane-bound mGCPII mutant variants. The NAAG conversion in 

these lysates varied between 15% and 32%, which was comparable to 21% NAAG 

conversion in the negative control. 
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4.2.3. Expression and purification of extracellular parts of mGCPII 

mutant variants 

To investigate whether except of the enzyme activity, the properties of mGCPII 

mutant variants possessing a small deletion within the active site (mGCPIIdel3, 

mGCPIIdel6 and mGCPIIdel12; see Figure 13, p. 75) are the same as those of mGCPII 

WT, recombinant extracellular parts of mGCPII mutant variants were prepared. At the 

same time, an attempt to express rm-GCPIIdel4 and rm-GCPIIdel17 was made.  

First, pMT/Bip/Avi_rm-GCPIIdel3/4/6/12/17 plasmids containing deletions 

identical to those identified in founder mice (see Figure 12, p. 74) were cloned from 

pMT/Bip/Avi_rm-GCPII (see Chapter 3.1.3.5., p. 48) and 

pTreTight-mGCPIIdel3/4/6/12/17 (see Chapter 3.2.2.1., p. 53) cleaved by suitable 

restriction endonucleases (see Chapter 3.2.3.1., p. 57). Subsequently, Jana Starkova used 

the prepared plasmids to stably transfect Drosophila S2 cells. The cell cultures 

expressing the highest amount of each rm-GCPII variant were selected for large-scale 

expression and the level of the expression was analysed using Western blotting 

(see Figure 18, for more information on the methodology see Chapter 3.2.3.2., p. 58 and 

3.2.6., p. 65).  

 

 

Figure 18: Western blot analysis of conditioned media of S2 cells stably transfected by 

plasmids encoding extracellular part of mGCPII (rm-GCPII) and its mutant variants. 
rm-GCPII STANDARD indicates purified extracellular part of mouse GCPII. 15 µl of conditioned media 

from each stably transfected S2 cell culture was analysed. To detect rm-GCPII and its mutant variants, 

neutravidin-HRP was used. The neutravidin is capable of binding to biotinylated Avi-Tag, which is a part 

of the recombinant proteins expressed by S2 cells stably transfected by pMT/Bip/Avi vectors 

(see Figure 11, p. 48). 
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While expression yield of rm-GCPIIdel3 was as high as that of rm-GCPII WT 

(more than 2 ng per 1 µl conditioned media when compared to calibration range of 

purified rm-GCPII; see Figure 18, p. 82), the expression yield of rm-GCPIIdel6 and 

rm-GCPIIdel12 was much lower (around 0.5 ng per 1 µl conditioned media). 

Interestingly, preparation of stably transfected S2 cell culture expressing rm-GCPIIdel4 

was not fruitful since no signal around 50kDa was detected in their conditioned media. 

The expression yield of rm-GCPIIdel17 was estimated to 1.5 ng per 1 µl conditioned 

media.  

Next, rm-GCPII WT, rm-GCPIIdel3, rm-GCPIIdel6 and rm-GCPIIdel12 were 

purified from conditioned media using Streptavidin Mutein Matrix (Roche) with 

purification steps being monitored by SDS-PAGE (see Chapter 3.2.3.3., p. 59 and 

3.2.3.4., p. 60). When purifying mutant variants of rm-GCPII, the purification was much 

less efficient than in case of rm-GCPII WT (data not shown). In comparison to rm-GCPII, 

the portion of the mutant proteins that stayed in the conditioned media after incubation 

with the Streptavidin Mutein Matrix was much higher. Moreover, the mutant proteins 

were present in the washing fractions to much higher extent than rm-GCPII WT.  

Finally, selected elution fractions from each purification were combined and 

concentrated to a suitable volume. Since the amount of rm-GCPIIdel6 and 

rm-GCPIIdel12 in the elution fractions was extremely low (see below), the second 

washing fractions from the both purification steps of these proteins were also combined 

and concentrated. Surprisingly, while concentrating all mutant variants of rm-GCPII, 

pronounced precipitation occurred. Nevertheless, the protein concentration was still 

measurable in all concentrates.  

The purification outcomes are depicted in Figure 19 (p. 84). The highest purity was 

reached in case of rm-GCPII WT (more than 90%) followed by rm-GCPIIdel3 

(around 70%). The purity of rm-GCPIIdel6 and rm-GCPIIdel12 was quite low 

(see Figure 19, panel A, p. 84). The purification yields were estimated from the gel 

stained by silver to 3 mg per 1 l of conditioned media (3 mg/L) for rm-GCPII WT, 

0.5 mg/L for rm-GCPIIdel3 and 50 µg/L for rm-GCPIIdel12. The purification yield of 

rm-GCPIIdel6 was not measurable. 

All rm-GCPII variants were also analysed using Western blotting to detect 

potential degradation process during purification (see Figure 19, panel B, p. 84). Almost 

no degradation products were observed in the combined and concentrated elution 
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fractions of rm-GCPII and rm-GCPIIdel3. In contrast, rm-GCPIIdel6 was completely 

degraded in the combined and concentrated elution fractions and only a small amount of 

a full-length rm-GCPIIdel6 was detected in the combined and concentrated washing 

fractions. Rm-GCPIIdel12 was degraded to a lesser extent than rm-GCPIIdel6 but the 

degradation process was still much more pronounced than in case of rm-GCPII and 

rm-GCPIIdel3. 

 

 

 

 

Figure 19: Comparison of purification outcomes of rm-GCPII and its mutant variants. 
A: Analysis of purity of rm-GCPII and its mutant variants using SDS-PAGE followed by silver staining. 

250 ng of total protein (as determined by NanoDrop) were analysed. 1 – rm-GCPII WT, combined elution 

fractions (EF) 1-5 from 1st purification round (1EF1-1EF5); 2 – rm-GCPII WT, EF1-EF3 from 2nd 

purification round (2EF1-2EF3); 3 – rm-GCPII WT, 2EF4+2EF5; 4 – rm-GCPIIdel3, 1EF2; 

5 – rm-GCPIIdel6, 1EF1-1EF5+2EF1-2EF3; 6 – rm-GCPIIdel6, combined 2nd washing fractions (WF2) 

from both purification rounds (1WF2+2WF2); 7 – rm-GCPIIdel12, 1EF1-1EF4+2EF2; 

8 – rm-GCPIIdel12, 1WF1+2WF2; 9 – 12 – calibration range of rm-GCPII WT purified previously 

(100 ng, 200 ng, 250 ng and 300 ng). B: Western blot analysis of potential degradations of rm-GCPII and 

its mutant variants during purification. 20 ng of rm-GCPII variant (as estimated from gel stained by silver, 

see panel A) was analysed. Neutravidin-HRP was used to detect rm-GCPII variants. 1 – rm-GCPII WT, 

1EF1-1EF5; 2 – rm-GCPII WT, 2EF1-2EF3); 3 – rm-GCPIIdel3, 1EF2; 4 – rm-GCPIIdel6, 

1EF1-1EF5+2EF1-2EF3; 5 – rm-GCPIIdel6, 1WF1+2WF2; 6 – rm-GCPIIdel12, 1EF1-1EF4+2EF2; 

7 – rm-GCPIIdel12, 1WF1+2WF2; 8 – 10 – calibration range of rm-GCPII WT purified previously (2 ng, 

10 ng and 20 ng). 

 

 

 

4.2.4. Biochemical properties of rm-GCPIIdel3 

Since the recombinant proteins rm-GCPIIdel6 and rm-GCPIIdel12 displayed 

significantly different properties than rm-GCPII WT even during expression and 

purification (see Chapter 4.2.3., p. 82), they were not studied further. In contrast, the 

biochemical properties of rm-GCPIIdel3 were additionally investigated using 

size-exclusion chromatography and Thermofluor assay. For this purpose, elution 
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fractions from both purification rounds of rm-GCPIIdel3 were combined with the second 

washing fractions from both purification rounds, subjected to buffer exchange and 

concentrated (see Chapter 3.2.3.5., p. 61).  

Both, the rm-GCPIIdel3 mixture containing around 0.6 mg of total protein and the 

purified rm-GCPII WT prepared previously in our laboratory, were first analysed by 

size-exclusion chromatography (see Figure 20). Surprisingly, the chromatogram of 

rm-GCPIIdel3 differed dramatically from that of rm-GCPII WT. While the elution 

volume of the main peak was 12 ml when analysing rm-GCPII WT, the elution volume 

of the main peak in case of rm-GCPIIdel3 was shifted to 13 ml.  

 

 

 

 

Figure 20: Comparison of chromatograms from size-exclusion chromatography performed 

with rm-GCPII and rm-GCPIIdel3. The size-exclusion chromatography was carried out on a column 

HiLoad™ Superdex™ 200 10/300 GL (GE-Healthcare) in a buffer consisting of 10mM Tris-HCl, pH 7.4 

and 150mM NaCl at a flow rate of 0.5 ml per minute. Approximately 0.4 mg of rm-GCPII (purified 

previously in our laboratory) and 0.6 mg of total protein in tm-GCPIIdel3 solution (pooled fraction of 

1EF1-1EF3, 2EF1, 2EF2, 1WF2 and 2WF2) were loaded. 

 

 

 

 



86 

 

Moreover, in contrast to minimum number of additional peaks in chromatogram 

of rm-GCPII WT, large portion of aggregate-like peaks was observed in the 

chromatogram of rm-GCPIIdel3. To explore whether these protein forms originate from 

rm-GCPIIdel3, selected size-exclusion chromatography fractions were analysed by 

SDS-PAGE. Indeed, after the denaturation, most of the protein forms displayed identical 

molecular weight of around 90 kDa (data not shown). 

The thermal stability of native rm-GCPII WT and rm-GCPIIdel3 was then 

compared using Thermofluor assay (see Figure 21). For this purpose, aggregate-free 

fractions from size-exclusion chromatography were combined, subjected to buffer 

exchange and concentrated. Following thermal stability analysis then revealed that the 

melting curves of both recombinant proteins significantly differ. While the melting 

temperature for rm-GCPII WT was around 75 ºC, the melting temperature of 

rm-GCPIIdel3 was slightly below 50 ºC. 

 

 
 

 

Figure 21: Comparison of thermal stabilities of rm-GCPII and rm-GCPIIdel3. The melting curves 

were measured by Thermofluor assay using 1.5 µg of a protein diluted in a buffer consisting of 25 mM 

BTP-HCl, pH 7.4, 150 mM NaCl. The data were analysed in LightCycler®480 II software (Roche). 
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4.3. Characterization of GCPII-mutant mice  

4.3.1. Investigation of expression of mGCPII protein variants in 

GCPII-mutant mice 

Tissue lysates from all GCPII-mutant mouse colonies were subjected to Western 

blot analysis in order to examine whether the GCPII mutant proteins are solely or at least 

partially expressed in GCPII-expressing tissues. For this purpose, kidneys and brains of 

mutant mice of distinct ages were analysed (see Figure 22, p. 87 and Figure 23, p. 88). 

 

 

Figure 22: Western blot analysis of tissue lysates from mutant mice carrying Folh1-del3, 

Folh1-del6 and Folh1-del12. In all cases, purified rm-GCPII served as mGCPII standard and antibody 

GCPII-04 (Exbio) was used since it is able to detect not only mGCPII WT but also its mutant variants. 

A,B: Analysis of soluble fractions of lysates from mutant mice carrying Folh1-del6 (A) (9 weeks old) and 

Folh1-del12 (B) (11-12 weeks old). 100µg of total protein were analysed. 1 – brain lysate from mouse 

homozygous for WT variant of Folh1 (Folh1+/+ mouse); 2 – kidney lysate from Folh1+/+ mouse; 3 – colon 

lysate from Folh1+/+ mouse; 4 – brain lysate from mouse homozygous for mutant variant of Folh1  

(Folh1mut/mut mouse); 5 – kidney lysate from Folh1mut/mut mouse; 6 – colon lysate from Folh1mut/mut mouse; 

7 – 5ng of rm-GCPII. C: Analysis of soluble fractions of lysates from mutant mice carrying Folh1-del3 

(27 weeks old). 100µg of total protein were analysed. 1 – brain lysate from Folh1+/+ mouse; 2 – kidney 

lysate from Folh1+/+ mouse; 3 – colon lysate from Folh1+/+ mouse; 4 – kidney lysate from Folh1mut/mut 

mouse; 5 – brain lysate from Folh1mut/mut mouse; 6 – colon lysate from Folh1mut/mut mouse; 7 – 5ng of 

rm-GCPII. D: Analysis of insoluble fractions (IF) of lysates from mutant mice carrying Folh1-del3 

(27 weeks old). 20 µl of insoluble fraction mixtures (see Chapter 3.2.4.2., p. 62) were analysed. 1 – IF of 

brain lysate from Folh1+/+ mouse; 2 – IF of kidney lysate from Folh1+/+ mouse; 3 – IF of colon lysate from 

Folh1+/+ mouse; 4 – IF of brain lysate from Folh1mut/mut mouse; 5 – IF of kidney lysate from Folh1mut/mut 

mouse; 6 – IF of colon lysate from Folh1mut/mut mouse; 7 – 2ng of rm-GCPII. 
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First, mutant mice homozygous for Folh1-del3, Folh1-del6 and Folh1-del12 

(together with mice homozygous for Folh1-del4 and Folh1-del17 collectively referred as 

Folh1mut/mut mice) were compared with their WT littermates (referred as Folh1+/+ mice) 

(see Figure 22, p. 87). While a signal corresponding to full-length mGCPII was detected 

in the brain and kidney lysates of Folh1+/+ mice, no such signal was observed in any 

lysate from Folh1mut/mut mice. Moreover, no mGCPII mutant protein variant was visible 

in the insoluble fractions of lysates from Folh1mut/mut mice (data shown only for mouse 

colony carrying Folh1-del3). Interestingly, a significant portion of mGCPII protein was 

detected in the insoluble fractions of Folh1+/+ mice. Additional homogenisation step was 

thus included into the tissue lysis protocol (see Chapter 3.2.4.2., p. 62). 

Next, mouse colonies carrying Folh1-del4 and Folh1-del17 were examined 

(see Figure 23). The comparison of soluble and insoluble fractions of lysates from 

Folh1+/+ mice revealed that the tissue lysis performed according to optimized protocol 

leads to solubilisation of vast majority of mGCPII. When analysing mice homozygous 

for Folh1-del4 and Folh1-del17, neither mGCPII full-length protein nor any truncated 

form of GCPII were detected in the brain or kidney lysates. Similarly as other 

GCPII-mutant mice, no signal corresponding to full-length or truncated form of mGCPII 

was observed in insoluble fractions of tissue lysates from Folh1mut/mut mice carrying 

Folh1-del4 or Folh1-del17.  

 

 

 

Figure 23: Western blot analysis of soluble and insoluble fractions of tissue lysates from 

mutant mice carrying Folh1-del4 and Folh1-del17. An amount of soluble fractions corresponding 

to 100 µg of total protein and 20 µl of insoluble fraction mixtures (see Chapter 3.2.4.2., p. 62) were 

analysed. Purified rm-GCPII and rm-GCPIIdel17 served as mGCPII standards. Antibody GCPII-04 

(Exbio) was used since it is able to detect not only mGCPII WT but also its mutant variants. A: Analysis 

of kidney lysates from 70 weeks old mutant mice carrying Folh1-del4. 1,3,5 – soluble fraction of tissue 

lysate (SF) from mice homozygous for WT variant of Folh1 (Folh1+/+ mice); 2,4,6 – insoluble fraction of 

tissue lysate (IF) from Folh1+/+ mice; 7 – SF from mouse carrying mutant variant of Folh1 on both alleles 

(Folh1mut/mut mouse); 8 – IF from Folh1mut/mut mouse; 9 – mixture of 5 ng of rm-GCPII and 5 ng 

rm-GCPIdel17. B: Analysis of brain lysates from 8 weeks old mutant mice carrying Folh1-del17. 1,3 – SF 

from Folh1mut/mut mice; 2,4 – IF from Folh1mut/mut mice; 5,7 – SF from Folh1+/+ mice; 6,8 – IF from Folh1+/+ 

mice; 9 – mixture of 5 ng of rm-GCPII and 5 ng rm-GCPIdel17. 
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4.3.2. Characterization of GCPII-deficient mice 

Since no GCPII mutant protein variant was detected in any of the GCPII-mutant 

mice (see Chapter 4.3.1., p. 87), GCPII-mutant mice will be hereafter referred as 

GCPII-deficient or Folh1-/-. To characterize GCPII-deficient mice thoroughly, brain and 

kidney lysates from 6 Folh1+/+ mice, 3 Folh1+/- mice and 6 Folh1-/- mice were analysed 

using Western blotting and NAAG hydrolysis assay. 

Representative Western blot analysis is depicted in Figure 24. To demonstrate that 

the loaded amount of total protein was identical in all cases, a detection of β-actin as a 

loading control was included. To demonstrate that antibody GCPII-04 is able to 

recognize truncated forms of mGCPII, not only rm-GCPII WT but also rm-GCPIIdel17 

served as the protein standards (see Chapter 4.2.3., p. 82). It was confirmed that no band 

corresponding to full-length or any truncated variant of mGCPII could be detected in 

lysates from Folh1-/- mice. Interestingly, the signal around 100kDa corresponding to 

mGCPII full-length protein displayed lower intensity in case of Folh1+/- mice than in case 

of Folh1+/+ mice. Nevertheless, no truncated variant of mGCPII was observed in the 

lysates from Folh1+/- mice.   

   

 

 

Figure 24: Characterization of GCPII-deficient mice using Western blot analysis of kidney 

(A) and brain (B) lysates. Male mice of age around 8 weeks carrying Folh1-del17 (see Chapter 4.1.) 

were used. 100µg of total protein were analysed. To detect mGCPII, antibody GCPII-04 (Exbio) was used 

– here designated as α-GCPII. To detect β-actin, Monoclonal Anti-β-Actin antibody, clone AC-15 

(Sigma-Aldrich) was used – here designated as α-ACTIN. Purified rm-GCPII and rm-GCPIIdel17 served 

as mGCPII standards. 1 – Folh1+/+ mouse; 2 – Folh1+/- mouse; 3 – Folh1-/- mouse; 4 – 5ng of rm-GCPII; 

5 – 5ng of rm-GCPIIdel17. 
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Finally, NAAG hydrolysis analysis was performed in order to confirm that 

GCPII-deficient mice are indeed devoid of specific GCPII activity (see Figure 25). While 

overnight incubation of the brain and kidney lysates from Folh1+/+ mice with NAAG led 

to almost complete hydrolysis of the substrate (NAAG conversion higher than 80%), 

NAAG conversion in the lysates from Folh1-/- mice did not exceed 6%. 

In correspondence with Western blotting observations, NAAG hydrolysis activity was 

decreased in lysates from Folh1+/- mice as compared to lysates from Folh1+/+ mice. 

 

 

 

 

 

 

 

Figure 25: Characterization of GCPII-deficient mice using NAAG hydrolysis analysis of 

kidney (A) and brain (B) lysates. Male mice of age around 8 weeks carrying Folh1-del17 

(see Chapter 4.1., p. 74) were used. 100µg of total protein were analysed. Tissue lysates were incubated in 

50mM Tris-HCl, 0.1% Tween, pH 7.4 with 100nM NAAG overnight at 37 ºC. Error bars represent standard 

deviation of 6 biological replicates (for Folh1+/+ and Folh1-/- mice) and 3 biological replicates (for Folh1+/- 

mice). 
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4.4. Investigation of reproductive tissue phenotype of 

GCPII-deficient mice 

The reproductive tissue phenotype was described in (Vorlova et al. 2018) in detail 

(see Appendix 2). Here, only the main results will be summarized. The mouse colonies 

carrying Folh1-del3, Folh1-del4 and Folh1-del17 were utilized in this study. We found 

that aged GCPII-deficient mice possess higher propensity for seminal vesicles 

enlargement than possess their WT counterparts. A typical gross anatomy of seminal 

vesicles of aged Folh1+/+ mice and some Folh1-/- mice is depicted in Figure 26.   

 

 

 

 

Figure 26: Typical gross anatomy of seminal vesicles of aged Folh1+/+ mice and some Folh1-/- 

mice. 
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We further explored this phenomenon using cohorts of 20 Folh1+/+ mice, 

26 Folh1+/- mice and 9 Folh1-/- mice with average age of 70.4 – 70.5 weeks 

(see Figure 27, panel A). We showed that the overall difference in seminal vesicle area 

among these three cohorts is highly statistically significant (p<0.002) and not only 

difference between Folh1+/+ and Folh1-/- mice, but also difference between Folh1+/+ and 

Folh1+/- mice is statistically significant (p<0.001 and p=0.028, respectively). Moreover, 

we analysed the level of GCPII in kidney lysates of mice of all three genotypes (Folh1+/+, 

Folh1+/- and Folh1-/-) and found that the level of GCPII in Folh1+/- kidneys is about a half 

of the level in Folh1+/+ mice as determined by NAAG-hydrolysing activity 

(see Figure 27, panel B) and Western blotting (see Appendix 2, Figure 5).  

 

 

 

 

Figure 27: Statistical analysis of enlarged seminal vesicles and NAAG-hydrolysing activity 

in kidney lysates of aged mice of distinct genotypes. A: Comparison of seminal vesicle areas 

among Folh1+/+, Folh1+/- and Folh1-/- mice. *** indicates p<0.001, * indicates p=0.028 and · indicates 

p=0.052. Seminal vesicle areas were measured by MUDr. Frantisek Sedlak using ImageJ software (Rueden 

et al. 2017). Statistical analysis was performed by Dr. Marek Maly at National Institute of Public Health. 

B: Comparison of NAAG-hydrolysing activity (see Chapter 3.2.7., p. 67) in kidney lysates of Folh1+/+, 

Folh1+/- and Folh1-/- mice. NAAG-hydrolysing analysis was carried out in 0.5 µg total protein. Tissue 

lysates were incubated in 50 mM Tris-HCl, 0.1% Tween, pH 7.4, with 100 nM NAAG at 37 ºC for 6 hours. 

Error bars represent standard deviation of 2 (for -/-) or 3 (for +/+ and +/-) biological replicates. The figure 

was adapted from (Vorlova et al. 2018). 
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Next, we set out to investigate the possible source of the seminal vesicle 

enlargement. We examined urogenital system of WT mice using NAAG-hydrolysing 

activity assay (see Chapter 3.2.7., p. 67) and found that the NAAG conversion in seminal 

vesicles and most surrounding urogenital tissues including all four prostate lobes 

corresponds to less than 2.5 pg of GCPII per 1 µg of total protein (considering that GCPII 

is the only enzyme capable of NAAG cleavage, see Figure 28). Except of kidney (which 

served as a positive control), only epididymis and spermatic cord exhibited NAAG 

conversion at least 50% when 30 µg total protein was measured overnight.    

The epididymis and spermatic cord were thus examined for accurate determination 

of GCPII level. Using tissues from Folh1-/- mice as negative controls, we found out that 

spermatic cord contains only around 2.3 pg of GCPII per 1 µg total protein 

(see Appendix 2, Figure 6). Nevertheless, the level of GCPII in the mouse epididymis 

was as high as its level in the mouse kidney (see Table 4, p. 94). 

 

 

 

Figure 28: NAAG-hydrolysing activity in the male mouse urogenital system. Tissue lysates were 

incubated in 50 mM Tris-HCl, 0.1% Tween, pH 7.4, with 100 nM NAAG overnight at 37 ºC. NAAG 

conversion in reactions with 30 µg total protein per tissue lysate (designated as teal) was compared to 

NAAG conversion in reactions with 10 pg and 125 pg of recombinant mouse GCPII (rm-GCPII, designated 

as light blue). Error bars of NAAG conversions in tissue lysates represent standard deviations of biological 

replicates (from 3 to 5 mice of at least 2 of 3 different ages: 8 weeks, 17 weeks and 30 weeks). The 

dependence of NAAG conversion on the rm-GCPII amount from 10 pg to 125 pg was linear (only the 

extreme points of calibration curve are shown). Error bars of NAAG conversions by rm-GCPII represent 

standard deviations of 6 independent measurements. The figure was adapted from (Vorlova et al. 2018). 
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Table 4: Calculated amount of GCPII in the mouse epididymis as compared with previously 

published GCPII levels in the mouse kidney and brain (Knedlik et al. 2017). The calculation 

was performed by comparison of NAAG conversion in 0.3 µg of total protein in mouse epididymis with 

rm-GCPII calibration curve.  

 

  mouse tissue mGCPII [ng/mg] 

  epididymis 182 ± 12 

  kidney* 100 – 250 

  brain* 2.5 – 10 

 

 

 

We thus decided to examine whether GCPII is also present in the human 

epididymis. Indeed, using immunochemistry with three different antibodies against 

GCPII, we showed that GCPII-positive cells could be detected in all parts of human 

epididymis (see Figure 29 as well as Appendix 2, Figure 8). 

 

 

 

Figure 29: Representative immunohistochemical staining of human epididymis. 
Formalin-fixed paraffin-embedded human epididymis tissue sections were incubated with the antibodies 

against GCPII at a concentration of 10 µg/ml to detect GCPII-positive cells. Here, examples of staining 

using antibodies GCP-04 (Exbio) and YPSMA-1 (Anogen) are shown. As a negative control (designated 

as Φ AB), immunohistochemistry using only secondary antibody Histofine Simple Stain™ MAX PO 

(MULTI) (Nichirei Biosciences Inc.) was performed. The tissue sections were provided by prof. Josef 

Zamecnik from Motol University Hospital. The immunochemistry was performed by MUDr. Frantisek 

Sedlak. The figure was adapted from (Vorlova et al. 2018). 
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4.5. Investigation of potential GCPII involvement in renal 

function    

4.5.1. Mouse urine collection 

The urine samples were collected from total number of 129 mice of distinct 

genotypes (Folh1+/+ and Folh1-/-), sex (males and females) and ages (young: – 8-12 weeks 

– and aged – 63-81 weeks). The mouse colonies carrying Folh1-del3, Folh1-del4 and 

Folh1-del17 were utilized in this study. The volume of the collected urine ranged from 

2 µl to 500 µl. The concentration of creatinine measured in all collected samples varied 

between 450 µM and 7 mM but did not correlate with the volume of the collected urine. 

Moreover, no dependency of the creatinine level on the genotype, sex or age was 

observed. 

The urine samples of sufficient volume and creatinine concentration (to reach the 

minimum creatinine amount of 30 nmol required for further sample processing and 

metabolomic analysis) were then selected for dilution and filtration (for more information 

see Chapter 3.2.8.3., p. 71). A total number of 116 samples were sent for metabolomic 

analysis, including 2 samples with creatinine concentration slightly below 700 µM 

(640 µM and 690 µM, respectively). The numbers of samples per each study group are 

summarized in Table 5. The creatinine concentration in the pooled sample (i.e. a mixture 

of 2 µl aliquots from each sample) was 670 µM. 

 

Table 5: Summary of the processed mouse urine samples sent to metabolomic analysis 

performed by Dr. David Friedecky and colleagues at IMTM. 
 

  SEX GENOTYPE 
AVERAGE  

AGE 
NUMBER OF 

SAMPLES 

YOUNG 
MICE 

female 
Folh1+/+ 9.2 ± 1.3 12 

Folh1-/- 8.6 ± 0.4 9 

male 
Folh1+/+ 9.1 ± 1.3 9 

Folh1-/- 8.4 ± 0.1 7 

AGED 
MICE 

female 
Folh1+/+ 70.5 ± 0.7 20 

Folh1-/- 70.6 ± 0.6 19 

male 
Folh1+/+ 73.2 ± 4.6 26 

Folh1-/- 72.3 ± 4.7 14 
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4.5.2. Targeted metabolomics of mouse urine 

Using targeted metabolomics, 193 metabolites were detected in the mouse urines 

(for the complete list of metabolites and their abbreviations see Appendix 3). Multivariate 

cluster analysis revealed that metabolomics profiles were age and sex specific rather than 

genotype specific (see Figure 30). Within the age-dependent clustering, more than 

40 discriminating metabolites were found including N-acetylasparatate, glutarate, 

betaine, isoleucine, trigonelline, citrate, succinate, choline, proline and hydroxyproline. 

Within the sex-dependent clustering, more than 30 metabolites were detected including 

lactate, 2-hydroxyisobutyrate, hydroxybutyrate, 3-aminoisobutyrate and 

4-aminobutanoate.  

 

 

 

Figure 30: Cluster analysis of targeted metabolomics data obtained by HPLC-MS/MS 

analysis of mouse urines. The HPLC-MS/MS and subsequent statistical analysis of 

metabolomics data were performed by Dr. David Friedecky and colleagues at IMTM. 
 

 

 

 

 

To investigate further possible differences in metabolite profiles of urines from 

Folh1+/+ and Folh1-/- mice, multivariate statistics using OPLS-DA analysis was 

performed (see Figure 31, p. 97). Interestingly, no folate-related metabolite, including 

different forms of folate as well as homocysteine, was discriminating between both 

genotypes. Nevertheless, only monoglutamylated forms of folate were tested since the 

detection of polyglutamylated forms was not successful. Even though the OPSL-DA 
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S-plot did not show typical S-shape, 12 metabolites were selected for additional 

evaluation by supervised univariate analysis using box plot displays (see Figure 32, 

p. 98).   

 

 

 

Figure 31: S-plot build for targeted metabolomic analysis of urine samples from Folh1+/+ 

and Folh1-/- mice. p[1] represents covariance (a magnitude of the model component scores) and 

p(corr)[1] represents correlation (a reliability of the model component scores). The metabolites selected 

for univariate analysis using box plots are marked by red rectangles. The statistical analysis of 

metabolomics data was performed by Dr. David Friedecky and colleagues at IMTM. 
 

 

 

 

 

When comparing Folh1+/+ and Folh1-/- mice, 11 out of the 12 selected metabolites 

displayed p-values below 0.05, among those 6 metabolites displayed p-values lower than 

0.01. Nevertheless, by application of Bonferroni correction, the alpha level decreased to 

2.59 × 10-4 (0.05/number of detected metabolites = 0.05/193). Therefore, only 

3 metabolites (inosine, succinyladenosine and NAAG) could be considered as 

metabolites significantly discriminating Folh1+/+ and Folh1-/- mice. The most significant 

difference was shown for NAAG since its increased level in Folh1-/- mouse as compared 

to Folh1+/+ mice displayed p-value of 9.28 × 10-18.  
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Figure 32: Box plot displays of selected metabolites detected in mouse urine samples. The 

statistical analysis of metabolomics data was performed by Dr. David Friedecky and colleagues 

at IMTM.  
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4.5.3. Histopathological examination of kidneys from aged mice 

Mouse kidneys were investigated for possible abnormalities by MUDr. Tomas 

Olejar, Ph.D. at First Faculty of Medicine using histology followed by H&E staining. 

No histopathological changes were observed in the kidneys of young mice (data not 

shown). The histological examination of kidneys of old mice is depicted in Figure 33.  

 

 

 

Figure 33: Representative histopathological examination of kidney cross sections of 

70 weeks old mice. The kidneys were fixed by formalin, embedded in paraffin, sectioned and stained 

with haematoxylin and eosin. The red arrows indicate proximal tubules, the blue arrows indicate distal 

tubules and the green arrows indicate tubularization of Bowman’s capsule. The histopathology was 

performed by MUDr. Tomas Olejar, Ph.D. at First Faculty of Medicine. 

 

 

 

 

No significant differences in proximal and distal tubules between Folh1+/+ and 

Folh1-/- mice were observed. The tubules showed typical cuboidal epithelium with no 

dilatation, the histology of collecting ducts as well as interstitium was also normal. 
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Most glomeruli possessed normal structure, atrophy or focal glomerulosclerosis were 

observed occasionally. Nevertheless, normally squamous layer of Bowman’s capsule 

was frequently transformed into a columnar epithelium similar to epithelium of proximal 

tubules. This tubularization phenomenon was found in the male kidneys more often than 

in the female kidneys but was not genotype-specific. 

 

 

4.6. My contribution to the project 

The data presented in this thesis were generated by several members of our 

laboratory as well as external collaborators. Here, my contributions to the dissertation 

project results are summarized. 

  

1. Majority of chromosomal DNA isolations and analyses of TALEN-mediated 

mutations  

2. Selection of the founder mice and mouse colony management 

3. Development of genotyping protocol  

4. Execution of a routine genotype analysis in cooperation with Ing. Karolina 

Sramkova 

5. Kinetic characterization of rm-GCPII 

6. Preparation and characterisation of mutant variants of membrane-bound 

mGCPII 

7. Purification of majority of recombinant proteins 

8. Investigation of physical properties of rm-GCPIIdel3 

9. Dissection of vast majority of the mice 

10. Optimisation of mouse tissue lysis protocol, Western blotting protocol and 

NAAG hydrolysis assay protocol 

11. Design of all the experiments related to mouse tissue lysis, Western blotting 

and NAAG hydrolysis assay 

12. Execution of the experiments related to mouse tissue lysis, Western blotting 

and NAAG hydrolysis assay in cooperation with Ing. Karolina Sramkova 

13. Contribution to optimisation of immunohistochemistry protocol 
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14. Mouse urine collection and optimisation of a protocol for determination of 

creatinine concentration  

15. Design of most of the experimental procedures for preparation of the urine 

samples for metabolomic analysis 

16. Execution of the experimental procedures for preparation of the urine samples 

for metabolomic analysis in cooperation with MUDr. Frantisek Sedlak and Ing. 

Karolina Sramkova 

17. Design of most experiments and analysis of the data 

18. Preparation of drafts of all manuscripts describing the results obtained during 

this research project 
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5. DISCUSSION 

Despite extensive research for more than 30 years, the physiological role of GCPII 

has not been fully determined. The attempts to generate GCPII-deficient mice in order to 

decipher GCPII function have led to conflicting results ranging from embryonic lethality 

(Tsai et al. 2003; Han et al. 2009) to production of GCPII-deficient mice with no obvious 

phenotype (Bacich et al. 2002; Gao et al. 2015). This dissertation project thus aimed to 

dissect the discrepancy using gene disruption technique different from ESCs 

manipulation, which had been utilized in all previous studies.  

To study GCPII function, mouse model seems to be a suitable approach. Indeed, 

our direct comparison of recombinant human and mouse GCPII revealed that not only 

the sequences (see Figure 1, p. 14), but also the enzymatic properties of both orthologues 

are similar (Knedlik et al. 2017). They possess comparable substrate specificities and 

inhibition profiles; only the catalytic efficiency of mGCPII towards physiological 

substrates appears to be lower than that of hGCPII. Moreover, while the catalytic 

efficiency for NAAG differs only about four times (see Table 2, p. 79), the catalytic 

efficiency for FolGlun is more pronounced (more than one order of magnitude) (Knedlik 

et al. 2017).  

FolGlun-hydrolysing activity of GCPII has a defined function only in the human 

small intestine, where it is involved in folate absorption (Halsted 1991). In the mouse 

small intestine, this process is probably facilitated by a different enzyme (see Chapter 

1.5.2., p. 25) since mGCPII level in this tissue is extremely low (Knedlik et al. 2017). 

It is thus uncertain, if the FolGlun-hydrolysing activity of GCPII is crucial in the mouse 

body. Except of the small intestine, the level of GCPII expression also differs in the 

prostate (see Chapter 1.4.2.1., p. 19). Indeed, while the prostate is one of the tissues with 

the highest GCPII expression in humans (Sokoloff et al. 2000), the amount of GCPII in 

the mouse prostate seems to be negligible. The absence of GCPII in the mouse prostate 

was published previously (Bacich et al. 2001; Knedlik et al. 2017), though the exact 

prostate lobe used for the experiments has not been specified. Since mouse prostate 

consists of four lobes that differ in anatomy and histology (Oliveira et al. 2016), we 

examined all four lobes separately but did not observe a pronounced GCPII expression 

in any of them (see Figure 28, p. 93). In contrast to the small intestine and prostate, 
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the level of GCPII expression in the brain and kidney seems to be very similar for both 

orthologues (Knedlik 2010). The mouse model can be thus used for revealing the 

function of GCPII in the nervous and urogenital system.  

For the attempt to inactivate Folh1 gene in mouse, we used one of the modern gene 

disruption technique – TALEN technology (Cermak et al. 2011; Miller et al. 2011; 

Bogdanove and Voytas 2011). Recently, simpler-to-design CRISPR/Cas9 technology 

(Jinek et al. 2012) is being most frequently used for mouse genome modifications. 

However, at the start of this dissertation project, CRISPR/Cas9 technology was not 

available. Moreover, off-target activity seems to be a more significant problem for 

CRISPR/Cas9 than for TALENs (Boettcher and McManus 2015).   

When inactivating Folh1 gene by TALENs, we intended to disrupt the active site 

of mGCPII. This strategy was selected to avoid two main obstacles that were not 

addressed in previous reports. First, several publications detected novel alternative splice 

variants in the knockout mice and showed that these variants may rescue severe 

phenotype of completely inactivated gene (Gros-Louis et al. 2008; Kraemer et al. 2015). 

We hypothesized that the viable GCPII-deficient mice published by Bacich and 

colleagues could contain alternatively spliced variants that enabled partial preservation 

of GCPII activity (Bacich et al. 2002). This was strengthen by the facts that the authors 

saw residual NAAG-hydrolysing activity in the brains of GCPII-deficient mice and that 

the attempt of Tsai and colleagues to generate GCPII-deficient mice, in which the 

disruption of the mGCPII active site was performed, led to embryonic lethality (Tsai et 

al. 2003). 

Second, for the purpose of disrupting the active site of GCPII, Tsai and colleagues 

replaced exons 9 and 10 of Folh1 gene encoding zinc ligands by PGK-Neo (Tsai et al. 

2003). Therefore, the authors did not only disable GCPII activity, but also GCPII 3D 

structure. In case GCPII fulfils both the enzyme and the receptor functions (see Chapter 

1.5.3., p. 27), disrupting both functions at the same time could lead to embryonic 

lethality. We thus hypothesized that together with greater disruptions leading to complete 

inactivation of Folh1 gene, TALEN technology may also generate small deletions within 

the active site of mGCPII. These small modifications could possibly only disable 

mGCPII activity but not its structure and the potential receptor function would be thus 

preserved.  
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From two independent attempts to generate mice with TALEN-mediated indel 

mutations of Folh1 gene, we selected three founder mice that altogether contained 

2 frame-shift deletions (Folh1-del4 and Folh1-del17) and 3 small deletions within 

the mGCPII active site (Folh1-del3, Folh1-del6 and Folh1-del12) (see Figure 12, p. 74 

and Figure 13, p. 75). To establish all five mutant mouse colonies, we bred the founder 

mice with C57BL/6NCrl wild type mice and monitored the resulting genotypes by 

developed genotyping method, which is based on nested PCR (see Figure 14, p. 76 and 

Figure 15, p. 77).  

During the breeding process, we attempted to prepare recombinant variants of the 

potential products of Folh1 mutant gene expression. This was performed from two main 

reasons. First, we wanted to ensure that all the potential protein products lack 

GCPII-related activity. For this purpose, we transiently expressed membrane-bound 

mutant variants of mGCPII in HEK293A2off cells and subsequently compared the 

capability of the cell lysates to hydrolyse NAAG (see Chapter 4.2.2., p. 79). 

The NAAG-hydrolysing activity of all lysates containing mutant variants was 

comparable to that of the negative control (see Figure 17, p. 81). We thus concluded that 

if the products of Folh1 mutant genes would be expressed in the GCPII-mutant mice, 

there active sites are definitely disrupted.  

Second, we wanted to investigate, whether the small deletions within the active 

site of mGCPII do not impair mGCPII 3D structure. For this purpose, we attempted to 

express and purify extracellular parts of mGCPIIdel3, mGCPIIdel6 and mGCPIIdel12. 

Only rm-GCPIIdel3 that possesses a single amino acid deletion and a single amino acid 

mutation within the active site of mGCPII (see Figure 13, p. 75) displayed comparable 

expression performance as mGCPII WT (see Figure 18, p. 82). The expression yield of 

rm-GCPIIdel6 and rm-GCPIIdel12 was at least five times lower. Moreover, the 

purification process of all three mutant rm-GCPII variants was much less efficient than 

that of rm-GCPII WT. Indeed, the mutant variants of rm-GCPII were incapable of strong 

interaction with Streptavidin Mutein Matrix, which led to higher proportion of the 

rm-GCPII mutant variant staying in the flow-through fraction and present in the washing 

fractions. Not surprisingly, the purity and purification yield of rm-GCPIIdel6 and 

rm-GCPIIdel12 was extremely low (see Figure 19, p. 84). Moreover, rm-GCPIIdel6 was 

highly instable since it degraded during the protein concentration. We thus deduced that 
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the mGCPII mutant variants with more than one amino acid deletion within the active 

site lose the physical properties of mGCPII WT and did not investigate them further. 

Even though the expression yield of rm-GCPIIdel3 was also decreased when 

compared to the expression yield of rm-GCPII WT, the difference was not dramatic 

(see Chapter 4.2.3., p. 82). We thus decided to compare the physical properties of 

rm-GCPIIdel3 and rm-GCPII WT using two independent methods (see Chapter 4.2.4., 

p. 84). Surprisingly, both size-exclusion chromatography (see Figure 20, p. 85) and 

Thermofluor assay (see Figure 21, p. 86) showed that while rm-GCPII WT behaves as a 

dimer, which is the natural form of GCPII in the solution (Mesters et al. 2006), 

rm-GCPIIdel3 displays rather monomeric structure surrounded by great amount of 

aggregates. These results suggest that even a single amino acid deletion within the active 

site of mGCPII leads to dramatic changes in the protein structure. Therefore, we 

concluded that even if the mutant variants of mGCPII with one, two or four amino acid 

deletions within the active site would be expressed in corresponding GCPII-mutant mice, 

these mice could not be utilized for investigation of possible GCPII receptor function.    

By heterozygous mating of all five established GCPII-mutant mouse colonies, we 

were able to obtain offsprings with typical Mendelian inheritance. We did not observe 

embryonic lethality of mice homozygous for Folh1 mutant gene. We thus set out to 

investigate whether the mutant variants of GCPII are expressed in the GCPII-mutant 

mice. We performed Western blot analysis of two distinct tissues that normally express 

the highest level of GCPII in mice – brain and kidney. The signal corresponding to GCPII 

was not observed in either the soluble fractions or the insoluble fractions of tissue lysates 

from GCPII-mutant mice (see Figure 22, p. 87 and Figure 23, p. 88). In these mutant 

mice, GCPII is either expressed and immediately degraded or not expressed at all. The 

mutant mice bearing any of the Folh1 mutant variant could be thus considered as 

GCPII-deficient mice. 

To thoroughly characterize GCPII-deficient mice (also referred as Folh-/-), we 

utilized two independent methods – Western blotting and NAAG-hydrolysing activity 

assay – to analyse brain and kidney lysates from the number of 8 weeks old mice that 

was sufficient for statistical significance. Western blot analysis did not detect GCPII 

full-length protein or GCPII truncated variant, which could possibly be a product of 

expression of Folh1-del4 and Folh1-del17 gene, in any lysate from GCPII-deficient mice 

(see Figure 24, p. 89). Moreover, NAAG-hydrolysing activity was dramatically 
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decreased in all lysates from GCPII-deficient mice (see Figure 25, p. 90). Based on these 

reasons, we are confident that our attempt to inactivate Folh1 gene in mice through 

GCPII active site disruption led to generation of viable GCPII-deficient mice.  

We thus confirmed the results of the original publication of Bacich and colleagues 

(Bacich et al. 2002) and disproved that GCPII deficiency is embryonically lethal as was 

repeatedly reported by the research group of Joseph T. Coyle (Tsai et al. 2003; Han et 

al. 2009). Moreover, during the time when this dissertation project has been in the 

process, another publication reporting viable GCPII-deficient mice emerged (Gao et al. 

2015). Recently, International Mouse Phenotyping Consortium (IMPC) also released 

information about preparation of viable GCPII-deficient mice (Koscielny et al. 2014). It 

remains unclear why any strategy of Coyle’s research group for inactivation of Folh1 

gene did not result in production of live GCPII-deficient mice. However, thanks to the 

work of four independent laboratories (us including), it seems to be evident that 

disruption of GCPII encoding gene does not lead to embryonic lethality of the mice. 

Interestingly, when comparing tissue lysates from GCPII WT mice (also referred 

as Folh+/+) and mice bearing both Folh1 and Folh1-mutant alleles (also referred as 

Folh+/-), the intensity of Western blot signal of GCPII differed. Indeed, we observed that 

the amount of GCPII in lysates from Folh+/- heterozygous mice was about a half the 

amount of GCPII in lysates from Folh+/+ mice (see Figure 24, p. 89). This observation 

was further confirmed by NAAG-hydrolysing activity assay, which displayed NAAG 

conversion in the lysates from Folh+/- mice being around a half the NAAG conversion in 

the lysates from Folh+/+ mice (see Figure 25, p. 90). Such observation is in accordance 

with the reports published previously (Bacich et al. 2002; Gao et al. 2015). In contrast, 

while residual NAAG-hydrolysing activity in the brains of our GCPII-deficient mice 

seems to be negligible since the NAAG conversion in saturation did not exceed 4% of 

the values obtained for WT mice (see Figure 25, p. 90), others showed NAAG conversion 

in GCPII-deficient mice within the linear range of reaction velocity ranging from 6% to 

18% of the values obtained for WT mice (Bacich et al. 2002; Gao et al. 2015). Since 

none of the viable mice produced by others was generated by disruption of active site, it 

cannot be excluded that these mice indeed contain the alternatively spliced variants that 

partially preserve GCPII activity. 

On top of the fact that Folh1 gene disruption using TALENs is much more 

convenient and rapid than ESCs manipulation, TALEN technology also enabled us to 
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directly manipulate mouse zygotes of C57 genetic background, which was also the 

intended background of the GCPII-deficient mouse colony. Thus, potential phenotypic 

variations, which could be caused by mixed genetic backgrounds (Yoshiki and Moriwaki 

2006), were eliminated. From the other laboratories that produced GCPII-deficient mice, 

only IMPC generated the mice on a pure genetic background (Koscielny et al. 2014). 

In contrast, the mice of Bacich and colleagues and Gao and colleagues were prepared by 

manipulation of ESCs of 129sv background with subsequent backcrossing to 

C57 background (Bacich et al. 2002; Gao et al. 2015).  

Since TALEN technology does not require selectable marker, our GCPII-deficient 

mice do not contain PGK-Neo cassette, which could influence expression of 

neighbouring genes within the locus and subsequently cause unexpected phenotypes of 

knockout mice (Olson et al. 1996; Pham et al. 1996). Out of three laboratories with 

established GCPII-deficient mouse colonies, only IMPC removed PGK-Neo cassette 

using Cre-Lox system before investigating the GCPII-deficient mice further (Koscielny 

et al. 2014). Other two GCPII-deficient colonies do not probably contain any LoxP sites 

and the PGK-Neo cassette removal is thus impossible (Bacich et al. 2002; Gao et al. 

2015). These mice have been repeatedly utilized for wide range of different experiments 

(Rais et al. 2016; Caromile et al. 2017; Cao et al. 2016) but it cannot be excluded that 

the results of the experiments were influenced by the presence of PGK-Neo.    

In agreement with other studies (Bacich et al. 2002; Koscielny et al. 2014; Gao et 

al. 2015), our GCPII-deficient mice did not show any reproductive or overt phenotypic 

abnormalities. Since the publications focusing on GCPII-deficient mice phenotype have 

mainly investigated the nervous system (Bacich et al. 2005; Gao et al. 2015; Cao et al. 

2016), we decided to explore the impact of Folh1 gene inactivation on the mouse 

urogenital system. We first performed gross anatomy of a small group of both the young 

and the aged GCPII-deficient mice. While no obvious abnormalities were observed in 

young mice, aged GCPII-deficient mice displayed bilaterally enlarged seminal vesicles 

with higher frequency than their WT counterparts (see Figure 26, p. 91). By investigation 

the statistically sufficient number of mice aged between 69 to 72 weeks, we concluded 

that GCPII-deficient mice indeed possess higher propensity for seminal vesicle 

enlargement (Figure 27, p. 92). Interestingly, this phenotype was not observed only in 

Folh1-/- mice but to a lesser extent also in Folh1+/- mice. Therefore, it is possible that the 

enlargement of seminal vesicle is somehow connected with GCPII activity since not only 
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the young Folh1+/- mice but also the aged Folh1+/- mice display decreased expression 

level of GCPII when compared to Folh1+/+ mice (see Figure 27, p. 92).    

The seminal vesicle dilation in our GCPII-deficient mice seemed to originate 

solely from accumulation of luminal fluid (Vorlova et al. 2018). This phenotype of 

C57 mice has been previously reported as one of the signs of aging (Finch and Girgis 

1974; Pettan-Brewer and Treuting 2011). Nevertheless, the mice, which showed 

enlargement of seminal vesicles caused by accumulation of luminal fluid, were at least 

24 months old (Finch and Girgis 1974), i.e. much older than the mice investigated in our 

study. Enlarged seminal vesicles were also reported in aged C57 mice with lower age 

limit of 16 months (Pettan-Brewer and Treuting 2011). However, in this case, the seminal 

vesicle dilation was a result of either an infection or a presence of abdominal tumour, 

neither of which we saw during our histopathological examination (Vorlova et al. 2018).  

In order to research the possible source of seminal vesicle dilation in 

GCPII-deficient mice, we investigated the expression level of GCPII in the seminal 

vesicles and most surrounding tissues of WT mice using NAAG-hydrolysing activity 

assay (see Figure 28, p. 93). Surprisingly, GCPII seemed to be only present in the 

epididymis and spermatic cord since no other urogenital tissue displayed a pronounced 

NAAG conversion. Nevertheless, it cannot be excluded that GCPII is present in the 

seminal vesicles in an amount sufficient for execution of a specific function. Indeed, 

60-75% of the seminal vesicle mass is represented by the seminal fluid (Finch and Girgis 

1974) and thus only around 35-40% of the seminal vesicle mass remains for the cells. 

Since protein concentration in the seminal fluid can be as high as 86 mg/ml (Dyck et al. 

1999), the amount of GCPII expressed in the seminal vesicle cells can be dramatically 

underestimated. Similarly, male urogenital tissues such as urethra comprise different 

types of cells (Ruberte Jose 2017). In case GCPII is present in only one cell type, the 

amount GCPII may be physiologically relevant.  

Although the NAAG-hydrolysing activity assay was performed using the reaction 

conditions highly specific for GCPII (Navratil et al. 2016), enzymes such as GCPIII, 

which could be possibly also present in the studied tissue, may influence the outcome of 

the analysis. It has been shown that GCPIII is expressed in considerable amounts in the 

mouse testis, kidney and bladder (Collard et al. 2011). No other tissues of male urogenital 

system have been explored though. To exclude a potential participation of other enzymes 

including GCPIII, we investigated NAAG-hydrolysing activity of the spermatic cord and 
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epididymis (as the only tissues displaying pronounced NAAG conversion) from both WT 

and GCPII-deficient mice (Vorlova et al. 2018). As a result, apart from kidneys (Knedlik 

et al. 2017), only epididymis may be additionally considered as a GCPII-expressing 

tissue in mice. Interestingly, the epididymis appears to express one of the highest levels 

of GCPII within the mouse body (see Table 4, p. 94).  

To put our findings into the context of human physiology, we investigated 

a potential presence of GCPII in the human epididymis using immunochemistry 

(see Figure 29, p. 94). Based on the results, we concluded that not only GCPII mRNA 

(Renneberg et al. 1999), but also GCPII protein is expressed in the human epididymis. 

In humans, ejaculatory duct obstruction is rather uncommon but has been indicated as 

one of the causes of male infertility (Fisch et al. 2006). It may be only speculated whether 

the absence of GCPII in the epididymis is somehow associated with increased occurrence 

of enlarged seminal vesicles. The reason why the inactivation of Folh1 gene leads to 

seminal vesicles dilation in aged GCPII-deficient mice thus remains enigmatic and 

further research is desirable.  

Surprisingly, the function of GCPII in the kidney has not been studied yet, though 

this tissue expresses one of the highest levels of GCPII in both the humans and mice 

(Rovenska et al. 2008; Bacich et al. 2001; Knedlik et al. 2017). We hypothesized that 

inactivation of Folh1 gene in mice could somehow impair the kidney function and would 

thus point out to the possible role of GCPII in this tissue. To investigate this assumption, 

we performed histopathological examination of the kidney and metabolomic analysis of 

mouse urine samples.  

Neither kidneys of young GCPII-deficient mice nor kidneys of aged 

GCPII-deficient mice displayed any histological abnormalities (see Figure 33, p. 99). 

Moreover, from 193 tested metabolites present in mouse urine, only 3 metabolites 

discriminated between Folh1+/+ and Folh1-/- mice (see Figure 32, p. 98). This would 

suggest that the function of GCPII in the kidney is not crucial. Such conclusion would 

be particularly profitable for small-ligand based targeting of anti-cancer drug since the 

GCPII inhibition in the kidney would probably not cause much harm. A nephrotoxicity 

caused by kidney intake of anti-cancer drug could be then avoided by serial 

co-medication of one of the potent GCPII inhibitor such as PMPA (Kratochwil et al. 

2015). 
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From the three metabolites that were shown to significantly discriminate Folh1+/+ 

and Folh1-/- mice, NAAG is particularly interesting. It has been shown that NAAG level 

in the brains of GCPII-deficient mice does not significantly differ from that of GCPII 

WT mice (Bacich et al. 2002). Therefore, it seems that GCPII-deficient mice control the 

amount of NAAG by its increased excretion. Even though the portion of metabolites 

discriminating the genotypes was low, it cannot be excluded that GCPII disruption does 

not lead to metabolic changes. Number of metabolites, such as polyglutamylated folates 

or different types of lipophilic molecules, was not included in the screen at all. 

In addition, the two other metabolites discriminating Folh1+/+ and Folh1-/- mice – inosine 

and succinyladenosine – have not been yet studied in terms of why their levels are 

sensitive to the presence of GCPII. Further investigation is thus needed before coming to 

a conclusion of the necessity of GCPII in the kidney. 

It remains unclear, why none of the generated GCPII-deficient mice shows any 

pronounced phenotype. It is possible that the lack of the strong phenotype is connected 

with inappropriate experimental settings. Indeed, in case GCPII-deficient mice need to 

be first challenged before the phenotype would be obvious, the standard housing 

conditions would not reveal it. In addition, as already suggested by others (Bacich et al. 

2002), other proteins, such as GCPIII, could at least partially compensate the GCPII 

action. As a follow-up of this dissertation project, it would be thus interesting to attempt 

preparation of mice that would be not only GCPII-deficient, but also GCPIII-deficient. 
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6. CONCLUSIONS 

1. TALENs were utilized to disrupt Folh1 gene in mice within a sequence encoding 

active site of GCPII. 

 

2. All 65 transgenic mice of F0 generation were analysed for TALEN-mediated 

mutations. Three founder mice carrying altogether two frame-shift deletions 

(Folh1-del4 and Folh1-del17) and three small in-frame deletions (Folh1-del3, 

Folh1-del6 and Folh1-del12) within the active site of GCPII were used to 

establish GCPII-mutant mouse colonies. 

 

3. For facile monitoring of mouse breeding, reliable genotyping protocol based on 

nested PCR was developed. 

 

4. Recombinant mouse and human GCPII were compared in terms of their kinetic 

properties for NAAG-hydrolysing reaction. The catalytic efficiency of rm-

GCPII was more than 3 times lower than that of rh-GCPII, the difference mainly 

resulted from distinct KM values. 

 

5. Mutant variants of full-length mGCPII, which could be potentially expressed in 

GCPII-mutant mice as a result of gene manipulation, were prepared using 

transient transfection of mammalian cells. It was confirmed that none of the 

mutant variants possesses NAAG-hydrolysing activity. 

 

6. Recombinant extracellular parts of all GCPII mutant variants were expressed 

and variants rm-GCPIIdel3, rm-GCPIIdel6 and rm-GCPIIdel12 were purified. 

The characterization of their physical properties revealed that none of the 

variants is capable of folding into the natural dimeric form. 

 

7. GCPII-mutant mice were characterize in terms of the expression of the potential 

GCPII mutant variants using Western blotting. Since none of the variants was 

detected in the brains or kidneys of GCPII-mutant mice, these mice may be 
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considered as GCPII-deficient mice. NAAG-hydrolysing activity in the brain 

and kidney lysates from GCPII-deficient mice was almost completely abolished. 

 

8. GCPII-deficient mice were viable, bred normally and did not show any obvious 

phenotype.  

 

9. Closer examination of urogenital system revealed increased propensity to 

seminal vesicle enlargement in aged GCPII-deficient mice as compared with 

their WT counterparts. The source of this phenotype is to be determined since in 

WT mouse urogenital system, GCPII seems to be present in substantial levels 

only in the epididymis and kidney. Nevertheless, this finding is relevant to 

human physiology since GCPII was also detected in the human epididymis. 

 

10. No pronounced phenotype was seen in the kidneys of aged GCPII-deficient mice 

as investigated by histopathology and metabolomic analysis of urine. This 

observation could be beneficial in cancer treatment using drugs conjugated to 

small ligand targeting GCPII in tumours. Since the inhibition of GCPII in the 

kidney would probably not cause much harm, patients could obtain GCPII 

inhibitor as a co-medication to avoid nephrotoxicity caused by anti-cancer drug.  
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APPENDIX 3 

List of metabolites and their abbreviations used in targeted metabolomic analysis 

 

ABBREVIATION OF METABOLITE FULL NAME OF METABOLITE 

C01613_ST163...STACHYOSE stachyose 

C00149_ST039...MALATE malate 

C00021_ST253...SArhCYS S-adenosylhomocysteine 

C02378_ST095...6nh2HEXANOATE 6-aminohexanoate 

C3DC.C4OH 
malonylcarnitine 
hydroxybutyrylcarnitine 

C00026_ST310...oGLUTARATE oxoglutarate 

C00407_ST242...ILEU_ST241...alLE.II 
isoleucine 
alloisoleucine 

C00186_ST137...lactate lactate 

C02291_ST040...CYSTATHIONINE cystathionine 

C01157_ST236...hPRO hydroxyproline 

ST378...LEUCINATE leucinate 

C01152_ST134...mHIS_ST060...NmHIS 
3-methylhistidine 
N-methylhistidine 

C03406_ST244...ARGSUCC argininosuccinate 

C00314_ST156...pyridoxine pyridoxine 

C16358_ST059...1mX 1-methylxanthine 

C00633_ST087...4ohBENZALDEHYDE 4-hydroxybenzoate 

C00158.C00311_ST051...CIT_ST184..iCIT 
citrate 
isocitrate 

C00357_ST361...NacGLCnh26P N-acetylglucosamine 6-phosphate 

C18 octadecanoylcarnitine 

C01152_ST060....NmHIS_ST134...3mHIS 
N-methylhistidine 
3-methylhistidine 

C00042.C02170_ST023...SUCC_ST193...MMA 
succinate 
methylmalonate 

C18.1 octadecenoylcarnitine 

C01026.C03665_ST139 
...dimGLY_ST062...nh2isobutanoate 

N,N-dimethylglycine 
2-aminoisobutyric acid 

C00103.C00446.C00092.C00085_ST334...GLC1P_ST402 
...GAL1P_ST333...GLC6P_ST369...FRU6P 

glucose -1-phosphate 
galactose 1-phosphate 
glucose 6-phosphate 
fructose 6-phosphate 

C00492.C01835.C08243_ST225...RAFFINOSE_ST185 
...MALTOTRIOSE_ST186...MELEZITOSE 

raffinose 
maltotriose 
melezitose 

C01456._ST027...TROPATE tropate 

C07086_ST428...PHEAC phenylacetate 

C00295_ST214...OA orotic acid 

C05607._ST414...PHELACT phenyllactate 

C00346_ST234...EtOHNH2P ethanolamine phosphate 

C00491_ST012...CYStine cystine 
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ABBREVIATION OF METABOLITE FULL NAME OF METABOLITE 

C00334_ST025...4nh2BUTANOATE 4-aminobutanoate 

C01042_ST199...NAcASP N-acetylaspartate 

ST123...GLYALA glycyl-alanine 

C03299_C10 decanoylcarnitine 

C02630_ST375...ohGLUTARATE hydroxyglutarate 

C00122.C01585.C00141_ST048...FUM_ST283 
...CAPROATE_ST444....3m2oBUTANOATE 

fumarate 
caproate 
3-methyl-2-oxobutanoate 

NAAG.I N-acetyl-L-aspartyl-L-glutamate 

ST391...phenylpropGly phenylpropionylglycine 

C08277_ST192...SEBACATE sebacate 

C00487_ST315...C0 carnitine 

C00114_ST308...CHOLINE choline 

C00073_ST010...MET methionine 

C02037_ST104...GLYGLY glycyl-glycine 

ST392...suberylGly suberylglycine 

C00099.C00041.C00213_ST005...bALA_ST022 
...ALA_ST237...sarcosine 

beta-alanine 
alanine 
sarcosine 

ST201...2ohisoVALERATE 2-hydroxyisovalerate 

C03017_C3 propionylcarnitine 

C01004_ST435...TRIGONELLINE trigonelline 

C08243.C00492.C01835_ST186...MELEZITOSE_ST225 
...RAFFINOSE_ST185...MALTOTRIOSE 

melezitose 
raffinose 
maltotriose 

C05402.C00089.C00243.C00208_ST151 
...MEL_ST177...SUC_ST231...LAC_ST162...MAL 

melibiose 
sucrose 
lactose 
maltose 

C16.2 hexadecadienylcarnitine 

C00093_ST069...GLYCEROL3P glycerol 3-phosphate 

ST393...hexGLY hexanoylglycine 

C02712_ST173...acMET N-acetylmethionine 

C00327_ST050...CITRUL citrulline 

C00906_ST254...dihydroT dihydrothymine 

C00153_ST224...NICOTINAMIDE nicotinamide 

C04677_STx04...AICAr 
aminoimidazole carboxamide 
ribonucleoside 

C5DC.C6OH 
glutarylcarnitine 
hydroxyhexanoylcarnitine 

ST395...tiglylGLY_ST390...3mCROTONYLGLY 
tiglylglycine 
3-methylcrotonylglycine 

pABA.I 4-Aminobenzoic acid 

C4DC.C5OH 
methylmalonylcarnitine 
3-hydroxyisovalerylcarnitine 

C02990_C16 hexadecanoylcarnitine 

C00294_ST209...Hr inosine 

C00170_ST304...5mthioAr 5'-methylthioadenosine 

C00020_ST135...AMP.pos AMP 
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ABBREVIATION OF METABOLITE FULL NAME OF METABOLITE 

ST394....propGly propionylglycine 

C00148_ST007...PRO proline 

C01835.C00492.C08243_ST185...MALTRIOSE_ST225 
...RAFFINOSE_ST186...MELEZITOSE 

maltotriose 
raffinose 
melezitose 

ST442...LEULEU leucyl-leucine 

C04376_STx07...FGAr N-formylglycinamide ribonucleoside 

C00386_ST052...CARNOSINE carnosine 

ST412...NAcALA N-acetylalanine 

ST397_ST396...mbutGLY.ivalGLY 
2-methylbutyrylglycine 
isovalerylglycine 

C00956_ST026...2nh2ADIPATE 2-aminoadipate 

C05984_ST325...ohBUTYRIC_ST143 
...ISOohBUTYRIC 

hydroxybutyrate 
isohydroxybutyrate 

C02862_C4 butyrylcarnitine 

C7DC.C8OH 
pimelylcarnitine 
hydroxyoctanoylcarnitine 

C00383.C01089_ST037...MALONATE_ST079 
...ohBUTANOATE 

malonate 
3-hydroxybutanoate 

C02838_C8 octanoylcarnitine 

C00047_ST246...LYS lysine 

C01717_ST148...KYNURENATE kynutenate 

C05145_ST029...3nh2ISOBUTANOATE 3-aminoisobutyrate 

C01924_ST044...hARG homoarginine 

C03626_ST424...NNdimARG N,N-dimethylarginine 

C00526_ST249...dUR deoxyuridine 

PteGlu1.I pteroylglutamate 

C12.1 dodecenoylcarnitine 

C00019_ST252...sArMET S-adenosylmethionine 

C00475_ST286...Cr cytidine 

C10.1 decenoylcarnitine 

C00178_ST216...T thymine 

C00214_ST164...Tr thymidine 

ST389_ST388...ISObutGLY.butGLY 
isobutyrylglycine 
butyrylglycine 

C00262_ST208...HX hypoxanthine 

C02642_ST178...UREIDOPROPIONATE ureidopropionate 

C8.1 octenoylcarnitine 

C01620_ST433...THREONATE threonate 

C00559_ST205...dAr deoxyadenosine 

C00082_ST002...TYR tyrosine 

C00062_ST247...ARG arginine 

C00624_ST068...NacGLU N-acetylglutamate 

C00041.C00213.C00099_ST022...ALA_ST237 
...sarcosine_ST005...bALA 

alanine 
sarcosine 
beta-alanine 

C00898_ST030...TARTRATE tartarate 

C16.1 hexadecenoylcarnitine 
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ABBREVIATION OF METABOLITE FULL NAME OF METABOLITE 

C00300.C00430_ST170...CREATINE_.ST240 
...5nh2LEVULINATE 

5-aminolevulinate 
creatine 

C5 valerylcarnitine 

C00931_ST351...PORPHOBILINOGEN porphobilinogen 

C00417_ST312...ACONITATE aconitate 

C00805.C00156_ST187...SALICYLATE_ST223 
...4ohBENZOATE 

salicylate 
4-hydroxybenzoate 

C02571_C2 acetylcarnitine 

C05588_ST089...METANEPHRINE metanephrine 

C14.2OH hydroxytetradecadienylcarnitine 

C00330_ST204...dGr deoxyguanosine 

PSI198 N-acetyl-p-aminobenzoylglutamate 

C00847_ST440...4.pyridoxate 4-pyridoxate 

pABG 4-Aminobenzoyl-glutamate 

C00719_ST101...BET betaine 

BCG.I β-citryl-L-glutamate 

C00255_ST189...RIBOFLAVIN riboflavin 

C00455_ST305...NAMN nicotinamide mononucleotide 

C00385_ST207...X xanthine 

C01762_ST198...Xr xanthosine 

C01035_ST063...GuaBUTANOATE  4-guanidinobutanoate 

C00123_ST243...LEU.II leucine 

C00299_ST218...UR uridine 

ST109...PHENYLSER phenylserine 

C00152_ST021...ASN asparagine 

C00993_ST111...ALAALA alanyl-alanine 

C00212_ST210...Ar.pos adenosine 

C00036.C00489_ST321...oxaloacetate_ST047 
...glutarate_ST080...ethylmalonate 

oxaloacetate 
glutarate 
ethylmalonate 

C6 hexanoylcarnitine 

C00137_ST171...MYOINOSITOL myoinositol 

C00864_ST008...PANTHOTENATE panthotenate 

C00884_ST248...hCARNOSINE homocarnosine 

C00031.C00095.C00124.C00159_ST096 
...GLC_ST097...FRU_ST195...GAL_ST197...MAN 

glucose 
fructose 
galactose 
manose 

C19910_ST232...SIALIC sialic acid 

C10.2 decadienylcarnitine 

STx01...SAR succinyladenosine 

C02714_ST057...NAcPut N-acetylputrescine 

C01697.C00392_ST302 
...GALACTITOL_ST420...MANITOL 

galactitol 
manitol 

C00128_ST301...CMPNAcNEURAMINATE CMP-N-acetylneuraminate 

C00532.C00474_ST158 
...ARABITOL_ST423...RIBITOL 

arabitol 
ribitol 
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ABBREVIATION OF METABOLITE FULL NAME OF METABOLITE 

C00245_ST159...TAU taurine 

C00257_ST165...GLUCONATE gluconate 

C00380_ST153...C cytosine 

C00135_ST015...HIS histidine 

C05635_ST343...ohINDOLAc 5-hydroxyindoleacetate 

C00037_ST239...GLY glycine 

C12 dodecanoylcarnitine 

C14 tetradecanoyl-L-carnitine 

C00064_ST238...GLN glutamine 

ST425...INDOLEPROPIONATE indolepropionate 

C05589_ST035...NORMETANEPHRINE normetanephrine 

C00352_ST355...GLCnh2P glucosamine 6-phosphate 

C00049_ST235...ASP aspartate 

C00147_ST206...A adenine 

C00581_ST251...GuaAc guanidinoacetate 

C01879.C00408_ST161 
...oPRO.I.a.II.pos_ST031...PIPECOLATE 

oxorpoline 
pipecolate 

C03479_ST152...5formylTHF 5-formyltetrahydrofolate 

C00078_ST003...TRP tryptophan 

C01019_ST146...FUCOSE fucose 

C00183_ST001...VAL valine 

C00144_ST262...GMP.pos GMP 

C00188.C00263_ST004...THR_ST160...hSER 
threonine 
homoserine 

C00065_ST006...SER serine 

C14.1 tetradecenoyl-L-carnitine 

ST413...furoylGly furoylglycine 

C00387_ST211...Gr guanosine 

C05587_ST368...METHOXYTYRAMINE methoxytyramine 

ST427...INDOXYLSULFATE indoxylsulfate 

C02242_ST439...7mG 7-methylguanine 

C00310_ST036...XYLULOSE xylulose 

C00121_ST138...RIB ribose 

C00079_ST245...PHE phenylalanine 

C4.1 butenylcarnitine 

C00429_ST183...dihydroU dihydrouracil 

C02348_ST437...ALLANTOIN allantoin 

C00191_ST092...GLUCURONATE glucuronate 

C00106_ST215...U uracil 

C00645.C01132.C00140_ST341...NAcMANnh2_ST028 
...NAcGALnh2_ST380...NAcGLCnh2 

N-acetylmannosamine 
N-acetylgalactosamine 
N-acetylglucosamine 

C00025_ST018...GLU glutamate 

C00750_ST041...SPERMINE spermine 

C02067_ST217...pseuUR pseudouridine 

C01586_ST053...HIPPURATE hippurate 



174 

 

ABBREVIATION OF METABOLITE FULL NAME OF METABOLITE 

C05629_ST415...hCINNAMATE hydrocinnamate 

C00440_ST353...5mTHF 5-methyltetrahydrofolate 

C04823_STx03...SAICAr SAICA riboside 

C08278_ST188...SUBERATE suberate 

C04734_STx05...FAICAr 
5-formamidoimidazole-4-carboxamide 
riboside 

C00329_ST179...GLCnh2 glucosamine 6-phosphate 

C00791_ST219...CREATININE creatinine 
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