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Abstract

N-acetylated alpha linked acidic dipeptidase like 2 protein (Naaladase L2) is
a transmembrane protein possessing large extracellular as well as intracellu-
lar part. The function of this protein has not been determined yet. It was
suggested to be associated with a wide range of diseases such as Kawasaki syn-
drom, an autoimmune disease causing in�ammation of vessels, and others. Its
homologue, glutamate carboxypeptidase II (GCPII), also called N-acetylated
alpha linked acidic dipeptidase (Naaladase), is a transmembrane protein with
large extracellular part possesing protease activity. GCPII was suggested as
a diagnostic and prognostic marker of prostate cancer.

According to a recent study, Naaladase L2 mRNA levels correlate with Glea-
son score used for evaluating the prognosis of prostate cancer. Cells overex-
pressing Naaladase L2 showed higher invasivity, migration and formed more
colonies than the negative controls. Additionally, a di�erence in mRNA ex-
pression between benign hyperplasia and tumour was found. Naaladase L2
is thus believed to have a potential in serving as a diagnostic or prognostic
marker of prostate cancer.

Only a few reports have been published concerning investigation of Naaladase
L2 and none of them focus on exploration of the protein itself. Therefore,
we decided to recombinantly prepare and characterise this protein. We ex-
pressed the extracellular part of Naaladase L2 in insect cells and optimised
its puri�cation using a�nity chromatography and gel �ltration. We found
that similarly to its homologue GCPII, Naaladase L2 undergoes posttrans-
lational glycosylation. On the other hand, in contrast to GCPII, no prote-
olytic activity of extracellular part of Naaladase L2 has been observed. We
also expressed the intracellular part of Naaladase L2 in HEK cells and in-
vestigated its potential interaction partners using pull-down experiments and
mass spectrometry. The preliminary data suggest that Naaladase L2 might
be associated with cytoskeleton organisation and cytoskeletal changes in cell
division by interacting with proteins envolved in these processes. However,
more experiments need to be performed to con�rm this hypothesis.

Key words: Naaladase L2, GCPII, homologue, protein-protein interaction



Abstrakt

�N-acetylated alpha linked acidic dipeptidase like 2� (Naaladasa L2) je trans-
membránový protein s velkou extracelulární a intracelulární £ástí. Jeho funkce
není známá. Bývá spojován s celou °adou nemocí v£etn¥ Kawasakiho syn-
dromu, autoimunitního zán¥tlivého onemocn¥ní cév, a mnoha dal²ími. Jeho
homolog glutamátkarboxypeptidasa II (GCPII), také nazývaná �N-acetylated
alpha linked acidic dipeptidasa� (Naaladasa), je transmembránový protein s
velkou extracelulární £ástí s proteasovou aktivitou. Byl navrºen jako diagno-
stický a prognostický marker nádoru prostaty.

Hladiny mRNA Naaladasy L2 podle nedávné studie korelují s Gleasonovým
skórem pouºívaným ke klasi�kaci nádor· prostaty. Bu¬ky s vysokou expresí
tohoto enzymu vykazovaly v¥t²í invazivitu, migraci a schopnost tvo°it kolonie.
Byl nalezen rozdíl v expresi Naaladasy L2 mRNA mezi benigní prostatickou
hyperplazií a nádorem prostaty, a proto se o tomto proteinu uvaºuje jako o
moºném markeru nador· prostaty.

Naaladasa L2 není je²t¥ pln¥ prozkoumána, bylo publikováno jen málo studií
o expresi genu kódujícího Naaladasu L2 a ºádná z nich se nezabývá proteinem.
Z tohoto d·vodu jsme se rozhodli se jím zabývat. P°ipravili jsme jeho ex-
tracelulární £ást v hmyzích bu¬kách, optimalizovali jeho puri�kaci pomocí
a�nitní chromatogra�e a gelové �ltrace a prozkoumali jeho moºnou prote-
olytickou aktivitu. Zjistili jsme, ºe stejn¥ jako GCPII , Naaladasa L2 je post-
transla£n¥ glykosylována. Na rozdíl od GCPII, u extracelulární £ásti Naal-
adasy L2 ale nebyla detekována ºádná proteasová aktivita. Také jsme expri-
movali jeho intracelulární £ást a hledali jejího interak£ního partnera pomocí
pull-down experimentu a hmotnostní spektrometrie. P°edb¥ºné výsledky
ukazují, ºe funkce tohoto proteinu by mohla být spojená s cytoskeletem a
jeho zm¥nami vedoucími k nádorovému bujení. Pro ov¥°ení této teorie je ale
t°eba provést dal²í experimenty.

Klí£ová slova: GCPII, Naaladasa L2, homolog, protein-proteinové interakce
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Part I

Introduction

1 GCPII

Glutamate carboxypeptidase II (GCPII), prostate-speci�c membrane antigen

(PSMA), N-acetyl-alpha-linked acidic dipeptidase (Naaladase) and folate hy-

drolase 1 (FOLH1) are all names of one enzyme. This enzyme is encoded by

the 62.036 base pairs long FOLH1 gene which is located on chromosome 11 at

position 11p11.2 in the human genome. FOLH1 gene contains 18 exons and

translates into a 750 amino acids long protein [1]. GCPII is a type II trans-

membrane glycoprotein spanning the membrane once with its C-terminus

exposed to the extracellular space [2]. It is a homodimeric dinuclear zinc

metallopeptidase with a molecular weight of 110 kDa [1, 3, 4, 5]. It consists

of a large extracellular domain (707 amino acids), a hydrophobic transmem-

brane domain (24 amino acids) and a short intracellular domain (19 amino

acids) [1, 6]. The extracellular domain is highly glycosylated [4]. It belongs to

the M28 peptidase family [7] that contains metalloenzymes, aminopeptidases

and carboxypeptidases with cocatalytic zinc ions [8]. The names Naaladase

and folate hydrolase 1 for GCPII de�ect known functions of the enzyme.

The �rst function is the cleavage of the dipeptide N-acetyl aspartyl gluta-

mate (NAAG) into N-acetyl aspartate and free glutamate in the brain; where

glutamate is an important neurotransmitter [9, 10]. Second function is hy-

drolysis of folylpoly-γ-glutamate and facilitation of folate uptake into small

intestine [11]. Furthermore, GCPII is expressed in renal tubules and in the

prostate where its function remains unknown [12].
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The extracellular part of GCPII (�gure 1, page 12) consists of three domains:

apical (amino acids 117-351), protease (amino acids 56-116 and 352-591) and

helical (amino acids 592-750). The apical domain, consisting of three alpha

helices and two beta sheets, forms the substrate-binding cavity. The protease

domain consists of 11 alpha helices and 8 beta sheets. The helical domain

is formed by six alpha helices and connects the two monomers into a dimer

[13, 14].

Figure 1: Structure of the extracellular part of GCPII; only one half of the dimer is in colours.

Helical domain is in brown, protease domain is in blue and apical domain is in yellow. Zinc

ions necessary for the substrate cleavage are indicated by green spheres. Yellow sphere indicates

Cl- and the red sphere stands for Ca2+. The substrate binding cavity is highlighted in darker

colours. Adapted from [13].

The highest expression of the enzyme occurs in normal, tumour and metas-

tasizing prostate tissue [15, 16, 17, 18, 19]. The function of GCPII in these

tissues is unknown, yet being a transmembrane homodimeric protein gives rise

to a speculation about possible receptor function. Furthermore, its similarity

to transferrin receptor, regarding both amino acid and domain organisation,

supports this hypothesis [20, 14, 21, 13]. As well as receptor proteins, GCPII

is internalized through clathrin coated pits, which also supports the receptor
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function theory; however, no ligand has been found yet [21]. Interestingly,

immunohistochemical experiments have shown a higher expression in metas-

tasizing malignant tissue than in benign tissue or in hyperplasia suggesting

its possible role in tumour development [3, 22].

1.1 GCPII Homologues

There are several GCPII homologues in human genome that share 26% to

98% of GCPII sequence - GCPIII, PSMAL, Naaladase L and Naaladase L2.

The closest one is the prostate speci�c membrane antigen like protein (PSMAL)

which was found only in primates. Its gene FOLH1B is located on chromo-

some 11 at the position 11q14.3 in the human genome [1, 23]. The longest

open reading frame (ORF) found leads to a protein consisting of 442 amino

acids, sharing 98% identity with GCPII. Its mRNA can be found in hu-

man liver and kidney tissue [23]. Protein resulting from expression of the

FOLH1B gene is probably proteolytically inactive due to large deletion at

the N-terminus [24].

Another known homologue is the glutamate carboxypeptidase III (GCPIII)

encoded by NAALAD2 gene. This 740 amino acids long protein folds into

a type II transmembrane protein and shares 68% identity with GCPII [25].

Similarly to GCPII, GCPIII is capable of cleaving NAAG [25, 26, 27]. It was

suggested that GCPIII can compensate for GCPII in the NAAG hydrolysing

activity in GCPII knock-out mice [28, 29]. It also cleaves β-citryl glutamate

[30]. GCPIII mRNA was found by Northern blot in testes, spleen and ovary,

mild mRNA expression was detected in other tissues like prostate, placenta

or heart [25]. Using qPCR, di�erent parts of the brain showed presence of

GCPIII mRNA, the highest in cerebellum and hippocampus [31].
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N-acetyl-α-linked-acidic dipeptidase like protein (Naaladase L) is another ho-

mologue of GCPII. It is a protein encoded by the gene NAALADL1 on chro-

mosome 11q12 [25]. It is 740 amino acids long and shares 37% sequence

identity with GCPII. The Naaladase L protein is expressed in the small in-

testine. An activity similar to the one of GCPII was expected. However,

Tykvart et al. recently showed that Naaladase L is an aminopeptidase and

does not possess any carboxypeptidase acitivity. It processes a wide range of

substrates from short peptides to longer oligopeptides. A new name human

ileal aminopeptidase (HILAP) was suggested for the enzyme [32].

2 Naaladase L2

N-acetylated α-linked acidic dipeptidase like 2 protein (Naaladase L2) also

belongs to the M28B protein subfamily. It is encoded by the NaaladL2 gene

located on chromosome 3 at the position 3q26.31 [33]. It shares 26% sequence

identity with GCPII, and around 20% sequence identity with the transferrin

receptor. Naaladase L2 is a transmembrane protein with 652 extracellular

amino acids, 20 amino acids spanning the transmembrane domain and further

121 intracellular amino acids. There is no published structure yet, though

the transmembrane part is predicted to be helical and classi�es Naaladase

L2 as a type II transmembrane protein with single spanning region and N-

terminus exposed to the intracellular side. Theoretical prediction software

indicated seven glycosylation sites for Naaladase L2 and one phosphorylation

site (�gure 2, page 15) [33].
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Figure 2: Amino acid alignment of the GCPII and Naaladase L2 sequence. First line corresponds
to GCPII, second to Naaladase L2. Red frame highlights the predicted transmembrane domain,

blue frame glycosylation sites and the green frame phosphorylation site. Identical amino acids

are marked with asterisk. Colon markes a high similarity between amino acids, full stop a weak

similarity.
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Naaladase L2 was discovered in 2004 in connection with research on the Cor-

nelia de Lange syndrome, a genetic disorder causing physical and cognitive

handicaps [34]. The Cornelia de Lange syndrome is a physical and mental dis-

ease caused by breakage of chromosome 3 in the same region where NaaladL2

is positioned, however no correlation of disease with Naaladase L2 expression

levels was observed [34]. Tonkin et al revealed that the NaaladL2 gene con-

tains 32 exons, spanning 1.37 Mb. The whole region is exon-poor, some of its

introns are hundreds of kilo bases (kb) long, the longest intron contains over

230 kb. At least four protein isoforms are formed by extensive alternative

splicing at both the 3'UTR and 5'UTR termini. The full-length protein tran-

scribes from the longest open reading frame and has a start codon within the

exon 12. Another potential translation start is positioned in exon 14. The

full-length protein and some other splice variants contain a transmembrane

domain similar to the one of GCPII. In contrast, some other predicted pro-

teins originating from splice variants might lack the hydrophobic region of

amino acids 128 - 146 forming the transmembrane domain [34].

Abundant full-lenght mRNA expression levels have been observed in placenta,

kidney, liver and skeletal muscle tissue. Developmental mRNA expression

analysis has shown a strong gut expression, hinting a possible role in food

and dietary processing [33]. No signal was observed in developing neuronal

and limb tissue. Despite high similarity with GCPII, Naaladase L2 lacks

crucial highly conserved amino acids enabling the metallopeptidase activity

[34]. Naaladase L2 is localized to the plasma membrane, particularly at the

basal cell surface in contrast to GCPII which is expressed at the apical part

of the cell membrane [35].

Interestingly, the locus of the NaaladL2 gene was found as one of the possible

loci a�ecting human height [36]. The only normal, non-diseased tissues ex-

pressing Naaladase L2 protein are kidney and stomach [35]. Several studies
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suggested a connection between expression of the NaaladL2 gene and various

health issues or phenotypes, such as connections between various stages of

mental retardation, psychomotor retardation, dysmorphic features, congeni-

tal defects, vascular problems like Kawasaki disease and deletions, nucleotide

polymorphism or chromosome breakage in the region of the NaaladL2 gen.

However, all studies admit di�culties in correlating chromosome abnormali-

ties and phenotypes that di�er greatly among patients [37, 38, 39].

Recently, Whitaker and colleagues have shown that Naaladase L2 is overex-

pressed in colon and prostate cancer tissue [35]. Mild expression was found

in tongue, pancreas and breast cancer. A high increase in protein expression

level was observed with increasing Gleason score; which is used for evaluat-

ing prostate cancer based on tissue biopsy and microscopy appearance. Pa-

tients with overexpressed NaaladL2 gene had a signi�cantly lower survival.

The mRNA level of Naaladase L2 in blood is signi�cantly higher in patients

with bioptically con�rmed prostate cancer. Patients with high prostate spe-

ci�c antigen (PSA, a peptidase secreted by prostate used for prostate cancer

screening) levels but negative biopsy showed normal levels of Naaladase L2

[35].

It was shown using knock-down cell lines that cells overexpressing Naaladase

L2 showed di�erent adhesion properties than equivalent control cells. LNCaP

cells overexpressing Naaladase L2 formed more colonies and showed greater

migration and invasion potential than knocked down cells. This might ex-

plain why Naaladase L2 mRNA levels correlate with prostate cancer since

overexpression of Naaladase L2 might lead to tumour growth and invasion

to surrounding tissues. The expression of several androgen-regulated genes

was related to the expression of Naaladase L2, the most important is anterior

gradient 2 (AGR2) [35]. Androgen regulated genes play a role in almost all cel-

lular functions such as lipid metabolism, di�erentiation, cellular proliferation
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and survival. Hormonal therapy of prostate cancer involves lowering the level

of the androgen testosterone resulting in suppressing of the tumour growth

[40]. Naaladase L2 expression levels also correlate with downregulation of

proapoptotic p53 (also called tumour suppressor p53), cell transformation

and migration [41]. These observations led to conclusion that Naaladase L2

may be a potential tumour marker.

3 Protein-Protein interaction detection

There are several methods to study protein-protein interactions. Here is a

summary of methods usually used at the very beginning of the search for in-

teracting partner. Most of them are followed by analysis and characterisation

of identi�ed molecules by mass spectrometry or nuclear magnetic resonance

and other methods.

3.1 A�nity chromatography

A�nity chromatography uses highly speci�c interactions between two part-

ners, such as receptor and ligand, enzyme and substrate or antibody and

antigen to purify molecules from a mixture. It can be used for detection

of new interaction partners in a co-puri�cation also called pull-down exper-

iment, which will be described later. A�nity chromatography is a speci�c,

fast, well reproducible and provides a high level of purity. On the other hand,

a non-speci�c adsorbtion cannot be avoided. The yield of puri�ed protein (or

its interacting partner) is relatively low. Usually, harsh or even denaturing

conditions are needed for the elution and some less stable molecules might

be obtained in much lower amounts in native state. Also, expensive mate-

rials are used during this experiment. If a tag is used instead of a ligand
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(for more information see below), the properties of the protein might change,

such as expression levels in the cell, protein folding, binding to the matrix

and binding of the putative partner.

First step is binding one of the interaction partners or a ligand of the protein

to an insoluble, mechanically and chemically stable matrix. Large surfaces

enabling binding of a large quantity of molecules as well as good �ow prop-

erties are necessary. The matrix is usually used in a form of beads, widely

used materials are agarose, glass, cellulose and polyacrylimide [42]. Next

step is usually an equilibration of the matrix followed by application of the

biological mixture containing the protein/binding partner of interest. Non-

speci�c binding is then washed o� with an appropriate washing bu�er. The

procedure ends with elution step during which the bound protein of interest

is separated from its binding partner or both binding partners are separated

from the matrix. The process is depicted in the �gure 3 on page 20.
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Figure 3: A�nity chromatography; A molecule binding the protein of interest (speci�c antibody)

is bound to the matrix (blue big balls). Mixture of proteins is loaded on the column, proteins

recognized by antibody (red) bind to the matrix while the rest of the mixture (blue) is washed

out. The elution is performed by changing conditions such as lowering the pH. Adapted from

[43].

To simplify binding of the protein or a ligand to the matrix, a tag can be

attached. There are several genetically grafted peptide sequences known as

protein tags that can be attached to a recombinant protein, for example

histidine (His) tag, (FLAG)-tag, Softag, CBP (calmodulin binding peptide),

GST-tag (glutathion-S-transferase), Strep-tag or Avi-tag. Histidine forms a

coordinate covalent bond to metal ions, therefore a metal containing matrix

can be used for proteins with a poly hisitidine tag (His-tag) [44]. FLAG-tag

is a peptide consisting of eight amino acids (Asp Tyr Lys Asp Asp Asp Asp

Lys) recognized by anti-FLAG antibodies M1, M2 and M5 [45, 46]. Other

peptides can be used in combination with a speci�c antibody as Softags [47].

The calmoduline binding peptide (CBP) consists of 26 amino acids and binds
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to the eukaryotic messenger protein calmoduline in the presence of calcium

ions [48]. A protein tagged with the tripeptide γ-Glu-Cys-Gly, glutathion, can

be puri�ed using a matrix with glutathion-S-transferase [49]. The well known

Strep-tag is a peptide bound by streptavidin, a tetrameric protein puri�ed

from the bacterium Streptomyces avidinii, Avi-tag is a sequence recognised

by biotin ligase biotinylating the protein, therefore biotinylated proteins can

be puri�ed using modi�ed streptavidin proteins with lower a�nity. There are

many other tags to be used for puri�cation via a�nity chromatography.

Co-immunoprecipitation, or pull down experiments, can be used to investigate

a potential protein-protein interaction. The protein of interest is captured

from a solution via an antibody or a tag binding to the matrix. After washing

out the non-speci�cally bound proteins so only the protein of interest is bound

to the matrix, cell extract with potential binding partners is applied and the

protein interacts with its partner. The complex is washed and eluted the

same way as was described above. The �nal product(s) can be analysed by

SDS-PAGE, mass spectrometry, NMR or other methods.

3.2 Tandem a�nity puri�cation

In case of tandem a�nity puri�cation, a multiple tagging of protein is used.

It enhances the purity of the product and can lead to high yields. A major

disadvantage is the same as mentioned above in the a�nity chromatography;

a tag has to be added to the protein sequence. It can change the behaviour of

the protein and a�ect protein expression levels. Aditionally, it might hinder

the binding of the protein to the matrix [50, 51].

A typical experimental setup is depicted in �gure 4, page 22: target protein,

calmoduline binding peptide, Tobacco etch virus (TEV) protease cleavage site

and protein A. First, a target protein is expressed and bound to a matrix on

21



which cell extract with interacting partner is applied. The complex of protein

and its partner is then puri�ed on matrix with bound IgG via the terminal

protein A. After washing, TEV protease is applied and cleaves o� the target

protein complex which then ends with the calmoduline binding site. This site

is used in the second round of puri�cation for binding on calmoduline-coated

beads. The remaining TEV protease and other impurities are washed away.

Elution is achieved by ethylene glycol tetraacetic acid (EGTA) which binds

calcium atoms necessary for calmoduline-CBP bond [52, 50].

Figure 4: Tandem a�nity puri�cation; a bait protein (blue) bound to IgG beads (purple) through

CBP (green), TEV protease cleavage site (green) and protein A (green). A cell extract is applied

on the column leading to binding of the speci�c binding partner. After washing the contaminants

out, the TEV site is cleaved by TEV protease. The partner-bait complex with CBP is then

applied to calmodulin beads. The remaining contaminants are washed out and the �nal elution

is performed by ethylene glycol tetraacetic acid (EGTA). Taken from [53].

Other tags can be used for this procedure; however, this composition has
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proved as e�cient in recovery when using a low concentration of fusion protein

in a complex mixture. The eluate can be analysed by SDS-PAGE, mass

spectrometry, NMR or other methods [52, 50].

3.3 A�nity blotting

A�nity blotting can be also used for detecting protein-protein interaction.

There is one main disadvantage of this method, the cell extract must be de-

natured and therefore any interaction requiring native folded structure cannot

be detected [54]. A puri�ed prey protein, whose partner is being searched,

must be detectable by speci�c antibody, an antibody recognising a label on

the protein must be used or the protein must be radioactively labelled. First,

a cell extract with prey proteins is separated by SDS-PAGE and blotted onto

a membrane (�gure 5, page 23). The membrane is blocked and then the prey

protein with a label is applied. The detection is carried out the same way as

in conventional blotting. The advantage of this method is that it can be used

even for insoluble proteins or proteins di�cult to express in cells [55].

Figure 5: A�nity blotting; A cell extract or other protein mixture is separated on SDS-PAGE

followed by Western blot. The membrane is incubated with speci�c probe containing the protein

in question. The bands containing the interaction partner are visualised due to the tag bound to

the probe. Adapted from [56].
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3.4 Yeast two hybrid

Yeast two hybrid system is a high-throughput method performed in vivo,

where the proteins are in their natural environment and can be post-translationally

modi�ed.

It was invented by Fields and Song after discovering that transcription acti-

vator consists of two parts; the N-terminal domain binding the DNA (DNA

binding domain, DBD) and the C-terminal domain activating the transcrip-

tion (activating domain, AD). After separation of these two domains the

N-terminal part still binds to DNA and the C-terminal part does not lose the

activation function. However, they work only when put together to the right

place.

The principle of this method lies in fusing the target protein (so called bait)

with DBD and using a library of potential interacting partners (so called

preys) fused with AD. In each yeast cell there must be two plasmids, one

is the same for all cells and contains the sequence coding for the bait fused

with DBD, the other one contains the sequence of one prey protein fused with

AD. These cells are commercially available. If a mixture of cells, therefore

a mixture of plasmids coding for di�erent baits is used, there is a possibility

that one cell will contain the sequence for the searched partner. When bait

meets its prey, DBD and AD interact. DBD is bound to the DNA; therefore

AD is in the position allowing RNA polymerase II to start transcription. The

�nal product of transcription can be for example β-galactosidase. The cell

then starts cleaving a colorimetric substrate and can be distinguished as a

positive hit. These cells can be sequenced and the vector from the prey library

is established [57, 58].
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Figure 6: Protein fragment complementation; Protein X serves as a bait, protein Y as a prey.

When these two proteins interact, they bring two parts of dihydrofolate reductase (DHFR) to

proximity. Cells are detected due to reconstituted DHFR activity and their survival and growth

in selective medium. Taken from [59].

A method called protein-fragment complementation is based on the same

principle (�gure 6, page 25). The reporter can be one protein cut in half and

each half is fused to either bait or prey. When put together, a colorimet-

ric product can be produced or some other characteristic as a resistance to

an antibiotic. It is necessary that the two parts of protein fold into native

structure only when brought together [59, 60].

The drawbacks of this method are that weak interactions might not be de-

tected and the linkage with other molecule might sterically hinder or com-

pletely disrupt the folding of the proteins as in all methods using tags. Fusion

proteins might also behave di�erently from the wild-type proteins when it

comes to localization or function.
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3.5 Display systems

All display methods share the same principle described in the �rst method,

phage display, although they use di�erent media to display the protein or

peptide library.

3.5.1 Phage display

Phage display is a useful tool for testing large libraries of peptides or pro-

tein domains. It is widely used for antibody search but it can be used for

detection of many other interacting molecules such as protein-DNA, protein-

RNA, protein-ligand and protein-protein. A library of random peptides must

be cloned into a vector containing sequence ensuring that the product will

be displayed on the phage surface (�gure 7, page 27). These libraries are

commercially available. Target protein is bound to surface for example via

immobilized antibody. Phage library with exposed potential partners on the

surface is added. Only phages containing reacting molecule remain bound

to the target. E. coli are subsequently infected by the positive phage par-

ticles and the whole experiment is performed again in the process called

�biopanning� until there are only phages exposing binding partner of the tar-

get (usually after three rounds). In the �nal step, cells are infected by the

phages containing the interaction partner. The DNA coding for the partner

is extracted and sequenced [61, 62, 63].
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Figure 7: Phage display; phage particles containing di�erent proteins exposed on the surface

are incubated with immobilized binding partner (IBP). Only the phage with interacting protein

remains bound to the molecule after washing. After elution bacteria are infected with these phages

in an ampli�cation step. The incubation with partner is done again and the cycle is performed

until only the phages with the interacting parter are present, usually after three rounds. This

process is called panning. Adapted from [64].

Phage display libraries are cheap, commercially available, easy to amplify
and it is possible to store them for a long time. Libraries contain a large
number of peptides (up to 109) and are tolerant to harsh conditions [65].
On the other hand, only simple linear or cyclic peptides consisting mostly of
naturally occuring amino acids can be used [66], although it is possible to
incorporate even D-amino acids [67].

3.5.2 Bacterial display

In bacterial display the library of prey proteins is fused with a sca�old pro-

tein expressed on the cell surface. The procedure is identical to the one in
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phage display, only instead of phages bacteria are used. Using Gram-positive

bacteria is advantageous since they do not contain the periplasmic membrane

and the translocation of the fusion protein to the cell surface is thus easier

[68, 69, 70].

This method is often coupled with �uorescence-activated cell sorting or magnetic-

activated cell sorting system where cells are sorted based on their epitopes.

In the �rst case, the bait protein is �uorescently tagged and only those bac-

teria which are displaying the prey have a �ourescently labeled bait protein

bound. The analysis then proceeds the same way as in phage display. Us-

ing �uorescence-activated cell sorter lowers the amount of false positive hits

caused by non-speci�c binding to the surface. It can also be used for quan-

ti�cation [71]. If using a magnetic cell sorter, bacteria are incubated with

magnetic beads to which the bait protein is bound. After washing only the

positive cells remain bound to beads [68, 51]. However, display of some pro-

teins might be problematic due to the complex bacterial surface and negative

e�ects on cell growth and viability [71].

3.5.3 Other display methods

Other display methods, such as mRNA display, ribosomal display, eukaryotic

virus display and yeast cell surface display are also used. The �rst two meth-

ods mentioned are based on in-vitro protein evolution. Ribosomal display

envolves a cDNA library coding for peptides. They lack a stop-codon in their

sequence therefore the translation complex remains associated. After a bait

protein binds, the sequence coding for the peptide can be easily identi�ed

and ampli�ed from mRNA sequence [72].

mRNA display uses a puromycine linkage and a�nity chromatography. An

mRNA library is synthetised from a cDNA library (�gure 8, page 29). In
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the second step, the mRNA is ligated to a DNA spacer linker containing

puromycin, a protein synthesis inhibitor used as an antibiotic. The mRNA

is then in-vitro translated into proteins that remain bound to the mRNA

because puromycin ends the translation process prematurely. The mRNA is

then reverse transcribed to DNA for easier manipulation and to avoid forming

of RNA secondary structures. The selection is performed as previously on an

immobilised bait. Once partners are bound, the resin is washed and a PCR

can be performed starting the whole cycle again. The advantage of this

method is that cell manipulation is avoided. The drawback is that in-vitro

translation is a complicated process [73, 74].

Figure 8: mRNA display; mRNA is ligated with DNA-puromycin linker. The mRNA is translated

into protein and the ribosome complex is stalled due to puromycine. The mRNA is then reverse

transcribed to cDNA to avoid forming of RNA secondary structures. The complex is applied to

immobilised binding partner (IBP). After washing out the non-speci�cities, the complex is eluted

and disrupted so a free single strand cDNA (ss cDNA) is formed. A second strand is then formed

in a polymerase chain reaction (PCR) and another cycle can begin. Adapted from [64].
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Yeast cell surface display has the advantage of eukaryotic protein folding sys-

tem and codon usage similar to mammalian cells, �uorescence-activated cell

sorter can also be used [75]. One disadvantage is di�erent glycosylation. How-

ever, this problem is overcome in eukaryotic virus display that uses various

types of cells and baculoviruses [76].

3.6 Protein microarray

Protein microarray is a fast high-throughput method to identify an interaction

partner. Commercially available chips contain a library of bound proteins.

The preparation of the chip is described in the �gure 9, page 31. A �uores-

cently labelled target protein is applied to the chip and read by laser scanner.

Positive hits are then analysed usually by MS. Immobilising proteins to a

surface can lead to a loss of their native state and folded structure. How-

ever, binding of the ligands often demands the part of native protein that is

necessary for the protein-protein interaction. For that reason, protein chip

storage capacity is limited. The extraction of the protein from the chip might

be di�cult. This promising method is still in its beginning [77].
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Figure 9: Protein microarray preparation; A�nity tag and T7 promoter are ligated to the cDNAs
coding for a wide variety of proteins. These cDNAs are transcribed to mRNA and translated so

a library of tagged proteins is created. Proteins are immobilised to the chip in the �nal step.

Taken from [77].

3.7 Cross-linking

The advantage of this method is stabilizing weak or fast interactions. It

is an in vitro method using a wide scale of more or less speci�c chemical

cross-linkers. For example, cells containing the target protein are grown in a

medium with photoreactive leucine and methionine analogues. These amino

acids are activated by UV light and they covalently crosslink the nearest

proteins after activation. This crosslinked complex is then extracted and

analysed by usual methods such as MS [78, 79]. This method can also be used

for studying protein interaction or a structure of protein complex, therefore a

binding site can be determined as well as the binding partner can be identi�ed.

The disadvantage of this method is in the step of extraction of the cross-linked

complex from the cell where the solubilizing agent might damage the bond.
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Bonds are usually created non-speci�cally and anything in the proximity will

react resulting in false positive results. Therefore evaluating the data is time-

consuming [80].

3.8 Surface plasmon resonance (SPR)

SPR can be used for capturing the partner from a cell lysate or a medium.

First, a target protein is bound to a sensor chip. Then a cell extract is

applied. Binding of a partner changes the signal measured. When light beam

hits metal surface at a given angle, surface plasmons resonate with the light.

The resonance causes absorption of the light. This gives the information

whether there is some molecule bound because binding of a molecule changes

the intensity of light re�ected at a given angle. If there is some molecule

bound to the surface, the experiment can proceed with washing and recovery

of proteins bound to the chip. These molecules can be analysed by MS.

SPR also gives many valuable information about the interaction such as the

strength, the equilibrium constant, binding a�nity and others [81, 82, 83].

The main advantage of this method is that no labels are necessary. The

disadvantage is that it cannot distinguish between speci�c and non-speci�c

interaction because even after several washing steps there are still some non-

speci�c contaminations [84]. Also, binding of lower molecular weight particles

is more di�cult to detect [85].

32



Part II

Objectives

To optimise puri�cation of extracellular part of recombinant Naaladase L2

(AviEXSTL2)

To characterise AviEXSTL2 in terms of its putative proteolytic activity

To establish expression of intracellular part of Naaladase L2 in HEK cells and

compare transient transfection versus stable transfection

To search for putative interaction partner of intracellular part of Naaladase

L2
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Part III

Materials and Methods

4 Materials

4.1 Chemicals

Bio-rad, California, USA
Bradford solution
Duchefa, Haarlem, Netherlands
glycine
Gibco, California, USA
SF900II media, 10% fetal bovine serum (FBS), 100x De�ned Lipid Concentrate,
50x Yeastolate Ultra�ltrate
GE Healthcare, Little Chalfont, UK
Gel �ltration calibration kit LMW, Gel �ltration kit HMW
Hirschmann Gerätte, Eberstadt, Germany
Pasteur pipettes
Invitrogen, California, USA
Drosophila S2 Schneider cells
Koh-i-noor Hardmuth, �eské Bud¥jovice, CZ
transparent 96-well microplate with �at bottom
Lachema, Brno, CZ
potassium dihydrogenphosphate, sodium hydrogenphosphate,
magnesium chloride, ammonium acetate
Lach-Ner, Neratovice, CZ
hydrochloric acid, sodium acetate, sodium carbonate, sodium hydroxide,
sodium chloride, calcium chloride, silver nitrate, ammonium sulphate,
sodium thiosulphate, urea
Millipore, Massachusetts, USA
0.5 ml Microcon Centrifugal Filter Unit (10 kDa c/o),
Immobilon-P transfer membrane
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New England BioLabs (NEB), Ipswich (USA)
10% NP40, PNGase F, 10X Glycoprotein denaturing bu�er,
10X G7 Reaction bu�er
Penta, Prague, CZ
MOPS, methanol, acetic acid, acetone, formaldehyde, isopropanol,
formic acid, potassium hydroxide, ethyleneglycol, ethanol
Pierce, Illinois, USA
D-biotin, Neu-HRP (1 mg/ml), Casein Blocker,
SuperSignal West Dura/Pico Chemoluminescence substrate,
antimouse-IgG antibody conjugated with HRP (0.8 mg/ml)
Roche, Basel, Switzerland
Streptavidin mutein matrix
Solulink, California, USA
Streptavidine agarose
Serva, Heidelberg, Germany
Coomassie Brilliant Blue G250, bromphenol blue, BSA, ammonium persulfate,
Triton X-100
Sigma-Aldrich, Buchs, Switzerland
EDTA, PEG 3350, SDS, 2-mercaptoethanol, glycerol, Tris, acrylamide, TEMED,
N,N'-bisacrylamide, Gly-Pro-AMC, boric acid, sucrose, SYPRO orange,
HEPES, potassium chloride, sodium citrate,
phosphoric acid, MES, imidazole, bicin
Thermo Fisher Scienti�c
Nitrocellulose membrane 0.45 micron
USB, Cleveland, USA
Tween 20
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4.2 Instruments

Electrophoresis apparatus, AP Czech, CZ
NanoDrop ND-1000, Thermo Fisher Scienti�c, USA
ÄKTA explorer, Amersham Pharmacia Biotech, Sweden
GENios microplate reader, Tecan, Switzerland
ChemiDoc-It 600 Imaging System, UVP, Germany
Ultra 0.5ml Centrifugal Filters MWCO 10,000, Amicon, USA
Wet transfer blot, Bio-rad, USA
LightCycler 480 System, Roche, Switzerland
MLS-3020U autoclave, Sanyo, Japan
Centrifuges: Megafuge 2.0R, Heraeus Instruments, Germany;
Biofuge pico, Heraeus Instrument, Germany;
Eppendorf 5414R, Eppendorf, Germany
Transparent 96-well microplate with �at bottom, P-Lab, CZ
Plastic disposable column, Pierce
Innova 44R rotate incubator, New Brunswick Scienti�c, Germany
TFF Millipore Large Scale, Millipore, USA
MLS-3020U autoclave, Sanyo, Japan
9450 pH meter, Unicam, UK
Superdex 200/10 300 GL, GE Healthcare Life Sciences, UK
Laboratory balances: HL-400, A&D Engineering, Inc., USA;
EK-400H, A&D Engineering, Inc., USA; Radwag XA 110/X, Merci, CZ
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5 Methods

5.1 Extracellular part of Naaladase L2 (AviEXSTL2): Protein

expression, puri�cation and the analysis of the protein

For expression of the extracellular part of Naaladase L2 the Drosophila Schnei-

der's S2 cell line containing biotin ligase from E.coli (BirA) in endoplasmatic

reticulum was transfected with a plasmid pMTBipAviEXSTL2 (made pre-

viously in our laboratory) containing sequence coding for the biotinylated

extracellular part of Naaladase L2. Transfection was done by Jana Starková.

The cells were cultured in a 35 mm plate in SF900II media (Gibco) sup-

plemented with 10% new fetal bovine serum (Gibco) at 22-24°C until they

reached a density of 2 to 4x106 cells/ml. Solution A ( 36 µl of 2 M CaCl2,

9 µg of recombinant DNA, 0.5 µg of pCoBLAST, tissue culture sterile water

to the �nal volume of 300 µl) was added dropwise to Solution B (300 µl of 2x

HEPES-Bu�ered Saline (HBS; HBS 2x: 50 mM HEPES, 1.5 mM Na2HPO4,

280 mM NaCl, pH 7.14)) with continuous vortexing and the �nal mixture

was incubated at room temperature for 40 min. Subsequently, the solution

was mixed and added dropwise to the cells. The cells were then incubated

for 16-24 hours at 22-24°C. The transfected cells were then transferred into

a 15 ml sterile falcon tube and centrifuged at 500 g for 2 min. The medium

was aspired, 3 ml of fresh SF900II medium with 10% new fetal bovine serum

(complete media) were added and the cells were replaced into the new plate.

After one-day incubation at 22-24°C, the medium was carefully aspired and

3 ml of fresh complete medium containing either blasticidin (�nal concen-

tration 5 µg/ml) or hygromycin (�nal concentration 300 µg/ml) were added.

The selective medium was replaced every 4-5 days until resistant cells started

growing out (usually 3-4 weeks).
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5.1.1 A�nity puri�cation on Streptavidin mutein resin

Medium from cells was spinned down at 5,250 g and 4°C for 20 minutes.

The supernatant was then concentrated on 100kDa membrane (Millipore)

approximately 25x using TFF Millipore Large Scale system. The retenate was

spinned again at 5,250 g and 4°C for 20 minutes. The supernatant was mixed

in 1:2 with 3x equillibrium bu�er. For sample in bu�er A the equilibration

bu�er A (411mM NaCl, 8.1mM KCl, 38.1mM phosphate, pH 7.2) and for

bu�er B equilibration bu�er B (450mM phosphate, 1350 mM NaCl, pH 7.4)

were used. 2 ml of Streptavidin mutein resin were washed two times with wash

bu�er (wash bu�er A: 137mM NaCl, 2.7mM KCl, 12.7mM phosphate, pH 7.2;

wash bu�er B: 150mM phosphate, 450 mM NaCl, pH 7.4). The mixtrue of

medium and equilibration bu�er was then applied to the resin and incubated

over night at 4°C in a 50 ml falcon tube. A plastic disposable column (Pierce)

was washed with 1 ml of wash bu�er and the decanted medium was carefully

poured onto the column without whirling the resin. Flow through fraction

(FT) was collected. Then, the resin was transferred to the column using

several mililitres of �ow through fraction. 50 ml of wash bu�er was applied in

two 20 ml and one last 10 ml step onto the column to wash out the remaining

medium and non-speci�cally bound proteins. In the next step, 1 ml of elution

bu�er A (137mM NaCl, 2.7mM KCl, 12.7mM phosphate, 2mM D-biotin, pH

7.2) or elution bu�er B (150mM phosphate, 450 mM NaCl, 2mM D-biotin, pH

7.4) was applied and when the bu�er soaked into the resin the column lid was

closed so that no liquid was leaking. After one hour incubation the elution

1 fraction was collected. Four more 1ml elution fractions were susequently

collected (elution 2, elution 3, elution 4 and elution 5). The whole experiment

was performed at 4°C. All the samples were analysed by SDS-PAGE (see

chapter 5.1.2).
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5.1.2 SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was

used for the separation of the sample. A gel consisted of 11% resolving gel

and 5% stacking gel. The mixture for 11% resolving gel contained 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

contained 250 mM Tris-HCl (pH 6.8), 5% (v/v) acrylamide mixture (acry-

lamide 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. Gels were let

to polymerise and put into electrophoresis apparatus (AP Czech) which was

�lled with SDS Running bu�er (25 mM Tris, pH 8.8, 250 mM glycine, 0.1%

SDS). Samples were denatured in 1x loading bu�er (6x bu�er: 350 mM Tris,

pH 6.8, 30% glycerol, 10% SDS, 0.6% 2- mercaptoethanol, 1.2% bromphenol

blue) by heating for 10 minutes to 95°C and then loaded into the wells of the

gel. Electrophoresis was run at 140 V for 1 hour.

5.1.3 Silver staining of polyacrylamide gels

The gel was �xed for 15 minutes in a solution of 10% (v/v) acetic acid, 10%

(v/v) methanol and 0.5% (v/v) formaldehyde and washed thoroughly in 50%

(v/v) methanol. In the next step the gel was exposed for 1 minute in the

solution of sodium thiosulfate pentahydrate (0.2 g/l) and washed three times

for 20 seconds in water. After 20 minute incubation in the solution of silver

nitrate (2 g/l) and 0.5 % (v/v) formaldehyde the gel was washed three times

in water and incubated in a solution containing sodium carbonate (60 g/l),

sodium thiosulfate (4 mg/l) and 0.5% (v/v) formaldehyde until protein bands

were clearly visible. The gel was then washed again three times with water
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and as �nally washed for ten minutes with 12% (v/v) acetic acid and 50%

(v/v) methanol solution. Stained gel was scanned on scanner (Canon).

5.1.4 Concentration determination on NanoDrop

Concentration of proteins in elution fractions was measured on NanoDrop

1000 (Thermo Fisher Scienti�c) using absorbance at 280 nm. 1 μl of sample

was used. 1 ul of dH2O was used as a blank sample.

5.1.5 Thermo�uor (Di�erential scanning �uorimetry)

Sample of AviEXSTL2 protein was analysed for folding by the thermo�uor

method. Several dye (50x, 25x and 12.5x) and protein concentrations (0.1,

0.25, 0.5, 1, 2 and 5 μg) were used in optimisation of this method [86]. When

temperature rises to a certain level (melting temperature, Tm), the protein

unfolds and reveals its hydrophobic core. A dye present in the solution binds

to hydrophobic regions and a �uorescent signal can be measured. Dilutions

were made in Tris bu�er. The experiment for measuring of the protein fold-

ing was performed in a real-time PCR light cycler (Roche). The appropriate

amount of protein sample was mixed with a appropriate bu�er (Tris bu�er:

20mM Tris, 40mM NaCl; PBS: 137mM NaCl, 2.7mM KCl, pH 7.2; phos-

phate bu�er: 150mM NaCl, 50 mM phosphate, pH 7.4) and a dye (SYPRO

Orange, diluted 25x). 1μg of AviEXST was used as a standard. The reaction

was performed in a 96 well plate (Roche) �nal volume in each well was 25

μg. The temperature scheme was following: target temperature 20°C, 1 s,

4.4°C/s; target temperature 20°C, 1 min, 4.4°C/s; target temperature 95°C,

0.01°C/s, 50 acquisitions/°C; target temperature 95°C, 10 s, 4.4°C/s; target

temperature 20°C, 10 s, 2.2°C/s.

40



5.1.6 Bu�er screen

A set of bu�ers was screened to determine in which bu�er AviEXSTL2 is the

most stable. The screening was done by thermo�uor. The most suitable bu�er

was then used for further manipulations. Following 100mM bu�ers were tried

out: sodium acetate (pH 4.5, 5.0), sodium citrate (pH 4.7, 5.5), potassium

phosphate (pH 5.0, 6.0, 7.0), sodium phosphate (pH 5.5, 6.5, 7.5), MES (pH

6.2, 6.5), HEPES (pH 7.0, 8.0), ammonium acetate (pH 7.3), Tris (pH 7.5,

8.0, 8.5), imidazole (pH 8.0), bicin (pH 8.0, 9.0), water. The concentration of

all bu�ers was 100mM and all bu�ers were used both as water solutions and

as a water solutions containing 200mM NaCl.

5.2 Gel �ltration

The sample was analysed by gel �ltration followed by measurement of ab-

sorbance. A superdex column S 200 10/300 GL was �rst calibrated using a

set of calibration proteins. First, it was washed by 1 column volume of dis-

tilled water, 1 column volume of 1M NaOH and again by 2 column volumes of

distilled water. Then, it was equilibrated by 2 column volumes of chromatog-

raphy bu�er. Two di�erent phosphate bu�ers were used; bu�er A (137mM

NaCl, 2.7mM KCl, 12.7mM phosphate, pH 7.2) and bu�er B (450mM NaCl,

150mM phosphate, pH 7.4). Following parameters were set: volume of the

injection valve 500 μl, �ow rate 0.5 ml/min, dead volume 9 ml. Two sets of

standard proteins were used: ferritin (0.2 mg/ml, Mr 440,000), conalbumin

(2 mg/ml, Mr 75,000), carbonic anhydrase (2 mg/ml, Mr 29,000) and ribonu-

clease A (2 mg/ml, Mr 13,700) in the �rst set and aldolase (2.67 mg/ml, Mr

158,000), ovalbumine (2.67 mg/ml, Mr 43,000), ribonuclease A (2 mg/ml, Mr

13,700), aprotinine (2 mg/ml, Mr 6,500) in the second set. The partition coef-

�cient Kav was plotted against the log Mr. Partition coe�cient is a constant
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calculated from the elution volume of protein and column parameters:

Kav =
Ve − V0
Vc − V0

,

where Ve is elution volume of the protein, V0 is column void volume and Vc

is geometric column volume.

Samples of elution fraction from a�nity chromatography (chapter 5.1.1) with

the highest amount of AviEXSTL2 (elution 2 from the sample in bu�er B,

elution 3 from the sample in bu�er A) was applied to the column and elution

fractions were collected by the volume of 250 μl in the total amount of 96

fractions. The absorbance at 280 nm of each fraction was plotted into a

graph against the volume of the mobile phase. Selected fractions with high

absorption were analysed on SDS-PAGE (see chapter 5.1.2).

5.3 Protein concentration

Selected samples from gel �ltration were concentrated on an Amicon Ultra-0.5

ml Centrifugal Filters MWCO 10,000. Fractions from B5 to B9 were joined

to one sample A, fractions from B4 to C1 were joined as a sample B and

fractions from C2 to C6 were joined as a sample C. In the sample A there

were both bands of AviEXSTL2, in the sample B was only the upper band

and in the sample C was only the lower band. Samples were applied onto

the �lters and spinned at 5,000 g for 15 minutes at 4°C, mixed by pipeting

after each minute. The recovery was performed by reverse spinning at 1,000

g for 2 minutes according to manual. Final concentration of all samples was

measured on NanoDrop (see chapter 5.1.4).
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5.4 Protein deglycosylation

Deglycosylation of selected fractions was performed in the bu�er containing

urea which composition was following: 2.5M urea, 50mM phosphate, 150mM

NaCl, pH 7.4. The whole 250µl of the fraction was used. Samples were in-

cubated at 37°C over night with 0.5 µl of proteoglycan N-linked glycosidase

F (PNGase F, NEB). The samples were separated by SDS-PAGE (see chap-

ter 5.1.2) and then analysed by Western blot (see chapter 5.6) or by mass

spectrometry (see chapter 5.5).

5.5 Polyacrylamide gel staining for MS

Samples were separated by SDS-PAGE (see chapter 5.1.2). The gel was han-

dled with maximum cautiousness to avoid contamination. The gel was then

�xed in a �xing solution (10% acetic acid, 40% methanol in dH2O) for 1

hour, washed three times in distilled water and stained by Silver blue dye

(1.78mM Coomassie G-250, 24.5% (v/v) ml methanol, 92.9mM ammonium

sulfate, 14% (v/v) ml phosphoric acid, �ltered) at room temperature. Af-

ter an hour the gel was washed over night in distilled water and sent to MS

analysis of stained bands.

5.6 Western blot

Samples of AviEXSTL2 were separated on SDS-PAGE (see chapter 5.1.2) and

transferred using wet transfer apparatus (Biorad). Nitrocellulose membrane

was used, the tank was �lled with blotting solution (10% (v/v) methanol,

25mM Tris-HCl, 192mM glycine, 0.1% SDS, pH 8.2). The blotting was per-

formed for 60 minutes at the constant voltage of 100 V. Once the transfer

was �nished, the membrane was blocked by 5 ml of Casein blocker (Thermo
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Scienti�c) diluted in ratio 1:20 in PBS+0,05% Tween in a Petri dish for 1

hour at room temperature. The membrane was then incubated with 1 μl of

Neutravidin-HRP conjugate (Pierce, 1 mg/ml) diluted in 5 ml of PBS+0,05%

Tween at room temperature. After washing three times for 5 minutes with

PBS+0,05% Tween the membrane was visualised by adding 600 μl of Super-

Signal West Pico chemiluminiscent solution (Thermo Scienti�c). The mem-

brane was then dried and the signal was detected on a CCD camera (UVP,

Analytik Jena).

If a set of antibodies was used instead of Neutravidin-HRP, the membrane was

incubated in 1 μl of αNaaladL2 antibody diluted 1:5,000 in 5 ml of PBS+0,05%

Tween for 1 hour at room temperature after the blocking step. The membrane

was washed three times with PBS+0,05% Tween and incubated for 1 hour

with goat-α-mouse IgG-HRP secondary antibody (0.8 mg/ml, Pierce) diluted

in ratio 1:20,000. After washing three times again, appropriate chemiluminis-

cent solution was applied, SuperSignal West Pico/Femto (Thermo Scienti�c)

and the signal was detected as previously.

5.7 Preparing samples for N-terminal sequencing

If preparing a sample fo N-terminal sequencing, the sample was separated by

SDS-PAGE (see chapter 5.1.2), transferred to PVDF membrane by Western

blotting at 100 V for 1 hour in a transfer bu�er (10% (v/v) methanol, 25mM

Tris-HCl, 192mM glycine, 0.1% SDS, pH 8.2). The membrane was then

stained with Coomassie Blue Brilliant G-25 and destained by 10% acetic

acid, dried and sent to sequencing.
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5.8 Intracellular part of Naaladase L2: expression and analysis of

the protein

For expression of the intracellular part of Naaladase L2 HEK cells (a cell

line derived from human embryonal kidney cells) were transiently transfected

with a plasmid coding for the intracellular and intracellular plus transmem-

brane part of Naaladase L2. All the experiments were performed by Jana

Starková. HEKo�A2BA17 cells, which are stably transfected with pTetOf-

fAdvanced plasmid (TetO� system; enabling to switch o� the expression from

pTRE plasmids in presence of doxycycline) and pcDNA4BirA plasmid cod-

ing for biotin ligase (localised in cytoplasm), were cultured in a 2x100 mm

plates in x medium IMDM complete (+10% FBS, + glycine) until they were

con�uent to 90 %. 21 µg of plasmid pTREnaalL2 1-124Avi coding for the

intracellular part of Naaladase L2 (�rst 124 amino acids) was used for the

transient transfection. DNA was diluted into 750 µl of Optimem solution

(Invitrogen) and 81 µl polyethylenimine (Sigma) was added. Prepared so-

lutions were incubated at room temperature for 15 minutes until lipid-DNA

complexes were formed. Then this solution was carefully added to the cells

and gently mixed by shaking. Cells were incubated at 37°C and 5 % CO2. In

the next step, the cells were resuspended 40 hours after transfection, trans-

ferred to plastic tubes and spinned down for 3 minutes at 500x g and 4°C.

Supernatant was discarded and the pellet was washed thoroughly by TBS

(50mM Tris, 150mM NaCl), mixed thoroughly and spinned again. After dis-

carding the supernatant, the pellet was resuspended in 100 µl of RIPA bu�er

(100mM Tris HCl, pH 7.4; 150mM NaCl; 1% (v/v) TritonX-100; 0.1% (v/v)

NP-40) and kept for 1 hour at 4°C. The solution was then spinned down for

10 minutes at 16,000x g. Supernatant was collected to a new tube. As a

negative control, cells were treated exactly the same way, only the plasmid

was omitted in the transfection solution.

45



The same experiment to prepare intracellular and transmembrane part of

Naaladase L2 was prepared by transfection of HEKo�A2 cells with plasmids

pTREnaalL2 1-154Avi, coding for the �rst 154 amino acids of Naaladase L2,

and pSecBirAKDEL, coding for a secreted biotin ligase. Signal sequence

KDEL retains biotin ligase in endoplasmatic reticulum. All the constructs

were made previously in our laboratory by colleagues. Also, stable clones

expressing the �rst 124 amino acids of Naaladase L2 (biotinylated) were pre-

pared previously by colleagues. Lysates from these cells were made the same

way as previously.

5.8.1 Bradford Protein Assay

The amount of protein in cell lysates was measured according to Bradford

protein Assay. Bovine serume albumine was used as a standard according to

the Bio-Rad protocol [87]. The measurement was done in transparent 96 well

plate (P-Lab). Bovine serum albumine was used in concentrations of 0, 0.25,

0.5, 1, 2 and 4 mg/ml in well. All samples were measured in duplicates. 140

µl of Bradford solution (Bio-Rad) was pipetted into each well, then a sample

of standard or cell lysate was added. In the last step, water was added to

the �nal volume of 200 µl. Each well was mixed thoroughly by pipetting.

The absorbance was measured at 595 nm by the GENios microplate reader

(Tecan).

5.8.2 A�nity puri�cation on Streptavidin resin

To obtain the intracellular part of Naaladase L2, the cell lysate was puri�ed

on Streptavidin agarose (Solulink) in a batch setup in a PCR tube. First,

100 µl of the resin was washed twice with 100 µl of TBS. Then, 100 μl of

lysate was applied and the mixture was incubated over night at 4°C on a
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rotator. After spinning down the resin, the supernatant was put aside as a

�ow through fraction (FT). Then, the resine was washed three times with 100

µl of TBS+0.05 % Tween (fractions wash 1, wash 2 and wash 3). The sample

was eluted from the resin by adding 40 μl of 1x sample bu�er for SDS-PAGE

(see chapter 6.1.2) and heated at 95°C for 10 minutes. The sample was then

analysed by SDS-PAGE followed by either Silver staining or Western blot

(see chapters 5.1.2, 5.1.3 and 5.6).

5.9 Co-precipitation of the intracellular part of Naaladase L2 and

its putative interacting partner

Putative binding partner of the intracellular part of Naaladase L2 was inves-

tigated by co-precipitation via Streptavidin agarose (Solulink). First, 100 µl

of the resin was washed twice with 100 µl of TBS. Then, 100 μl of lysate was

applied and the mixture was incubated over night at 4°C on a rotator. After

spinning down the resin, the supernatant was put aside as a �ow through frac-

tion (FT). Then, the resine was washed three times with 100 µl of TBS+0.05

% Tween (fractions wash 1, wash 2 and wash 3). 100 μl sample of lysate

of prostate cancer (1 mg/ml of total protein) was applied to the resin and

incubated over night at 4°C on a rotator. After spinning down the resin, the

supernatant was put aside as a �ow through fraction 2 (FT2). Then, the resin

was washed three times with 100 µl of TBS+0.05 % Tween (fractions wash 4,

wash 5 and wash 6). The sample was eluted from the resin by adding 40 μl of

1x sample bu�er for SDS-PAGE (see chapter 5.1.2) and heated to 95°C for 10

minutes. The whole elution fraction was then separated by SDS-PAGE (see

chapter 5.1.2), stained by Silver blue (see chapter 5.5) and analysed by MS.

The same experiment was performed with not transfected cells as a negative

control.
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Part IV

Results

6 Expression and puri�cation of the extracellular part of Naal-

adase L2 (AviEXSTL2)

Recombinant biotinylated extracellular part of Naaladase L2 (AviEXSTL2)

was prepared using the Drosophila Schneider's S2 cell line (see chapter 5.1).

The protein was puri�ed on Streptavidin mutein resin routinely used in our

laboratory for puri�cation of the extracellular part of GCPII. Puri�cation of

AviEXSTL2 was the performed using Streptavidin mutein resin and two phos-

phate bu�ers recommended for gel �ltration (bu�er A: 137mM NaCl, 2.7mM

KCl, 12.7mM phosphate, pH 7.2; bu�er B: 150mM NaCl, 50mM phosphate,

pH 7.4) as described in chapter 5.1.1. Medium with the recombinant pro-

tein was concentrated (fraction medium after concentration) and mixed with

equilibration bu�er. The solution was incubated with the resin and decanted.

The �ow through fraction is the supernatant. The resin was then washed sev-

eral times using wash bu�er (fractions wash) and eluted with elution bu�er

(fractions elution). A sample of the resin was then resuspended in 10 µl of

sample bu�er for SDS-PAGE. All fractions from the puri�cation were anal-

ysed by SDS-PAGE (see chapter 5.1.2) and visualised by silver staining (see

chapter 5.1.3) (Figure 9, page 49).
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Figure 10: Analysis of fractions from AviEXSTL2 puri�cation via Streptavidin mutein in two

bu�ers. All the samples were heated at 95°C for 10 minutes in sample bu�er, separated by

SDS-PAGE and visualised by silver staining. Panel A: AviEXSTL2 puri�cation in bu�er A

(137mM NaCl, 2.7mM KCl, 12.7mM phosphate, pH 7.2); 1: medium (12 μl); 2: medium after

concentration (1.2 μl); 3: �ow through after concentration (12 μl); 4: pellet (12μl); 5: load (1.2

μl); 6: �ow through (1.2 μl); 7: wash 3 (12 μl); 8: elution 1 (12 μl); 9: elution 2 (12 μl); 10:

elution 3 (12 μl); 11: elution 4 (12 μl); 12: resin (12 μl); 13: recombinant GCPII (3 ng); 14: All

blue marker (Bio-rad, 3 μl). Panel B: AviEXSTL2 puri�cation in bu�er B (150mM NaCl and

50mM phosphate, pH 7.4); 1: medium (12 μl); 2: medium after concentration (1.2 μl); 3: �ow

through after concentration (12 μl); 4: pellet (12μl); 5: load (1.2 μl); 6: �ow through (1.2 μl); 7:

wash 3 (12 μl); 8: elution 1 (12 μl); 9: elution 2 (12 μl); 10: elution 3 (12 μl); 11: elution 4 (12

μl); 12: resin (12 μl); 13: recombinant GCPII (3 ng); 14: All blue marker (3 μl).

The yield of puri�cation was 2.35 mg/1 l of medium for the sample in bu�er

A and 0.81 mg/1 l of medium for the sample in bu�er B with estimated purity

from SDS gel of around 80 %. Puri�ed proteins were analysed by thermo�uor.

1 µg of recombinant GCPII in phosphate bu�er B was used as a standard.

All the samples yielded a negative peak typical for folded proteins, therefore

both proteins were folded. The minimum for both samples of AviEXSTL2

was around 49°C, as can be seen in �gure 11, page 50.
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Figure 11: Thermo�uor experiment with samples puri�ed in bu�er A (137mM NaCl, 2.7mM

KCl, 12.7mM phosphate, pH 7.2) and bu�er B (150mM NaCl and 50mM phosphate, pH 7.4); 1:

AviEXSTL2 in bu�er A; 2: AviEXSTL2 in bu�er B; 3: recombinant GCPII.

When optimising the puri�cation of AviEXSTL2, several bu�ers were tried.

Tris bu�er routinely used for recombinant GCPII puri�cation resulted in

partly unfolded protein with high initial �uorescence in thermo�uor analysis

(data not shown). Another routinely used bu�er, phosphate bu�er A, resulted

in elution of protein with contamination of high molecular weight as can be

seen in �gure 10, page 49. Slow freezing of AviEXSTL2 at -20°C leads to

unfolded structure of the protein observed as linear curve instead of a negative

peak from thermo�uor (data not shown). When frozen fast in liquid nitrogen

followed by thawing and immediate structure analysis using thermo�uor, the

protein remained folded (data not shown). To investigate which bu�er is the

most suitable for AviEXSTL2 puri�cation and storage, a screen of bu�ers was

performed.

6.1 Stability of proteins in di�erent bu�ers

Because the position of negative peaks of AviEXSTL2 in previous thermo�uor

experiments di�ered and because the sample in Tris bu�er had a high initial
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�uorescence, a bu�er screen on thermo�uor was performed. 14 bu�ers at

various pH values were tried (see chapter 5.1.6). There were two sets of each

bu�er, one without salt, the other one with ionic strenght of 200mM salt

(NaCl). The result is summarised in the table 1.

bu�er pH Tm in water solution Tm in solution with 200mM NaCl
Sodium acetate 4.5 48.4 x 56.8
Sodium citrate 4.7 55.1 58.0
Sodium acetate 5.0 52.1 59.3

Potassium phosphate 5.0 58.0 59.8
Sodium phosphate 5.5 62.5 62.1
Sodium citrate 5.5 56.1 x 58.7

MES 5.8 56.0 60.6
Potassium phosphate 6.0 62.0 62.8

MES 6.2 57.6 60.6
Sodium phosphate 6.5 59.1 59.4

MES 6.5 59.6 60.9
Potassium phosphate 7.0 56.9 57.8

HEPES 7.0 59.7 61.5
Sodium phosphate 7.5 65.1 52.4
Ammonium acetate 7.3 68.4 x 59.5

Tris 7.5 58.2 58.0
Imidazole 8.0 60.9 x 57.7
HEPES 8.0 57.8 56.7
Tris 8.0 55.5 55.0
Bicin 8.0 48.4 50.4
Tris 8.5 54.6 53.5
Bicin 9.0 - 41.0 x
dH2O - 56.2 57.4

Table 1: Bu�er screen for AviEXSTL2; 100 mM bu�ers were tried at various pH and both in

water solution and in 200mM NaCl. The cross stands for high initial �uorescence. The most

suitable bufer is in bold. Tm = melting temperature.

Protein in some bu�ers gave a signal with high initial �uorescence, such as

sodium acetate, probably due to the presence of partly or completely unfolded

protein. The highest melting temperature with normal initial �uorescence was

measured in the sample with phosphate bu�er at pH 7.5, therefore the protein
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is the most stable in it and this bu�er was used for further experiments.

6.2 Gel �ltration of AviEXSTL2

Next, we decided to purify the AviEXSTL2 obtained by a�nity chromatog-

raphy using gel �tration. First, a column calibration was performed (see

chapter 5.2). For this purpose, a mixture of standard proteins of molecular

weights ranging from 6,500 to 440,000 was used. A column for size exclusion

chromatography was transferred to a PBS bu�er. Two sets of calibration

samples were run on the column. The graph in the panel A, �gure 12, page

53 shows that standard proteins were separated according to their molecular

weights, all the peaks were clearly separated without any irregularities. The

column could be thus used for sample analysis.
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Figure 12: Calibration of the column; Panel A: absorbance in mAU (milli absorbance units) is

plotted against elution volume. First set of calibration samples is in blue, second is in red. The

results of these two measurements are overlapped. Peaks from the left to the right - blue: ferritin

(10.25 ml), conalbumine (13.87 ml), carbonic anhydrase (16.26 ml), ribonuclease A (17.55 ml);

red: aldolase (12.53 ml), ovalbumine (14.91 ml), ribonuclease A (17.55 ml), aprotinine (18.84 ml).

Panel B: Calibration curve showing the dependence of Kav on log Mr. The R2 factor is 0.9963.
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A calibration curve was prepared by plotting partition coe�cient Kav (see

chapter 5.2) against log Mr (�gure 12, page 53). Samples of puri�ed AviEXSTL2

in bu�er A and bu�er B were puri�ed by gel �ltration (�gure 13 on page 54).

While gel �ltration of the sample in bu�er A resulted in two peaks, one at

elution volume of 8 ml, second at elution volume from 9.5 to 12.5 ml, gel �l-

tration of the sample in bu�er B resulted in only one peak at elution volume

from 9.5 to 12.5 ml corresponding to the second peak of the previous sample.

This asymmetrical peak, both in bu�er A and in bu�er B, had a side peak on

the left side originating from the heterogeneity (doubleband) which was also

visible on polyacrylamide gels (�gure 14, page 55).

Figure 13: Gel �ltration of AviEXSTL2; Panel A: sample in bu�er A, Panel B: sample in

bu�er B.

The fractions collected from gel �ltration were analysed by SDS-PAGE and

visualised by silver staining (�gure 14, page 55). SDS gel con�rms the het-

erogeneity observed in the gel �ltration experiment.
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Figure 14: Analysis of selected fractions from gel �ltration of AviEXSTL2 in bu�er B. Fractions

from the smallest elution volume to the biggest. The volume of each fraction loaded was 15

µl. The samples were heated at 95°C in sample bu�er for 10 minutes and separated by SDS-

PAGE and visualised by Silver staining. Elution volumes of fractions from gel �ltration are in

the brackets. 1: B12 (3 ml); 2: B11 (3..25 ml); 3: B10 (3.5 ml); 4: B9 (3.75 ml); 5: B8 4 ml); 6:

B7 (4.25 ml); 7: B6 (4.5 ml); 8: B5 (4.75 ml); 9: B4 (5 ml); 10: All blue marker (1 µl); 11: B3

(5.25 ml); 12: B2 (5.5 ml); 13: B1 (5.75 ml); 14: C1 (25 ml); 15: C2 (6.25 ml); 16: C3 (6.5 ml);

17: C4 (6.75 ml); 18: C5 (7 ml).

7 AviEXSTL2 LC-MS analysis and N-terminal sequencing

Fractions B8 (separated upper band, elution volume 4 ml) and C4 (separated

lower band, elution volume 6.75 ml) from the gel �ltration were separated

by SDS-PAGE, the gel was then stained by Silver blue dye (see chapter 5.5)

and the bands were analysed by LC-MS by in house service. Interestingly, no

diference between the upper and lower band was observed since both samples

were identi�ed as AviEXSTL2.

Identical gel was blotted and analysed by N-terminal sequencing analysis (see

chapter 5.7). The analysis showed that the N-terminus of proteins from both

bands, upper and lower, are the same and therefore the heterogeneity seen as

a double band is not caused by processing at the N-terminus.
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8 Investigation of possible cause of heterogeneity of AviEXSTL2

To investigate whether the heterogeneity is caused by glycosylation, samples

of several fractions from the gel �ltration experiment were deglycosylated in

urea by PNGase F (see chapter 5.4) and compared with their glycosylated

forms using Western blot (see chapter 5.6). Samples were loaded on a poly-

acrylamide gel, separated and transferred to a nitrocellulose membrane by

wet transfer. The bands were visualised by Neutravidin-HRP conjugate and

West Pico luminiscent substrate (Thermo Fisher Scienti�c). The result is

summarised in �gure 15, page 57.

Figure 15: Analysis of glycosylation of heterogeneity of AviEXSTL2 samples from gel �ltra-

tion. The samples were separated by SDS-PAGE, transferred to a membrane, incubated with

Neutravidin-HRP and visualised by West Pico chemiluminiscent substrate. The volume of all

samples loaded is 10 µl. The elution volume of the fraction on gel �ltration is in the brackets.

1: B8 (form with higher molecular weight, 4 ml); 2: B7 (form with higher molecular weight,

4.25 ml); 3: B6 (form with higher molecular weight, 4.5 ml); 4: B5 (form with both molecular

weights, 4.75 ml); 5: B5+6 deglycosylated (form with both molecular weights, 4.75 ml); 6: B4

(form with both molecular weights, 5 ml); 7: B3 (form with both molecular weights, 5.25 ml); 8:

B3 deglycosylated (form with both molecular weights, 5.25 ml); 9: B2 (form with both molecular

weights, 5.4 ml); 10: All blue marker (2 µl); 11: recombinant GCPII (20 ng); 12: B1 (form with

both molecular weights, 5.75 ml); 13: C1 (form with lower molecular weight, 6 ml); 14: C2 (form

with lower molecular weight, 6.25 ml); 15: C2 deglycosylated (form with lower molecular weight,

6.25 ml); 16: C3 (form with lower molecular weight, 6.5 ml); 17: C4 (form with lower molecular

weight, 6.75 ml).

Both bands in deglycosylated fraction B3 (lane 8) moved towards lower molec-

ular weights as well as deglycosylated samples B5+6 (lane 5) and C2 (lane

15). All the deglycosylated bands moved the same distance, separate upper

band, separate lower band and a mixture of both.
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A commercially available antibody against the extracellular part of Naaladase

L2 was used to con�rm the presence of Naaladase L2 by Western blot (see

chapter 5.6). The antibody was developed against a peptide from the extracel-

lular part of Naaladase L2. It was tested on both normal and deglycosylated

protein. Cytochrome c and recombinant GCPII were used as negative con-

trols. As can be seen in �gure 16, page 57, the antibody binds to both normal

and deglycosylated AviEXSTL2. The antibody did not recognise homologous

recombinant GCPII. However, it detected cytochrome c. The amount of 500

ng of protein was clearly visible, though the intensity of the band containing

250 ng of the protein was very low.

Figure 16: Western blot analysis of puri�ed AviEXSTL2 using α-NaalL2 antibody. The sample

was separated by SDS-PAGE, transferred to a membrane and incubated with the α-NaalL2 anti-

body. Goat anti mouse IgG-HRP was used as a secondary antibody. The visualisation was done

by West Femto chemiluminiscent substrate. 1: AviEXSTL2 deglyc. (1 μg); 2: AviEXSTL2 (1

μg); 3: AviEXSTL2 deglyc. (0.5 μg); 4: AviEXSTL2 (0.5 μg); 5: AviEXSTL2 deglyc. (250ng); 6:

AviEXSTL2 (250 ng); 7: All blue marker (2 μl); 8: recombinant GCPII (20 ng); 9: Cytochrome

c (12.5 μg).
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9 Analysis of putative proteolytical activity of AviEXSTL2

AviEXSTL2 was tested for proteolytical activity using PICS (proteomic iden-

ti�cation of protease cleavage sites) assay. The experiment was performed by

Michal Svoboda at IOCB. Both puri�ed upper and lower bands were studied

separately, no activity was observed.

10 Expression of the intracellular part of Naaladase L2

Two di�erent transiently transfected HEK cells were prepared (see chapter

6.2). A2TT cells are transiently transfected cells with the biotinylated intra-

cellular and transmembrane part (amino acids 1 - 154) of Naaladase L2, the

expected molecular weight of the protein expressed was around 35 kDa (�gure

17, page 59). A2NC are empty cells treated the same way as A2TT cells serv-

ing as a negative control. Cells A2BA17TT are transiently transfected cells

with only the intracellular biotinylated part of Naaladase L2 (amino acids 1 -

124) with cells A2BA17NC serving as a negative control. The protein molec-

ular weight was expected to be around 22 kDa. Additionally, two di�erent

stably transfected cells (395 and 400) were used. These cells express the �rst

124 amino acids of Naaladase L2, the resulting protein with expected molec-

ular weight around 22 kDa would be also biotinylated. They were prepared

previously in our laboratory by colleagues.
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Figure 17: Constructs used for transfection of the cells. At the top is the full-length protein.

Second is AviEXSTL2, the extracellular part of Naaladase L2. Third is the intracellular part

of Naaladase L2 consisting of the �rst 124 amino acid. The last is the protein consisting of the

intracellular and transmembrane part of Naaladase L2 (the �rst 154 amino acids).

The cells transfected with the six expression plasmids described above were

lysed in RIPA bu�er. The concentration of protein was measured in all cell

lysates by Bradford protein assay. Sample containing 50 µg of protein of

each of the cells were separated on 12% polyacrylamide gel and transferred

to a nitrocellulose membrane by wet transfer. The membrane was incubated

in Neutravidin-HRP and the bands were visualised by West Femto chemilu-

miniscent substrate (Thermo Fisher Scienti�c) (�gure 18, page 60).
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Figure 18: Analysis of the expression of intracellular part of Naaladase L2 in transfected cells.

Cell lysates were loaded on a polyacrylamide gel, separated, transferred to a membrane, incubated

with Neutravidin-HRP and visualised by West Femto chemiluminiscent substrate. 1: A2NC (50

µg); 2: A2TT (50 µg); 3: 395 (50 µg); 4: 400 (50 µg); 5: All blue marker (2 µl); 6: A2BA17NC

(50 µg); 7: A2BA17TT (50 µg).

A clearly visible band in lane 7 shows that A2BA17TT cells expressed the ex-

pected protein of molecular weight around 22 kDa, the cells 395 and 400 (lanes

3 and 4) did not show any protein expression. The cells A2TT (lane 2) ex-

pressed some protein resulting in a weak band of molecular weight around 35

kDa, therefore no further experiment was performed with lysates from these

cells. All the negative controls were without bands of appropriate molecu-

lar weights. All the following experiments were performed with lysates from

A2BA17TT and A2BA17NC cells.

To determine the approximate amount of protein expressed, several dilu-

tions of lysate were separated on 18% polyacrylamide gel, transferred to ni-

trocellulose membrane, incubated with Neutravidin-HRP and visualised by
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West femto luminiscent substrate (Thermo Fisher Scienti�c). As a calibra-

tion curve a set of various dilutions of pure AviEXST protein was used (data

not shown). The amount of the intracellular part of Naaladase L2 (molecular

weight around 22 kDa) was determined by comparison of the bands of recom-

binant GCPII and bands of the lysate of the intracellular part of Naaladase

L2. The band of intracellular part of Naaladase L2 of 1 µg of total protein

was almost as intensive as the band of 1 ng of recombinant GCPII. Therefore

the amount of the intracellular part of Naaladase L2 in lysate is almost 1

ng/µg of total protein. The total amount of the desired protein was thus

approximately 300 ng (data not shown).

10.1 Analysis of the pellets from the lysates

The pellets from the lysation of cells were examined to determine whether

some insoluble protein remained in this fraction. The pellets were resus-

pended in sample bu�er and loaded on a 18% polyacrylamide gel, transferred

to a membrane, incubated with Neutravidin-HRP and visualised by West

Femto chemiluminiscent substrate (Thermo Fisher Scienti�c). There was no

signal of the molecular weight of either around 22 kDa or 35 kDa in the sam-

ples (data not shown), suggesting that no insoluble recombinant protein was

expressed in these cells.

11 Pull-down of the intracellular part of Naaladase L2 from the

cell lysate

To investigate the putative binding partner of Naaladase L2, the intracellular

part of Naaladase L2 was pulled-down from the cell lysate using Streptavidin

agarose (see chapter 5.8.2) and the elution was analysed by MS (see chapter

61



5.5). Two parallel experiments were performed, one with the cells containing

the protein (TT) and one with negative control (NC). The elution was done

by boiling the resin in 40 µl of sample bu�er for SDS-PAGE. All the fractions

were loaded on a polyacrylamide gel in the amount of 10 µl, transferred to a

nitrocellulose membrane, incubated with Neutravidin-HRP and visualised by

West Femto chemiluminiscent substrate (Thermo Fisher Scienti�c). Despite

a small amount of protein remained bound to the resin (�gure 19, page 62,

lane 1), most of it was successfully puri�ed (lane 6). All samples of negative

control remained clear, without any visible bands.

Figure 19: Puri�cation of the intracellular part of Naaladase L2 from the cell lysate via Strep-

tavidin agarose. All the fractions from puri�cation were separated by SDS-PAGE, transferred

using wet transfer and visualised. A strong band in lane 6 shows a successful puri�cation. TT

stands for positive sample, NC for negative control. 1: resin TT (10 µl); 2: wash 1 NC (10 µl);

3: wash 1 TT (10 µl); 4: elution NC (5 µl); 5: All blue marker (2 µl); 6: elution TT (5 µl); 7:

wash 3 NC (10 µl); 8: wash 3 TT (10 µl); 9: FT NC (10 µl); 10: FT TT (10 µl).

35 µl of the elution sample were loaded on a polyacrylamide gel and stained

by Silver blue. The whole lane containing pulled-down proteins from TT cells
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was analysed by MS by in house service (see chapter 5.5). The same was done

with the lane containing the negative control sample.

The lysate with the intracellular part of Naaladase L2 was applied on Strep-

tavidin agarose followed by addition of prostate tissue lysate. The elution was

done by 40 µl of sample bu�er for SDS-PAGE. Selected fractions were loaded

on a polyacrylamide gel, transferred to a nitrocellulose membrane, incubated

with Neutravidin-HRP and visualised by West Femto chemiluminiscent sub-

strate (Thermo Fisher Scienti�c).

Figure 20: Pull-down experiment using prostate tissue lysate. The intracellular part of Naaladase
L2 was immobilised on Streptavidin agarose and a prostate tissue lysate was applied. The elution

was done by heating at 95°C in 40 µl of sample bu�er. All the fractions were separated on a

polyacrylamide gel, transferred to a nitrocellulose membrane and visualised by Neutravidin-HRP

and West Femto chemiluminiscent substrate (Thermo Fisher Scienti�c). 1:All blue marker (1 µl);

2: load TT (0.5 µl); 3: load NC (0.5 µl); 4: FT TT (10 µl); 5: FT NC (10 µl); 6: wash 1 TT (10

µl); 7: wash 1 NC (10 µl); 8: wash 3 TT (10 µl); 9: wash 3 NC (10 µl); 10: elution TT (5 µl);

11: elution NC (5 µl); 12: All blue marker (2 µl); 13: resin TT (10 µl); 14: resin NC (10 µl); 15:

FT2 TT (10 µl); 16: FT2 NC (10 µl); 17: wash 4 TT (10 µl); 18: wash 4 NC (10 µl).

Some protein remained bound to the resin as can be seen in lane 13 in �gure

20. The elution sample loaded resulted in an intensive band, while in nega-

63



tive control there was no such band. Some non-speci�cically bound proteins

of high molecular weights are visible in elution and resin fractions, higher

intensity was in negative controls. Elution fractions (lanes 10 and 11, �gure

20, page 63) were loaded on a polyacrylamide gel and stained by Silver blue

and analysed the same way by in house service as in previous experiment.

The database of recognised proteins gained from mass spectrometry for each

experiment was processed in two ways. First, only the proteins present in the

positive sample but not in the negative sample were selected. Second, the

proteins were sorted by the number of unused peptides, that is by number

of unique peptide evidence related to a given gene detected. The ones with

the highest di�erence between positive sample and negative control were se-

lected. Resulting four lists of proteins (two from each experiment), each with

several thousands hits, were searched for proteins present in both pull-down

experiments. Nine peptides came out as a result: CCR4-NOT transcrip-

tion complex, subunit 1, centrosomal protein 135kDa, dephospho-CoA kinase

domain-containing protein, myomegalin, protein regulator of cytokinesis 1,

Schlafen family member 11, triple functional domain protein, trimethylly-

sine dioxygenase, mitochondrial and AP-2 complex subunit alpha-2. These

proteins were then analysed by the DAVID online annotation tool [88] sug-

gesting role in cytoskelet forming and organisation and in binding nucleotide

phosphates such as ATP.
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Part V

Discussion

Naaladase L2 is a transmembrane protein encoded by the NaaladL2 gene.

Its mRNA levels correlate with Gleason score used in prostate cancer stage

evaluation. It was suggested as a potential marker of this disease since its

overexpression leads to elevated cell migration and invasion. Naaladase L2 is

not yet well characterised and its function remains unclear.

We set to express and purify the recombinant extracellular part of Naaladase

L2. Since it is a homologue of well-studied GCPII, �rst step was to test Naal-

adase L2 for the GCPII proteolytic activity. Then we started investigating

the intracellular part for potential interaction partners.

First, the extracellular part of Naaladase L2, AviEXSTL2, was expressed

and puri�ed via Streptavidin mutein resin and its folding was analysed. It

was observed that protein frozen slowly and stored at -20°C which was then

thawed did not possess folded structure. On the other hand, protein stored

at 4°C which was analysed immediately after puri�cation was folded. This

observation is in contrast to results obtained when using recombinant extra-

cellular part of GCPII suggesting that AviEXSTL2 protein cannot undergo

slow freezing while keeping its native structure. When frozen in liquid nitro-

gen, the protein remains folded. Also, melting temperature of recombinant

GCPII is higher than the one of AviEXSTL2. The di�erence is caused by

di�erent amino acid composition and protein structure. Recombinant GCPII

belongs among the proteins with above-average high melting temperatures.

AviEXSTL2 behaves di�erently than recombinant GCPII as was described

above, it was thus possible that the bu�er for recombinant GCPII might not
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be the most suitable for AviEXSTL2.

To investigate which bu�er should be used for AviEXSTL2 storage and han-

dling, a bu�er screen was performed using a wide variety of bu�ers of di�erent

pH values. The most suitable bu�er was phosphate bu�er because the melting

temperature of AviEXSTL2 in this bu�er was the highest. Some measure-

ments resulted in highly located beginnings of curves (see table 1, page 51).

The reason for this probably is that in these bu�ers the protein precipitates

and unfolds even at room temperature resulting in binding dye to their re-

vealed hydrophobic cores. Another explanation would be that the protein

was not fully folded even before the experiment, however, most curves had

a clear minimum and were not elevated from the very beginning. It can

be concluded that some bu�ers support the protein folded structure, such

as phosphate bu�er that was selected as the most suitable one for further

experiments.

Therefore, two phosphate bu�ers were selected for another a�nity puri�ca-

tion of AviEXSTL2 followed by gel �ltration. In contrast to phosphate bu�er

B (150mM phosphate, 450 mM NaCl, pH 7.4) where only one peak (corre-

sponding to AviEXSTL2) was visible, sample in phosphate bu�er A (137mM

NaCl, 2.7mM KCl, 12.7mM phosphate, pH 7.2) resulted in two peaks. The

additional peak was probably caused by non-speci�c impurity which was also

visible on polyacrylamide gels from puri�cation at 100 to 250 kDa. The peak

of AviEXSTL2 (see �gure 13, panel A, page 54) consisted of the main peak

and a sidepeak at the left side. Analysis of fractions from gel �ltration re-

vealed that the main peak and its side peak correspond to the upper and

lower band respectively in elution fractions in �gure 10 on page 49.

To investigate the heterogeneity, fractions from gel �ltration were separated

by SDS-PAGE and the upper band and lower band were analysed by MS and
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N-terminal sequencing. However, no di�erence between the proteins forming

the two bands was found. This suggests that puri�ed AviEXSTL2 consists

of two parts of slightly di�erent molecular weights. To determine, whether

the heterogeneity is caused by glycosylation, sample of the upper band, lower

band and a mixture of both bands was deglycosylated and analysed by West-

ern blot (see �gure 15 on page 57). Glycosylated, non-treated, proteins were

used as a control. The peaks in the sample containing both bands shifted,

solitary upper band and lower band shifted the same distance as well. Both

upper and lower bands are therefore glycosylated and glycosylation itself can-

not account for the observed di�erence.

Since the protein is not well-studied, only one monoclonal antibody against

Naaladase L2 is available. It was used for con�rmation of the identity of the

protein puri�ed (see �gure 16 on page 57). This antibody can be used for

further experiments since it distinguishes between recombinant GCPII and

AviEXSTL2, though its sensitivity is quite low. The amount of 250 ng of

protein was barely visible. The antibody also bound to cytochrome c used

as a negative control. For that reason, a cross-reactivity might occur and

further characterisation of the antibody is necessary.

To determine if AviEXSTL2 possesses the same proteolytic activity as recom-

binant GCPII, that is cleavage of NAAG [9, 10], or a similar one, a PICS (pro-

teomic identi�cation of protease cleavage sites) experiment was performed on

each upper and lower band separately. No activity was detected on either one

of the samples. The role of Naaladase L2 is therefore di�erent from GCPII

or GCPIII.

Further experiments were done with the intracellular part of Naaladase L2.

Since Naaladase L2 possesses a relatively large intracellular part and it is

a transmembrane protein, its function could lay in interacting with other
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proteins on the intracellular side as is common among transmembrane re-

ceptors. For this reason, two constructs of intracellular part were produced

by transient transfection of HEK cells, one with the transmembrane and in-

tracellular part, the other with only the intracellular part. Only the second

mentioned was expressed in su�cient amount and was used for further exper-

iments. Additionally, two stable clones expressing the same protein that were

made previously in our lab were not expressed, probably due to freezing and

thawing (see �gure 18, page 60). No protein remained in the pellet produced

during the cell lysation, hence the protein consisting of the intracellular part

of Naaladase L2 was well soluble and cytosolic (data not shown).

The intracellular part of Naaladase L2 was puri�ed via Streptavidin agarose

and analysed by MS (performed by in house service). As well as the extracel-

lular part even the intracellular consists of two bands as can be seen in �gure

19 on page 62. The investigation of the cause of this heterogeneity was also

postponed for when the function of Naaladase L2 is known.

Pull-down experiments followed by MS analysis revealed a possible role of

Naaladase L2 in cytoskeletal organisation and forming. Data from both ex-

periments, that is pull-down and pull-down using a prostate tissue lysate,

were processed the same way. Since the possibility of false positivity is high,

an intersection of the data gathered from the two experiments was done to

lower the amount of false hits. Nine proteins were found to be possible in-

teracting partners of Naaladase L2 (CCR4-NOT, CEP135, dephospho-CoA

kinase domain-containing protein, phosphodiesterase 4D interacting protein,

protein regulator of cytokinesis 1, Schlafen family member 11, triple func-

tional domain, trimethyllysine dioxygenase (mitochondrial) and AP2A2.

CCR4-NOT transcription factor subunit 1 plays an important role in mRNA

deadenylation by acting as a sca�old protein for other subunits [33]. CEP135
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is a centrosomal protein involved in the cell cycle. Its activity enables forming

of the centriole where it also acts as a sca�old for a di�erent protein, CEP250

[89, 90]. Dephospho-CoA kinase domain-containing protein is involved in

coenzyme A biosynthesis [33]. Phosphodiesterase 4D interacting protein or

myomegalin is a protein whose funcion is not yet well known [33]. Protein

regulator of cytokinesis 1 is involved in cytokinesis as its name implies. It is a

microtubule associated protein necessary to maintaining the spindle midzone

which is a subcellular structure segregating chromosomes between cells in cell

division [91]. Schlafen family member 11 might be involved in cell cycle arrest

and induction of apoptosis caused by exogenously induced DNA damage [92].

Triple functional domain, also called trio rho guanine nucelotide exchange fac-

tor is a protein of several functions. It interacts with proteins regulating actin

cytoskeleton and proteins from the Ras superfamily involved in regulation and

timing of cell division [93, 94]. Trimethyllysine dioxygenase, mitochondrial

is an enzyme converting trimethyllysine to hydroxytrimethyllysine in matrix

of mitochondrion. Naaladase L2 is transmembrane protein, therefore it is

improbable that these two proteins interact in vivo [95]. AP2A2 (adaptor

protein complex 2, alpha subunit 2) is a protein enabling protein transport

from the membrane to the cytosol. It helps clathrin-dependent endocytosis

and acts as a sca�olding platform for endocytic accessory proteins [96].

Many of the proteins mentioned above play a crucial role in cytoskelet organ-

isation and cytoskeletal changes in cell division. This �nding is in agreement

with the observed fact that prostate cancer tissue with overexpressed Naal-

adase L2 tends to be more invasive [35]. Further experiments have to be

performed to con�rm and evaluate interacting partners from this preliminary

list.
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Part VI

Conclusion

Extracellular part of Naaladase L2 (AviEXSTL2) was prepared and puri�ed

using a�nity chromatography and gel �ltration. The puri�cation yielded

heterogenous product that could be separated by SDS-PAGE.

The recombinant extracellular part of Naaladase L2 showed no proteolytic

activity.

Possible cause for AviEXSTL2 heterogeneity on SDS-PAGE was investigated

and remains unclear.

Intracellular part of Naaladase L2 was prepared and used for a pull down

experiment. Nine proteins were found to be associated with this protein

suggesting a role in cytoskeletal changes and cell division.
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