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1. Introduction

1.1 Glycoproteins

Glycoproteins consist of proteins to which carbohydrate are covalently linked. The
predominant sugars found in glycoproteins are Glc, Gal, Man, Fuc, GaINAc, GIcNAc and NeuAc.
The distinction between proteoglycans and glycoproteins depends on the level and types of
carbohydrate modifications. Carbohydrates are linked to the protein component through either
O-glycosidic or N-glycosidic bonds. The N-glycosidic linkage is through the amide group of
asparagine. The O-glycosidic linkage is to the hydroxyl group of serine, threonine or hydroxylysine.
The linkage of carbohydrate to hydroxylysine is generally found only in the collagens. The linkage
of carbohydrate to 5-hydroxylysine is either through the single sugar galactose, or the disaccharide
glucosylgalactose. In Ser- and Thr-type O-linked glycoproteins, the carbohydrate directly attached
to the protein is GaINAc. In N-linked glycoproteins, it is GIcNAc. The predominant carbohydrate
attachment in glycoproteins of mammalian cells is via N-glycosidic linkage. The site of
carbohydrate attachment to N-linked glycoproteins is found within a consensus sequence of amino
acids, N-X-S(T), where X is any amino acid except proline.

1.1.1 Biosynthesis of glycoproteins

Biosynthesis of glycoproteins occurs via protein glycosylation (the addition of chains of sugar
units, or oligosaccharides, to proteins). Protein glycosylation is a group of complex posttranslational
modifications that occur through the function of many enzymes working together in the
endoplasmic reticulum (ER) and Golgi apparatus. Oligosaccharides can be attached to proteins
through a variety of linkages, with the two most common linkages being N-linked and O-linked
glycosylation. Monosaccharides are joined together and to protein by the glycosidic bonds.
Formation of these bonds requires free energy which is acquired through the conversion of
monosaccharide units to nucleotide diphosphate or monophosphate sugars (enzymes using
nucleotide sugars as glycosyl donors during biosynthesis of oligosaccharides belong to Leloir
pathway enzymes; the non-Leloir pathway enzymes use glycosyl phosphates) (Gerardy-Schahn et.
al. 2001, Goto et. al. 2001) (Figure 1).
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Figure 1. Monosaccharides are joined together with protein by the glycosidic bonds. Formation of these
bonds requires free energy input which is acquired through the conversion of monosaccharide units to
nucleotide diphosphate or monophosphate sugars. Nucleotide sugars are used by the glycosyltransferases

during glycosylation.

Nucleotide sugars are synthesized in the cytosol via following reaction:
sugar-1-phosphate + XTP ----------------- sugar-XDP + PPi
This process is catalyzed by nucleoside transferases and pyrophosphatases.

An exception is CMP-NeuAc which is synthesized from the sugar (not sugar phosphate) and CTP:

NeuAcC + CTP --------m--mmmmmeem- CMP-NeuAc + PPi
Nucleotide diphosphate Monosaccharide units
UDP Glc, GIcNAc,
GalNAc, Gal,
NeuAc, Xyl
GDP Fuc, Man
CMP NeuAc

Table 1. Nucleotide diphosphate used for individually monosaccharides units.

The ER and Golgi membranes contain transporters for nucleotide sugars. They are antiporters :
when sugar nucleotides are imported, nucleotides are exported from the ER or Golgi vesicles
(Hirschberg et. al. 1998).
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Figure 2. Nucleotide sugar transporters are very hydrophobic proteins from 340 amino acids to 400 amino
acids long. They reside in Golgi apparatus and/or ER membrane. They have ten transmembrane helices, and
their C- and N-terminal regions are placed in cytosol. They antiport nucleotide sugars pooled in cytosol into
lumen of Golgi apparatus or ER for the corresponding nucleoside monophosphates such as UMP for
UDP-sugars, GMP for GDP-sugars or CMP for CMP-sugars. The transported nucleotide sugars are utilized
as sugar donors by glycosyltransferases for synthesis of sugar chains of glycoproteins, glycolipids and
polysaccharides. UDP-glucuronic acid also serves as a substrate for glucuronidation in ER lumen. There are
many molecular species of nucleotide sugars, and it is assumed that there is a specific nucleotide sugar
transporter for each of them. Hutl protein is molecular chaperon, and SQV-7 complex participate in
morphogenesis. LPG2 protein inhibits the release of midgut proteases and thereby may protect the parasite

surface from attack.
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1.1.1.1 Glycoproteins with N-glycosidically linked oligosaccharides
The core of N-glycans is transferred onto proteins en bloc and has a clearly defined

structure. It is a branched oligosaccharide unit which consists of three Glc, nine Man and two
GIcNACc residues (Glc3Man9GIcNAc2). The oligosaccharide is transferred from carrier lipid
dolichol pyrophosphate to amide nitrogen of selected asparagine residues of polypetide chains. The
acceptor polypeptide is characterized by the consensus sequence Asn-X-Ser/Thr, where X can be
any amino acid except proline.

The synthesis of the core oligosaccharide starts with the transfer of a-linked
N-acetylglucosaminphosphate from uridinephosphate to dolicholphosphate giving rise to GIcNAc-
PP-Dol. There follows the transfer of the second GIcNAc residue and five Man groups at the
cytosolic side of ER, where the sugar nucleotides UDP-GICNAc and GDP-Man serve as sugar
donors. Subsequently, the Man5GIcNAc2-PP-Dol heptasaccharide is transferred to the luminal side
of ER (Kornfeld and Kornfeld, 1985). This reaction is catalysed by ATP-independent flippase,
which is anchored in the cytoplasmic membrane of ER and it is specifically inhibited by Verapamil.
Flippases were identified as transmembrane proteins from the RTF1 family. This group of enzymes
was originally discovered in yeast. Family of RTF1 proteins has not ATP-binding part, so they do
not belong to the family of the ABC translocators which use ATP for enzymatic activity. Genes for
homologous protein of the RTF1 families were also found in the genomes of other eukaryotic
organisms (Helenius et. al. 2002). After translocation into ER the residual four Man and three Glc
were added according to a defined reaction sequence determined by the specifity of the individual
glycosyltransferases, and the chain was elongated to the full-lenght lipid linked oligosaccharide
Glc3Man9GIcNAc2-PP-Dol (Kukuruzinska and Robbinson, 1987). This glycan that contains three
terminal Glc residues, but not Man9GIcNAc2 is efficiently transferred to protein by
oligosaccharyltransferase (Haselbeck and Tanner, 1982). In mammalian cells the importance of the
terminal Glc residues is evident from the fact that transfer of Man9GIcNAc2-PP-dolichol is
approximatelly 25 times less efficient than of the complete structure. The terminal Glc units are
required for recognition of the oligosaccharide structures with enzymes oligosaccharyltransferase.
Oligosaccharyltransferase (Ost) is an enzyme associated with translocation complex (Kelleher et. al.
1992). Translocation complex is composed of protein channel, a signal peptidase, BiP, calnexin and
probably also from other factors. Oligosaccharyltransferase is composed of several transmembrane
subunits (Knauer and Lehle, 1994). For example, Ost from Saccharomyces cerevisiae contains eight
of them, Ostlp, Ost2p, Wbp1, Swpl, Stt3p, Ost3p/Ost6p, and Ost4p Ost5p, the first five subunits is
essential (Silberstein and Gilmore, 1996; Yan and Lennarz, 2005). Ost interacts with nascent
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polypeptides and is looking for a specific glycosylation sequence (Asn-X-Ser/Thr). Then it
catalyzes the binding of the oligosaccharides with the amide nitrogen of asparagine to form
N-glycosidic bond (Ecker et. al. 2003). Unlike yeast, where only one type of Ost was found, in
mammalian cells two Ost complexes occur, differing in their specificity to lipid carriers and
oligosaccharide structure. Complexes containing STT3-A domain prefer complete oligosaccharide
structure, while the complex containing STT3-B domain has a higher affinity for oligosaccharide
incomplete structures.

Initially, the terminal Glc is removed through the action of glucosidase | (GI), a membrane
bound enzyme recognizing a-1,2-linked Glc (Shailubhai et. al. 1987; Shailubhai et. al. 1991). It is a
type Il membrane glycoprotein of approximately 82 kDa with a short N-terminal cytosolic peptide,
transmembrane region, and a large catalytic domain. The remaining two Glc residues are then
removed by glucosidase Il (GII). Gl is a soluble protein recognizing a-1,3-linked Glc, composed of
two closely linked glycoprotein chains, o and 3, with molecular weight of 107 and 54 kDa. Part of
a chain is a catalytic domain belonging to the family of hydrolases.  chain is highly conserved
glycoprotein, which contains in its C-terminal part of sequence homologous to mannose-6-P
receptor. This enzyme plays an important role in calnexin/calreticulin cycle (Helenius, 1994). The
existence of this cycle was demonstrated in 1993 for calnexin and later was discovered that this
cycle also includes the soluble ER protein calreticulin. After removal of the Glc residues, the action
of a-mannosidases removes several Man residues as the protein progresses to the Golgi (Measaeli
et. al. 1999). The action of the various glucosidases and mannosidases leaves N-linked
glycoproteins containing a common glycan core consisting of three Man and two GIcNAc residues
(Molinari and Helenius, 1999). Through the action of a wide range of glycosyltransferases and
glycosidases a variety of other sugars are attached to this core as the protein progresses through the
Golgi. These latter reactions generate the three major types of N-linked glycoproteins. High-
mannose type contains all Man outside the core in varying amounts, hybrid type contains various
sugars and amino sugars and complex type is similar to the hybrid type, but in addition, contains
Gal and NeuAc (Ballou, 1990). In terms of biosynthesis N-glycosylation is cotranslation
phenomenon, because the connection of oligosaccharide structures to the protein chain in the ER
takes place before the end of its biosynthesis.

14
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Figure 3. The mechanism for N-linked protein glycosylation. The core oligosaccharide is assembled and
attached to dolichol phosphate (a lipid carrier) on the outer ER membrane. This lipid-oligosaccharide
complex is flipped across the lipid bilayer (so it is now facing the ER lumen) by proteins referred to as
flippases. Then, the oligosaccharide is elongated by specific enzymes. Finally, it is transfered to the nascent
polypeptide while it is being translated. In N-linked glycosylation, the addition of an oligosaccharide to the

polypeptide occurs by a covalent attachment of the sugars to an asparagine side chain.

1.1.1.2 O-glycosylation
While the N-glycosylation is governed by the above rules, no exact rules were found for

glycosylation of O-type. This process is the stepwise addition of the sugar residues directly onto the
polypeptide chain. Carbohydrate structures are bound via the hydroxyl group of serine or threonine.
However, glycosylation on tyrosine, hydroxyproline or hydroxylysine has also been described.
Eight basic structures representing the core consist of GalNAc and next sugars (Gal, GICNACc)

bound to the initial GaINAc by different types of bonds. From these eight structures a large variety
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of O-linked oligosaccharides may be synthesized. O-glycosylation proceeds late, mostly in the
Golgi apparatus. At first, the GalNAc residue is transferred from UDP-GalNAc to the hydroxyl
group of Ser or Thr residue. It is catalyzed by N-acetylgalactosaminyltransferase. Then the protein
moves to the trans-Golgi vesicles where the carbohydrate chain is elongated. The specific
glycosyltransferase adds the Gal residue to the GalNAc. The last steps in biosynthesis of typical
O-glycans are the additions of two NeuAc residues in the trans-Golgi. O-glycosylation is most
prevalent in regions rich in serine or threonine. Functionaly, the O-glycosylation applies especially
in protective function of proteins, as well as the formation of blood groups and participates in

protecting the epithelium.

1.1.2 Variations in the carbohydrate moieties between mammals and yeasts

Yeasts are capable of performing many eukaryotic posttranslational modifications, including
N-glycosylation. However, the N-linked glycans from yeast differ significantly from those of
mammalian and human cells. Mammalian cells and yeast share the initial biosynthetic pathway for
the synthesis of N-glycans. The process is initiated by the transfer of GIcNAc from UDP-GIcNAc
onto dolichol phosphate on the cytoplasmic face of the ER. Subsequent glycosyltransferase
reactions that catalyze the addition of GIcNAc and Man mature the structure to Man5GIcNAc2-P-
dolichol, which is then translocated to the luminal face of the ER membrane by a flipase enzyme.
Once inside the ER the structure is further extended to Glc3Man9GIcNAc2-P dolichol, at which
point the glycan is transferred to the N-X-S/T motif of the target peptide by the
oligosaccharyltransferase complex. Following transfer to the nascent polypeptide, three Glc
residues and one Man residue are removed to produce Man8GIcNAc2, at this stage the
glycopeptide is transported to the Golgi apparatus. Although this glycan structure arriving into the
Golgi is identical in yeast and mammals, the pathways diverge significantly as the protein proceeds
through the rest of the respective secretory pathways (Ballou, 1990). In mammalian cells the
Man8GIcNACc2 glycan is trimmed to Man5GIcNAc2 by the action of several a-1,2-mannosidases,
at which stage GIcNAc is added by N-acetylglucosaminyltransferase | (GnTIl). Subsequent
trimming and extension reactions lead to the production of complex type structures. In contrast to
mammals, yeast do not further trim the Man8GIcNAc2 glycan in the Golgi, but rather extend the
existing high mannose structure with additional Man residues, to produce hypermannosylated

glycan chains (Gemmil and Trimble, 1999).
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1.1.3 Biological significance of glycosylation
Protein folding

The single most important role of glycosylation is the promotion of proper folding of newly
sythesized polypeptides in the ER (Helenius, 1994). It is well known that glycans can have a direct
effect on the protein folding process (Imperiali and O'Connor, 1999). The presence of a large polar
carbohydrate unit is also likely to affect the folding process locally by orienting the polypeptide
toward the surface of protein domains. In vitro refolding experiments showed that the glycosylation
can have positive effect on the folding process (Kern et. al. 1993; Imperiali and O'Connor, 1999).
The most important indirect effect of glycans on folding involves a unique chaperone system called
calnexin/calreticulin cycle, found in ER of eukaryotes. The existence of this cycle was
demonstrated in 1993 for calnexin, and later discovered that this cycle includes also soluble ER
protein calreticulin. Every single step has been extensively studied, and is described in detail. The
process begins with connecting the core glycan to the emerging polypeptide chain. The first
terminal Glc is rapidly removed by glucosidase I. After removing of the first Glc, there follows
removing of the second Glc catalyzed by glucosidase 1l. Monoglucosylated core binds specifically
to calnexin or calreticullin. In the formation of such a complex calnexin and calreticulin serve as
molecular chaperones, protecting protein against aggregation and export of incorrectly folded
peptides from the ER. Further, these chaperones enable interaction of ERp57 complex
glycoproteins with thiol-disulfide oxidoreductase. This enzyme catalyzes the formation of correct
disulfide bonds during protein biosynthesis. The release of polypeptide chains from the calnexin /
calreticulin complex occurs after removing of the last Glc residue by glucosidase Il. After
interaction of a new polypeptide with UDP-Glc: glycoprotein glucosyltransferase, which serves as a
sensor of correct protein conformation, correctly folded proteins can leave the ER. In the opposite
case incorrectly folded proteins are degraded. Degradation process is called ER associated
degradation (ERAD), and it is very important, since it prevents accumulation of incorrectly folded
proteins in the ER.

Calnexin belongs to a group of type | of transmembrane proteins. Calreticulin is soluble ER
protein. Both belong to the family of lectins isolated from legumes. Both are monomeric calcium-
binding proteins and have ER localization sequence. NMR structure of the calreticulin and X-ray
crystallography revealed the unusual architecture of this lectin. It consists of two separate domains,
globular B-sandwich domain that is homologous with lectins isolated from the legumes, followed
by proline rich domain. Calnexin differs by trasmembrane part and cytoplasmic domain of a size of

96 amino acids. This domain is phosphorylated and responsible for interaction with the ribosome.
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Calnexin and calreticulin also have an identical carbohydrate-binding specificity. For proper
interaction of these lectins one Glc and three Man residues present in the oligosaccharide nucleus
are important. Glycoprotein glucosyltransferase is the sensor capture of the correct protein
conformation. It is one of the most interesting enzymes of the calnexin/calreticuline cycle. It is a
large soluble protein with a C-terminal sequence which ensures retention in the ER. Catalytic
glucosyltransferase segment contains 300 amino acids with high homology to members of the
glycosyltransferase family 8. This segment is located in the C-terminal part. The N-terminal part
consists of approximately 1200 amino acids. This part of the GT is probably involved in the
recognition of a suitable substrate. C-and N-terminal domains are structurally and functionally
related. How accurately has been the composiiton of glucosyltransferase protein determined? To
this question there is not currently a clear answer. Two ways how could the glucosyltransferase
check the correct conformation of the protein have been suggested. The first way would be through
hydrophobic peptides, which are exposed on the surface of the protein. The second way would be
through the dynamics of the protein surface. Glucosyltransferase uses a substrate of UDP-glucose,
transported to the ER from cytosol. Furthermore, the correct operation of glucosyltransferase

requires the presence of Ca®*, Mg®* or Mn?*.

Effect on protein stability and solubility

An example of a glycoprotein that is medically important is erythropoetin also known as
EPO. This glycoprotein has improved the treatment for anemia particularly induced by cancer
chemotherapy. It is secreted by kidney and stimulates the production of red blood cells. EPO is
made of 165 amino acid (Dordal et. al. 1985). It is N-glycosylated at the asparagine residue and O-
glycosylated at a serine residue. It is composed of 40% of carbohydrates by weight. The
glycosylation enhances stability of the protein in the blood as compared to the unglycosylated
protein, which only carries about 10% of the bioactivity (Kubota et. al. 1990). This low bioactivity
is due to the rapid removal from the blood by the kidney. Although recombinant human EPO has
aided the treatment of anemia it has also been misused by athletes to increase their red blood cell
count and their oxygen carrying capacity. However modern drug testing can usually distinguish

between this and natural EPO.

Protection of protein
Carbohydrates play an important role in the protection of glycoproteins from proteolytic

attack. Experiments showed that heavily glycosylated porcine pancreatic ribonuclease is very
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insensitive to the proteolytic attacks. Subtilisin undergoes autoproteolysis when its carbohydrates
moieties are removed while the native glycosylated enzyme is stable (Wang and Hirs, 1977). EPO
described above can serve as the second example of such a protection. It was reported that by
removal of terminal NeuAc from EPO leads to an increase in its susceptibility to proteolysis by

trypsin (Goldwasser et. al. 1974).

Influence on biological activity

Generally, only completely glycosylated proteins have full biological activity as shown for
HGF (hepatocyte growth factor). The studies demonstrated that nonglycosylated protein retains
only mitogenic activity, and loses morphogenetic activities. The second example is the blood
clotting Factor IX which completely loses its activity after removal of terminal sialic acids (Yan et.
al. 1990). The glycosylated tissue plasminogen activator and glycosylated EPO have much higher in
vivo activities than their unglycosylated forms (Berg et. al. 1993, Higuchi et. al. 1992, Delorme et.
al. 1992).

Influence on in vivo clearence rate

Oligosaccharides structures on proteins play also dominant role in in vivo clearence rate of
glycoproteins. Two clearence pathways were found. In the first clearence pathway the glycoproteins
without NeuAc with exposed terminal Gal and GICNAC (desialylated complex N-glycans) bind to
the sialoglycoprotein receptor which occurs on the surface of hepatocytes and consequently are
eliminated from circulatory system (Weis and Ashwell, 1989). The second clearence pathway is
represented by mannose receptors on the surface of endothelial cells in liver and kidney and on
resident macrophages which bind glycoproteins with high mannose structures (Ezekowitz and Stahl,
1988).

1.1.4 Glycosidases

The intracelular degradation of glycoproteins and glycosaminoglycans occurs predominantly
in lysosomes. This degradation involves the concerted action of about 20 hydrolytic enzymes
(glycosidases). The amino acids and cabohydrates result from the degradative process are released
from lysosome, and used again in biosynthesis.

Glycoside hydrolases are classified by international enzyme nomenclature into group EC
3.2.1 as enzymes catalyzing the hydrolysis of O- or S-glycosides yielding smaller sugar moieties.
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They can be classified as either retaining or inverting enzymes. Glycoside hydrolases can also be
classified as exo or endo acting, dependent upon whether they act at the (usually nonreducing) end
or in the middle, respectively, of an oligo/polysaccharide chain.

Glycoside hydrolases are found in essentially all domains of life. In prokaryotes they are
found both as intracellular and extracellular enzymes that are largely involved in nutrient
acquisition. One of the important occurrences of glycoside hydrolases in bacteria is the enzyme
B-galactosidase (LacZ), which is involved in regulation of expression of the lac operon in
Escherichia coli. In higher organisms glycoside hydrolases are found within the ER and Golgi
apparatus where they are involved in processing of N-linked glycoproteins, and in the lysozyme as
enzymes involved in the degradation of carbohydrate structures. Deficiency in specific lysozomal
glycoside hydrolases can lead to a range of lysosomal storage disorders that result in developmental
problems or even death. Glycoside hydrolases are found in the intestinal tracts and saliva where
they degrade complex carbohydrates such as lactose, starch and sucrose. In the gut they are found as
glycosylphosphatidyl anchored enzymes on endothelial cells. The enzyme lactase is required for
degradation of the milk sugar lactose and is present at high levels in infants, but in most populations
will decrease after weaning or during infancy, potentially leading to lactose intolerance in
adulthood. The enzyme O-GIcNAcase is involved in removal of GaINAc groups from serine and
threonine residues in the cytoplasm and nucleus of the cell.

They are very common enzymes with roles in nature including degradation of biomass such
as cellulose and hemicellulose, in anti-bacterial defense strategies (e.g., lysozyme), in pathogenesis
mechanisms (e.g., viral neuraminidase), and in normal cellular function (e.g., trimming manosidase
involved in N-linked glycoprotein biosynthesis). Together with glycosyltransferases described
above, glycosidases form the major catalytic machinery for the synthesis and breakage of glycosidic
bonds. A classification system for glycosyl hydrolases, based on sequence similarity, has led to the
definition of more than 100 different families (Henrissat and Davies, 1995). This classification is
available on the CAZy (CArbohydrate-Active EnZymes) web site. The database provides a series of
regularly updated sequence, and allows a reliable prediction of the catalytic mechanism
(retaining/inverting), active site residues and possible substrates. The online database is supported
by CAZy system, an online encyclopedia of carbohydrate active enzymes (Henrissat and Coutinho,
1999). Based on three dimensional structural similarities, the sequence-based families have been
classified into ‘clans' of related structure. Recent progress in glycosidase sequence analysis and 3D
structure comparison has allowed the proposal of an extended hierarchical classification of the

glycoside hydrolases (Naumoff, 2006).
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Reaction mechanism can be of two types - inverting and retaining. Inverting enzymes utilize
two enzymic residues, typically carboxylate residues, acting as acid and base, respectively, as

shown below for a (3-glucosidase.
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Figure 4. Inverting mechanism of the glycosidase reaction. Inverting enzymes utilize two enzymatic

residues, typically carboxylate residues, that act as acid and base respectively.

Retaining glycosidases operate through a two-step mechanism, with each step resulting in
inversion for a net retention of stereochemistry. Again, two residues are involved, which are usually
enzyme-borne carboxylates. One acts as a nucleophile and the other as an acid/base. In the first step
the nucleophile attacks the anomeric centre, resulting in the formation of a glycosyl enzyme
intermediate, with acidic assistance provided by the acidic carboxylate. In the second step the now
deprotoned acidic carboxylate acts as a base and assists a nucleophilic water to hydrolyze the
glycosyl enzyme intermediate, giving the hydrolyzed product. The mechanism is illustrated below

for hen egg white lysozyme (Vocadlo et. al. 2001).
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Figure 5. Retaining glycosidases operate through a two-step mechanism, with each step resulting in

inversion, for a net retention of stereochemistry.
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Figure 6. An alternative mechanism for hydrolysis with retention of stereochemistry.

An alternative mechanism for hydrolysis with retention of stereochemistry can occur that
proceeds through a nucleophilic residue that is bound to the substrate, rather than being attached to
the enzyme. Such mechanisms are common for certain N-acetylhexosaminidases, which have an
acetamido group capable of neighboring group participation to form an intermediate oxazoline or
oxazolinium ion. Again, the mechanism proceeds in two steps through individual inversions to lead
to a net retention of configuration, described above.

Many compounds are known that can act to inhibit the action of a glycoside hydrolase.
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Nitrogen-containing, ‘sugar-shaped’ heterocycles have been found in nature including
deoxynojirimycin, swainstonine and castospermine From these natural templates many other
inhibitors have been developed, including isofagomine and deoxygalactonomin and various
unsaturated compounds such as 1,5-hydroximolactone. Inhibitors that are used clinically include
antidiabetic drugs or antiviral drugs like oseltamivir and zanamivir. Moreover, some proteins have

been found to act as glycoside hydrolase inhibitors.

1.1.5 a-N-Acetylgalactosaminidase

a-N-Acetylgalactosaminidase (a-NAGA; EC.3.2.1.49) is an exoglycosidase specific for the
hydrolysis of terminal GalNAc a-linked to amino acids serin or threonine, or to various sugar
chains. According to enzyme nomenclature of IUBMB (International Union of Biochemistry and
Molecular Biology) these enzymes belong to Hydrolase-Glycosidase-Glycosidase hydrolyzing O-
and S- glycosidic linkage group. According to CAZY system prokaryotic a-NAGA belong to
enzyme family 36 (Clan GH-D) and eukaryotic a-NAGA to enzyme family 27 in the same clan like
prokaryotic enzyme. In phylogenetic tree of enzyme family 27 and 36, a-NAGA are divided to three
groups. The first group includes a-NAGA and a-galactosidases (a-GA) of vertebrates, second group
includes these enzymes from yeast, and in the last group there are a-NAGA and a-GA from plants
and fungi. The phylogenetic mapping showed that the evolution of genes for a-NAGA from
vertebrates is distinct from evolution of genes for a-NAGA from fungi (evolutionary paralelism). a-
NAGA were evolved from fungal a-GA occurring in fungi growing on solid substrates as a way for
metabolic utilization of compounds containing terminal a-linked GalNAc.

a-NAGA can occur in organisms in various isoforms, which can be different in their catalytic
activities (Weignerova et. al. 2008). Unlike monomeric forms, dimeric and tetrameric forms of these
enzymes are enzymatically activite. The mutual equilibrium of individual forms is influnced by pH
value. If the pH value is very low, enzyme occur in dimeric or tetrameric active forms. Alkaline
environment preferably creates monomeric (inactive) form of the enzyme.

Enzymatic hydrolysis of glycosidic bond uses the retaining mechanism, when the anomeric
of bond for substrate and product is unchanged. The carbon C1 of GalNAc involved in glycosidic
linkage is subjected to two nucleophilic attacks. First, atom of oxygen Asp140 attacks electrophilic
carbon C1 of the carbohydrate skeleton. This interaction leads to creating of covalent enzyme -
substrate complex. Then follows the attack of deprotonated molecule of water, this reaction causes a
release of the product and regeneration of an enzyme.
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1.1.6 Schindler disease

One of the most studies disorders related to metabolism of glycoproteins and malfunction of
glycosidases is Schindler disease. This disease is also known as Kanzaki disease. This disease was
first described in 1988 by Detlev Schindler. Schindler/Kanzaki disease is an inherited metabolic
disorder belonging to the lysosomal storage disorders. A deficient enzyme, a-NAGA, leads to an
abnormal accumulation of certain compounds (glycosphingolipids) in the cells of the body. This
abnormal accumulation causes damage to the cells that may get worse over time (Wang et. al. 1990;
Cantz and Ulrich-Bott, 1990). There are two forms of Schindler disease. The classical form of the
disorder, known as Type | Schindler disease, has an infantile onset (Sakuraba et. al. 2004). Affected
individuals appear to develop normally until approximately 1 year of age, when they begin to lose
previously acquired skills that require the coordination of physical and mental activities
(developmental regression). Additional neurological and neuromuscular symptoms may become
apparent, including diminished muscle tone (hypotonia) and weakness; involuntary, rapid eye
movements (nystagmus); visual impairment; and episodes of uncontrolled electrical activity in the
brain (seizures). With continuing disease progression, affected children typically develop restricted
movements of certain muscles due to progressively increased muscle rigidity, severe mental
retardation, hearing and visual impairment, and a lack of response to stimuli in the environment.
Type 11 Schindler disease, which is also known as Kanzaki disease, is the adult-onset form of the
disorder (Umehara et. al. 2004). Associated symptoms may not become apparent until the second or
third decade of life. In this milder form of the disease, symptoms may include the development of
clusters of wart-like discolorations on the skin (angiokeratomas); permanent widening of groups of
blood vessels (telangiectasia), causing redness of the skin in affected areas; relative coarsening of
facial features; and mild intellectual impairment. The progressive neurological degeneration
characteristically seen in the infantile form of the disease has not occurred in association with type
Il Schindler disease. Both forms of Schindler disease are inherited as autosomal recessive traits.
According to investigators, different changes (mutations) of the same gene are responsible for the
infantile- and adult-onset forms of the disease. The gene has been mapped to the long arm (q) of
chromosome 22 (22qg11). Diagnosis of Schindler disease is based on the symptoms the individual
has, as well as the age the symptoms began. A urine test, blood test, or skin sample (biopsy) may
help confirm the diagnosis. In Schindler disease, the blood or skin sample will show decreased
activity of a-NAGA. Treatment for Schindler disease focuses on its symptoms, since there is as yet

no cure for the disease. Specialists such as a neurologists (for seizures or nervous system
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complications), eye doctor (ophtalmologist), and geneticist will be involved in the individual’s care.
Physical and occupational therapy can help the individual with Type | disease maintain muscle

movement and relieve discomfort.

1.2 Synthesis of glycopeptides and glycoproteins

The need for carbohydrates in biological events may be explained through the diverse range
of chemical properties that they can transfer onto other compounds. Glycosylation is the most
complex protein modification event and nature does not provide a coding template of the type that is
available for nucleic acids and polypeptides. Carbohydrates are unparalleled in the number of
structures they can adopt, and as a consequence, nature appears to exploit this structural diversity to
convey information at a molecular level. In terms of oligomerization, proteins and nucleic acids are
effectively linear in structure (amide bonds in proteins and 3’-5' linkage of phosphodiesters within
DNA), where limited basis sets (4 for DNA, 20 for amino acids) give rise to limited variations. In
addition to inherent configurational variation (gluco, manno, etc.), additional variety caused by ring
size, branching, anomeric configuration, and modification (e.g., acylation, sulfation, and
phosphorylation) gives carbohydrates strong potential for diversity. This inherent structural diversity
parallels a wide range of functions within nature (Dwek, 1996; Varki, 1993), ranging from a source
of energy and metabolic intermediates to the structural components of plants (cellulose), animals
(chitin), and nucleic acids (DNA, RNA). However, greater variation in oligosaccharide structure is
exploited by nature through the combination of carbohydrates with proteins
(glycopeptide/glycoprotein), the products of which have caused an explosion of interest within the
scientific community. This structural diversity generated by carbohydrates is assumed to be ruled by
a glycocode, a term representing the potential level of complex information that carbohydrate
structures are able to convey (Davis, 2002; Gabius et. al. 2004) This vast number of potential
variations represent a technological barrier and means that oligosaccharide portions of glycoproteins
can not be made simply on an iterative basis since there are far too many possible synthetic targets.
It is therefore crucial that the design of new glycoproteins is guided by identification of the

associated functions and activities of existing natural and resulting synthetic structures.

1.2.1 Potential aplications
Recent developments in glycopeptide/glycoprotein synthesis have been further driven by the
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practical applications of the synthetic products (Wong, 1995). For example, \Verez-Bencomo
developed a glycoconjugate vaccine composed of a fully synthetic capsular polysaccharide antigen
of Haemophilus influenzae type b (Hib) (Verez-Bencomo et. al. 2004) highlighting the fact that
access to synthetic complex carbohydrate-based vaccines is feasible. Initial results from clinical
trials demonstrated long-term protective antibody titers as compared to the already licensed
commercial products. This Cuban work has set the international benchmark for synthetic vaccines,
and highlighted the need for further development of similar approaches to other human pathogens
and, perhaps, greater innovation and courage in other countries.

The second example can be modulation of the serum half-life with glycans, and an attempt
to modulate the pharmacokinetics of synthetic insulin in the way best suited for diabetes patients.
Nishimura and colleagues combined mutagenesis with enzymatic synthesis in the production of a
glycosylated insulin (Sato et. al. 2004). Standard insulin is rapidly degraded by the liver (within a
few hours of administration), thus requiring frequent booster shots. Methods to increase in vivo
activity of insulin have been investigated (Markussen et. al. 1987), but these are limited by intricate
administration regimes resulting in uncontrolled fluctuation in glucose blood levels caused by
decreased water solubility (Markussen et. al. 1988). Nishimura tackled the water solubility and
degradation problems by introducing sialic acid, a sugar that is known to increase glycoprotein half-
life in vivo (Egrie et. al. 2003). A protocol used required the installation of accessible GIn residues
through mutagenesis into the B chain of insulin and subsequent transglutaminase-catalyzed
transamidiation with a lactosyl amine. The resulting glycoprotein was further modified through
enzymatic sialylation with a Sia-a-2,6-transferase to make Siaa2,6-Lac. The modified insulin
showed a long-lasting in vivo activity compared to the unmodified insulin. Interestingly, the same
synthetic methods were also used in the creation of a dendrimeric display of sialic acid, leading to
an insulin “glycodendriprotein”. Although the binding affinity of these modified insulins to receptor
decreased as dendrimer size increased, an overall in vivo activity increase was observed due to the
enhanced half-life caused by the higher presence of sialic acid.

Fatalities resulting from malaria are caused by an inflammatory surge initiated by malarial
toxin released from the parasite Plasmodium falciparum; glycosylphosphatidylinositols (GPI) are
thought to be the primary toxins underlying this pathology. In an attempt to produce a vaccine
against malaria, Seeberger and co-workers chemically synthesized the GPI oligosaccharide and
conjugated it to carrier proteins (Schofield et. al. 2002). Anti-GPI antibodies were obtained from
immunized mice and shown to neutralize the pro-inflammatory activity of P. falciparum in vitro.

More impressively, it was demonstrated that deaths from malarial parasites in animal models were
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greatly decreased, thereby establishing the idea that GPI conjugates could be used for antimalarial
vaccine design. The rapid and high-yielding assembly of the GPI motif was possible through
automated solid-phase glycosylation chemistry (Hewitt et. al. 2002). Such chemistry is useful since

it could be modified to include alternative building blocks for structure — activity studies.

1.2.2 Chemical synthesis of glycopeptides
Chemical synthesis of N- and O-glycopeptides can be done in three different ways: synthesis
of preformed glycosyl amino acids building block, synthesis in solution and synthesis on solid

supports.

1.2.2.1 N-Glycosides
The most useful techniques for synthesis of glycopeptides is synthesis by preformed

glycosyl amino acids bulding blocks. It is commonly used for the synthesis of N-glycosides
exploiting the formation of a peptidic bond between a glycosylamine 1 and a protected aspartic acid
derivative 2. Glycosylazides are usually employed as glycosylamine precursors, which can be
obtained by treatment of glycosyl halides or 2-iodoglycosylsulfonamides with azide salts (Szilagyi
and Gyorgydeak, 1985).
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Figure 7. Synthesis of N-glycosides. Chemical conditions of reaction (a) include DCC, HOBt, THF, 79.5%.

In a strategy reported by Kiessling et al.,, glycosylazides are used directly for a
stereoselective N-glycosylation by Staudinger ligation. Herein the glycosylazide 3 was reacted with
phosphinothioester 4 furnishing glycosylasparagine 5 in a moderate yield (Figure 8) (He et. al.
2004). Takahashi and coworker described a synthesis that avoids the need to prepare glycosylazides.

The p-glycosyl trifluoroacetoimidate 6 was shown to react with asparagine 7 to deliver p-
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configurated N-glycosyl asparagine 8 (Figure 8) (Tanaka et. al. 2005). Glycosylamines can be
prepared directly from unprotected sugars by Kochetkov’s procedure, which involves treatment
with ammonium bicarbonate. An improved procedure based upon ammonium carbamate was
introduced by Likhosherstov. The carbamic acid salts 10 are stable upon storage and are converted
into the free amines 11 by base-treatment or by applying vacuum (Figure 8). Flitsch et al. have
shown the acceleration of the Kochetkov procedure by irradiation with microwaves. The
conversions of the sugars into the corresponding amines were finished within 90 min with yields
ranging from 35 to 87%. Complex N-linked glycosyl amino acids can also be obtained by releasing

N-linked carbohydrates from natural.
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Figure 8. Alternative methods for the synthesis of N-glycosidic bonds. Conditions for individual
reactions are as follows: (a) DMF, 45%; (b) TMSOTf, MeNO2, 0 -C to r.t., 68%; (c) NHACOONH?2
in sat. NH3 solution (d) base or high vacuum.

The second technique is synthesis of glycopeptides in solutions. This techniques is analogy
to biosynthetic pathway, glycosyltransferases can be used to step by step assemble carbohydrate
structures by using sugar nucleotides as a donor. This approach was predominantly utilized in the
synthesis of O-linked glycopeptides like fragments of the P-selectin glycoprotein ligand-1 PSGL-1
(Holm et. al. 2005). There are glycosidases that catalyze the release of N-glycans by cleaving the S-
glycosidic linkage between two GICNAC residues adjacent to asparagines in N-glycans. In a trans-

glycosylation approach, these enzymes can transfer saccharide moieties from glycosyl asparagine
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donors to N-linked GIcNAc-peptides. Wang applied the endo-f-N-acetylglucosaminidases from
Arthrobacter protophormiae (Endo-A) and from Mucor hiemalis (Endo-M) for the synthesis of
peptides displaying high-mannose type N-glycans (Singh et. al. 2003). Glycopeptide products are
obtained in relatively modest yields and, though elegant, access to the complex N-glycopeptide
donors is required. Significant improvements of transglycosylation yields were brought about by
Shoda’s proposal of using 1,2-0xazolines as substrates (Fujita et. al. 2001). During the solid-phase
synthesis of N-glycopeptides it is practical to employ a block glycosylation approach in which the
full-length carbohydrate is coupled to the aspartic acid side chain (Wang et. al. 2001). For example,
in Danishefsky’s synthesis of the HIV envelope glycoprotein gp120-fragment the 3-OH of the Man
residue of precursor was subjected to o-mannosylation with building block followed by
debenzoylation and extension with thiolactoside donor. Regioselective opening of the benzylidene
exposed the primary hydroxyl group of hexasaccharide. The glycosylation with the trimannosyl
building block completed the assembly of the nonasaccharide. In preparing the stage for the
connection of the sugar unit with the peptide, the protecting groups were removed followed by
conversion of to the glycosylamine by using Kochetkov’s procedure. The aspartic acid side chain of
N, S-protected peptide was activated by HATU in DMSO to accomplish the coupling with
glycosylamine. Removal of the remaining protecting groups afforded glycopeptide (Mandal et. al.
2004). A similar strategy was employed in the synthesis of the high-mannose-type analogue of
glycoconjugate, which also spanned a fragment of HIV virus envelope-protein gp120. Both highly
complex glycopeptides are putative HIV vaccines (Dutkin et. al. 2004).

The last techniques using in synthesis of glycans is synthesis on solid support. This synthesis
allows the automation of the highly repetitive process of building block coupling - if desired in
parallel and combinatorial formats. Further advantages of solid-phase synthesis are the speed and
ease of synthesis and the possibility to drive reactions to completion by using a large excess of
building blocks and reagents. To cope with the acid sensitivity of many carbohydrates, the solid-
phase synthesis of glycopeptides is most commonly performed by coupling N-Fmoc-protected
amino acid building blocks, which allow the application of relatively mild conditions for the
cleavage of temporary and permanent protecting groups. With few alterations concerning the
removal of carbohydrate protecting groups, the standard protocols of Fmoc-based solid-phases
peptide synthesis can be applied.

In solid-phase synthesis, the choice of the linker that connects the growing glycopeptide
with the solid support is of critical importance. Acid-labile linkers such as the one used by Wang
(Wang, 1973), the HMPA (Shepard and Williams, 1982), the linker used by Rink (Rink, 1987), or
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the PAL-linkers (Albericio et. al. 1990) have frequently been used to release unprotected
glycopeptide acids and glycopeptide esters. The synthesis of protected glycopeptide fragments has
been accomplished by using very acid-labile linkers such as SASRIN (Mergler et. al. 1988), HMPB
(Floersheimer and Riniker, 1991), Sieber’s linker of quite complex structure (Sieber, 1987) or trityl
linkers (Barlos et. al. 1989) or the Pd(0)- labile allylic HYCRON anchor (Seitz and Kunz, 1995).

1.2.2.2 O-glycosides
The preparation of the basic O-linked glycosyl amino acids (aGalNAc)Ser/Thr 3 is typically

accomplished by treatment of glycosyl halides such as 1 with the free hydroxyl groups of otherwise
protected amino acids 2 in the presence of silver salts (Paulsen et. al. 1995). High a-selectivities can
be achieved when benzyl-protected glycosyl fluorides are employed as glycosyl acceptors (Shao
and Guo, 2005). The alternative reaction of acetimidates 1 with the protected amino acids 2 in the
presence of Lewis acids also assures access to the desired compounds. For the synthesis of complex
O-glycosides, a stepwise glycosylation strategy has emerged as reliable. Thus, the carbohydrate part
is assembled by using a glycosyl amino acid as an acceptor, to which further glycan residues are
appended. Versatile syntheses for the preparation of the more complex 2,6-sialyl-T, 2,3-sialyl-T and

sialyl-TN-antigens were developed by Kunz.
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Figure 9. Synthesis of O-linked glycosylamino acids. Chemical conditions for individual reactions
are as follows: (a) Ag2CO3/AgCIO4 (X = Hal); (b) TMSOTf (X = OCNHCCI3); (c) NaBH4,
NiCI2; (d)Ac20, pyridine; (e) BF3OEt2, 2 (X = OAc); (f) AgOTf, 2 (X = Hal, OCNHCCI3); (g)
CuCl2.
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In principle, the synthesis of O-linked glycopeptides in solutions can be performed by
attaching the glycan as block to the amino acid/peptide aglycon or by stepwise assembly of the
peptide part by using preformed glycosyl amino acids. The modest yields of block glycosylations
and their relatively poor a/f-selectivities call for the application of the latter approach. The step-
by-step condensation of presynthesized building blocks in solution has found widespread
application. Danishefsky reported the synthesisof various glycopeptides bearing complex O-linked
carbohydrate structures. The synthesis of a short trivalent T antigen glycopeptide was reported by
Guo. The approach benefited from straightforward work-up steps due to the O-unprotected glycan
moieties. The convergent synthesis of the peptide part of O-glycopeptides hasbeen performed by
fragment ligations of protected and unprotected peptide segments in organic and aqueous solvents,
respectively. Ligation methods that allow the use of unprotected (glyco)peptides provide the
opportunity to employ segments accessed by both chemical and recombinant means. In an approach
known as expressed protein ligation, Macmillan and Bertozzi coupled chemically synthesized
multiply glycosylated peptide thioesters with recombinant peptide fragments (Macmillan and
Bertozzi, 2004). The peptides were expressed in E. coli as conjugates with a C-terminal chitin-
binding domain. The removal of the chitinbinding domain proceeded through the intermediary
formation of a thioester that was hydrolyzed. Subsequently peptide was treated with factor Xa
protease which cleaved behind C-terminal to the recognition sequence lle — Glu — Gly — Arg. The
exposed cysteinylpeptide was submitted without purification to native chemical ligation with
glycopeptidethioester (Macmillan and Bertozzi, 2004).

Glycan O-acetylation offers a convenient means to stabilize O-glycosidic bonds against
electrophilic cleavage. Using glycosyl serine and threonine building blocks with O-acetyl protected
glycans the Kunz group prepared a host of O-glycopeptides (Dziadek et. al. 2004). For example, a
tandem repeat sequence of the epithelial mucin MUC4 was synthesized on Wang-Tentagel resin.
The synthesis started from Fmoc-Asp(OtBu) resin. The chain assembly was performed by
employing standard protocols of Fmoc solid-phase peptide synthesis. However, the excess of
acylating agents was reduced from ten to two equivalents in the coupling of the precious glycosyl
amino acid building blocks. After the TFA treatment, performed to simultaneously cleave the Wang-
linker and the amino acid side chain protection groups, the glycan moiety was deblocked. The sialic
acid benzyl ester groups were removed by hydrogenolysis followed by mild acetate hydrolysis at
pH 9 (Brocke and Kunz, 2004).
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1.2.3 Enzymatic in vitro synthesis of glycopeptides or glycoproteins

Various types of sugar-modifying enzymes have been used in the synthesis of glycopeptides.
Glycosyltransferases, exoglycosidases, and endoglycosidases have proven to be valuable catalysts
for the formation and elaboration of glycans on glycopeptides.

The biosynthesis of oligosaccharides can be divided into Leloir and non-Leloir pathway
enzymes. In mammalian systems, Leloir pathway enzymes account for the synthesis of most cell-
surface glycoforms. These enzymes catalyze the transfer of a given carbohydrate from the
corresponding sugar nucleotide donor substrate to a specific hydroxyl group of the acceptor
molecule. Non-Leloir glycosyltransferases, which consume sugar phosphates as glycosyl donors,
have not been applied widely in the synthesis of glycopeptides, and will not be discussed further.
Leloir glycosyltransferases are ideal for the synthesis of glycopeptides due to their high regio- and
stereospecific glycosidic linkage formation and high yield. Nevertheless, glycosyltransferases suffer
from two shortcomings. First, the nucleoside diphosphates (NDPs) produced are often inhibitors of
the glycosyltransferase. In addition, the expense of sugar nucleotide (NDP-sugar) can become a
concern for large-scale synthesis. Fortunately, both of these problems can be solved by the use of
multi-enzyme sugar nucleotide regeneration, wherein the product inhibition is avoided and expense
reduced by recycling catalytic amounts of the NDPs to NDP-sugars (Wong et. al. 1982). Another
obstacle is the availability of a wide diversity of glycosyltransferases. Though enzymes for all
desired glycosidic linkages have not been isolated, several glycosyltransferases are available

commercially and many others can be expressed recombinantly or isolated from tissue sources.

1.2.3.1 Use of glycosyltransferases for the synthesis of O-glycoproteins
Leloir glycosyltransferases are a favorable tool for the synthesis of O-linked glycopeptides,

as the enzymatic transfer of individual monosaccharides to a preformed simple O-linked glycan of a
synthetic glycopeptide is more convenient than difficult chemical glycosylations involving issues of
protecting group manipulation and stereoselectivity. Such elaboration of glycans was used in the
synthesis of glycopeptides containing an O-linked sialyl-Lewis-X (SLeX) tetrasaccharide, a
glycopeptide fragment of P-selectin glycoprotein ligand-1 (PSGL-1), and tumor associated Tn
(GalNAcaThr/Ser)-antigens and T (Galal-3GalNAcaThr/Ser)-antigens and their sialylated forms.
Various glycoforms of SLex, SLea, and their sulfated derivatives are moieties on adhesion
molecules that are recognized by selectins. Interactions between selectins and their ligands leads to
a “rolling” of the leukocyte on the endothelial cell surface as an inflammatory response to an injured

site. In an effort to construct specific glycoforms of SLex of interest to the study of cell-cell
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adhesion, an O-linked glycopeptide containing S-linked GICNAc was elaborated sequentially with
p1,4-galactosyl-, a2,3-sialyl-, and al,3-fucosyltransferases to yield a SlLex tetrasaccharide-
containing glycopeptide (Seitz and Wong, 1997). The enzymatic glycosylation of the O-GIcNAc-
octapeptide substrates was performed both in solution and on solid support, highlighting the
flexibility of glycosyltransferases in chemoenzymatic methodologies for glycopeptide synthesis.
More recently, a similar approach has been reported for the chemoenzymatic synthesis of
glycopeptides with a spacer between the SLex or SLex mimetic glycan and peptide (Matsuda et. al.
2001).

Another example can be synthesis of glycoproteins containing mucins. The most common
O-linked carbohydrates in eukaryotes are the mucins, which contain a core structure represented by
the Tn- and T-antigens. Sialylated Tn- and T-antigens are expressed in low levels in many normal
tissues but can become expressed abundantly in several types of human malignancies. In addition,
mucins are involved in inflammation and cellular recognition. Due to such important biological
connections, efficient methods for the preparation of Tn- and T-antigens and their sialylated forms
have been realized. Chemoenzymatic syntheses of the «2-3sialylated T-antigen, including the
glycosyl amino acid NeuSAca2-3Galf1-3GalNAca- threonine and a neoglycopeptide, using the
sialyltransferase ST3Gal, it has been reported (Gamblin et. al. 2009).

1.2.3.2 Use of glycosyltransferases in the synthesis of N-glycoproteins
The synthesis of N-linked glycopeptides is also enhanced by chemoenzymatic approaches

incorporating the use of glycosyltransferases, with advantages analogous to those realized with O-
linked glycopeptides. Similar to O-glycopeptides, the use of sialyltransferases is favorable as
chemical introduction of sialic acid and deprotection of sialylated glycans remains challenging.
Earlier work highlighted an efficient method for the chemoenzymatic synthesis of N-linked
sialyllactosamine glycopentapeptides using galactosyl- and sialyltransferases in a two-step, one-pot
reaction (Unverzagt et. al. 1990). Slight modification of this procedure was used for the enzymatic
transfer of galactose and sialic acid onto glycopeptides with multiple acceptor sites, and these
multivalent sialoglycopeptides were tested as inhibitors of influenza virus (Unverzagt et. al. 1994).
Additional employment of this method by Unverzagt demonstrated a chemoenzymatic synthesis of
a diantennary complex-type N-linked glycosyl asparagine by means of sequential, one-pot glycan
elaboration with f£1,4-galactosyl- and «a2,6-sialyltransferases (Figure 10 on the next page). In this

case the choice of protecting groups was critical for obtaining unprotected glycosyl asparagine for
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enzymatic glycosylation. This chemoenzymatic approach provides a complex glycosyl amino acids

for chemical synthetic strategies.
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Figure 10. Chemoenzymatic synthesis of an N-linked complex-type diantennary glycosyl asparagine. The
heptasaccharide core was elaborated to a complex-type undecasaccharide by sequential one pot enzymatic

glycosylation.

1.2.3.3 In vivo synthesis of glycoproteins using specialized production cells
In vivo methods for the synthesis of glycoproteins have been established. Such methods,

consequently, are the equivalent of in vivo enzymatic methods, whereby enzymes within the cell are

used for synthetic purposes. Two types of in vivo glycoprotein synthesis have been explored,
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including cotranslational incorporation of an unnatural amino acid by in vivo suppressor tRNA
technology and post-translational modification of glycoproteins via pathway re-engineering in
yeast. In vivo suppressor tRNA technology allows the site-specific incorporation of non-natural
amino acids into proteins (Liu et. al. 2003). This process involves the evolution of an orthogonal
tRNA synthetase and tRNA pair that selectively charges and inserts a selected unnatural amino acid
into the protein in the place of an amber codon TAG. Using this method, engineered E. coli were
used to produce neoglycoproteins and glycoproteins. Neoglycoproteins were generated by in vivo
insertion of p-acetylphenylalanine into recombinant protein followed by chemical modification with
aminooxy saccharides. In addition, homogeneous O-linked glycoproteins were produced by direct
incorporation of the glycosyl amino acids GIcNAc-g-serine (Zhang et. al. 2004), and GalNAc-a-
threonine (Xu et. al. 2004). These glycoproteins containing core monosac-charides glycans were
then elaborated by glycosyltransferases in vitro. Though this method is distinguished for its ability
to introduce glycans site-specifically into proteins, further development of this method is needed to
achieve favorable production levels. Another method for in vivo synthesis of glycopeptides is
pathway reengineering in yeast. N-linked glycosylation occurs in yeast, though conservation with
human glycosylation only exists in the early steps of N-glycan assembly and processing.
Differences in later steps result in high-mannose type glycans in yeast, which are not suitable for
therapeutic human glycoproteins. Thus, efforts have been made to humanize N-glycosylation
pathways in yeast for the production of therapeutic glycoproteins (Wildt and Gerngross, 2005).
Such re-engineering requires altering endogenous N-glycosylation reactions and genetic
incorporation of human N-glycosylation pathways into yeast and other fungi. Although the ability to
humanize glycosylation pathways in yeast has progressed recently, future research is necessary for
efficient yeast strains to be developed for homogeneous human glycoprotein synthesis.

1.2.4 Synthesis and application of glycopeptides and glycoprotein mimetics
Glycan chains of glycoproteins modulate physical and chemical properties of proteins, such
as solubility, viscosity, charge, conformation, and dynamics and thereby can bestow stability and
resistance to proteolytic degradation and can lead to improved protein properties. On the other
hand, the glycans provide unique epitopes for molecular recognition that are involved in cell—cell
communication, cell growth and differentiation, cancer metastasis, bacterial and viral infection, and
they direct protein folding. Oligosaccharides are attached to proteins mainly via an N-glycosidic
bond to asparagine or an O-glycosidic bond to hydroxylated amino acids, such as serine and
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threonine, as is described abow. Whereas all N-glycoproteins share the same core structure, which
is derived from a common biosynthetic oligosaccharide precursor, a variety of carbohydrate -
peptide linkages are found in O-glycoproteins. In the mucins, the GalNAc(a1-O)Ser/Thr linkage
(also called Tn antigen) is found. Another widely occurring O-glycosidic bond is the
GIcNACc(51-0O)Ser/Thr linkage. Less common O-glycosidic linkages include those to hydroxylysine
or tyrosine. The synthesis of glycopeptide and glycoprotein mimetics, represents an alternative
strategy to produce single glycoforms for biological studies. The replacement of a natural structure
with a non-natural one allows study of the influence of distinct structural elements on biological
activity, but has many practical applications as well. Use of chemoselective ligation reactions
makes glycoconjugate synthesis accessible to a broader community. Furthermore, S- and
C-glycosidic bonds for example are more stable than the corresponding O-glycosides (both
chemically and with respect to enzymatic degradation), which leads to an increased half life of a
glycoconjugate within a biological system. Thus, beneficial properties of glycans may be
permanently linked to a protein, which is an important aspect for pharmaceutical applications.

Two major approaches can be distinguished: the linear and the convergent assembly. In the
linear assembly, carbohydrates are coupled to amino acids to give modified amino acids carrying
either mono- or oligosaccharides. These are used as building blocks in solution or solid-phase pep-
tide synthesis (SPPS) to provide glycoconjugates and, respectively.

In convergent approaches, carbohydrates are coupled to presynthesized peptides or to
proteins. Depending on the type of chemistry used for carbohydrate attachment, there might be a
need for protecting groups at the peptide and carbohydrate, an approach which is confined to
synthetic peptides. Conjugation of carbohydrates to full-length proteins is possible via
chemoselective ligation to amino acids with a unique reactivity, for example cysteine residues.
Combined with site directed mutagenesis, this approach allows for control of both site of
attachment and type of saccharide. Alternatively, genetically engineered proteins containing non-
proteinogenic amino acids with a unique chemical reactivity can be employed. Mixed linear and
convergent assembly strategies have also been described. Glycopeptide mimetics or synthesized by
the linear route have been extended in the glycan part by convergent attachment of an
oligosaccharide through chemoselective ligation.

Compared to linear approaches, the convergent synthesis of glycopeptide and glycoprotein
mimetics offers greater flexibility with respect to the sugars attached to a peptide. Thus, the
preparation of several well-defined glycoforms of the same peptide/protein becomes possible. The

approach is also of interest for combinatorial glycopeptide synthesis. If chemoselective ligation
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reactions are employed for the sugar attachment, it is possible to modify unprotected peptides and
even whole proteins.

The biological importance of glycans and the need for pure glycoforms of glycoproteins for
biological studies and pharmaceutical applications have been the major driving forces toward the
development of strategies for the preparation of these structures. The synthesis of glycopeptide and
glycoprotein mimetics allows for structure-activity relationship studies but has many practical
applications as well. Replacement of labile N- and O-glycosidic bonds by more stable C- and S-
glycosides generates compounds with longer half-lives and simplifies their preparation by linear
assembly strategies due to the increased stability of the corresponding building blocks. Convergent
approaches using chemoselective ligation reactions provide access to homogeneous glycoprotein
mimetics that are likely to impact our understanding of how specific glycoforms mediate
physiological processes. Despite the progress made in the field, many challenges remain, e.g., the

development of methods for the controlled introduction of multiple (different) glycans into proteins.

1.3 Immune system and its regulation

Immunology is a science that examines the structure and function of the immune system. It
originates from medicine and early studies on the causes of immunity to disease. The earliest known
mention of immunity was during the plague of Athens in 430 BC. Thucydides noted that people
who had recovered from a previous bout of the disease could nurse the sick without contracting the
illness a second time. In the 18th century, Pierre-Louis Moreau de Maupertuis made experiments
with scorpion venom and observed that certain dogs and mice were immune to this venom. This and
other observations of acquired immunity were later exploited by Louise Pasteur in his development
of vaccinations and his proposed germ theory of disease. Robert Koch confirmed that the
microorganisms are the cause of infectious disease. Viruses were confirmed as human pathogens in
1901, with the discovery of the yellow fever virus by Walter Reed.

Immunology made a great advance towards the end of the 19th century, through rapid
developments, in the study of humoral immunity and cellular immunity. Particularly important was
the work of Paul Ehrlich who proposed the side-chain theory to explain the specificity of the
antigen-antibody reaction; his contributions to the understanding of humoral immunity were
recognized by the award of a Nobel Prize in 1908, which was jointly awarded to the founder of
cellular immunology, Elie Metchnikoff.

The immune system is composed of many interdependent cell types that collectively protect
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the body from bacterial, parasitic, fungal, viral infections and from the growth of tumor cells. Many
of these cell types have specialized functions. The cells of the immune system can recognize and
destroy bacteria, kill parasites or tumor cells, or kill viral-infected cells. Often, these cells are
depended on the other cells type for activation signals in the form of secretions known as cytokines,
lymphokines, and interleukins.

An immune response to foreign antigen requires the presence of an antigen-presenting cell
(APC), (usually either a macrophage or dendritic cell). When an APC presents an antigen on its cell
surface to a B cell, the B cell is signalled to proliferate and produce antibodies that specifically bind
to that antigen. If the antibodies bind to antigens on bacteria or parasites it acts as a signal for
macrophages to engulf and kill them. Another important function of antibodies is to initiate the
"complement destruction cascade.” When antibodies bind to cells or bacteria, serum proteins called
complement bind to the immobilized antibodies and destroy the bacteria by creating holes in them.
Antibodies can also signal natural Killer cells and macrophages to kill viral or bacterial-infected
cells.

If the APC presents the antigen to T cells, the T cells become activated. Activated T cells
proliferate and become secretory in the case of CD4+ T cells, or, if they are CD8+ T cells, they
become activated to Kill target cells that specifically express the antigen presented by the APC. The
production of antibodies and the activity of CD8+ killer T cells are highly regulated by the CD4+
helper T cell. The CD4+ T cells provide growth factors or signals to these cells that signal them to
proliferate and function more efficiently. This multitude of interleukins or cytokines that are
produced and secreted by CD4+ T cells are often crucial to ensure the activation of natural killer

cells, macrophages, CD8+ T cells.

1.3.1 Lymphocytes

Lymphocytes are type of leukocytes (white blood cells) that have major responsibility for
the activities of the immune system. In humans lymphocytes make up 25 to 33 percent of the total
number of leukocytes. They are found in circulation and they concentrated in central lymphoid
organs such as spleen and lymph nodes where the specific immune response is initiated. Two major
types of lymphocytes were found. The first type is B lymphocytes or B cells, which grow to
maturity independend of the thymus. The second type is called T lymphocytes or T cells, this type
migrate to thymus, where develop into adults cells. B and T cells are able to recognize specific
antigens through receptors on their surface. The ability to respond to virtually any antigen comes
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from the enormous variety of lymphocyte populations that the body contains, each of them with a
receptor capable of recognizing a unique antigen. The cells are stimulated by binding to a foreign
antigen, such as a component of a bacterium or virus, a lymphocyte multiplies into a clone of
identical cells. Some of the cloned B cells differentiate into plasma cells that produce antibody
molecules. These antibodies are closely modeled after the receptors of the precursor B cell, and,
once released into the blood and lymph, they bind to the target antigen and initiate its neutralization
or destruction. Antibody production continues for several days or months, until the antigen has been
eliminated. Other B cells, the memory B cells are stimulated to multiply but do not differentiate into
plasma cells; they provide the immune system with long-lasting memory. T-lymphocytes multiply
and differentiate in the thymus into helper, regulatory, or cytotoxic T cells or become memory T
cells. They are seeded to peripheal tissues or lymphatic system. Once stimulated by the appropriate
antigen, helper T cells secrete chemical compounds called cytokines which stimulate the
differentiation of B cells into plasma cells, thereby promoting antibody production. Cytotoxic T
cells, which are activated by various cytokines, bind to and kill infected cells and cancer cells.
There are not only disparaties among T and B cells, but also between subsets of these cells. Every
mature T cells containg marker known as CD3. Most helper T cells carry a CD4 marker, a molecul
that recognizes MHC class Il types. Cytotoxic/supressor T cell containing molecule known as CD8
on their surface. This molecule is able to recognize MHC antigens class I. Different T cells have
different class of antigen receptors either alpha/beta or gamma/delta.

NK cells (natural killer cells) have been described only in 1975 as lymphocytes, which are
able to Kkill without prior stimulation, proliferation and differentiation of some tumor or virus-
infected cells. They are large granular lymphocytes that develop in the bone marrow with other
cells from pluripotent stem cells. Developmentally they are closer to T-lymphocytes - this
relationship became apparent by the recent discovery of T lymphocytes, which bear on their surface
markers characteristic of NK cells (NKR-P1). This group was called NKT and cells are similarly as
the Tc lymphocytes involved in cytotoxic reactions, which are directed against tumor or virus-
infected altered cells. Production of cytokines is also important in the regulation of specific immune
responses, cell differentiation, and cell adhesion. The most important cytokine produced by NK
cells, is INF-y (Horejsi and Bartunkova, 2001), which stimulates macrophages to be converted into
an activated form, an increased expression of MHC class Il and secretion of 1L-12, which is a
significant differentiating factor for Th1l lymphocytes and inhibiting factor for the development of
Th2 lymphocytes. Additionally, NK cells are producers of TNF-o. and B which are necessary for

stimulation (TNF-a) or inhibition (TNF-B) of mitosis, and participate also in inflammatory
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processes. NK cells are also producers of so-called colony stimulating factors (CSF). These factors
stimulate the differentiation of monocytes (M-CSF), granulocytes (G-CSF) and myeloid cells (GM-
CSF). Finally, NK cells are also important in regulating autoimmune responses.

1.3.2 Receptors of lymphocytes

1.3.2.1 B cells receptors (BCRS)
B lymphocytes recognize antigens via their antigen-specific receptors (BCRs). The BCR is a

membrane-bound immunoglobuline and it is this molecule that allows the distinction of B cells
from other types of lymphocytes as well as being the main protein involved in B cell activation. The
receptor is composed of two heavy and two light domains with variable regions on the N-termini of
their polypeptide chains. Formation of a complex between BCR and other transmembrane

molecules CD79a. and CD79 is responsible for full activation of B lymphocytes.

1.3.2.2 T cells receptors (TCRs)
The T cells receptors are composed of two different chains that form the TCR heterodimer

responsible for ligand recognition. CD3 molecules (CD3-gamma, delta, epsilon and zeta), which are
assembled together with the TCR heterodimer, possess a characteristic sequence motif for tyrosine
phosphorylation, known as ITAMs (Immunoreceptor Tyrosine-based Activation Motifs). The TCR
polypeptides themselves have very short cytoplasmic tails,and all proximal signaling events are
mediated through the CD3 molecules (Anderson et. al. 1989). Cytotoxic T lymphocytes activation
is initiated by the interaction of the TCR with antigenic peptides complexed to MHC-1 molecules on
the surface of almost every cell in body, so it can be distinguish between self antigens and foreign
antigens, for example viral-infected cells. Cytotoxic T lymhocytes are very sensitive to amount of
self antigens presented, because increasing of antigen presentation can indicate to malignant cells.
Helper T cell and inflammtory T cell TCR recognize antigen presented on MHC class Il molecules
on surface of antigen-presenting cells such as macrophage or dendritic cells that present antigen to

T or B cells.

1.3.2.3 NK cells receptors
NK cells have two basic types of receptors on their surface: activating and inhibitory.

According their structure we can divide the receptors of NK cells into immunoglobulin and C-type

lectin families.
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Activating receptors

Interaction of membrane receptors with their ligands leads to signal transduction into the
cell. Since most NK cell receptors do not express ITAM motifs within their polypeptide chains, they
associate with signal transmitting adaptor proteins via charged amino acids that are found in the
transmembrane of the receptor. These adaptor molecules are e.g. DAP10 and DAP12, which contain
tyrosine-binding activation immunoreceptors ITAM (Lanier et. al. 1998) motif ITAM
phosphorylation is provided by protein-tyrosine kinases (PTK) of Src group. Signalling is also
using the phosphatidylinositol-3-kinase and PTK ZAP10 and SYK. Another possibility of signal
transmition can be through the G-proteins which are asocciated with the receptors. After ligand
binding the G-proteins consisting of three subunits, a, 8, and vy, disconnect from the receptor. GTP
binds to o subunit instead of the previously bound GDP, which it leads to dissociation into By and
a-complex. Subunits o and By can bind to other enzymes, and influence their activities. Among the
NK cell activating receptors are human NKR-P1, CD69, NKG-2D, mouse NKR-P1A, C, and F, and
CD69, and a group of receptors responsible for spontaneous (natural) cytotoxicity of NK cells,
NKp30, NKp44, NKp46, and CD16, low affinity Fcy receptor responsible for antibody-dependent
cellular cytotoxicity (Smyth et. al. 2002).

Inhibitory receptors

These receptors contain in its intracellular part imunoreceptor tyrosine-based inhibitory
motif (ITIM). To this motif, a protein-tyrosine phosphatase SHP2 and SHP1 is bound that
dephosphorylate protein tyrosine kinases and thereby inhibit transmission of signals. Specific
ligands for these receptors are MHC class | glycoproteins. Human MHC molecules are called HLA
(human leukocyte antigen), which is divided into HLA-A, B, C called classical and HLA-E, F, G
series called nonclassic (Horejsi and Bartunkova, 2001). Among the classical inhibitory NK cell
receptor molecules belong mouse Ly-49 and NKR-P1B/D, and human KIR2DL, KIR3DL and
NKG-2A.

Immunoglobulin receptors

These group of receptors called KIR (Killer Inhibition Receptors) (Biassoni et. al. 2000), so
far have been found only on the surface of human NK cells. They are divided into two subfamilies,
depending on the number of immunoglobulin domains in the extracellular part of molecule. The
first subfamily contains two (KIR2D) and the other subfamily of three (KIR3D) immunoglobulin

domain type. Ligands for these receptors are classical HLA molecules.
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1.3.2.4 C-type lectin family receptors
Lectins were definied as proteins able to specifically recognize and reversibly (non-

covalently) bind saccharide structures (Goldstein et. al. 1980). The lectins contain at least two or
more sugar binding sites in their carbohydrate-recognition domains, as well as other protein
modules which may be soluble or membrane embedded. The lectins have been found in a variety of
species from viruses to plants and humans. The lectins can have variety of functions in organisms as
adhesion molecules (selectins), immune-recognition molecules (mannosa binding receptor) and so
on. Lectins can be classified by different criteria, but the most useful is classification based on
structural and functional properties and similarities. Thus, we can distinguish eight main groups of
lectins: calnexins, P-type lectins, L-type lectins, C-type lectins, I-type lectins, M-type lectins, R-
type lectins and galectins (Dood and Drickamer, 2001). The term C-type lectins is generally used
for the animals to distinguish them from plant lectins (Brewer, 2001).

The C-type lectins were first properly defined in the 80" of the 20th century (Drickamer,
1988). A common feature of this family is called the CRD (Carbohydrate Recognication Doman).
CRD requires calcium ions for its binding activity. The lenght of CRD of C-type lectins is around
125 amino acids. CRD is composed of a highly conserved combination of two a-helixes and two
anti-parallel B-sheets connected by random coils with 14 invariant and another 18 highly conserved
amino acids (Bezouska et. al. 1991). This carbohydrate domain is stabilized by two or more
disulphide bonds. Different binding specificity is provided by the participation of variable loops in
binding site formation. During evolution some members of C-type lectins have lost the ability to
bind carbohydrates or calcium, instead they can gained another substrate specifity (Drickamer,
1999).
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Figure 11. Comparison of NKC gene complex, encoding genes for C-type lectin receptors.

According to amino acids sequence homology we can divide the C-type lectins into seven
different groups: proteoglycans, type Il transmembrane receptors, selectins, collectins, type 1l
lymphocyte receptors, macrophage mannose receptors and free CRD (Drickamer, 1993). From
these groups mainly lymphocyte receptors are expressed on the surface of NK cells. These proteins
contain one CRD on the extracellular C-terminus. Their tertiary structure was initially resolved in
case of CD94 molecule although this domain is somewhat atypical due to the lack of one a-helix
otherwise structurally conserved in CRD (Boyington et. al. 1999). CRD is usually glycosylated and
receptors occur in the form of homodimers (except for heterodimer CD94-NKG2) (Lazetic et. al.
1996).

Genes encoding the lectin receptor of the C-type lectins are located in the NKC gene
complex. In humans, NKC occurs on the 12th chromosome, in mice at the 6th and rats on the 4th
chromosome. The genes for the polymorphic receptor family of Ly-49 and NKR-P1 are located
away from the monomorphic genes for CD69 and CD94 (Figure 11). The group of Ly-49 family
includes nine members of the Ly-49A - Ly-491. Family Ly-49 receptors have inhibitory function for
cell cytotoxicity. These receptors are present on the surface of mouse and rat NK cells. On the
surface of human NK cells have not been discovered yet (Ryan and Seaman, 1997).

It seems that their function in human NK cells has been taken over by KIR receptors. As
more was discovered family of five genes for C-type lectins marked as NKG 2A-E. NKG 2
receptors differ in the extracellular and cytoplasmic parts. This diversity allows great variability of
receptors for their ligands. NKG 2 receptors are usually associated with glycoproteins referred to as
CD94 (Yokoyama, 1998). NKG 2 can not be expressed on the cell surface without the presence of
CD94. CD94 function is not yet entirely clear. Since the intracellular part of CD94 is too short and

contains no signal sequence, it seems that facilitates transport of NKG 2 on the surface of cells.
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1.3.2.5 Ligands of C-type lectin NK cell receptors
Ligands of the C-type can be divided into three major groups. The first group consists of

receptors recognizing MHC class | or similar molecules. The best example is murine Ly-49
(KLRAL) receptor. Ly-49 receptors are inhibitory and serve as a self-recognition system. Murine
Ly-49 is comprised approximatelly from 23 highly polymorphic genes (ly-49A — W) (Dimasi and
Biassoni, 2005). Ly-49A was the first NK cell receptor whose structure in complex with its MHC
class | was solved (Tormo et. al. 1999) and the missing self hypothesis was demonstrated right on
this receptor. Ly-49 was found only in rodents, the same function in humans executes the KIR
immunoglobulin-like receptor. The second member of first group is homodimeric activation
receptor NKG-2D (KLRKZ1), which recognizes stress induced MHC class | ligands MICA and
MICB or viral infection associated ligands ULBP (Lanier, 2005). NKG2/CD94 receptors are the last
subfamily of the first group. This family is conserved in human as well as in mice. NKG2 and CD94
are covalent heterodimers which are responsible for signaling. Various forms are different functions:
isoform A and B are inhibitory and C is activatory receptor. The gene for CD94 occurs in single
form and is known in all species lying close NKG2A, -B, -C gene cluster (KLRC1, -2, -3).

The second group is composed of KLRG1 (MAFA), an inhibitory receptor. These receptors
are expressed on the surface of mature T and NK cells. The ligands for KLRG1 have been found E-,
N and R-cadherin (Li et. al. 2009). Cadherins (named for "calcium-dependent adhesion") are a class
of type-1 transmembrane proteins. They play important roles in cell adhesion, ensuring that cells
within tissues are bound together. They are dependent on calcium (Ca®") ions to function, hence
their name. The cadherin superfamily includes cadherins, protocadherins, desmogleins, and
desmocollins, and more. In structure, they share cadherin repeats, which are the extracelular Ca®*
binding domains. There are multiple classes of cadherin molecule, each designated with a prefix (in
general, noting the type of tissue with which it is associated). It has been observed that cells
containing a specific cadherin subtype tend to cluster together to the exclusion of other types, both
in cell culture and during development. For example, cells containing N-cadherin tend to cluster
with other N-cadherin expressing cells. However, it has been noted that the mixing speed in the cell
culture experiments can have an effect on the extent of homotypic specificity. In addition, several
groups have observed heterotypic binding affinity (i.e., binding of different types of cadherin
together) in various assays (Volk et. al. 1987). One current model proposes that cells distinguish
cadherin subtypes based on kinetic specificity rather than thermodynamic specificity, as different
types of cadherin homotypic bonds have different lifetimes (Bayas et. al. 2005).

The last group of C-type lectin NK cell receptor-ligand pairs are able to recognize another

44



C-type receptors. These receptors are more likely to be conserved during evolution because
receptor-ligand pair are mixed with each other in the NKC gene complex. The first receptor ligand
pair identified in this group were mNKR-P1F and mNKR-P1B/D (Carlyle et. al. 2004).

1.3.2.6 Cytotoxic activity of NK cells
The NK cells are two mechanisms known cytotoxic effect and it is the natural cytotoxicity,

which takes place either via the apoptotic Fas ligand or lytic path in the presence of calcium, and
cellular cytotoxicity dependent on antibody against the target structure (ADCC). After meeting the
target cells with NK cell realize interaction between the surface receptors of both cells,
strengthening mutual ties and run the lytic mechanisms. Target cell after receiving the "kiss of

death™ is dying, NK cells detach from it and goes to other potential target.

Antibody-dependent cellular cytotoxicity (ADCC)

ADCC as one of the mechanisms used by NK cells is part of a specific adaptive immunity.
When the NK cell meets with a cell that is opsonized by IgG antibodies the NK cell trigger the
reaction. On the surface of NK cells occurs stimulatory low-affinity receptor for IgG CD16
(FcgRIII). This receptor binds to the Fc portion of antibodies. CD16 was found in most human and
murine NK cells, activated monocytes and on the surface of T cells. After binding ligand on CD16
leads to activation of PTKase of Src family bound on tyrosine residues in the cytoplasmic ITAM
domen (Leibson, 1997). Further leads to activation of phospholipases, stimulation of
fosfatidilinositol-3-kinase and induction of MAP kinase, leading to increased levels of intracellular
calcium (Perrusia, 2000). Increasing of Ca®* leads to triggering of cytotoxic mechanisms leading to
apoptosis. ADCC has the dominant activity of antibodies against tumor-transformed cells (O’Shea
et. al. 1991).

Lytic way dependent on calcium ions

In the cytoplasm of NK cells is a large amount of cytotoxic granules (specialized
lysosomes), which contain a protein called perforin and proteases called granzyms. After NK cell
recognizing of damaged or otherwise altered cell using of specialized surface receptors, the
cytotoxic granules migrate to the plasma membrane, fuse with it and its contents are poured into the
narrow gap between the two cells (degranulation). The pores created by perforin in the cytoplasmic

membrane (perforin is structurally similar complement protein C9) enter into the cell interior
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granzymy. These in turn cleaves proteasis precursors from the group of caspas in the cytoplasm,
which are thus activated. Caspases affect to other proteins in the cytoplasm, leading to run the
whole series of reactions leading to apoptotic death of target cells (Trapani et. al. 2000). Why
granzymy acts only on the target cell and not damage the cells that secret him it is not yet entirely
clear. One possible explanation is that granzymy are secreted as a whole and then fuse with the

membrane of the target cells without damaging of effector cell.

Fas-Fas ligand path (Fas-FasL)

On the surface of NK cells is a protein called Fas ligand (FasL). This protein belongs to the
TNF (Tumor Necrosis Factor) of the surface molecules. FasL binds to the apoptotic receptor Fas
(CD95) (Ashkenazi, 2002), which is present on the surface of many different cells. By binding to
this receptor are activated a cascade of reactions leading to apoptotic cell death. On the surface of
NK cells express three apoptotic receptors: TRAIL ligand, TNF and already have mentioned FasL.
On the surface of NK cells is also found apoptotic receptor Fas, which provides an important
feedback regulation of NK cells (Montel et. al. 1995). However, some tumor cells use this fact for
security again the attack by the immune system, they express surface FasL and thereby induce

apoptosis of cytotoxic cells.
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2. Introduction to methods

2.1 Molecular biology

The history of molecular biology begins in the 1930s with the convergence of various,
previously distinct biological disciplines: biochemistry, genetics, microbiology, and virology. In
1940, George Beadle and Edward Tatum demonstrated the existence of a precise relationship
between genes and proteins (Beadle and Tatum, 1941). In the course of their experiments
connecting genetics with biochemistry, they switched from the genetics mainstay Drosophila to a
more appropriate model organism, the fungus Neurospora. In 1944, Oswald Avery demonstrated
that genes are made up of DNA (Avery et. al. 1944). In 1952, Alfred Hershey and Martha Chase
confirmed that the genetic material of the bacteriophage is made up of DNA. In 1953, James
Watson and Francis Crick discovered the double helical structure of the DNA. In 1961, Francois
Jacob and Jacques Monod hypothesized the existence of an intermediary between DNA and its
protein products, which they called messenger RNA. Between 1961 and 1965, the relationship
between the information contained in DNA and the structure of proteins was determined and
named as genetic code, which creates a correspondence between the succession of nucleotides in
the DNA sequence and amino acids in proteins. The chief discoveries of molecular biology took
place in a period of only about twenty-five years. Another fifteen years were required before new
and more sophisticated technologies as are polymerase chain reaction (PCR), reverse
transcription, restriction digestions, gel electrophoresis, blotting and probing, DNA or RNA micro
arrays, quantitative PCR amplification and directed-site mutagenesis.

The new techniques and methods are being developed and improved for achieving faster
methods, higher senstitivity or higher yields. For example, we can buy the kit for isolation of
plasmid DNA from bacterial strains. Isolation by this kit takes around one hour. The older protocol
takes around 12 hours. On the other hand is it still necessary to know principle of older methods,

this knowledge can help us in solving problems.

2.2 Recombinant protein expression

Proteins are best expressed in their native cell type under physiological conditions, which
ensure a correct protein synthesis, posttranslation modifications, protein folding or subcellular
targeting. Only a small amount of proteins occur naturally in such amounts that would suffice for

biochemical or structure studies. Of these reasons many various heterologous expression systems
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have been developed to produce of recombinant proteins. The expression systems we can be
divided into two groups: prokaryotic (bacterial) which includes commonly Escherichia coli
expression system and eukaryotic expression system including yeast (Pichia pastoris and
Saccharomyces cerevisiae), baculovirus-infected insect cells, mammalian cells and recently

developed cell-free system (Yokoyama, 2003).

2.2.1. Prokaryotic expression systems

Prokaryotic expression systems are generally easier to handle and are satisfactory for most
purposes. Of these reasons is this system still the most widely used for recombinant protein
expression. More than 90% of all solved protein structures are originated from recombinant
proteins produced in Escherichia coli. This bacteria is very favorite, because we have many
knowledge about its genetic, physiology and complet genomic sequence, which greatly facilitates
gene cloning and protein expression. The high growth rates combines with the ability to express
high levels heterologous proteins and rapid growing to high densities in simple and inexpensive
media. These of properties make E. coli a very useful tool for recombinant protein expression
system. However, expression in E. coli does have some disadvantage, of course. The most
important is inability of posttranslation modifications. It is significant problems, because many
proteins can not be able to fold to native structure or they are not active. Recombinant proteins are
very often produced into insoluble protein agregates called: inclusion bodies. Inclusion bodies
might to be harvested and solubilized in chaotropic reagents and successfully refolded in vitro.

Unfortunately, the refolding yields are very often low, making the whole process ineffective.

2.2.2 Eukaryotic expression systems
Eukaryotic expression systems such as yeast, insect cells or mammalian cells are able to
perform a number of posttranslational modifications such as disulfide bridge formation,
glycosylation or other. Eukaryotic expression systems can be divided into categories based on the
nature of cellular system used for recombinant expression. In this work | will describe only the
yeast expression system Pichia pastoris and Saccharomyces cerevisiae, since these expressions
systems were used for production of recombinant a-NAGA.
Yeasts are favoured alternative host for produce of recombinant proteins. Yeasts combine
some of the advantage of prokaryotic and eukaryotic based expression systems. For example, they

can be grown relative rapidly on simple and cheap media to high cell density. They possess the
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cellular machinery to carry out posttranslational modifications. Added advantages are the
availability of complete genomic sequence, the using nuclear stable high copy plasmids and
ability to secrete the target protein.

Pichia pastoris

The methalotrophyc budding yeast Pichia pastoris was first described by Koichi Ogata in
19609. It was initially intended for single cell protein production by Phillips Petroleum Company
due to low cost of methanol at the time (Ogata et. al. 1969). Phillips Petroleum Company
developed media and methods for growing of Pichia pastoris on methanol in continuous culture at
high cell density (>130 g/L dry cell weight). In the early 1980s, Phillips Petroleum Company
contracted with the Salk Institute Biotechnology Industrial Associates (SIBIA), to develop
P. pastoris as heterologous gene expression system. Researchers at SIBIA isolated the AOX1 gene
and its promoter and develop vectors, strains and methods for molecular genetic manipulation of
P. pastoris. In 1993, Phillips Petroleum Company licensed Invitrogen to sell components of the
system to researchers worlwide.

Pichia pastoris has many of the advantage of higher eukaryotic expression system such as
protein processing, protein refolding and posttranslational modification, while being to easy
manipulate as E. coli. It is easier, faster and cheaper to use than other eukarytioc expression
system. Pichia pastoris shares the advantages of molecular and genetic manipulation with
Saccharomyces cerevisiae, but it has 10 to 100 fold higher heterologous proteins expression
levels. Furthermore Pichia can grow between pH 3-7 without any significant changes in specific
growth and low pH can eliminate the proliferation of many contaminating microorganism. All of
these features make Pichia very useful as expression system.

Saccharomyces cerevisiae

For a variety of reasons, the common yeast Saccharomyces cerevisiae has been used
extensively as a host cell for expression of cloned eukaryotic gene. First, it is single-celled, it is
extremely well known genetically and physiologically, and it is grown readily in both small
culture vessels and large-scale reactors. Second, several string promoters were isolated from yeast
and characterized. Naturally occuring plasmids call 2pum, these plasmids can be used as part of
and endogenous yeast expression vector system. Third, the S. cerevisiae is capable of carrying out
many posttranslation modifications. This yeast normally secretes so few proteins that, when it is

engineered for extracellular release of recombinant protein, the product can be easy purified.
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Saccharomyces cerevisiae is used in baking and brewing industries, so this yeast has been listed in
by U.S. Food and Drug Administration as a “generally recognized as safe” (GRAS) organism.
Therefore, the use of this organism for production for human therapeutic agents (drugs or
pharmaceuticals) does not require the same extensive experimentation demanded for unapproved
host cells. A number of proteins that have been produced in S. cerevisiae are currently being used
as commercial as a vaccines, pharmaceuticals or diagnostic agents. For example at present more
than 50% of insulin is produced by S. cerevisiae. The advantages of recombinant protein
expression in S. cerevisiae are the same as in P. pastoris described above. However, in some cases
expression was low and the yields were modest. In other instances, the recombinant protein was
hyperglycosylated with more than 100 mannose residues in N-linked oligosaccharides chains. The
mannose often alters functions and makes the recombinant protein antigenic. Several approaches
to humanizing yeast N-glycosylation pathway have been attempted over the past decade with
limited success. However recently, was prepared N-glycoengineering strain of S. cerevisiae with
complex type of glycosylation.

The last disadvantage is problem with secretion of recombinant proteins. Proteins were
designed for secretion very often retained in the periplasmic space, increasing the time and cost of
purification. Despite all of the disadvantages is S. cerevisiae still much used as expression system

and exist proteins which was successful expressed only in this yeast.

2.3 Protein renaturation in vitro

Correct protein function (enzymatic activity, binding specifity) is mainly dependent on its
structure and the structure is determinated by amino acids sequence. Even modest changes in
protein structure can result in disfunctions of protein. Bruce Merrifield showed that simple protein
is able to fold in solution spontaneously. On the basic of these experiments we can conclude, that
the amino acids sequence not only determines the structure but also influence the folding of
protein. Although the process of denatured protein refolding is different from folding of newly
synthetized one, the theory of protein folding can be applied to both of these processes. There is a
balance between two kinds of forces - the stabilizing (disulfide bonds formation, van der Waals,
hydrogen bonds, hydrophobic interactions) and the destabilizing (electrostatic repulsion, chain
entropy) and the protein folding is the result of this balance. The stable and correct folding state is

characterized lower value of Gibss free energy. Protein can enter to local minimums (folding
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traps) on the way from unfolded to native conformation which could be hard or even impossible to
continue to fully native conformation. In refolding protein in vitro we try to minimize entering of
protein to local minimums.

Generally the process of in vitro refolding consists of two steps, the denatured protein
(inclusion bodies) solubilization in chaotropic agents such as urea or guanidinium hydrochloride.
The protein is solubilized and transfer into non-denaturing enviroment that could be supplemented
with stabilizing chemicals such as arginine as low molecular chaperone or glycerol and redox
system such as reduced/oxidized glutathione or cysteamine/cystamine for support of disulfide
bonds formation. We can use three main methods for in-vitro refolding: rapid dilution, dialysis and
chromatographic methods.

The principle of fast dilution method is that denatured protein is slowly dropped into the
stirred refolding buffer, what ensures the lowest possible local concentration of unfolded protein
in solution and possibility of correct refolding of protein.

Dialysis method is based on slow exchange of solution through the semipermeable
membrane, however sometimes it is difficult to keep the protein concentration low enough. As the
concentration of denaturing agent is used in high concentration, the dialysis should be done in
several steps. In any of them the concentration of refolded protein should not exceed 0.1 mg/ml,
otherwise the protein could aggregate.

Last widely used refolding techniques are based on chromatographic methods. Gel filtration

or affinity chromatography are the most suitable for refolding of proteins.

2.4 Physical biochemistry

2.4.1 Chromatography

Chromatography is physical methods widely used in biochemistry. Chromatography allows
effective separation of substances necessary for reliable identification and quantification of
components. The distribution of substances based on their different mobility in a two-phase
stationary (anchored) and mobile (moving). Different substances differ in their adsorption
properties, the values of partition coefficients in its dimensions and in their charges, which can all
be used in chromatography for their division of compounds using suitable chromatographic
equipment. Chromatography may be preparative or analytical. The purpose of preparative
chromatography is to separate the components of a mixture for further use (and is thus a form of

purification). Analytical chromatography is done normally with smaller amounts of material and is
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for measuring the relative proportions of analytes in a mixture. The first chomatography
experiments were separation of plant pigments such as chlorophyll at the begining of 20" century.
These separations carried out Rusiian botanist Mikhail Semyonovich Tsvet. The new types of
chromatographic techniques (gas chromatography, paper chromatography and high performance
liquid chromatography) were developed Archer John Porter Martin and Richard Laurence
Millington Synge during 1930s and 1940s. The development tends to higher efficiency, resolution,
sensitivity and reproducibility and shorter separation times, similarly as in other analytical and
separation techniques. The new stationary phases with better hydrodynamic properties and with
different size of the stationary phase particles were developed. The particle size of the stationare
phases is very important for determination of the maximal applicable liquid pressure during
separation.

We can distinguish types of chromatography according the stationare phases and interaction
of sample with this phase (ion exchange, hydrophobic interactions, affinity, size exclusion), and
further by embodiment of chromatography (planar, think layer, column) and type of mobile phase

(gas, liquid).

2.4.2 Analytical ultracentrifuge

Theodor Svedberg invented the analytical ultracentrifuge in 1925 and won the Nobel Prize
in Chemistry in 1926 for his research on colloids and proteins using the ultracentrifuge. The
vacuum ultracentrifuge was invented by Edward Greydon Pickels. It was his contribution of the
vacuum which allowed a reduction in friction generated at high speeds. Vacuum systems also
enabled the maintenance of constant temperature. In 1946, Pickels cofounded Spinco (Specialized
Instruments Corp.) and marketed an ultracentrifuge based on his design. Pickels, however,
considered his design to be complicated and developed a more “foolproof” version. But even with
the enhanced design, sales of the technology remained low, and Spinco almost went bankrupt. The
company survived and was the first to commercially manufacture ultracentrifuges, in 1947. In
1949, Spinco introduced the Model L, the first preparative ultracentrifuge to reach a maximum
speed of 40,000 rpm. In 1954, Beckman Instruments (now Beckman Coulter) purchased the
company, forming the basis of its Spinco centrifuge division.

In an analytical ultracentrifuge, a sample being spun can be monitored in real time through
an optical detection system, using ultraviolet light absorption and/or interference optical refractive

index sensitive system. This allows the operator to determine sample purity, characterize assembly
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and disassembly mechanisms of biomolecular complexes, macromolecular conformational
changes, thermodynamic parameters, determine the subunit stoichiometries and measure of
equilibrium constant. With modern instrumentation, these observations are electronically digitized
and stored for further mathematical analysis. Two kinds of experiments are commonly performed
on these instruments: sedimentation velocity experiments and sedimentation equilibrium
experiments.

Sedimentation velocity is technique which reffer entire time-course of sedimentation, and
report on the shape and molar mass of the dissolved macromolecules, as well as their size-
distribution. The size resolution of this method scales approximately with the square of the
particle radii, and by adjusting the rotor speed of the experiment size-ranges from 100 Da to 10
GDa can be covered. Sedimentation velocity experiments can also be used to study of the complex
composition from multi-signal analysis exploiting differences in each components spectroscopic
signal, or by following the composition dependence of the sedimentation rates of the
macromolecular system, as described in Gilbert-Jenkins theory.

Sedimentation equilibrium experiments are not concerned only with the final steady-state
of the experiment, where sedimentation is balanced by diffusion opposing the concentration
gradients, resulting in a time-independent concentration profile. Sedimentation equilibrium
distributions in the centrifugal field are characterized by Boltzmann distributions. This experiment
is insensitive to the shape of the macromolecule, and directly reports on the molar mass of the
macromolecules. Information that can be obtained from an analytical ultracentrifuge include the
gross shape of macromolecules, the conformational changes in macromolecules, and size
distributions of macromolecular samples. For macromolecules, such as proteins that exist in
chemical equilibrium with different non-covalent complexes the number and subunit

stoichiometry of the complexes and equilibrium constants can be studied.

2.4.3 Mass spectrometry

Mass spectrometry (MS) is an analytical technique for the determination of mass to charge
ratio (m/z) of the charged sample molecules. Further more it could be used for for elucidation of
protein or peptide structure. The principle of this technique is ionization of sample molecules and
determining the mass-to-charge ratio of created ions in the gas phase from their behavior in the
electromagnetic field. Furthermore the complex molecules could be fragmented and m/z ratio of

these fragments could be measured.
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The history of mass spectrometry dates back more than one hundred years and has its roots
in physical and chemical studies regarding the nature of matter. The study of gas discharges in the
middle 19" century led to the discovery of anode and cathode rays, which turned out to be positive
ions and electron. Improved capabilities in the separation of these positive ions enabled the
discovery of stabel isotopes of the elements. The first such discovery was with the atom neon,
which was shown by MS to have at least two stable isotopes: neon-20 with 10 protons and 10
neutrons and neon-22 with 10 protons and 12 neutrons. In 1950s was mass spectrometry used as
the detector in gas chromatograhy. Chemical ionization was developed in 1960s, field desorption
ionization in 1969s. Fourier transform ion cyclotron resonance mass spectrometry was developed
by Alan G. Marshall and Melvin B. Comisarow at the University of British Columbia in 1974. The
inspiration was earlier developments in conventional ICR and Fourier Transform Nuclear
Magnetic Resonance (FT-NMR) spectroscopy, following electrospray ionization and MALDI
ionization. To data the most powerful mass spectrometers are able to determine the mass of large
proteins (>100 kDa) with resolution of less than 1 Da.

Each mass spectrometer is composed from three parts: ion source, mass analyzer and
detector. In protein science the most common ion sources are matrix-assisted laser desorption
ionization (MALDI), when the sample is co-crystallized on the target plate with matrix, and
electrospray ionization (ESI), when the sample is ionized and transferred into the gas phase using
electric field. The most useful analyzers are time-of-flight (TOF), quadrupole, quadrupole ion-trap

and Fourier transform ion cyclotron resonance.

Detergents and mass spectrometry

Detergents represent indispensible tools in protein research. They are widely used for
isolation and solubilization of membrane proteins, isolation of lipid rafts, or as antiaggregating
agents in protein in vitro folding and crystallization. Even though they can prove extremely useful,
their presence may also have tremendous impact on the protein sample or its subsequent analysis
by mass spectrometry (MS). Depending on the concentration, detergents may cause signal
suppression, adduct formation, and shape distortion of protein signals. Polyoxyethylene based
detergents (POE) negatively affect the analysis even at very low concentrations. Alkyl-glycosides
are less harmful and reasonable spectra can be acquired in their presence, although they may cause
charge state shifts in the protein spectra.

Removal of detergents is mainly based on two principles, chromatography or extraction.

Chromatographic methods separate the proteins/peptides from detergent based on their different
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hydrophobicity or charge. lon exchange chromatography works well for ionic detergents but can
be also used for selective trapping of proteins/peptides from mixtures with nonionic detergents.
Specific arrangements include mixed bed resin (e.g., NID trap from MichromBioresources).
Separation based on hydrophobicity utilizes HILIC columns from which the NID elutes first and
the proteins/peptides are eluted by decreasing percentage of organic solvent. Despite several
advantages, HILIC columns do not offer separation efficiency comparable to reversed phase (RP)
chromatography. Yeung et al. have used ethyl acetate for quantitative removal of alkyl-glycosides
and for partial removal of POE-based detergents like Triton X-100 and NP-40. Another work, also
based on ethyl acetate extraction, described removal of ionic sodium desoxycholate. Extraction
protocols similar to those mentioned above for intact proteins can be applied to peptide mixtures
as well. One advantage is that due to the digestion large hydrophobic polypeptides are very often
split into shorter and less hydrophobic peptides. Nevertheless, all techniques for detergent removal
are suffering from some drawbacks. As stated above, dialysis and adsorption techniques are more
suitable for detergent exchange or for lowering their concentration. Precipitation can be
problematic with small sample amounts and some proteins may be difficult to redissolve. The use
of polyacrylamide gels may result in lower recovery or loss of larger and hydrophobic peptides.
Specific precipitations may cause losses of hydrophobic protein/peptides, as these can
coprecipitate with the detergent. Chromatographic techniques can, especially in the ion exchange
mode, also suffer from losses of specific peptides. This behavior depends on the conditions of
chromatographic separation and represents a problem mainly for complicated peptide mixtures
covering a broad range of isoelectric points. In the HILIC mode, phase separation may occur at
higher salt concentrations. Extraction with organic solvents is not very efficient and several
extraction steps must be performed to remove the detergent quantitatively. In addition,
hydrophobic peptides can easily be lost as they may partition into the organic phase and, with
lower volumes, it might be difficult to aspirate the solvent from the organic phase due to low
viscosity and convex meniscus. But the major disadvantage of extraction techniques remains in

their “offline” arrangement (Rey et. al. 2010).

2.4.4 Electron microscopy

An electron microscope is a type of microscope that uses a particle beams of electrons to
illuminate the sample and produce a magnified image. Electron microscopes (EM) have a greater
than a optical microscope, because electrons have wavelengths about 100,000 times shorter than
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photons, and can achieve better than 50 pm resolution and of up to about 10,000,000 x. The
electron microscope uses electrostatic and electromagnetic "lenses" to control the electron beam
and focus it to form an image. These lenses are analogous to, but different from the glass lenses of
an optical microscope that form a magnified image by focusing light on or through the sample. In
transmission, the electron beam is first diffracted by the sample, and then, the electron microscope
“lenses" re-focus the beam into a Fouriere-transformed image of the diffraction pattern for the
selected area of investigation. The real image thus formed is magnified by a factor ranging from a
few hundred to many hundred thousand times, and can be viewed on a detecting screen or
recorded using photographic film or plates or with a digital camera. Electron microscopes are used
to observe a wide range of biological and inorganic samples including microorganism, cells, large
molecules, metals and crystals. The history of electron microscopy began in 1931s by German
physicists Ernst Ruska and Max Knoll, who constructed first prototype of electron microscopy.
Five years later (1936) developed Helmut Ruska applications for the microscope, especially for
biologic samples. Manfred von Ardenne constructed the first practical electron microscope in
1938, at the University of Toronto. Two years later company Siemens produced the first
commercial transmission electron microscope (TEM).

We can divide electron microscopy to four groups: transmission electron microscope
(TEM), using transmitted electrons, scanning electron microscopy (SEM), using secondary
electrons. Unlike the TEM, where electrons of the high voltage beam carry the image of the
sample, the electron beam of the scanning electron microscopy does not at any time carry a
complete image of the sample. The SEM produces images by probing the specimen with a focused
electron beam that is scanned across a rectangular area of the sample (raster scanning). The third
group is reflection electron microscopy (REM), where same as in TEM and electron beam is
incident on the surface of the sample, but instead of using transmission or secondary electrons, the
reflected beam of elastically scattered electrons is detected. The last group is scanning
transmission electron microscopy (STEM). The STEM rasters a focused incident probe across a
sample has been thinned to facilitate detection of electrons scattered through the sample. The high
resolution of the TEM is thus possible in STEM.

56


http://en.wikipedia.org/wiki/Manfred_von_Ardenne

Aims of the thesis

e To determine amino acid sequence of native of a-NAGA isolated from filamentous fungi

Aspergillus niger.

e To develop expression system suitable for recombinant expression of oa-NAGA in

enzymatic active form.
e To develop the optimal conditions providing sufficient amount of a-NAGA.

e To develop purification protocol providing sufficient amount of a-NAGA for functional and

structural studies.
e To investigate biochemical and enzymatical properties of a-NAGA.

e To determine N-glycosylation sites of a-NAGA.
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3. Methods

3.1 Molecular biology methods

DNA cloning is a process of obtaining multiple copies of desired DNA (usually a gene of
interest) in vitro. It could be include processes such as RNA isolation, reverse transcription, PCR
amplification or DNA manipulations such as restriction, ligation into vectors. In this thesis DNA
cloning usually followed this workflow: RNA isolation using RNeasy Plant Mini Kit (QIAGEN),
reverse transcription (SuperScript Ill, Invitrogen), PCR using DeepVent DNA polymerase,
restriction digestions and ligation into pBlueScript SK+ (Strategene) was used for routine cloning
in XL-1 MRF' Blue (Stratagene) or NovaBlue competent cells (Merck). Vector pET30a+ was used
as expression vector for E. coli expression, while pPICZo and pYES2CT were used for
electroporation of yeast expression system Pichia pastoris and Saccharomyces cerevisiae.

Isolation of poly(A) RNA and construction of a cDNA library

A submerged culture of Aspergillus niger was cultivated for 48 hours. Fresh mycelium (4 g,
wet weight) was frozen with liquid nitrogen and homogenized. Total RNA was prepared using an
RNeasy Plant Mini Kit (QIAGEN). First-strand cDNA was synthesized directly from the total
RNA by Moloney Murine Leukemia Virus reverse transcriptase (Invitrogen), and the second strain
was synthesized by DeepVent DNA polymerase (Invitrogen). These cDNAs were purified using a
DNA purification kit (Genomed).

Cloning the cDNA encoding a-NAGA from Aspergillus niger

I have to divide the preparing of cDNA encoding a-NAGA to three parts according to
which expression system was used.

Firstly, the prokaryotic expression system E. coli was used. One set of primers was
designed to amplify the a-NAGA gene. A sense primer (5-TTCCATATGGGCTTCAA-
CAATTGGGCCCGC-3") containing the Ndel restriction site (underlined) and antisense primer
(5’'-CCAAGCTTATCAGAGCCGGAAGACTGCTGTCGC-3") containing HindIII site
(underlined). The fragments were amplified using Pfu DNA Polymerase (Invitrogen) and a
Thermal Cycler GeneE (Techne). The PCR product (fragment 1462 bp) was amplified and ligated
into the Bluescript Il SK- vector (Invitrogen) and transformed into E. coli BL21-DE3 (Strategene).
The resultant plasmid, Bluescript 11 SK/a-NAGA was confirmed by restriction digestion and
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sequencing. The Bluescript Il SK/a-NAGA plasmid was digested by Ndel and Hindlll and the
gene product was ligated into pET30a+ (Invitrogen).

Pichia pastoris as second expression system was used. These primers were designed for
this expression system: a sense primer (5'-CCGGAATTCATGGGTTTCAACAATTGGGCCCGC-
3) containig EcoRI restriction site (underlined) and antisense primer (5'-
ATTTCTAGATTAGCCATCCCTCTCATAAAGACACGACTT-3") containing restriction —site
Xbal (underlined).

Saccharomyces cerevisiae was used as last expression system. Primers for this expression
system are: A sense primer (5-TATTCTAGAATGGGTTTCAACAATTGGGCCCGC-3")
containing the EcoRl site (underlined) and antisense primer (5'-
ATTGAATTCTTAGCCATCCCTCTCATAAAGACACGACTT-3") containing the Xbal restriction
site (underlined) were designed on the basis of the known amino acid sequence.

The fragments were amplified using the same DNA polymerase and the same conditions as
in E.coli expression system described above. The PCR product was amplified and ligated into the
Bluescript 1l SK- vector (Invitrogen) and transformed into E. coli BL21-DE3 (Strategene). The
resultant plasmid, Bluescript 1l SK/a-NAGA, was confirmed by restriction digestion and
sequencing. The Bluescript Il SK/a-NAGA plasmid was digested by EcoR1 and Xbal and the gene
product was ligated into pPICZa (Invitrogen) in the case of P. pastoris expression system and into
pYES2CT (Invitrogen) in the case of S. cerevisiae expression system.

The expression plasmids containing gene of interest were sequenced and a stocks of
solution of purified DNA were prepared using JETSTAR 2.0 Maxi kit (Genomed).

The expression plasmid pET30a+ was transformated into prokaryotic expression system
E.coli BL-21 (DE3) Gold by methods of heat shock.

Pichia pastoris GS115 was transformed by pPICZa expression plasmid by electroporation
(25 pF, 30 ns, 2.0 kV, MicroPulserTM Electroporator, Bio-Rad) and the transformed cells were
selected on the Zeocin selective plates.

Expression vectors pYES2CT was transformed into S. cerevisiae W303-1A (Invitrogen) by
electroporation (25 pF, 22 ns, 1.2 kV, MicroPulserTM Electroporator, Bio-Rad) and the
transformants were selected on an SC plate supplemented with tryptofan, leucine, adenine and

histidine, without uracil.
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3.2 Protein expression and purification

3.2.1 Recombinant expression in E. coli

In this thesis proteins were produced in E. coli BL-21 (DE3) Gold or in ArcticExpress
E. coli system with cold-active chaperones (Strategene). ArcticExpress competent cells have been
engineered for improved protein processing at low temperatures. These cells co-express the cold-
adapted chaperonins Cpn10 and Cpn60 from the psychrophilic bacterium, Oleispira antarctica.
The Cpn10 and Cpn60 chaperonins from O. antarctica have 74% and 54% amino acid identity to
the E. coli GroEL and GroES chaperonins, respectively, and show high protein refolding activities
at temperatures of 4-12°C. When expressed in ArcticExpress cells, these chaperonins confer
improved protein processing at lower temperatures, potentially increasing the yield of active,

soluble recombinant protein.

E. coli BL-21 (DE3) Gold

Transformed competent cells were cultivated in LB medium containing tetracycline and
kanamycine as a selection marker in Erlenmeyer flasks at 37°C until the optical density of 0.6-0.8
(measured as absorbance at 550 nm), then the production was induced by adding 0.1 mM IPTG.

After 4-8 h of production the bacteria were harvested by centrifugation 5000 x g/15 min.

ArcticExpress BL-21 (DE3) E. coli system

Transformants were cultivated in LB medium containing streptomycine and kanamycine as
a selection marker in Erlenmeyer flask at 37°C until optical density of 0.6-0.8 (measured as
absorbance at 550 nm). The bacterial culture was cold to 12°C and induced by adding 0.1mM
IPTG. After 4-12 h of production the bacteria were harvested. The small amount of bacterial
suspense was disrupted and analyzed for enzymatic activity. Unfortunately, enzymatic activity was
not measured. The protein was produced in form of inclusion bodies. Inclusion bodies were found
in E. coli BL-21 (DE3) Gold expression system, too.

The inclusion bodies were isolated by several freeze - thaw by 5 sonication cycles in 25%
sucrose buffer. Bacterial suspense was centrifugated 5000 x g and the pelet was resuspended in
0.1% Triton X-100 and centrifuged. The last step of isolation of inclusion bodies was washing in
50 mM Tris, 150 mM NacCl, pH 7.4.
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3.2.1.1 Protein refolding in vitro
a-NAGA produced in E. coli, was produced in form of inclusion bodies. For these reasons
was carried out renaturation in vitro. The enzyme was renaturated using two methods, rapid

dilution and dialysis.

Rapid dilution

Isolated inclusion bodies were dissolved in denaturating buffer (6 M guanidinium
hydrochloride pH 8.0 or 8 M urea both with addition of 100 mM DTT). The refolding was done
by adding dissolved inclusion bodies to appropriate pre-chilled refolding buffer. The refolding
buffer consisted arginine as a low molecular chaperon, cysteamine/cystamine or ox/red glutathione
as a redox pairs and ihibitors of proteases as PMFS, leupeptin, pepstatin. The concentration of

arginine and redox pairs was changed in developing of renaturating protocol.

Dialysis

Isolated inclusion bodies were solubilized in the same denaturating buffers as in rapid
dilution methods. The solution was cleared from insoluble material by centrifugation at 30,000 x
g for 30 min. The mix was dialyzed twice at 4°C against 1 L of renaturating buffer.

For finding of optimal conditions of renaturating of a-NAGA the i-Fold refolding kit

(Merck) was used, too.

3.2.2 Recombinant expression in yeast expression system
For expression of a-NAGA two expression systems Pichia pastoris and Saccharomyces

cerevisiae was used.

Pichia pastoris

Using a single colony 25 ml of BMGY in a 250 ml baffled flask was inoculated. Cell
suspense was cultivated at 28°C in a shaking incubator (300 rpm) until culture reaches an ODggo
4-6 (~16-18 hours). The cells will be in log-phase growth. Cells were harvested by centrifuging at
3000 x g for 5 minutes at room temperature. Supernatant was decanted and pellet was resuspended
to an ODggo of 1.0 in BMMY medium to induce expression. Culture was placed in 1 liter baffled
flask. 100% methanol to a final concentration of 0.5% was added every 24 hours to maintain

induction (Pichia expression kit, Manual, Version M, Invitrogen).
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The concentration of methanol as an inductor, time of cultivation, volume of cultivation

media and the shape of cultivation flasks were changed for getting the recombinant enzyme.

Saccharomyces cerevisiae

Precultures were prepared by inoculating 15 ml of SC selective medium containing 2%
glucose, tryptophan, leucine, adenine and histidine, without uracil with a single colony of S.
cerevisiae W303-1A containing the pYES-2CT/ a-NAGA construct. After overnight growth at
30°C and 220 rpm, the pellets were collected by centrifugation, resuspended in 200 ml of SC
selective medium as above but with the 2% glucose replaced by 2% galactose, and the culture was
incubated at 30°C and 220 rpm. The cell suspenze was harvested by centrifugation. After
centrifugation, the yeast pellet was resuspended in lysis buffer composed of 50 mM citrate
phosphate (pH 3.5), 5% glycerol, 1 mM PMSF and 1mM dodecyl maltoside. An equal volume of
acid-washed glass beads (r = 0.25-0.5 mm, Pierce, DE) was added. The cells were disrupted by
vortexing for 30 s, followed by 30 s on ice (repeated four times for complete cell lysis). The
mixture was centrifuged and the supernatant transferred into a fresh microcentrifuge tube for the

enzyme activity assay.

3.2.2.1 Enzyme activity assay
a-NAGA and o-GA activities were assayed using o-nitrophenyl N-acetyl-a-D-

galactosaminide (0-NP-a-GalNAc) and p-nitrophenyl o-D-galactosidase (p-NP-a-Gal) as a
substrate, respectively. One unit of enzymatic activity was defined as the amount of the enzyme
releasing 1 umol of o-nitrophenol per minute at 50 mM citrate-phosphate buffer at pH 3.0 and
35°C. After incubation of the reaction mixture at 35°C for 10 min, liberated o-nitrophenol was
determined spectrophotometrically at 420 nm under alkaline conditions (50 pl of the reaction
mixture was added to 1 ml of 0.1 M Na,COs3); 0-2 mM o-nitrophenol was used for calibration.
"1-GA activity was assayed as described above, p-nitrophenyl-a-D-galactopyranoside was used as
a substrate (p-NP-a-Gal, Sigma, Czech Republic).

Kinetic values were determined as described above using o-NP-a-GalNAc within the
concentration 0.5-5.0 mM. All data were measured in triplicates. The effect of pH on a-NAGA
activity was measured at 35°C as described in the enzyme assay, 50 mM HCIl—glycine buffer was
used for pH 1-3 and 50 mM citrate-phosphate buffer for pH 3-7. Every assay of the enzyme at
different pH values was paralleled with appropriate blank void of enzyme. No differences of the
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solubility of the o-NP-a-GalNAc (final concentration 2 mM) with respect to pH values were
observed. All data were measured in triplicates.
Protein concentration was determined according to Bradford using a Bio-Rad Protein Assay

kit, with bovine serum albumine as the standard.

3.2.3 Purification of the recombinant enzyme

A BioSys HPLC System with a UV and conductivity detector (Beckman-Coulter) was used
for all chromatography steps. The purification of the enzyme stared by HIC chromatography on
the column Phenyl-Sepharose HR column (2.6 x 10.6 cm, Merck), followed by cations exchange
chromatography S-Sepharose FF column (1.6 x 12.5 cm, Merck) and as the last chromatography
Superdex 200 10/300 GL gel filtration column (1.0 x 30 cm, Amersham Bioscience) was used.

The best yield of the active enzymes was determined by the combinations of purification
steps. Firstly, the chromatofocusing column (Mono P 5/200 GL Amersham Bioscience) instead of
Superdex 200 10/300 GL gel filtration column was used. It was observed that the change of this
step provide the same yield of recombinant enzyme and the buffer for gel filtration column is
cheaper then the buffer for chromatofocusing.

3.3 Sedimentation velocity and sedimentation equilibrium
measurements

Sedimentation analysis was performed using a ProteomeLabXL-I analytical ultracentrifuge
equipped with an An50Ti rotor (BeckmanCoulter). The protein (0.4 mg/ml) was dialyzed against
50 mM sodium-citrate buffer (pH 3.5, used also as a reference and sample dilution buffer). The
sedimentation velocity experiment was carried out at 40,000 rpm and 20°C, absorbance scans
were recorded at 280 nm in 5 min intervals with 30 um spatial resolution. Buffer density and
a-NAGA partial specific volume were estimated in SEDNTERP 1.09 (www.jphilo.mailway.com).
Data were analyzed with SEDFIT 12.1 (Schutz, 2000). The sedimentation equilibrium experiment
was performed with a-NAGA concentration of 0.13 mg/ml at 10-12-14-16-18-20-22,000 rpm at
4°C. Absorbance data were collected at 280 nm by averaging 20 scans with 10 pm spatial
resolution after 30 h (first scan) or 18 h (consecutive scans) of achieving equilibrium and were
globally analyzed with SEDPHAT 8.2 using a non-interacting discrete species model (Schutz,
2003).
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3.4 Electron microscopy

Negatively stained samples of wild-type and cloned enzyme complexes were prepared in
parallel as follows: drops of enzyme solution in 50 mM citrate-phosphate buffer (pH 3.5), diluted
to approx. 50 ug/ml were applied onto glow discharge-activated carbon coated grids. After
adsorption for 30 s, the grids were negatively stained with unbuffered 2% (wt/vol) uranyl acetate
or unbuffered 0.5% (wt/vol) uranyl formate in water, respectively. The samples were analyzed in a
Philips CM100 electron microscope (FEI, formerly Philips PEO) at 80 kV. Digital images were
recorded using a MegaView Il slow-scan camera (Olympus, formerly SiS GmbH) at a primary
magnification of 64,000, giving a pixel size of about 1 nm. All image processing was done using

AnalySis 3.2 software.

3.5 Mass spectrometry
Sample preparation for amino acids sequencing

For protein identification mass spectrometry and N-terminal sequencing were used.
MALDI TOF MS was used for sequence mapping of tryptic digests. The Coomassie Blue-stained
protein band was excised from SDS-PAGE gel and washed with 0.1 M 4-ethylmorpholine acetate
pH 8.3 buffer containing 50% acetonitrile several times. After complete desalting, the protein was
reduced by tris[(2-carboxyethyl)phosphine hydrochloride] at 75°C for 30 min. After reduction the
alkylation with iodacetamide at 25°C for 60 min in dark was carried out. The gel pieces were
further washed with acetonitrile and rehydrated with water. This step was repeated five times. The
gel pieces were dried in vacuum, rehydrated in 50 mM 4-ethylmorpholine acetate cleavage buffer
containing 10% acetonitrile and 1 pl of trypsin (5 ng/ml) was added. Positive ion mass spectra
were measured on a Bruker ULTRAFLEX 111 TOF mass spectrometer. The spectra of the peptides
were measured in reflecton mode by using a-cyano-4-hydroxy-cinnamic acid in aqueous 40%
acetonitrile containing 0.2% FA (10 mg/ml) as a MALDI matrix.

For N-terminal sequencing, a-NAGA was transferred from 10% SDS-PAGE gel onto
PVDF membrane and analysed by automated cycles of Edman degradation in a Procise 491
Protein Sequencer (Applied Biosystems).

Analysis of the N-glycosylation sites

a-NAGA was resolved on 12% SDS polyacrylamide gel electrophoresis under reducing
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conditions. The Coomassie blue-stained protein band was cut and treated as described above. The
gel pieces were dried in vacuum and rehydrated in the kit deglycosylating buffer; for
deglycosylation of a-NAGA PNG-ase F PO704S Kit and Endo Hf Kit (both New England
BioLabs) were used for 12 h at 37°C. After deglycosylation the gel pieces were prepared for
digesting by trypsine, chymotrypsine, GIuC and AspN, proteinases (sequencing grade, Roche).
The procedures of enzymatic digestion were described previously (Ma et. al. 2003). Positive ion
mass spectra were measured on a Bruker ULTRAFLEX Il TOF mass spectrometer.

N-glycosylation sites were determined by LC/ESI/FTMS. Peptides were separated by
reverse phased ptHPLC system (Agilent Technologies) equipped with a MAGIC C18 column (0.2
x 150 mm, 5 um) (Michrom Bioresources). Peptides were eluted at flow rate of 4 pl/min under
gradient conditions. The column was directly connected to the mass spectrometer. Mass spectra
were acquired on APEX-Qe FTMS instrument equipped with a 9.4 T superconducting magnet
(Bruker Daltonic).
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4. Results

4.1 The a-galactosidase type A gene aglA from Apergillus niger encodes
a fully functional a-NAGA

Among the glycosidases necessary for the synthesis of valuable mimetics for NK cell
receptors are also a-GA and, in particular a-NAGA. This may appear at the first site surprising
since the primary specificity of NK cell receptors is towards the B-linked HexNAc. However, both
our recent work (Veprek et. al. 2006) and the complete analysis of the binding specificity using
oligosaccharide arrays (not published) indicate that these receptors bind also a-linked HexNAc
with nearly equal affinity. Therefore, in collaboration with the Laboratory of Biotransformations at
the Institute of Microbiology v.v.i. we have initiated search for fungal a-GA and a-NAGA.

As a starting point we have used the genome data available from the recently sequenced
genome of Aspergillus niger. a-NAGA are quite rare in nature, but they are known to be
evolutionarily related to a-galactosidases that have been much more widely studied. A BLAST
search for a-GA primary sequences within the A. niger genome revealed five distinct protein-
coding genes. Apart from genes AglA and AgIB that are well characterized, three additional
sequences with sequence identity higher than 33% could be found. These three sequences have not
been characterized well but have hypothetical open reading frames similar to aglB with length
varying from 391 to 431 amino acids. From the point of view of evolutionary relation with other
enzymes it was interesting to note that while aglB has more than 70% identity with many a-GA
from GH 27 family, aglA had nearly similar identity (about 64%) to fungal a-GA as it had to a-
NAGA from Acremonium sp. 413. This relationship opened up a possibility that this gene in fact
encodes a-NAGA (these enzymes are often able to cleave a-GA as well because of the smaller
size of Gal then GalNACc).

This issue has been addressed experimentally by screening a large library of filamentous
fungi (42 strains) and a series of inducers and cultivation conditions for the presence of a-NAGA
activity. Only a single enzyme from A. niger CCIM K2 demonstrated this activity together with
the one of a-GA. The ability of this strain to hydrolyze a-linked GalNAc was ten times higher
than its ability to hydrolyze a-linked Gal. Additional biochemical investigations revealed the large
native molecular size of this enzyme (440 kDa) and its pl (4.8). The Km for o-NP-a-GalNAc was
found to be 0.73 mM, and the optimum activity was achieved at pH 1.8 and 55°C. The enzyme
belongs to retaining glycosidases as proven by NMR investigations (Weignerova et. al. 2008). The

enzyme was isolated to very high purity using chromatofocusing with narrow range polybuffers,
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but the highly purified enzyme still had the dual activity. As the final separation technique applied
at small scale, two dimensional electrophoresis using narrow pH strips was applied that resolved
the preparation into two spots. Both spots were analyzed by N-terminal sequencing and were
shown to differ only in three N-terminal amino acids including one glutamate that was able to

shift this isoform to more acid pl (Figurel2A).
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Figure 12. Summary of sequencing data for enzyme acting as a-NAGA. (A) Separation of prepared
enzymes differing in their indicated N-terminal sequences by 2D electrophoresis, indicating minor
heterogeneity in enzyme preparation confirmed by N-terminal sequencing. (B) Upper lane indicates amino
acid sequence of aglA gene from Aspergillus niger with signal peptide sequence bold. Lower lane shows
summary of sequence data obtained by N-terminal Edman degradation of entire enzyme or isolated peptides
after CNBr cleavage (italics) or by mass spectrometric analysis of peptide fragments.
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Figure 13. Structure of the a-NAGA from Aspergillus niger. (A) Overall fold shows a TIM-barrel with the
active site at the N-terminus, a small domain of eight antiparallel p-strands packed in B-sandwich in the
middle, and a ricin-like domain on the right. The generated model (magenta) is overlaid with the crystal
structure of the homologs a-NAGA from chicken (yellow), with GalNAc and the ricin-like domain from
the xylanase from Streptomyces olivaceoviridis E-86 (green). (B) and (C) Molecular surface of the active
site of aglA enzyme (magenta) and aglB enzyme (yellow) with o-NP-a-GalNAc. The active site of aglA
enzyme has extra space for accommodating the N-acetyl-group of the substrate, while in aglB enzyme this

space is occupied by Trp205.

Alignment of the found AglA sequence against structurally solved a-NAGA revealed high
sequence identity allowing to construct a molecular model of the enzyme (Figure 13). Comparison
of experimentally solved three dimensional structures with our molecular model revealed a
remarkable similarity spaning over evolutionary unrelated species. This finding points to the fact
that all o-NAGA are very similar independenty of their source with regard to both domain
arrangement as well as to the position of individual catalytical amino acid residues. This fact

allows to use the model not only to view the general domain architecture, but even to consider the
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mechanistic detail sof the catalytical process. The molecular architecture of a-NAGA is composed
of catalytic (mellibiase) domain containing TIM barrel, followed by a beta sandwith, and the
C-terminal ricin domain. Related anzymes such as AgIB contain similar catalytic domain buy lack
the C-terminal ricin-like domain. Considering the high evolutionary conservation of these family
of enzymes we could also construct the molecular model of AgIB. Because both these models
were of a very high duality as discussed above, we could perform substrate docking into their
active sites (Figure 13B and C).

Docking of o-NP-GalNAc occurred rapidly a remained stable in 2 ns, although the entire
simulation was run for 10 ns. On the other hand, an attempt to dock the same substrate into the
active site of AgIB led to rapid repulsion, although stable docking in 2 ns was possible for
0-NP-Gal. This confirms that AgIB is a pure a-GA not able to cleave a-GalNAcC.
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Figure 14. (A) Active site amino acids identified for aglA enzyme with bound 2-NP-a-GalNAc after 10 ns
of MD with so-called N-acetyl recognition loop (green), which extends the binding pocket of aglA enzyme
so that it can accept the amino group at the C2-atom. (B) Scheme of hydrogen bonds, created by o-NP-a-
GalNAc with aglA enzyme. (C) Scheme of catalytic mechanism proposed for aglA enzyme, where Asp203

acts as acid/base and Asp131 is responsible for nucleophilic attack at C1.
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The above substrate docking experiments could repeal further mechanistic details about the
catalytic process including amino acids involved in substrate binding and hydrolysis. The overall
size of the substrate binding pocket is usually significantly larger in a-NAGA in order to allow to
accomodate much larger N-acetyl group. Accordingly, small side chain amino acids would be
expected to occur around the acetyle binding site. Indeed, in the case of AglA these amino acid
were Serl70 and Alal73. In addition, there are some amino acids establishing positive interactions
with GalNAc but not with Gal allowing to undertand the much higher afinity for the formel
substrate. In this case such an interaction occured with Lys129 that forms a hydrogen bond with
carbonyle oxygen in GalNAc, and additional Tyr174. Other amino acids are responsible for the
specificity of the enzyme for galacto configuration: Asp53 forms a hydrogen bridge to C4
hydroxyle defining this configuration, and Tyr95 bind the sugar unit. Finally, two aspartates
represent the catalytic residues directly involved in hydrolysis of the glycosidic bonds in the way
that is typical for retaining mechanism: acid/base Asp203 and nucleophile Aspl131. Multiple

sequence alignment confirmed the general validity of these findings.
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4.2 Facile production of Aspergillus niger a-NAGA in yeast

The development of an appropriate system for expression of recombinant a-NAGA appeared
critical for the preparation of sufficient amount of material necessary for the detailed biochemical and
structural studies of the enzyme, and was essential in order to initiate structure-activity investigations
using molecular mutagenesis as well as studies of the role(s) of enzyme glycosylation. These tasks
proceeded in several stages: (a) cloning and sequencing of a-NAGA from the producing strain of A.
niger, (b) attempts to express active enzyme in bacteria (E .coli), (c) attempts to express active
enzyme in the yeast Pichia pastoris, (d) attempts to express active enzyme in the yeast
Saccharomyces cerevisiae.

The gene fragment coding for a-NAGA was obtained from total RNA that was isolated from
cultures of A. niger, in which the production of an enzyme was induced by soya flour (Weignerova et.
al. 2008). Degenerate oligonucleotide primers were designed based on the sequenced native a-NAGA
(see the previous chapter) using sequences specific for AglA, and contained restriction sites for Ndel
and Hindlll, respectively, used for all subsequent manipulations. RT-PCR yielded a single DNA
fragment having approximately 1500 bp containing the entire open reading frame of the enzyme.
This fragment was cloned into Bluescript Il SK+ vector, sequenced, and the DNA sequence was
identical to the one corresponding to AglA gene.

The cloned fragment was transferred to bacterial expression vector pET-30a" assuring the
presence of the initiation methionine created at the Ndel site. The double stop codon was placed at
the Hindlll site to assure efficient termination of translation. The production was tested in several
bacterial strains using different conditions. Conditions optimal for the production of the target protein
were established (0.1 mM IPTG, 37°C, 4 h). However, all produced protein precipitated into
inclusion bodies. Iclusion bodies were isolated, dissolved in denaturating reagens, and numerous
experiments were performed in order to find optima conditions for in vitro refolding. However, all
attempts resulted in precipitation of the enzyme protein, and no soluble protein was obtained. Further
attempts to use commercial iFOLD Kits did not provide successfull results, either.

Next we attempted to produce the active enzyme in a more complex, eukaryotic system
based on a methanotrophic yeast Pichia pastoris. DNA fragment was cloned into the comercial
pPICZa from Invitrogen. The DNA construct was verified by sequencing, transferred into the
production strain by electroporation, and the mixture was plated onto the selection plate with Zeocin.
100 colonies were selected, produced on liquid medium, induced, and enzymatic activity was
measured both in the supernatant and inside the broken cells. However, no measurable activity could

be obtained in any of the tested sample indicating the lack of active enzyme. Many additonal
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optimization tests were performed with regard to methanol concentration used for induction, volume
of culture, the shape of culture flaks, temperature of production etc. However, none of these
optimization provided any condition for the production of active enzyme.

Since the literature search data indicated examples of successfull production of
enzymatically active glycosidases in Saccharomyces cerevisiae (strain W303-1A) (Ashida et. al.
2000) we finally attempted to produce a-NAGA using this expression system. DNA fragment coding
the enzyme was transferred to pYES-2CT expression vector, and the construct was again verified by
DNA sequencing. This strain was transformed by electroporation, and the mixture was plated onto
SC plates based on uracil complementation. Positive colonies were selected, and rapid screening was
performed in 5 ml of medium withdrawing aliquots after 24 h. Aliquots were spun, and activity was
assayed in supernatant and in broken cells. No activity could be detected in the medium, but we could
observe a significant activity in the broken cells. Extensive optimization of production conditions
(volume of medium, volume and shape of culture flask, concentrations of inducers (Gal), production
times and cultivation temperatures. The highest production of intracellular a-NAGA (approximately
0.4 U/mg protein) was achieved in 2 L cultivation flasks containing 200 ml of medium at 30°C with

2% galactose and 72 h of cultivation.
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Figure 15. Time profile of the recombinant intracellular a-NAGA production by S. cerevisiae W303: (A)
SDS-PAGE electrophoresis (B) enzyme activity. Time optimization was carried out at 30°C. Aliquots of the
cell culture were harvested 12, 24, 48, 72, 96 and 120 hours after transfer to the SC medium with Gal as an
inducer. The recombinant a-NAGA was identified as a band with an apparent molecular mass of approx. 76
kDa.

Interestingly, the addition of the detergent into the lysis buffer caused two fold increase in

activity.
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Figure 16: a-NAGA and a-GA activity measured in cell lysates with and without dodecyl maltoside

(detergent) in lysis buffer.

The enzyme purification was achieved with good recovery (Table 2). The enzyme
purification was carried out by four-step chromatography. The majority of the contaminating
proteins were removed by hydrophobic chromatography (Phenyl-Sepharose HR). The subsequent
purification steps were used to remove the other proteins with similar biochemical properties. The
enzyme was purified with a final yield of 12.1%. The specific activity of the recombinant enzyme
against oNP-a-GalNAc was determined to be 42.3 U/mg.

Step Protein  Activity Spec.activity Purity Yield

(mg) (V) (Umg™) (fold) (%)
Cell lysate 378.0 150.0 0.4 1.0 100
Phenyl-sepharose HR 31.4 102.3 3.3 8.3 68.2
S-Sepharose FF 12.8 81.0 6.3 15.8 54.0
Superdex 200 15 41.9 27.9 69.9 27.9
Mono P 5/200 0.4 18.1 42.3 105.9 12.1

Table 2. Purification of the recombinant a-NAGA from Saccharomyces cerevisiae W303-1A. Purity is

related to the starting material.
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SDS-PAGE of the purified a-NAGA revealed one single protein band with an estimated
molecular mass of 76 kDa. This value is higher than the molecular mass calculated from the amino
acids sequence (53961.2 Da) because of extensive protein glycosylation. The enzymatic properties
of a-NAGA were assayed with o-NP-a-GalNAc as the substrate. The recombinant a-NAGA
exhibited a Ky, value of 0.56 mmol/l and pl 4.4 in 50 mM citrate-phosphate buffer (pH 3.5) at 37°C.
The purified enzyme has a pH optimum at 2.0-2.4 (at 37°C) and temperature optimum of 50-55°C
(at pH 3.0). The recombinant enzyme was stable in 50 mM citrate-phosphate buffer within the pH
range 2-4 and at 4°C for several weeks without any significant loss of activity. A loss of activity
(35%) was observed after 2 days of incubation at 37°C. Its enzymatic properties are consistent with
the wild extracellular a-NAGA isolated from A. niger CCIM K2 (Weignerova et. al. 2008).

The pH profil of recombinant a-NAGA was changed, the recombinant enzyme more active
in neutral pH compare to wild-type a-NAGA. This fact predetermines this enzyme for the red blood

cell group A transformation in to the group of H(0), beeing a universal donor.
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Figure 17. Effect of pH on the activity of wild o-NAGA (- -e- -) and recombinant
a-NAGA (—e—).

The molecular weight of the native and recombinant o-NAGA was investigated using gel
filtration and analytical ultracentrifuge. The gel filtration of the recombinant a-NAGA showed two
active forms with estimated molecular mass of approximately 70 kDa nad 130 kDa. The wild a-
NAGA occured only as 70 kDa monomers. The analytical centrifugation confirmed the molecular
mass of both enzymes. All experiments were performed at four various proteins concetrations, at

4°C, and the data was analyzed using the software SEDFIT. The sedimentation coefficients were
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determined of 7.65 and 5.07 in causes of the recombinant a-NAGA. These values corresponded
well with the mass of the dimer and the monomeric form, respectively. Moreover, both monomeric
and the dimeric enzyme forms displayed both o-NAGA and a-GA activity in same ratio.

Finally, the occurrence of the monomer and the dimer species and their ratio remained
constant under various protein concentrations. Both sedimentation velocity and equilibrium
experiments were performed with the protein at 2/3, 1/3 and 1/6 of the initial concentration. There is

no evidence for equilibrium between the two protein forms (Figure 18).
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Figure 18: Sedimentation velocity experiments. The recombinant a-NAGA (A), and native a-NAGA (B),
were analyzed in an analytical ultracentrifuge using sedimentation velocity. Fitted data (upper panel) with
residual plots (middle panel) showing the accuracy of the fit are shown together with the calculated
continuous size distribution c(s) of the sedimenting species (lower panel) at various a-NAGA loading
concentrations. (C) The sedimentation velocity experiments showed that there is no apparent equilibrium
between the two a-NAGA forms, since the decrease in both forms corresponds solely to the decrease in
enzyme loading concentration. (D) Equilibrium sedimentation distribution of recombinant a-NAGA. Upper

panel shows absorbance data with fitted curves (non-interacting discrete species model, lines), lower panel

shows residuals derived from fitted data.
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Electron microscopy technique was used for visualization of the wild-type and recombinant
a-NAGA. Uranyl acetate and uranyl formate was used for staining. The wild-type a-NAGA sample
showed a distribution of small particles with a mean diameter of 6-7 nm and the shapes ranging
from almost isomeric to elongated. The recombinant a-NAGA showed particles with broader size
distribution, with a mean diameter of 7-10 nm. This data are in good agreement with the
sedimentation velocity and gel filtration experiments and confirmed that recombinant a-NAGA is
present in two active forms.

a-NAGA was found to be a glycoprotein. There are eight of potential N-glycosylation sites
located at Asn 14, 52, 58, 88, 168, 320, 401 and 456.

The recombinant a-NAGA was treated with Endo Hf and PNGase F. After Endo Hf
treatment we identified peaks corresponding to the peptides containing N-glycosylation sites based
on increased m/z of peptides containing GICNAc residues (203.079 Da). When a-NAGA was treated
with PNGase F and digested with AspN, new peaks appeared. These peaks corresponded to the
peptides that arose from the conversion of asparagine to asparatic acid as shown in Figure 5b. Six
asparagines of the eight potential N-glycosylation sites in the a-NAGA located at residues 14, 52,
58, 88, 320 and 456 were found to be glycosylated. For example of determination of the N-
glycosylation sites (Figure 19).
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Figure 19. Determination of N-glycosylation sites. (A) a-NAGA was digested with Asp-N and treated with
PNGase F. MALDI-TOF mass spectrometry analysis showed that the high mass peaks had disappeared,
while a new peptide signal at m/z 1128.337 appeared. This peak corresponded to the peptide residue 310-319
(calculated m/z for [M+H]" 1127.337) with a 1 Da mass increase from the conversion of asparagines to
aspartic acid by PNGase F. (B) a-NAGA was digested with Asp-N and deglycosylated with Endo Hf, which
cleaves the bond between two GIcNAc units attached to asparagines. The final peptide has a mass increase of
203, 079 Da. The peptide signal at m/z 2004.157 corresponded to peptide residue 310-325 (calculated m/z for
[M+H]" 1801.076) with a 203.079 Da mass increase for GIcCNAc.
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In conclusion, we prepared stable, active recombinant a-NAGA in large quantities in a
simple eukaryotic system of S. cerevisiae. The notable advantage of our expression system is in
shorter production times, and, up to four fold increase of the enzyme yields compared to the native
production system. Unique properties of this enzyme can find a use for the enzymatic synthesis of
various carbohydrate structures and for transformation of the red blood cell group A to the group of

H (0), the universal donor.
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4.3 Patent application

Czech patent application was preparated on the basic of results with expression of a-NAGA
in yeast expression system Saccharomyces cerevisiae.

The name of patent application is: Expression of active form of a-NAGA from filamentous
fungi Aspergillus niger and its expression in yeast expression system Saccharomyces cerevisiae.

This application refers to a-NAGA enzyme with a-GA activity and preparation of active
form of this enzyme in yeast expression system Saccharomyces cerevisiae.

The patent claims were divided into four points: the first point refers recombinantly prepared
active form of a-NAGA with dual a-GA activity in yeast expression system Saccharomyces
cerevisiae. The second point of the patent claim refers of isolated molecule of nucleic acid coding
amino acids sequence of active form of a-NAGA. The third one was claimed method of preparation
of the nucleic acids and primers (isolation of RNA, transcription of RNA to cDNA, and PCR
amplification with prepared cDNA and designed primers). Production, isolation and purification of
a-NAGA were forming the last claim of this patent application.

The expression and charactezation of a-NAGA has been described above. a-NAGA has
approximately 20% of enzymatic activity in neutral pH. This fact can be used for the red blood type
A transformation in to type H(0), being a universal donor. The next usage can be in preparing of
blood derivates and synthesis of oligo/poly carbohydrate strucutre. All of these applications can be
used in pharmacetutic industry. Due to dual activity of a-NAGA we can use this enzyme as a model

protein for preparing of a-GA with enzymatic activity in lower pH.
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4.4 Cooperation between Subunits Is Essential for High-Affinity
Binding of N-Acetyl-D-hexosamines to Dimeric Soluble and Dimeric
Cellular Forms of Human CD69

CD69 was originally described in 1986 as EA 1 on the surface of human T cells after 12-o-
tetradecanoyl phorbol-13-acetate treatment (Hara et. al. 1986) and later as AIM (activation inducer
molecule) (Cebrian et. al. 1988). CD69 is an important member of C-type animal lectin family
closely related to molecules NKR-P1 and Ly49. CD69 was observed on other immune system cells
(Testi et. al. 1994) and after cloning (Hamann et. al. 1993) it was recognized as C-type lectin. The
CD69 gene is located within the NK gene complex on human chromosome 12. It codes a type Il
calcium-dependent membrane lectin. The identification of the natural ligand for CD69 is a key
critical step for further advancement of our knowledge on the biology of this receptor. The initial
findings that CD69 binds to calcium and certain HexNAc could not be later reproduced using a
somewhat different expression construct. Since then, these discrepancies have been at least partially
explained by careful structural evaluations of the recombinant proteins used for binding studies, as
well as by establishing a direct link between the binding of calcium and carbohydrates. Themost
recent development of efficient structural mimetics of the high-affinity ligand for CD69 opened the
way for manipulating with numerous activities of CD69 at the molecular and cellular level and
provided efficient compounds for further in vivo testing of their immunomodulating properties.

We reported that the binding of HexNAc to soluble CD69 is highly cooperative at molecular
level, and this cooperativity is not seen for Q93A and R134A mutants with disturbed formation of
noncovalent dimers. Similarly at the cellular level, efficient signaling after CD69 crosslinking by
antibody or bivalent ligand is diminished for the above mutants with a damaged subunit cross-talk
more dramatically than for CD69 bearing C68A mutation, and thus lacking the disulfide bridge
forming the covalent dimer identified previously as the critical signaling element.

Several constructs were generated for preparation of highly stable soluble recombinant
CD69 proteins, which is suitable for ligands identification experiments. Preliminary ligand binding
experiments were performed to evaulate the ability of these constructs to bind calcium and
monosaccharide units. In the case of the ability to bind calcium there has not been difference
between the covalent dimeric protein and noncovalent dimeric protein when compared to the
monomeric form. Each of these proteins bound 1 mol of calcium/mol of CD69 subunit with Kd of
approximately 58 uM. On the other hand, significant differences between these protein constructs
were observed with regard to the binding of HexNAc. While the IC50 values for the soluble
monomeric CD69 with regard to binding of the two active HexNAc, D-GIcNAc and D-GalNAc,
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were each approximately 10®° M, these values were about 10 times lower for the covalent dimeric
protein and about 100 times lower for the other two highly stable noncovalent dimeric proteins. The
homogeneity and monodispersity were routinely evaluated for each batch of the produced soluble
dimeric CD69 using SDS electrophoresis under both reducing and nonreducing conditions and gel
filtration. Moreover, the identity, quality, and proper refolding of each batch of the produced protein
were also verified using high-resolution ion cyclotron resonance mass spectrometry, one-
dimensional proton NMR, thermal stability experiments, and tests of the biochemical stability
(Table 3).

Protein Characteristics Td* Td® Td°
CD6CD69WT noncovalent dimers 65 67 65
CD69Q93A dimer/monomer equilibrium 63 62 64
CD69R134A  dimer/monomer equilibrium 62 60 60
CD69RDM monomeric 60 62 61

Table 3. Summary of Stability Properties of Wild-Type Dimeric CD69 and CD69 Dimerization Mutants. (a)
Determined from thermal UV denaturation measurements. (b) Determined from differential scanning

calorimetry. (c) Determined from FTIR spectroscopy.

The D-GIcNACc as the high affinity carbohydrate ligand, together with D-ManNAc were
performed for using of detailed binding studies with soluble dimeric CD69. D-Gal was used as
negative controls in some experiments. The initial evidence for the interaction of the soluble
dimeric CD69 with GIcNAc was obtained by NMR titration. The results of this experiment
confirmed the specific binding of GIcNAc to the dimeric receptor and provided affinity estimation
in the low micromolar range (Kd = 4.0 x 107). On the other hand, no interaction could be seen with
ManNAc under the same experimental conditions. The results from NMR titration were confirmed
by direct binding experiments. When the bound and unbound ligands had been separated by dialysis
under equilibrium. These experiments revealed two binding sites per receptor dimer. The direct
binding experiments enable the degree of saturation at each particular ligand concentration to be
calculated. The resulting saturation curve clearly revealed a striking cooperativity in the highly
specific (Kd = 4.0 x 10”7 M) binding of GIcNAc to the receptor (Figure 20C). These results were
also confirmed by the flourescent titration (Figure 20D).
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Figure 20. Measurements of direct interaction of soluble noncovalent dimer CD69 with ManNAc and
GIcNAc. (A, B) NMR titration of soluble CD69 with ManNAc and GIcNAc, respectively. (C, D)
Concentration dependence of receptor saturation measured by equilibrium dialysis and tryptophan
fluorescence quenching, respectively, using GIcNAc, ManNAc, and Gal as indicated.

The structure changes of soluble CD69 upon ligand binding were investigated by variations
in the hydrodynamic properties of the receptors. These variations were studied by gel filtration
(Superdex 200HR) and analytical ultracentrifugation and compared with the size and structure of
the receptors preincubated with ManNAc as a control. This analysis did not revealed any changes in
hydrodynamic properties after binding of carbohydrate unit into receptor.

In the next step, the interactions of GIcNAc with monomeric subunit of CD69 were studied.
The crystale structure of CD69 dimer was used for construction of CD69 monomeric form. Firstly,
were analyzed the dimer interface for critical residues participating in the dimerization. Two such
residues Q93 and R134, both interacting with residues of the other subunit, could be found. These
residues were mutated to alanine, singly or in combination. The stability of this protein was
comparable to that of the wild type protein. This indicated that the mutations did not results in any
decrease of protein stability. This protein was used for investigation of binding affinity with
GIcNACc too. The results showed that binding to the monomeric subunit of CD69 was much weaker

and noncooperative (Figure 21).
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Figure 21. Binding of GIcNAc to the monomeric subunit of CD69. (A, B) Binding of GICNAc to monomeric
CD69 analyzed using equilibrium dialysis and fluorescence titration, respectively.

The construct for non-covalently dimer receptor contained an extended dimer interface
involved in contacts between the ligand binding domains, as well as the neck regions.However, it
did not contain the C68 residue that participates in the covalent dimerization of the natural form of
CD69 found at the surface of leukocytes. In order to trigger the CD69 is required an efficient
ligand. Interaction of receptors with this ligands leads to receptor cross-linking. Alternatively, we
can used specific antibodies for aggregation. Both forms of activation were used in this
experiments. It was used two specific antibodies against CD69 as well as the HexNAc disaccharide
dimer, which has been previously described as the most efficient carbohydrate ligand. CD69 gene
of interest was cloned into vector suitable eukaryotic expression vector. Jurkat T-lymphocyte
leukemic cell line was transfected with this vector. These clones displaying identical surface
expression of mutated and wild-type forms of receptors. The cellular CD69 with single mutation in
amino acids responsible for the covalent (C68) or noncovalent (Q93, R134) dimerization remained
in dimeric form. The same situation was observed in the double mutants (C68A/Q93A,
C68A/R134A). The triple mutant (C68A/Q93A/R134A) was found as monomeric. This monomeric
form is able to be dimerization by the HexNAc dimer. This dimerization causes extensively cross-
linking and formation of high molecular weight aggregates.

In the last experiment was observed the influence of mutations affecting the dimerization of
cellular CD69 on the ability of this receptor to activate the Jurkat cell line. This activation was
analyze by the increasing of the concentration of the intracellular calcium.

The single mutations in amino acids at the noncovalent dimer (Q93A or R134A) increased

the efficiency of these receptors in cellular signaling. On the other hand, when using ligand cross-
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linking with the N-acetylhexosamine disaccharide dimer, a very low efficiency of cellular signaling

was observed compared to the wild-type.
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4.5 Synthetic GIcNAc Based Fully Branched Tetrasaccharide, a
Mimetic of the Endogenous Ligands fo CD69, Activates CD69, Killer
Lymphocytes upon Dimerization via a Hydrophilic Flexible Linker

The complex saccharide structures are involved in many biologically important signal
transduction processes. They play key role in molecular recognition events contributing to cell-cell,
cell-bacteria, and cell-virus interactions. The lectin receptors are able to recognize carbohydrate
structures present on the surface of the tumor cell. This interaction can initiate lysis of the tumor
transformated cells by the cell of the immune system. In this work we investigated two NK cells
lectin activation receptors, rat NKR-P1 and human CD69. These receptors are unique for their
ability to distinguish between closely related carbohydrate structures and to recognize the HexNAc
in both gluco and galacto configurations. Carbohydrates interact with these lectins over an extensive
surface area, but the structure and position of the oligosaccharide binding sites are unique for each
of the two receptors. Rat NKR-P1 has a binding groove that accommodates the linear
oligosaccharides, whereas sugar-binding sites in human CDG69 are at three separate locations, and
thus branched carbohydrates seem to be preferred. Three series of carbohydrate ligands for NK cells

receptors NKR-P1 and CD69 were prepared (Figure 22).
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Figure 22: Structures of the Synthesized HexNAc Based Oligosaccharides.
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These individual compounds were tested as inhibitors of binding of the soluble radiolabeled
receptor. In the case of NKR-P1, the results indicate that synthesized compounds were average or
poor ligands complared to the GIcNAc control and the p1-4 linkage is preffered to other linkages.
Branching of the oligosaccharide resulted in significant decrease in the inhibitory potencies
independently of the series used. On the other hand more interesting results were obtained in the
case of CD69 receptor. Only minor differences have been found in the linear GIcNAc/GalNAc
series compared to the GIcNAc monosaccharide control. However, hierarchical increase in
inhibitory potencies has been found in the branched GIcNAc/GalNAc series. On the basic of these

results the detailed structure-activity studies were performed with branched GIcNAc.
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Figure 23. Biological testing of the synthesized HexNAc based oligosaccharides using inhibition assay.
Indicated compounds were tested as the inhibitors of binding of the radiolabeled rINKR-P1A (left) or hCD69
(right) to the high affinity GICNAc23BSA ligand. From the complete inhibition curves, 1C% values were

calculated.

The tetrasaccharide 52 achieved 10 000 times better inhibitory activity than the GICNAc

control, therefor has been selected for further experiments as an efficient mimetic.
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H-labeled tetrasaccharide 52 was used for the details of binding parameters of CD69

receptors. In the receptor was one high affinity binding site per receptor subunit with Kd = 3.2 x10”°

M.
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Figure 24. Direct binding of compound 52 to human CD69 receptor: (A) NMR titration of 10 uM soluble
CD69 with the compound 49; (B) binding of 3H-labeled 52 to CD69 followed by equilibrium dialysis; (C,
D) binding of 52 to the dimeric and monomeric form of CD69 followed by tryptophan fluorescence

quenching.

Figure 25. The structure of compounds number 49 and 52.
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The compound 52 has been shown as a suitable mimetic of the complex physiological ligand
for the receptor, however the ligand mimetic must be present in a multivalent (at least bivalent)
form. The tetrasaccharide 52 was efficiently dimerizated using standard chemistry for peptide or

protein cross-linking (Figure 26).
b

(GleNAC):;GleNAe + sat. NH{HCO; — = (GleNAc);GleNAc-NH; + CSCl, —»
52 62
{(GleNAc):;GleNAe-NCS —t s (GlcNAC):GleNAc-NH-CS-NH
63 NH;~(CHa)p-NH3 T~ (cHy,
(GIcNAc):GleNAc-NH-CS-NH
64.n2:65.n4: 66.n6:67.n 8

Figure 26. Reagents and conditions: (a) sat. aq NH4HCO3, 30°C, 7 days; (b) CSCI2, NaHCO3, acetone
H20; (c) 2.4 equiv of 63 per 1 equiv of diamine, CH2CI2, room temp, 2 days.

While the monomeric tetrasaccharide 52 was not active in the test, the dimeric compounds
64-67 proven positive results in precipitation of soluble form of CD69 receptor. The best activity
was achieved with compounds 65. The activity of compounds 68 was comparable with the
monoclonal antibody positive control.

The ability of the dimerized tetrasaccharides enhance the anti tumor potential of the immune
system, was tested short-term cytotoxicity assay. The compound 65 and 68 increased the killing of
human erythroleukemic cells line K562 and the target cell line known to be sensitive for natural
killing. Moreover compound 68 was also active in the case of NK resistant tumor cell line RAJI in
the situation when the other compoun had not effect.

In our last experiments we investigated the influence of tetrasaccharide 68 on suppress of
the growth of experimental tumors and activating of the tumor infiltrated lymphocytes. For this
attempt was preformed using experimental model of mouse B16 melanoma a low metastasis
variant. Compound 68 had the most efficient decreasing the size of tumor at day 26 to day 30. The
same effect had the compounds number 65 and 70 at day 30 after injection of tumor cells. For
screening of Killer cells operating inside tumor cytotoxic activity assay was performed. In this assya
were used tumor infiltrating lymphocytes isolated from animals treated the individual compounds
and assayed after isolation of these cells ex vivo. The compounds 65 and 68 were tested. The
compounds 68 was effectived in both B16 melanoma and NK cell resistence P815 mastocytoma
(Figure 28A, B). The compound 65 had statistically significant effect only in case of P815

mastocytoma tumor line.
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Figure 27. Natural killing assays in the presence Figure 28. Natural killing of tumor infiltrating
of the tested compounds using sensitive human lymphocytes isolated from mice treated with the
cell line K562 (A) and resistant human cell line indicated compounds. Killing of B16 melanoma
RAJI (B). (A) and NK resistant mastocytoma P815 (B)

targets is shown.

On the base of these experiments were found two active compounds number 52 and 68.
Compound 52 is very most efficient ligands for CD69 receptor, which is able to develop effective
activation of NK cells. The compound 68 increases the natural killer activity of the NK cells and

decreases the growth of tumor cells in vivo.
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5. Discussion
The main focus of this thesis was to develop expression system for recombinant production

of fungal a-NAGA. a-NAGA belongs to family of glycosidase.

Glycosides are classified as enzymes catalyzing the hydrolysis of O- or S-glycosides giving
smaller sugar moieties. The next classification of glycoside can also be as exo or endo acting,
dependent upon whether they act at the (usually non-reducing) end or in the middle, respectively, of
an oligo/polysaccharide chain. Glycoside was found in essentially all domains of life. In
prokaryotes they are found both as intracellular and extracellular enzymes that are largely involved
in nutrient acquisition. For example, Bifidobacteria posses neuroaminidases, a-glycosidases, a-GA.
These enzymes allow the organisms to utilize different types of carbohydrates to adapt and compete
in an environment with changing nutritional conditions.

In higher organisms glycosides are found in the endoplasmatic reticulum and Golgi
apparatus where they are involved in processing of N-linked glycoproteins, and in the lysozyme as
enzymes involved in the degradation of carbohydrate structures. Deficiency in specific lysozomal
glycoside hydrolases can lead to a range of lysosomal storage disorders that result in developmental
problems or death. Glycosides are found in the interstinal tracts and saliva where they degrade
complex carbohydrates such as lactose, starch and sucrose. The enzyme lactase is required for
degradation of the milk sugar lactose and is present at high levels in infants, but in most populations
will decrease after weaning or during infancy, potentially leading to lactose intolerance in
adulthood. The enzyme O-GIcNAc-ase is involved in removal of GIcCNAc groups from serine and
threonine residues in the cytoplasm and nucleus of the cell.

Some glycosidases are very extended, for example the glycosidases of higher organism
occurring in ER or Golgi apparatus. However, exist glycosidases which occur very rarely and they
have very often interesting properties. For example, the glycosidases from filamentous fungi have
very low optimum, dual enzyme activity, enzyme activity at high temperature etc. These types of
glycosidase are very often extracellular and inducible. This fact can bring the problem with finding
of new type of glycosidase, because we do not know which organism produce the specific
glycosidase and we do not know the inductor. On the other hand these glycosidases can be used in
many industrial or pharmaceutical applications. Therefore is very important to search the new type
of these enzymes, which can be useful for development of new compounds, drugs or applications.
By detailed studies of these enzymes we can find new relationship between function and structure
or between organisms.

For a typical screen for any given enzyme or other gene product, a functional assay is
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applied: for example, proteases are screened in an assay specific for proteases, amylases are
screened in an assay specific for amylases etc. The existing methods for traditional functional
screening for extra-cellular enzymes are substantially limited to the applied screening assays. This
means that the screening provides only those enzymes for which a functional assay exists. This
method for screening for enzymes or other proteins has the disadvantage of being both time-
consuming and expensive.

A screening for enzymes in fungi can be based on an expression-cloning method, which
combines the ability of S. cerevisiae to express heterologous (fungal) genes with the utilization of
enzyme assays. The fungus of interest is cultivated under conditions that give high-level enzyme
activity; mRNA is prepared from the resulting biomass and a cDNA library is constructed in E. coli
. Plasmid DNA is isolated from subpools of this library and transformed into S. cerevisiae .
Subsequently, the yeast transformants are screened for enzyme activity.

For example (Weignerova et. al. 2008), they reported the screening of collection of
filamentous fungal strains for extracellular a-NAGA activity. In this work were tested 42 strains of
filamentous fungi and 6 inductors under various cultivation conditions. The existing methods for
traditional functional screening for extra-cellular enzymes are substantially limited to the applied
screening assays. This method for screening for enzymes or proteins has the disadvantage of being
both time-consuming and expensive.

The second approach of discovering of new proteins or enzymes can be genome mining. The
principle reason for gene mining is to identify and isolate genes that are characterised and have
special properities. The widespread use and availability of molecular biological techniques have
allowed for the rapid development and identification of nucleic acid sequences. With the availability
of integration of laboratory equipment with advanced computer software, researchers are able to
conduct advanced quantitative analyses, database comparisons and computational algorithms to
seek and identify gene sequences. Genetic databases for organisms such as E. coli, or S. cerevisiae
are available for public. These biological databases store information that is searchable and from
which biological information can be retrieved. The main database is GenBank at the National

Centre for Biotechnology Information (http://www.ncbi.nlm.nih.gov).

Using DNA databases and computer softwares we can compare several DNA sequences of
related proteins/enzymes from different sources. By this comparison we can find evolutionary
conserved sequences of these proteins. On the basic of this conserved sequences we can designed
specific primers and isolated gene of interest. The gene of interest can be cloned into expression

vector and expressed in suitable expression system.
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a-NAGA from filamentous fungi Aspergillus niger is one of glycosidase having unique
properties such as low pH optimum or dual a-GA activity According to enzyme nomenclature of
IUB-MB (International Union of Biochemistry and Molecular Biology) this enzyme belongs to
Hydrolase-Glycosidase-Glycosidase hydrolyzing O- and S- glycosidic linkage. According to CAZY
system prokaryotic a-NAGA belong to enzyme family 36 (Clan GH-D) and eukaryotic a-NAGA to
enzyme family 27 the same clan like prokaryotic enzyme. The CAZy database described the
families of structurally related catalytic and carbohydrate binding modules or functional domains of
enzymes that degrade, modify or create glycosidic bound. In the CAZy are enzymes divided to four
classes Glycosidase-Hydrolase (GHs), Glycosyl-Transferase (GTs), Polysaccharide-Lyases (PLS)
and Carbohydrate-Esterase (CEs). These classes are divided to individual families according the
specific enzyme activities, evolutionary similarity and mechanism of enzymatic reaction.

The phylogenetic mapping showed that the evolution of genes for a-NAGA from vertebrates
is distinct from evolution of genes for a-NAGA from fungi. a-NAGA were evolved from fungal a-
GA occurring in fungi growing on solid substrates, as a way for using compounds containig
terminal a-linkage GalNAc. a-NAGA can occur in organisms in various isoforms, which can be
different in their catalytic activities. The catalytic activity is depend on the place where a-NAGA
occur.

a-NAGA isolated from Aspergillus niger displayed unique properties. The production of a-
NAGA carried out in cultivation medium 6 days at 26°C as the inductor was used soy flour.

The enzyme was optimally active at 55°C and at of pH 1.8. The enzyme deglycosylation
shifted the pH optimum to 1.5. Both enzymes forms were stable at of pH 1.5 — 4 and 4°C. The
enzyme was maintained without loss activity several months. The purified enzyme exhibited a Ky
value of 0.73 mmol/l for o-NP-a-GalNAc in 50 mM citrate-phosphate buffer (pH 3.5) at 35°C. The
dual a-GA activity was also found in the native form of a-NAGA. The dual activity of a-NAGA
was explained by evolutionary mapping of this enzyme class and computer model. On the basic of
this mapping was observed that the a-NAGA is evolved from a-GA described above. The large
differ in active site between a-GA and a-NAGA is so-called binding pocket for N-acetylamine. This
binding pocket was revealed by substrate docking experiments.

On the basic of these properties were decided to prepare the recombinat form of this
enzyme. Since the deglycosylated a-NAGA was active several months without significantly loss of
enzyme activity, prokaryotic expression system Escherichia coli was chose. The gene of interest
was gained from total RNA isolated from Aspergillus niger and reverse transcripted into DNA

sequence. The gene of interest was cloned into prokaryotic expression vector. Two prokaryotic
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expression strains was used. Firstly, E. coli BL-21 (DE3) Gold. In the case of this strain we
observed that the a-NAGA is produced in form of inclusion bodies without enzymatic activity. We
have a lot of experiences with renaturation of recombinant proteins in our laboratory. For these
reasons was tried many renaturation protocols and techniques. Unfortunately, not one was
successful. The E. coli ArticExpressCells were used as a second possibility of expression in
prokaryotic expression system. The advantage of this system is low temperature of production
around 12°C. The low temperature should help to correct protein folding and preclude the
aggregation of proteins to inclusion bodies. Unfortunately, in this case was no observed the
expression of a-NAGA.

This failure can be explained a large glycosylation of the a-NAGA, this posttranslation
modification is probably very important in refolding process.

Of these reasons we decided for using of yeast expression system Pichia pastoris.
Unfortunately, the expression was not success.

As a last expression system was used Saccharomyces cerevisiae. The production of a-
NAGA in this expression system was successful. The recombinant enzyme was purified and
biochemically and enzymatically characterised. Biochemical and enzymatic properties of
recombinant protein was identical except the subunit structure and activity in neutral pH.

The recombinant enzyme occurs in two active forms monomeric and dimeric. The
explanation of these two forms can be in overexpression and the placement of this enzyme inside
the cell. Part of enzyme can occur in the membrane organels, where are other conditions for
refolding of the proteins. The second part of enzyme can be in cytoplasm, where is reduction
enviroment. This hypothesis confirmed the experiments with addition of detergent to lysate mixture.
The enzymatic activity increases two times after addition of detergent. The second differ between
wild-type and recombinant a-NAGA is activity in neutral pH. The recombinant enzyme displays
around 15% activity in this pH unlike the wild-type which has no activity.

The enzyme activity in neutral pH can be used for modification of blood cell type A to H(0)
universal donor, because a-GalNAc is present in A and AB human blood groups. The selective
deglycosylation of a-GalNAc residues from the blood agglutinogen A results in its change to the
agglutinogen H(0). The problems which can occur are several. Firstly, the enzymatic cleavage have
to be very specific. Specificity of enzyme cleavage can be investigated for themselves blood
epitopes. For analysis of epitopes the mass spectrometry, think layer chromatography or HPLC-
PAD can be used. In the case of successful with specific cleavage of themselves epitopes can be

designed the next experiments with blood cells. In these experiments will be necessary to find
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optimal conditions and time for treatment of blood cells, because no cell can stay with epitop A on
the surface. The enzyme can be in soluble form or as immobilized on the surface of some suitable
particulars, which can be placed in column or in plate. The efficiency of the treatment can be
investigated by agglutination test or by flow cytometry.

In case of overcoming of all of these problems, the recombinant a-NAGA would be used as
a very strong tool for preparing of blood derivates or blood cell type H(0) as a universal donor.

In vivo glycosidase catalyse the hydrolysis of glycosidic linkages. In vitro they can catalyse
the formation of a new glycosidic bond either by transglycosylation or by reverse hydrolysis
(condensation). The kinetically controlled transglycosylation requires a glycoside activated by a
good leaving group, whereas the thermodynamically controlled reverse hydrolysis uses high
concentrations of free sugars. Transglycosylation is used more frequently, since with this method it
is more straightforward to influence the regioselectivity of the enzyme and the yield of the reaction
by modifying the reaction conditions. A good choice of enzyme source, suitably modified glycosyl
donors and acceptors, addition of co-solvents or cyclodextrins are good tools for the synthesis of
glycosidic  structures, which are hardly achievable otherwise. In comparison with
glycosyltransferases, 3-N-acetylhexosaminidases have the advantage of broad substrate specificity,
robustness, accessibility and, not least, much cheaper substrates. Until now, [-N-
acetylhexosaminidases from glycoside hydrolase family 20 have been used for synthetic purposes,
but no one a-NAGA.

The synthesis of a novel immunoactive disaccharide f-D-GalNAca-(1—4)-D-GIcNAc is the
variation of a reaction with substrate modified at C-6. This carbohydrate exhibits a high affinity to
the rat NK cell activation receptor NKR-P1 and human NK cell activation receptor CD69. It was
prepared via a transglycosylation reaction and subsequent chemical oxidation. 2-acetamido-2-
deoxy-B-D-galactohexodialdo-1,5-pyranosyl was transfered onto GIcNAc with catalysis by B-N-
acetylhexosaminidase from Talaromyces flavus.

The second example of enzymatic synthesis can be ManNAc and oligosaccharides
containing ManNAc at the reducing end were identified as strong ligands of the rat natural killer
cell activation protein NKR-P1 (Krist et. al. 2001). However, both enzymatic and chemical
syntheses of these compounds failed. The mixture of B-D-GIcNAc-(1—4)-D-GIcNAc and the
desired B-D-GIcNAc-(1—4)-D-ManNAc is easily obtainable by Lobry de Bruyn-Alberda van
Ekenstein epimerization of B-D-GIcNAc-(1—4)-D-GIcNAc (N, N’-diacetylchitobiose), but the
problem is separating the epimers. [3-N-acetylhexosaminidase from Aspergillus oryzae displayed a

surprising ability to selectively discriminate the disaccharide substrates according to their reducing
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saccharide wunit. Thus, N,N’-diacetylchitobiose was selectively hydrolysed by [B-N-
acetylhexosaminidase, whereas its C-2 epimer (B-D-GIcNAc-(1—4)-D-ManNAc) was completely
resistant to the enzyme hydrolysis.

Using the recombinant a-NAGA in enzymatic synthesis of glycomimetic should bring new
possibility in preparing of mimetic and new structures, which can be used as a ligands of many
proteins. Rationale for these attempts are provided by our detailed knowledge of the binding
specificity of NK cell receptors. In particular, in 2005 a paper from our laboratory reported a
surprising finding indicating that rat NKR-P protein bound to comb-like dendrimers bearing a-
linked terminal GalNAc residues (Veprek et. al. 2006). This finding appeared initially very unusual,
since an absolute majority of carbohydrate binding proteins (lectins, enzymes, antibodies etc.)
absolutely distinguishes between a- and B-anomeric conformation. However, the recent data
obtained with mouse NKR-P1C protein using oligosaccharide arrays at CoreH facility of
Consortium for Functional Glycomics appear to confirm this unusual assignment (Figure 30).
Among the oligosaccharides displaying the highest binding of this protein there was, for instance,
glycan 174 having the sequence GIcNAcal-3GalB1-4GIcNACB-Sp8 (6328 + 925 f.u.), glycan 339
with a sequence GIcNAcal-4Galpl-4GIcNAcB1-3Galpl-4GIcNAcB1-3Galpl-4GIcNACB-Sp0
(4568 + 187 f.u.), glycan 87 bearing a sequence GalNAcal-3(Fucal-2)Galpl-4GIcNAcB-Sp8
(3155 + 479 fu.), and glycan 94 with a sequence GalNAcal-4(Fucal-2)Galp1l-4GIcNAcB-Sp8
(2887 + 260 f.u.). a-NAGA does not cleave B-linked GIcNAc (unpublished observations), and most
it will most probably not transfer this carbohydrate residue, either. However, a way is now open for
possible synthesis of GalNAc a-terminated glycomimetics using this enzyme. These syntheses will
be the subject of our future studies.
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Figure 30. Binding of dimeric mouse NKR-P1C(B6) obtained using eukaryotic expression in HEK cells.
This array was recorded with protein labeled using Alexa Fluor 488 at 20 pug/ml. Identification of individual
binding results is provided by Core H facility.

Production of recombinant forms of soluble NK cell receptors is a long-term program in our
laboratory. Ideally, it would be suitable to express the entire extracellular parts of these receptors
including the cysteine residues involved in the dimerization of natural forms of these receptors that
are usually present in the membrane proximal segment of at the very C-terminal end. However, for
practical reasons this is usually not possible, and defining the proper extracellular segment for
expression is a matter of trial and error. The problem is the presence of mutliple cysteine residues
that are very abundant in these proteins which makes their expression very difficult. Usually, either
the short CRD stabilized by two intrachain disulfide bridges or the long CRD having three of these
bridges is expressed together with the flanking segments of the polypeptide. Protocols describing
the production of full-length human CD69 containing the entire extracellular portion including the
membrane proximal dimerization cysteine have been published, but we could not reproduce this

protocol in our laboratory. For these reasons, we prefer to omit the extra cysteine residues (except
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the 6 involved in intrachain disulfide bridging) from expression constructs for bacterial expression.
After in vitro refolding, such protein tend to arrange either as noncovalent dimers (such as CDG609,
chapter 4) or as monomers (many other proteins including mouse NKR-P1C). The outcome of this
refolding is most probably the inherent characteristic of the individual protein, and our possibility to
influence the monomeric or dimeric forms are very limited. For instance, our recent attempts to
produce covalent or even noncovalent mouse NKR-P1 dimers using bacterial expression system had
limited success (David Adamek, personal communication), and such dimers were only obtained
using eukaryotic expression (Figure 30). It would appear that dimeric arrangement of the receptor is
important for ligand identification studies: we could not detect binding of carbohydrates to
monomeric mouse NKR-P1C (Daniel Rozbesky, unpublished), but the identical dimeric protein
provided very nice binding data (Figure 30). Apparently, the presence of multivalent interactions of
the oligosaccharide ligands with the dimeric receptor having multiple carbohydrate binding sites is
needed. This effect should not occur for the monomeric carbohydrate ligands. However, our study
presented in chapter 4 provided evidence for high affinity cooperative binding under this situation
(after dissociation of the subunits using molecular mutagenesis this was effect was lost). We
currently investigate if this interesting effect holds true only for CD69 or if its a general feature of
the entire family of C-type lectin NK cell receptors.

The potential advantage of using enzymes (such as a-NAGA) for the synthesis of
carbohydrate-based mimetics is evident when one considers the complexity of total chemical
synthesis of such compounds. In particular, to prepare highly branched oligosaccharides using total
chemical synthesis is very difficult (chapter 5), and requires specific and efficient synthesis
procedures in order to overcome steric hindering. From this point of view, the availability of
enzymes including a-NAGA would be good way how to overcome this problem, and prepare highly
branched mimetics with terminal GaINAc al- sequences.

In conclusion, | prepared stable, active recombinant a-NAGA in large quantities in a simple
eukaryotic system of Saccharomyces cerevisiae. The notable advantage of our expression system is
in shorter production times, and, up to fourfold increase of the enzyme yields compared to the
native production system. Unique properties of this enzyme can find a use for the enzymatic
synthesis of various carbohydrate structures and for transformation of the red blood cell group A to

the group of H (0), the universal donor.
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Introduction

a-Galactosidases (a-D-galactopyranoside galactohydrolase,
EC 3.2.1.22) occur widely in microorganisms, plants, and ani-
mals and have considerable potentinl in practical applications
(Weignerova et al. 2009). The enzymes encoded by the genes
agid and aglB from Aspergillus niger (Pel et al. 2007) belong
to glycohydrolase (GH) farmly 27, which mainly comprises
a-galactosidases, o-N-acetylgalactosaminidases, and related
enzymes. Fungal a-galactosidases are typically enzymes with
# length of 380-430 amino acids and a highly conserved active
site (Hart ot al. 2000; Ly et al, 2000).

Unlike a-galactosidases, the availability of a-N-acetylgalac-
tosaminidases 15 somewhat lower. These enzymes have so fur
maostly been solated and structurally chamctenzed from ani-
mal sources (Garman et al. 2002) and bacteria (Hsich et al.
2000, 2003). The first human crystal structure was reported oti-
ly recently (Clark and Garman 2009), With respect to the
catalytic mechanism of a-N-acetylgalactosaminidases, a dou-
ble-displacement mechanism using two carboxylate groups as
a catalytic pair is expected with the anomeric configuration of
the leaving monosaccharide unit unchanged (Weignerovd et al.
2008; Clark and Garman 2009),

A deficiency or mutations of «-N-acetylgalactosaminidase in
humans lead 10 4 tysozomal storage disorder causing Kanzaki dis-
case resulting in neurodegenerative pathologies (Clark and
Garman 2009), a-N-Acetylgalactossminidase has been used to
convert blood group epitope A 1o the universal blood group H(0)
(L et al. 2007; Olsson and Clausen 2008), Recently, a promising
candidate from fungt was reported, the o-N-acetylgalactosamini-
dase from A niger CCIM K2 (Weignerova et al. 2008).
Although the agld gene is assigned 10 encode a a-galactosidase,
this study attempts to prove that the experimentally reported -
N-acetylgalactosaminidase is in fact identical with the encoded
enzyme using biochemical, genetic, and structural charactenza-
tion in combination with computational modeling.

The recent sequencing of the entire genome of A, miger (Pel
et al, 2007) opened the possibility of a targeted search for
genes encoding potential a-galactosidases, A BLAST search
for a-galactosidase primary sequences within the A, niger ge-
nome in the non-redundant protein database found five
distinct protein-coding genes, Apart from genes agld and
aglB, there are three sequences with the sequence identity
more than 33%. However, these three sequences are not yet
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charactenized and, therefore, are assigned 1o hypothetical pro-
teins with unknown function (gene 1Ds 4984860, 4978099,
and 4987036). The lengths of the hypothetical open reading
frames are similar to ag/8 and vary from 391 to 431 amino
acids,

Sequence analyses revealed that the enzymes coded by agld
and aglB genes differ in their size and in the amino acids of their
active site. The sequence identity of the two enzymes estimated
by BLAST only reaches 28%. Whereas ag/B has an average se-
quence identity of more than 70% with known a-galactosidases
from the same GH 27 family, the enzyme encoded by agid is
much closer to another cluster of enzymes having 65 78% iden-
tity with various putative a-galactosidases from fungi, as well as
64% identity with the a-N-acetylgalactosaminidase from Acre-
montum sp. No. 413, These relationships opened up the
possibality that this gene in fiasct encodes an a-N-scetylgalacto-
saminidase, e.g., an enzyme characterized as an exoglycosidase
(o-GalNAc-ase, EC 3.2.1.49, GH family 27) specific for the
hydrolysis of terminal «-linked N-acetylgalactosaming in van-
ous sugar chains.

The issuc has been addressed in a large screening study
aimed at obtaining o good producer of extracellular a-N-
acetylgalactosaminidase activity. A library of filamentous fungi
(42 strains) and a series of inducers and cultivation conditions
were examined (\Weignerova et al. 2008), We have observed
the presence of at least four extracellular a-galactosidases
in A. miger culture extructs. However, only a single enzyme
demonstrated «-N-acetylgalactosaminidase activity, too. The
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purified protein from the best producer, A. miger CCIM K2,
exhibited a dual enzyme sctivity and was able to hydrolyze both
2-nitrophenyl-2-acetamido-2-deoxy-a-D-galactopyranoside
(2-NP-a-GalNAc) and 4-nitrophenyl-a-D-galactopyranoside
(4-NP-a-Gal) as its substrate. The specific activity of the puri-
fied enzyme was 33.5 and 3.1 U/mg for the a-GalNAc and the
a-Gal substrates, respectively, under the given experimental
conditions. Thus, the ability to hydrolyze a-GalNAc substrate
was more than tenfold higher compared to the hydrolysis of
«a-Gal substrate. Additional biochemical charactenistics of the
isolated enzyme were also provided, The native molecular
weight was estimated 10 be approximately 440 kDa, and the ex-
perimentally obtained pl was close 10 4.8, The Ky, for 2-NP-a-
GalNAc substrate was 0.73 mM, and the optimum of enzyme
activity was achieved at pH 1.8 and 55°C, The enzyme belongs
to retaining glycosidases as proved by nuclear magnetic res-
onance determination of the o/} pyranose forms of the
monosaccharide formed during the hydrolysis of 2-NP-«-
GalNAc (Weignerovi et al. 2008),

The purity of the isolated «-N-acetylgalactosaminidase was
verified by 2D electrophoresis using narrow pl strips. During
this analysis, the enzyme resolved into two spots, diffening on-
ly in the presence or absence of three N-terminal amino acids
(Ser—lle-Glu) as demonstrated by N-terminal sequencing
(Figure 1A), Mass spectrometry techniques were used for ad-
ditional sequencing that due to their sensitivity used less of the
limited amount of protein material available, The results al-
lowed us to conclude that the protein obtained s encoded by
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Fig. 2. Multiple sey s of the o Agal dase from chivken (pdb code: |KTH), the a-X- Inl Sase from h

(pdbs code; SHAZ), the a-gulactosklase from tee (pdd code TUAS), the a-galactasidase Trichoderma roexed (pdb code: 1SZN) with enzymes encoded by apld and
agl# genes. Amino acids of o-N-acotyigal inidases and o-galactomidases, which are responsible for substrate specificity, arc highlightod in groen aexd
yellow respectively: amano acids commen fo both enzymes are cyan. S dary was assigned with ProCheck (Laskowsks et ad 1991)

the agld gene in the A. miger genome. The overall sequence Alignment of the pnmary sequences of the two enzymes en-
coverage was 67% and thus led 10 an unambiguous assignment  coded by the agld and aglB genes with the primary sequences of
(Figure IB). the available 3D structures determined by X-ray diffraction cn-
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Ricin domain

Fig. 3. Structure of the a-N-acetylgalaciosamenidase from Aspergiline ziger. (A) Overall fold shows o TIM buarrel with the active site ot the N4crminus, a small
domuain of cight antyparafic! (S-straonds packed in (v-sandwach m the middle, snd & noin-like domuin on the nght. The ponerated moded (magonta) i overlind
with the crystal structire of the homokogs o-N-acetylgabictosaminidase from chicken (yellow), with a-N-acesylgalactonamine and the ricin-like domain from
the sylanase from Strepromcey olfwiceoniridis E-86 (groenh (B) and (C) Molecular surfsce of the active sise of agfld enzyme (magenta) and ag/8 cnzyme (yellow)
with oNFa-taINAc The active site of agld enryme has extm space for accommodating the N-occtyl-group of the sabstmte, wiile in aglf encyme this spoce

s occupled by Trp208

nbled us to construct a model of each of these enzymes (Figures 2
and 3). As u result, the protein encoded by the aglB gene showed
more than 50% sequence identity to the available solved o-
galactosidasc crystal structures (Golubev et al. 2004) and only
33% sequence identity to the available a-¥-acetylgalactosami-
nidase crystal structure (enzyme from chicken, Garman et ol
2002). In contrast, the enzyme encoded by the agld gene is char-
acterized by 29% sequence identity to the available crystal
structure of the a-galactosidase from Trichoderma reesel and
35% sequence identity to the a-N-acetyigalactosaminidase from
chicken. Recently, the structure of human a-N-acetylgalactosa-
minidase was determined (Clark and Garman 2009), Our
primary structure shows an equal sequence identity of 35% to
this new human «-N-acetylgalactosaminidase and a similarity
of 50%. The similanty is thus comparable to that between agld
and a-N-acetylgalactosaminidase from chicken described
above. A phylogenetic analysis reveals s comparable evolution-
ary distance 1o chicken a-N-acetylgulactosaminidase and to
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human a-N-acetylgalactosaminidase for the agld gene (0.764
and 0,768, respectively), a-N-Acetylgalactosaminidases from
chicken and humans have a very close 3D structure with a root
mean square deviation of only 0.54 A for Ca over 387 aligned
residues, with the active site not only fully conserved in the pri-
mary sequence (see alignment in Figure 2) but also in 3D.
Significant differences between both crystal structures (chicken
and human) and our structural model of agl4 could only be
found in the loop regions on the enzyme surface, where our
model has three longer loops (Gly132-Glul45, Alal76-
Tyr18S, and Asp201-Ala210). Surprisingly, the three loops to-
gether cover a similar 3D space as the one large loop seen in the
crystal structure of a-galactosidase from 7. reesef (also present
in our «-galactosidase model of gene ag/B), indicating that oc-
cupation of this specific space could be a feature of all fungal
a-galactosidases and a-N-acetylgalactosaminidases. In con-
clusion, since both structures are very similar over the entire
length and identical within the active site, the inclusion of the
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Tahle I, Changes in secondary structure as calcalated by YASARA of the initial
homodogy models for enzymes encoded by genes agld and agl8 during the

S fary strocture (%)
Maxdel a-Hohx 4-Sheet Tum Coul
agld Before refinement 292 0 1K 120
Afler refinement 288 1.5 108 M2
aplll Before refinement 201 1.7 16,0 Mo
After refinement 261 144 166 29

recently released crystal structure of the human enzyme would
not change the modeling results, nor would it affect the 3D ar-
rangement in the active site, Therefore, at present we can state
that the closest probable structure for the enzyme encoded by
gene aglB is unambiguously a-galactosidase, whereas for the
enzyme encoded by the agi4 gene the primary sequence analysis
shows o slightly higher probability that its 3D structure is closer
to that of «-N-acetylgalactosaminidase (Figure 2).

A
Trp®
Arg199
AspS3
%
AspSd
Tyr95 Lyst29

c

nuclecohiie Asp131

PN

HLO ROH

: SR -V

AcHN OR("l‘

T

acid/base Asp203

A BLAST domain search identified two domains in the en-
zyme encoded by the agid gene (NCBI reference sequence:
XP_001390845.1); a melibiase domain at the N-terminal and
arcm-like domain at the C-terminal end (Figure 3). Comparison
of the aglA gene with amino acid sequences from non-redundant
sequence databases identified a-N-acetylgalactosaminidase
from Acremanium sp. No. 413 (Ashida et al. 2000) as another
example of glycosidase containing a ricin-like domain. Other
similar sequences either do not contain a ricin-like domain or
have o sequence identity of kess than 40%. The enzyme encoded
by the aglB gene (GenBank: CAK44445.1) contains only 2
melibiase domain.

The theoretical correctness of the generated models 1s an 1m-
portant tssue in homology modeling. Analysis of the probability
that the given primary sequence adopts the predicted fold using
so-called = scores calculated by comparing the conformation en-
ergics with ProSA demonstrates the principal correctness of our
two initial structural models with = scores of - 7.35 (agl4) and
7.88 (aglB), while the local quality scores point to shightly prob-
lematic regions for agld (residues 220230 and 300-320) and

Tyri74

H L
0 0
HO
AcHN
OH

.

Fig. 4, (A) Acteve site smano ncids entified for agld enzyme with bound 2-NP-a-GalNAc afier 10 ns of MD with so-called V-scetyl recognition kop
{groen), which extends the banding pocket of aglt enzyme so that it can accopt the 2mino group at the C2-atom. (B) Scheme of hydrogen bonds, created by 2.NP-a-
GuINAc with agld enzyme. (C) Scheme of catalytic mechaninm proposed for agfd enzyme, whore Asp203 scts as acid’ base mnd Asp131 is responsible foe

nucheophilic aack = C1
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——AglA - 0-NP-GalNAc —— AgIB - o-NP-GalNAc — AglA - p-NP-Gal

Fig, S, Binding encrgy of sob ples durtmg 4 ns of MD

nryme

for ag/B (residucs 200-220 and 340-350). This was probably
due to the low resolution in the corresponding template crystal
structures, and, therefore, we must treat these regions as poor-
Iy resolved at this initial stage. Improvement wis reached by a
refinement using molecular dynamics simulation in explicit
solvent with both structural models reaching equilibrium con-
formations after 2 ns of simulation. The root mean square
deviation of Ceo stoms reached a plateau with values the dif-
ference of which from those of the initial structure was less
than 0.25 am. During the refinement, we observed only minor
changes (around 1%6) in the secondary structure content of the
model (Table ).

Model analysis discovered significant differences between
the amino acid sequences in the active site of the enzymes
encoded by the agld and agif genes. This result could ex-
plain the difference in substrate specificity between both
enzymes (Figure 2), Reasonable structurnl models stable in
molecular dynamics simulations in explicit solvent can be
built only using a-galactosidase as a template for ag/8 and
a-N-acetylgalactosaminidase as a template for ag/4. Both
models, agld and aglB, have similar folding: the main domain
is o TIM-barrel, containing the active site st the N-terminus of
the (t-barrel; this structure is followed by ecight antiparaliel
(b-strands folded into a f-sandwich. The a-N-acetylgalacto-
saminidase isolted from A. miger CCIM K2 has an additional
C-terminal ricin-like domain, making this enzyme somewhat
larger on sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (57 vs 45 kDa). Its role is unknown, but its folding
might indicate a potential internction with monosacchandes,
such as galuctose or lactose (Figure 3A).

113

— AgiB - p-NP-Gal

Automated docking of the corresponding substrates into the
active sites of both enzymes followed by simulations of the re-
sulting enzyme—substrate complexes enabled us to analyze the
stability of the ligand-protein interaction in aqueous solution
at room temperature. Although equilibration was already
reached after 2 ns, the simulations were continued for 10 ns
in total to demonstrate the stability of the whole complex.
Amino acid residucs in the active site of agé4d within 0.3 nm
of 2-NP-a-GaINAc at the end of the simulation are shown
in Figure 4A and B. A docking attempt of 2-NP-a-GalNA¢
into the active site of ag/B led to a fast repulsion of the 2-
acetamido group due 1o Trp203 blocking the space needed to
accommodate the 2-acetamido group properly and the side
chain of Asp222 flipping in and pushing the N-acetyl-group
completely out of the active side towards water. As a result,
the distance between the oxygen at the aglycon of the ligand
and the oxygen of the catalytic residue, which acts as an acid
o hydrolyze the C1-O bond, increased during the first 1.5 ns
of molecular dynamics (MD) to an average value of 0.67 nm,
a distance too far for the catalytic residue to attack the C1-0
bond of the ligand, The same distance measured for aglB
with docked 4-NP-a-Gal after 10 ns of MD was 0.35 nm,
allowing appropriate positioning of the substrate for eventual
reaction. These results well demonstrate that the enzyme en-
coded by gene aglB is a pure a-galactosidase unable to
perform any a-N-acetylgalactosaminidase enzymatic function.
Figures 3B and C show the sctive sites of both enzymes with
bound substrates in a surface representation.

The binding encrgies of the respective substrates during the
MD simulations were calculated by Yasara for the first 4 ns of
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agl8 1 -RWLLTSS-ABLVPAAA- - - - .. LVRPDGV-GLTRAL AYSBO I DADK I VTAKNEY
An11g06330 1 IFCVWLLVAF - SESWPSLA- - - - - - LNSGDYM-GKL TYGENISEEILLSTREQL
An01g01320 1 MIMKRKSQLSSFTEVTAAIL-PFAHFVMGGTSL - AQ AFKATVNYTIVQEVISLF
An14g01800 1 BILLHF I LYAALSSVVTSVS----LQPRLODGL-ALT TYNHYSEBSPNET I VS AL
agiA 1M--NOG-TKS I LEAATLAAI PMOVYGS | EQSSLLPI r'.ARF LNETLFTETADAM
aglB KOLBMEY 1 N SVKSGENTTTKRI | PDPD | sSGvADQVHAL

An11g06330 A SVKS NVTQQI | PDPA | SGVASTLHS

An01g01320 ASY - T-SDBYLQANAT I KALAQEY

An14g01800 TVA-DRL -PDGSLTWNDTL FPAMGDF L

aglA SD-NGSLOQWNTT

aglB 17 GVPTNLTDQYTYCVPDSTDGSNYPN
An11g06330 119 GVPSNWTDQYNSC - - - TORWT NMQON
An01g01320 123 BHY TRAWRE - - -GEBWCYEERBRCTERCHNEVEYERYBNEG - - - - - - - - - - - - - - - -~ - vevwn-
An14g01800 120 8! LLEBGSPENETGELY HEEQORRRTERSHUNVESEBRYBNEY S - - - - - « « <« - - - - -« DAATGYPN
agiA 122 NVYATQGRT =« c c v e s v v v nm e
0B 177 GTCVNLTDAAPQGYDWAT -STTA QRMROABLSVNRTELYSUYSD -0 - - - - - - - - - - - AD
An11g06330 176 DTCIGLTNPAPPGYDWSK- SLTAVRYGRMKDABQRONHSELYACP -WEF - - - - - - - - - - - AE
An01901320 150 - « « = « < v v v v = - GFQSMT - EAPQ I BFGAMK IWDRFYSVBG-WgY - - - - - - - - - - - QF
AnT4Q01800 168 « « « = « =« v v v v s« VNYAPSTSPEPNFANMS LOGNRTELFQIGE -t - - - < « - =« = o SF
aglA 106 <« cveccenacaanns LE-EEYK GHWHQVESKMQHPL | FSHS FAGTDNNTOWYT - -
agiB 22T YNA

An11g06330 226 VQ

An01901320 197 PW
An14g01800 206 PA

agiA 210 VMD EL
agiB L

An11g06330 282 L

An(1901320 256 F

An14901800 262 FSL

283 L

'A

aglA 272 LEA
Fig. 6. Multiple sequence alig
entity ( ty o Is on the fregquency af same §

TAT----WSRIAETANENSFLMNY - - - ANFWGY N
KAS- - - -WDYVLLILNENSFLMNY - - -NDFE1 HSBA NG
TTS----FTNETECQCKTAYCLNTGQYQTPEHWL AN
IPD----WRTIFREINQAAPQTDV - - - AGE L NI
LVYSGAGSAWDS | MNNYNYNTLLA-RYQRPEY F Fll| POHPG

-+--DSIDTSHET | BSNKPLLTF 1 @RPRY - PY
----SNLSADQESLETNPYLLA PVYBXSAA-PF
----SKLSNDSEAVETNKA I (S EPVTYRE
KDELTAINDASEBAVEKQKDVIAF kSKESLRR
T---NEALIAV PL - AQQATF - -

of galactosidase galactosaminidase homologs in the genome of Aypevgitius miger. shaded sccording 1o thelr sequence
in ofher aligned sequences). The region ¢

it the N-acety! s Soop In

w=N-acetylgalactosamminadases i marked with 2 black rectangie. Other potential netive sise residues in ag/S ure marked with » dot

MD (Figure 5). The complexes reached equilibration after
1.5 ns with an average binding energy for 2-NP-a-GalNAc
docked into agld of 324 k)/mol and only slightly lower values
for 4-NP-o-Gal, 287 kJ/mol. With agiB, the initial complexes
have similar values for both substrates; however, after 2 ns,
we can see a clear separation in favor of the complex with
4-NP-a-Gal, which reaches a higher average binding energy
of 215 kJ/mol, in contrast to the complex with 2-NP-«-GalNAc
with average values befow 100 kJ/mol. When estimating the
binding energy this way, positive values are used, and higher
numbers indicate better binding. Positive numbers result from
the calculation in which the sum of solvation and potential en-
ergies of the complex is subtracted from the sum of these
energics of the single components. As this method according
to our experience shifts the absolute values to higher numbers
and thus overestimates the binding energies when compared
with experimental values, we also give the binding energies cal-
culated with Autodock, which should be closer to
experimentally determined AG values: —24 kl/mol for the
aglA-2-NP-a-GaINAc complex and — 18 kJ/mol for aglA-4-
NP-w-Gal; ~ 17 k)/mol for ag/B-4-NP-u-Gal. The ag/B-2-
NP-a-GalNAc complex was not runked as a possible docked
conformation by Autodock, indicating that 2-NP-«-GalNA¢

1416

cannot be properly accommodated in the active site, and the
bound position afier the molecular dynamics simulation is not
stable. Indeed, visual inspection confirms that the substrate is
already partially released to the solvent at the end of the simula-
tion. Thus, our computational modeling results corroborate
the hypothesis that the enzyme encoded by gene agid is
an a-N-acetylgalactosaminidase that exhibits o dual enzyme
activity and is able to hydrolyze both 2-NP-a-GalNAc and
4-NP-«-Gal, slthough at a different rate.

Discussion

The structural models constructed in this study were indispens-
able in allowing to explain the inability of a-galactosidase
aglB from A. piger to accomodate the substrate containing o
2-acetamido group in the active site in a stable and proper po-
sition. Two reasons why the «-galactosidase aglB is unable to
hydrolyze oNP-a-GalNA¢ have emerged: the lower binding
affinity and the sterical hindrance connected with positioning
of the C1-0 bond close to the catalytic residue that makes it
impossible for the hydrolytic reaction to take place. The com-
puter modeling experiments enabled us to assign the protein
possessing the dual activity to the enzyme encoded by gene
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agiA. This is a completely new view of this gene since a possible
a-N-acetylgalactosaminidase activity has never been mentioned
in the Iiterature before. Our experimental results show that this
protein exhibits dual enzyme activity and is able to hydrolyze 2-
NP-a-GaINAc and 4-NP-«-Gal with 10 times better cleavage of
2-NP-a-GalNAc than that of 2-NP-a-Gal. This contradicts with
its onginal assignment as an a-D-galag i belong-
ing to GH family 27. Substrate docking into the structural
model of this enzyme confirmed similar binding energies for
both substrates with & clear preference for the a-N-acetyl-D-
galactosaminide over the galactoside (Figure 3B and C), thus
providing evidence that this gene from 4. niger does not encode
exclusively an a-galactosidase type A but that rather one com-
bined with a fully functional a-N-acetylgalactosaminidase.

Figure 1B shows the binding pocket of agld with bound a-N-
acetylgalactosamine, in comparison to the binding pocket of
ag!B with bound «-galactose in Figure 3C. The enlarged binding
pocket in agld, which is able to accommodate un C2 acetamido
group, is a result of the amino acid sequence Serl70, Alal 71,
Prol 72, Alal73, and Tyr1 74, which forms a longer loop follow-
ing 3 and connecting to a5 (Figure 2). Instead of Trp205,
which blocks the part of the binding pocket accommodating
the acetamido group in a-galactosidases, amino acid residues
Serl70, Alal73, and Tyr174 (cf. Figure 4A and B) on this
“N-acetyl recognition loop”™ ereate an open space that becomes
part of the enlarged binding pocket of «-N-galactosaminindase.
The presence of this loop explaing the fact that the attempt 0
model ag/4 taking a-galactosidase as a template did not lead
1o a stable enzyme but mduced distortions in the active site dur-
ing molecular dynamics simulations. The multiple sequence
alignment of the a-N-acetylgalactosaminindase/o-galactosi-
dase homologs in A. niger (Figure 6) identified conserved
residues at positions corresponding to the active site of aglB
for all hypothetical proteins, with the exception of a tyrosine
and cysteine in Anl4g01800 instead of Trpl7 and AspSS in
aglB. AgiA is the only homolog having the above descnibed
*N-acetyl recognition loop™. Lacking this loop, all other
found potential a-galactosidases in the 4. niger genome
could have a-galactosidase acitivity but definitely not «-N-
galactosaminindase activity. This is in accordance with our
experimental findings demonstrating that the other «-galato-
sidases isolated from A. niger did not show dual activity but
are pure a-galactosidases.

The foct that the enzyme, which possesses a pocket capa-
ble of sccommodating the N-acetyl group, shows dual
activity and is able 10 degrade substrates having an OH
group in the same position, excludes the possibility that
the N-acetyl recognition loop would be directly involved in
the reaction mechanism adopted by the glycoside hydrolase
family 27. Instead, the N-acety] recognition loop that is highly
conserved in a-N-acetylgalactosaminidases functions to struc-
turally recognize and accommodate the N-acety] group, but
does not have additional contacts or interactions with the sub-
strate, thus, the enzyme can bind equally well 1o 4p-NP- a-Gal.

Theretore, we propose that the o-N-acetylgalactosaminidase/
a-galsctosidase encoded by agld utilizes  classical double in-
version reaction mechanism (Figure 4C) analogous to
homologous a-galactosidases (Garman et al. 2002; Golubey et
al. 2004) and that this mechanism is the same for both of its ac-
tivities, e.g., e-N-acetylgalactosaminidase and o-galactosidase.
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Materials and methods

Enzyme assay

Enzyme sctivity was tested as described previously (Weignerova
et al. 200%). All data were measured in triplicate.

Purification procedure

The protein was purified as desenbed previously (Welgnerovi
et al. 2008), 2D electrophoresis was performed using a dry
polyacrylamide gel strip, gradient pH 4.0-5.0 (GE Health
Bio-Sciences AB, Uppsala, SE).

N-Terminal sequencing

N-Terminal sequencing was performed with the enzyme puri-
fied in a C-4 reversed-phase column (Vydac C-4, Dionex,
Sunnyvale, CA, USA) or clectrotransferred onto PVDF blots
using a Procise 491 Protein Sequencer (Applied BioSystems-
Life Technologies, Carlsbad, CA, USA) using the Pulsed Lig-
uid program. For CNBr cleavage, the dried enzyme was
incubated in 0,15 M ONBr (Aldnich, Buchs, CH) in 70% for-
mic acid for 24 b in the dark, and the fragmented peptides were
separated on a reversed-phase column (Vydac C-18) equilibrat-
ed in 0.1% trifluoroacetic acid (TFA, LiChrosoly, Merck,
Durmstadt, DE) and cluted with acetonitrile gradient (0-70%
acetonitrile).

Sample preparation for mass spectrometry

The spot of interest was excised from the 2D gel, After com-
plete destaining, the protein was reduced with 50 mM Tris-
carboxyethyl phosphine (Fluka, Buchs, CH) for 15 min at
80°C and alkylated using iodoacetamide (Sigma-Aldrich,
Buchs, CH) for 40 min in the dark. The gel was then washed
with detonized water, shrunk by dehydration in acetonitrile,
and re-dissolved in deionized water again. The supematant
was removed and the gel partly dned in a SpeedVac concentra-
tor (Savant, Holbrook, NY, USA), Gel picces were then
reconstituted in deglycosylation buffer pH 5.5 containing,
50 mM citrate buffer and 1000 units of Endo H {(New England
BioLabs, Ipswich, MA, USA). After ovemight deglycosyla-
tion, the gel picces were washed with deionized water, shrunk
by dehydration in acetonitrile, and re-dissolved in deionized wa-
ter again, Cleavage buffer contaming 50 mM 4-¢thylmorpholine
acetate pH 8.2, 10% acetonitrile, and sequencing-grade trypsin
(3 ng/pL., Promega, Madison, USA) was added to the gel pieces.
After overnight digestion st 37°C, the resulting tryptic peptides
were extracted using 30% acetonitrile in 1% acetic acid.

Masy spectrometry and data analysis

The peptide sample was dissolved in 200 pL of 0.1% TFA and
then desalted in o peptide MacroTrap (Michrom Bioresources,
Auburn, CA, USA), cluted with 80% MeCN/0.5% TFA. The
purified peptides were dried up on SpeedVac and redissolved
in 20 pL of 0.1% TFA/5% McCN. Five microliters of sample
was loaded into a reversed-phase Magic C, column (Michrom
Bioresources, Aubum, USA; column size, 150 » 0.2 mm LD,
particle size 5 pm; pore size 200 A) and separated with water/
MeCN gradient using an Ultimate 1000 HPLC system (Dionex,
Amsterdam, NL). The mobile phase consisted of the following
solvents: 0.2% formic ncid i water (A) and 0, 16% formic acid
in MeCON (B). Peptides were eluted under gradient conditions as
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follows: 0—1 min, 1% B; 5 min, 15% B: 30 mmn, 40% B;
35 min, 95% B: 40 min, 95% B. Flow rate was 4 pL/min after
splitting, and the column was kept at room temperature. The
capillary column was directly connected to the muss analyzer,
The mass spectrometric experiment was performed on a com-
mercial APEX-Qe Fourier Transform Mass Spectrometry
(FTMS) Lys/Arg instrument equipped with a 9.4-T supercon-
ducting magnet and Combi ESUMALDI ion source (Bruker
Daltonics, Billerica, MA, USA). Mass spectra were obtained
by accumulating tons in the collision hexapole and running
the quadrupole mass filter in non mass-selective (rf-only ) mode
50 that a broad range of ions (300--2500 m/z) were passed to the
FTMS analyzer cell. The accumulation time in the collision cell
was set ot 0.5 s the cell was opened for 4000 ps, and 256 ex-
periments were collected for one liquid chromatography run,
where one expeniment consisted of the accumulation of five
spectra. The acquisition time was set 10 512 k points at m/z
300 a.m.u. The mstrument was externally calibrated using tnply
and doubly charged jony of angiotensin | and quadruply, quin-
tuply, and sextuply charged ions of bavine insulin. This
calibrution typically results in a mass accuracy below 2 ppm.

The acquired spectr were apodized and processed using a sin
function with one zero-fill and run through the data-reducing
macro designed by Kruppa et al. (2003). A list of unique mono-
isotopic masses was generated for each sample. The output of
the macro (the list of unique monoisotopic masses) was matched
to # theoretical library of a-galactosidase tryptic peptides to
within 2 ppm. The library was created using the program ASAP
(Automated Spectrum Assignment Program) (Young ¢t al.
2000; Kellersberger et al, 2004), The trypsin specificity was
set 0 Lys/Arg, and the degree of incomplete digestion was up
to 1. Also, the algorithm was allowed to include 2 single oxida-
tion of methionin (+15.9949 a.m.u.) and modification of
glycosylated asparagines by N-acetylglucosamine (+203.0794
nmu.).

Molecular modeling

Molecular models were generated by restrain-based homology
modeling followed by a structural refinement to test their ro-
bustness using molecular dynumics simulstions in explicit
solvent. In the first step, homologues were identified by
BLAST search and the top scoring extracted from the Protein
Data Bank (Berman et al. 2000): IKTB, 1UAS, 1R46, ISZN—
for the melibiase domain; 2AAlL IRZO, IV6X—for the ricin
domain. Different combinations of templates were used for
multiple sequence and structural alignments. The multiple
structure-based sequence alignments were caleulated with
T-Coffee (http://www.tcoffee.org). Structural alignments of
known 3D structures were performed with SHEBA in Yasar
7.5.14 (Jung and Lee 2000). 3D models comprising non-
hydrogen atoms were built and examined using Modeller 9.1
package (Sali and Blundell 1993) and checked with ProSA
(Wiederstein and Sippl 2007), The models were refined in YA-
SARA (Knieger ct al. 2004) by energy minimization followed by
2 ns of MD simulation in water (pH 7, TIP3P water model) with
periodic boundary conditions. Substrates were built in YA-
SARA, force field parameters were assigned using the
AutoSMILES approach. The corresponding bond, angle, and
torsion potential parameters are taken from the General AMBER
force ficld. Initial ligand positions for docking experiments were
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determined by comparison with homologous crystal structures
of a-galactosidase (Golubev et al. 2004) and a-N-acctylgalacto-
saminidase (Garman and Garboczi 2004), respectively, which
were co-crystallized with the ligands. The exact position of li-
gands was set by Autodock 4.0 (Goodsell and Olson 1990)
using local docking with the Lamarckian Genetic Algorithm,
grid space 0.375. Substrate-cnzyme complexes were refined
by minimization in n YAMBER 2 force field (Kneger ot al.
2004) and periodic boundary conditions. Sodium jons were iter-
atively placed at the coordinates with the lowest electrostatic
potential until the cell was neutral, Molecular dynamics simula-
tions were run in YASARA, using a multiple time step of 0.7 fs
for intramolecular and 1.4 fs for intermolecular forces, 0 0,78 nm
cutoff for Lennard Jones forces and the direct space portion of
the electrostatic forces, which were caleulated using the Particle
Mesh Ewald method (Essman ct al. 1995) with gnd spacing 0,
1 nm, fourth-order B-splines, and a tolerance of 10 * for the di-
rect space sum. The simulation of their interaction was run in
the following NPT ensemble; constant temperature (298 K),
pressure and number of particles. The evaluation of ligand -
enzyme complexes in time was analyzed on the basis of ge-
ometry and energy parmeters.

Interaction energies were calculated using a similar method to
that applied carlier for substrate- hexosamimidase complexes
(Entnch et al. 2007), considering the internal energy obtained
with the specified force field, as well as the electrostatic energy
and the entropy cost of fixing the ligand implicitly including Van
der Waals solvation energy (Bultinck et al. 2003), The solvation
energy was calculated using the boundary fast method
implemented in YASARA, The boundary between solvent
(diclectric constant 30) and solute (dielectric constant 1)
was formed by the latter's molecular surface, constructed
with a solvent probe radius of 1.4 A and the following radii
for the solute elements: polar hydrogens 0.32 A, other hydro-
gens 1.017 A, carbon 1.8 A, oxygen 1.344 A, nitrogen
1.14 A, and sulfur 2.0 A. The solute charges were assigned
based on the YASARA 2 force ficld, using GAFF/AMIBCC
for the ligands. An estimate of the entropy cost of exposing
0.01 nm? to solvent was calculated as follows: £, =
Ssas*solvation entropy, where Sgag 15 the solvent accessible
area, and the solvation entropy characterizes the entropy cost
of exposing 0.01 nm® of surface and can vary. For protein
structures, the solvation entropy is usually estimated to be ap-
proximately 0.65 kJmol 'A 7. It is almost impossible to
calculate this entropy cost accurately, but this is fortunately
not needed, since it mainly depends on characteristics that are
constant during the simulation (ligand and protein size, side
chains on the surface, ete.) and thus is a constant factor. Binding
energies calculated in this way might therefore be shifted by an
unknown amount that depends on the protein; however, their rel-
ative values are correct, The more positive interaction encrgy,
the more favorable is the interaction in the context of the chosen
force field. Ligand—-enzyme complexes after 10 ns of MD were
used for measuring binding energies by Autodock.
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a-N-Acetylgalactosaminidase (a-GalNAc-ase; EC.3.2.1.49) is an exoglycosidase specific
for the hydrolysis of terminal a-linked N-acetylgalactosamine in various sugar chains.
The ¢cDNA corresponding to the a-GalNAc-ase gene was cloned from Aspergillus niger,
sequenced, and expressed in the yeast Saccharomyces cerevisiae. The a-GalNAc-ase gene
contains an open reading frame which encodes a protein of 487 amino acid residues. The
molecular mass of the mature protein deduced from the amino acid sequence of this
reading frame is 54 kDa. The recombinant protein was purified to apparent
homogeneity and biochemically characterized (p/ 4.4, Ky 0.56 mmol/l for 2-nitrophenyl
2-acetamido-2-deoxy-a-D-galactopyranoside, and optimum enzyme activity was
achieved at pH 2.0-2.4 and 50-55 °C). Its molecular weight was determined by analytical
ultracentrifuge measurement and dynamic light scattering. Our experiments confirmed
that the recombinant a-GalNAc-ase exists as two distinct species (70 kDa and 130 kDa)
compared to its native form, which is purely monomeric. N-Glycosylation was
confirmed at six of the eight potential N-glycosylation sites in both wild type and

recombinant a-GalNAc-ase.
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a-N-Acetylgalactosaminidase is an exoglycosidase (a-GalNAc-ase, EC 3.2.1.49, GH family
27, Carbohydrate Active Enzymes database, http://www.cazy.org/) that selectively cleaves
terminal a-linked N-acetylgalactosamine units in various sugar chains, Human a-GalNAc-ase
plays an important role in the catabolism of glycoconjugates and lack of it may cause
Schindler and Kanzaki (7) disease, resulting in neurodegenerative pathologies (9, 27, 28). a-
GalNAc-ase purified from chicken (12), Clostridium perfringens (17), rice (11) and
Elizabethkingia meningosepticum (18, 34) have been shown to efficiently cleave the terminal
a-terminal GalNAc from blood group A erythrocytes, resulting in a blood group H{(0) epitope
structure (35),

Whereas a-galactosidases, which are widely distributed in microorganisms, plants,
animals and humans, are available in various recombinant forms (30), the availability of a-
GalNAc-ases is somewhat limited. These enzymes have been so far cloned from human (26,
27). chicken (35, 36), Clostridium perfringens (5) and Acremonium sp. (2). The first crystal
structure of a-GalNAc-ase from human was reported recently (7).

Recently a large screening for a-N-acetylgalactosaminidase activity in filamentous
fungi has been completed leading to the identification of the promising enzyme producer
Aspergillus niger CCIM K2. The extracellular enzyme from this source was purified and fully
characterized (31). This o-GalNAc-ase also catalysed the reverse hydrolysis to yield a-p-
GalpNAc-(1-6)-D-GalpNAc, a-D-GalpNAc-(1-3)-D-GalpNAc and a-D-GalpNAc-(1-6)-
D-GalfNAc and also the Tn antigen (GalpNAc-a-O-Ser/Thr) and its N-{tert-butoxycarbonyl)-
protected derivatives (32. 33).

Enzyme activity measurements and molecular modelling clearly demonstrated the dual
specificity of A. miger a-GalNAc-ase, this enzyme was able to hydrolyze both e-nitrophenyl
2-acetamido-2-deoxy-a-D-galactopyranoside  (oNP-a-GalNAc) and p-nitrophenyl a-D-
galactopyranoside (pNP-a-Gal) (only 10 % of the activity with oNP-u-GalNAc) as its
substrate, Evidence that the a-galactosidase type A gene agiA from A, niger in fact encodes a
fully functional a-GalNAc-ase was presented recently (6. 14, 16).

In this report we describe the expression of a-GalNAc-ase from A. niger in a
S. cerevisiae strain, its purification and characterization, and the comparison of the
recombinant and wild enzyme. To our best knowledge, a-GalNAc-ase from non pathogenic

source working in the acidic to neutral pH has not been described yet.

120



MATERIAL AND METHODS

Microorganisms. The native a-GalNAc-ase from A. niger CCIM K2 used in this
work was prepared as described previously (30). The production strain is deposited in the
Culture Collection of the Academy of Sciences of the Czech Republic, Institute of
Microbiology, Prague, CZ. Bacterial strain E.coli BL21(DE3) (Strategene, USA) was
cultivated on LB medium composed of 19 peptone, 0.5% yeast extract and 1% NaCl, pH 7.4
at 37°C. S.cerevisiae W303-1A (MATa wra3-1, leu2-3, 112 trpl, his3-11, 15 ade2-1) was
purchased from Invitrogen (USA). The expression strain. S. cerevisiae, was grown on YPD
medium composed of 2% glucose, 2% peplone, and 19 yeast extract, pH 6.5 at 28°C. For the
selection of the transformants, SC plates were used composed of 2% glucose and 0.67% yeast
nitrogen base without amino acids (Difco, USA) (1).

Isolation of poly(A) RNA and construction of a ¢DNA library. A submerged
culture of A, niger was cultivated for 48 hours (30). Fresh mycelium (4 g, wet weight) was
frozen with liquid nitrogen and homogenized. Total RNA was prepared using an RNeasy
Plant Mini Kit (QIAGEN, DE). First-strand ¢cDNA was synthesized directly from the total
RNA by Moloney Murine Leukemia Virus reverse transcriptase (Invitrogen, USA), and the
seccond strain was synthesized by DeepVent DNA polymerase (Invitrogen, USA). These
cDNAs were purified using a DNA purification kit (Genomed. DE) (13).

Cloning the cDNA encoding a-N-acetylgalactosaminidase from A, niger. One set
of primers was designed to amplify the a-GalNAc-ase gene. A sense primer
(5"ATTGAATTCTTAGCCATCCCTCTCATAAAGACACGACTT-3") containing the EcoRI
site {underlined) and antisense primer (5'-
TATTCTAGAATGGGTTTCAACAATTGGGCCCGC-3") containing the Xbal restriction
site (underlined) were designed on the basis of the known amino acid sequence (16). The
fragments were amplified vusing Pfu DNA Polymerase (Invitrogen, USA) and a Thermal
Cycler GeneE (Techne, UK), The PCR product (fragment 1462 bp) was amplified and ligated
into the Bluescript 11 SK- vector (Invitrogen, USA) and transformed into E. coli BL21-DE3
(Strategene, USA). The resultant plasmid, Bluescript 11 SK/a-GalNAc-ase, was confirmed by
restriction digestion and sequencing. The Bluescript Il SK/a-GalNAc-ase plasmid was
digested by EcoRI and Xbal and the gene product was ligated into pYES-2CT (Invitrogen,
USA). The ligation reaction product was transformed into 8. cerevisiae W303-1A (Invitrogen,
USA) by electroporation (25uF, 22ns, 1.2kV, MicroPulserTM Electroporator, Bio-Rad, USA)
and the transformants were selected on an SC plate supplemented with tryptofane, leucine,

adenine and histidine, but without uracil (14).
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Protein expression. Precultures were prepared by inoculating 15 ml of SC selective
medium containing 2% glucose, tryptophan, leucine, adenine and histidine, without uracil
with a single colony of S. cerevisiae W303-1A containing the pYES-2CT/a-GalNAc-ase
construct. After overnight growth at 30 °C and 220 rpm, the pellets were collected by
centrifugation, resuspended in 200 ml of SC selective medium as above but with the 2%
glucose replaced by 2% galactose, and the culture was incubated at 30 "C and 220 rpm for 3
days. After centrifugation, the yeast pellet was resuspended in lysis buffer composed of 50
mM citrate phosphate (pH 3.5), 5% glycerol, | mM PMSF and ImM dodecyl maltoside. An
equal volume of acid-washed glass beads (r=0.25-0.5 mm, Pierce, DE) was added. The cells
were disrupted by vortexing for 30 s, followed by 30 s on ice (repeated four times for
complete cell lysis). The mixture was centrifuged and the supernatant transferred into a fresh
microcentrifuge tube for the enzyme activity assay (30).

Enzyme assay. Enzymatic activity was assayed as described previously (30),

Purification of the recombinant enzyme. A BioSys HPLC System with a UV and
conductivity detector (Beckman-Coulter, USA) was used for all chromatography steps (10).
The starting material (cell lysate) was diluted in 60 ml of solvent A (1 M NaCl in 50 mM
citrate-phosphate buffer, pH 3.2) and the suspension was centrifuged in a Beckman-Coulter
J2-21 centrifuge using the JA-25.50 rotor at 18000 rpm for 30 min at 4 °C. The extract was
injected into a Phenyl-Sepharose HR column (2.6 * 10.6 cm, 2 ml/min, Merck, DE)
equilibrated in solvent A, The enzyme was ¢luted from the column using a linear gradient (0-
I M NaCl 90 min, 2 ml/min). Fractions containing a-GalNAc-ase activity were pooled and
transferred into 20 mM citrate-phosphate, pH 4.5 (C, using an Amicon Ultra centrifugal filter
device, cut off 10 kDa, Millipore, USA) and then injected into an S-Sepharose FF column
(1.6 % 12.5 ¢m, | mli/min, Merck, DE) equilibrated in C. The enzyme was cluted from the
column using a lincar gradient (0-1 M NaCl. 60 min, | ml/min). Fractions containing o-
GalNAc-ase activity were pooled, concentrated and resolved in a Superdex 200 10/300 GL
gel filtration column (1.0 x 30 ¢m, 0.4 ml/min, Amersham Bioscience, AT), equilibrated with
50 mM sodium acetate buffer (pH 3.6). Pooled fractions containing a-GalNAc-ase were
injected into a Mono P 5/200 GL (Amersham Bioscience, AT) chromatofocusing column
equilibrated with 25 mM piperazine buffer (pH = 5.5, 40 ml) and with a pregradient (3.0 ml
PB 74, 8:1, pH 4.0, Amersham Bioscience, AT) (30). The enzyme fractions from this step
were stored at 4°C.

Sedimentation velocity and sedimentation equilibriuvm measurements.
Sedimentation analysis was performed using a ProteomeLabXL-1 analytical ultracentrifuge
equipped with an An50Ti rotor (BeckmanCoulter. USA). The protein (0.4 mg/ml) was

5
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dialyzed against 50 mM sodium citrate buffer (pH 3.5, used also as a reference and sample
dilution buffer), The sedimentation velocity experiment was carried out at 40,000 rpm and 20
°C, absorbance scans were recorded at 280 nm in 5 min intervals with 30 pm spatial
resolution. Buffer density and «-GalNAc-ase partial specific volume were estimated in
SEDNTERP 1.09 (www.jphilo.mailway.com). Data were analyzed with SEDFIT 12.1 (25).
The sedimentation equilibrium experiment was performed with a-GalNAc-ase concentration
of 0,13 mg/ml at 10-12-14-16-18-20-22,000 rpm at 4 °C. Absorbance data were collected at
280 nm by averaging 20 scans with 10 pm spatial resolution after 30 h (first scan) or 18 h
(consecutive scans) of achieving equilibrium and were globally analyzed with SEDPHAT 8.2
using a non-interacting discrete species model (24).

Dynamic light scattering (DLS). Dynamic light scattering measurement of o-
GalNAc-ase (15 pl of the sample used for sedimentation analysis) was carried out at a 907
scattering angle and 532 nm at 20°C on a Laser-Spectroscatter 201 (RiNa GmbH, DE) for 60
s and the signal accumulated from 60 individual measurements was evaluated with the
software supplied by the manufacturer (22),

Electron microscopy. Negatively stained samples of wild-type and cloned enzyme
complexes were prepared in parallel as follows: drops of enzyme solution in 50 mM citrate-
phosphate buffer (pH 3.5). diluted to approx. 50 pg/ml were applied onto glow discharge-
activated (4) carbon coated grids. After adsorption for 30 s, the grids were negatively stained
with unbuffered 2% (wit/vol) uranyl acetate or unbuffered 0.5% (wt/vol) uranyl formate in
water, respectively. The samples were analyzed in a Philips CM 100 electron microscope (FEL
formerly Philips PEO, NL) at 80 kV. Digital images were recorded using a MegaView 11
slow-scan camera (Olympus, formerly SiS GmbH, DE) at a primary magnification of 64,000,
giving a pixel size of about 1 nm. All image processing was done using AnalySis 3.2
software.

Analysis of the N-glycosylation sites. Analysis of the N-glycosylation sites was done

as described previously (23).

RESULTS

Cloning and sequencing of native a-GalNAc-ase. Native extracellular a-GalNAc-
ase was purified from a cultivation medium of A. niger CCIM K2 by three column
chromatography steps as described previously (30). The final preparation gave a single
protein band of 76 kDa on SDS-PAGE. To determine the N-terminal amino acid sequence, the

purified enzyme was subjected to SDS-PAGE, electroblotted to a PVDF membrane and the
6
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76 kDa protein band was then analyzed by automatic Edman degradation, yielding the
sequence MGFNNWAR. The C-terminal amino acid sequence was identitied as QMKSCLYE
using mass spectrometric peptide mapping, Based on the experimentally determined amino
acid sequence, primers were designed and used for PCR amplification.

A PCR product 1461 bp in size was amplified from A, niger cDNA, obtained as
described above, The o-GalNAc-ase gene contains an open reading frame with an ATG
initiation codon.

Expression and purification of recombinant a-GalNAc-ase. Firstly, the a-GalNAc-
ase gene was ligated into the pET-30a" vector and expressed in E. coli BL21(DE3) Gold
strain. However. the enzyme was produced in inclusion bodies and no enzymatic activity was
detectable. Next, the a-GalNAc-ase gene was inserted into pPICZa in Pichia pastoris X33.
Over 100 colonies were tested for enzymatic activity, but no clone with «-N-
acetylgalactosaminidase activity was found.

Finally, §. cerevisiae was chosen as the host organism. The expression plasmid pYES-
2CT/a-GalNAc-ase was constructed and used to transform the . cerevisiae W303-1A strain.
Positive transformants were grown on SC selective medium. The cultivation conditions for
enzyme production were then optimized and scaled up. A series of various volumes of the SC
media (50, 100, 200, 500 ml) in various cultivation flasks (100. 200, 500, 1000, 2000 ml),
various concentrations of the galactose as an inducer ( [-5%), cultivation temperatures (25, 28,
30 °C) and production times (12, 24, 36, 48, 72, 96, 120, 148 hours) were tested, Notably, the
volume ratio of medium/flask was shown to be a critical parameter. Increasing the volume of
the cultivation medium in the cultivation flask caused a dramatic decrease in enzyme
production. The highest production of intracellular «-GalNAc-ase (approximately 0.4 U/mg)
was achieved in a 2 1 cultivation flask with 200 ml of the cultivation medium at 30 °C, with
2% galactose and 72 hours of cultivation (Fig. 1A.B). No extracellular a-GalNAc-ase activity
was observed (Fig. 1C). Changes of other cultivation parameters (except volume) also led to a
nonsignificant decrease in intracellular enzyme production. On the other hand the addition of
detergent (ImM dodecyl maltoside) to the lysis buffer caused a twofold increase in the a-
GalNAc-ase activity (Fig. 1C).

As shown in Table 1, the enzyme purification was achieved with good recovery. The
enzyme purification was carried out by four-step chromatography. The majority of the
contaminating proteins were removed by hydrophobic chromatography (Phenyl-Sepharose
HR). The subsequent purification steps were used to remove the other proteins with similar
biochemical properties, The enzyme was purified with a final yield of 12.1%. The specific

activity of the recombinant enzyme against oNP-a-GalNAc was determined to be 42.3 U/mg

7
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and SDS-PAGE of the purified a-GalNAc-ase revealed one single protein band with an
estimated molecular mass of 76 kDa. This value is higher than the molecular mass calculated

from the amino acids sequence (53961.2 Da) because of extensive protein glycosylation.

TABLE 1. Purification of the recombinant a-N-acetylgalactosaminidase from Saccharomyces
cerevisiae W303

Step Protein  Activity Spec.activity Purity Yield
(mg) (U) (Umg") (fold) (%)
Cell lysate 378.0 150.0 0.4 1.0 100
Phenyl-sepharose HR 314 102.3 33 8.3 68.2
S-Sepharose FF 12.8 81.0 6.3 15.8 54.0
Superdex 200 1.5 419 27.9 69.9 279
Mono P 5/200 0.4 18.1 423 105.9 12.1

Purity is related to the starting material

Enzymatic properties of recombinant a-GalNAc-ase. The enzymatic properties of
a-GalNAc-ase were assayed with oNP-a-GalNAc as the substrate. The recombinant o-
GalNAc-ase exhibited a Ky value of 0.56 mmol/l and p/ 4.4 in 50 mM citrate-phosphate
buffer (pH 3.5) at 37 “C. The purified enzyme has a pH optimum at 2.0-2.4 (at 37°C) and
temperature optimum of 50-55 "C (at pH 3.0). The recombinant enzyme was stable in 50 mM
citrate-phosphate buffer within the pH range 2 - 4 and at 4 “C for several weeks without any
significant loss of activity. A loss of activity (35%) was observed after 2 days of incubation at
37 "C. Its enzymatic propertics are consistent with the wild extracellular a-GalNAc-ase
isolated from A. niger CCIM K2 (30).

Biochemical properties of the wild type and recombinant enzymes. The molecular
weight of both the wild-type a-GalNAc-ase isolated from A. niger and the recombinant one
was investigated using gel filtration. The gel filtration of the recombinant a-GalNAc-ase
showed two active forms of a-GalNAc-ase with estimated molecular masses of approximately
70 kDa and 130 kDa (Fig. 2 A.B). The wild a-GalNAc-ase occurred only as 70 kDa
monomers (Fig, 2 C.D). Morcover, the purified proteins exhibited dual enzyme activities; e.g.

a-GalNAc-ase and a-Gal-ase. similarly to the native enzyme.
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FIG. 1. Time profile of the recombinant intracellular a-GalNAc-ase production by
S.cerevisiae W303: A) SDS-PAGE clectrophoresis B) enzyme activity. Time optimization
was carried out at 30 "C. Aliquots of the cell culture were harvested 12, 24, 48, 72, 96 and 120
hours after transfer to the SC medium with galactose as an inducer, The recombinant a-
GalNAc-ase was identified as a band with an apparent molecular mass of approx. 76 kDa. C)
a-N-acetylgalactosaminidase and a-galactosidase activity measured in cell lysates with and
without dodecyl maltoside (detergent) in lysis buffer.
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FIG 2. Elution profile of the wild and recombinant enzymes from gel filtration
chromatography: A: protein profile of recombinant a-GalNAc-ase, B: enzyme activities of
recombinant a-GalNAc-ase. C: protein profile of native a-GalNAc-ase, D: enzyme activities
of native a-GalNAc-ase. The enzymes were injected into a Superdex 200 10/300 GL column
(0.4 ml/min in 50 mM acetate buffer pH 3.6, 0.15 mM NaCl). Two peaks corresponded to the
dimeric form (approximately 130 kDa) and the monomeric form (approximately 70 kDa),
respectively. The purified proteins exhibited both a-GalNAc-ase and a-Gal-ase activity.

Analytical ultracentrifugation was emloyed to determine further structural parameters
of both the native and recombinant a-GalNAc-ases. All experiments were performed at four
various protein concentrations, at 4 °C, and the data were analyzed using the software
SEDFIT. Native extracellular a-GalNAc-ase occurred only in a monomeric form compared to
the recombinant a-GaINAc-ase, which existed as two distinct species with sedimentation
coefficients of 7.65 S and 5.07 S (Fig. 3 A, B, D). These values corresponded well with the
mass of the dimer and the monomer, respectively.
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The sedimentation equilibrium experiment (Fig. 3 C), which enables direct calculation
of molecular mass without the need for calibration or interaction with any matrix, vielded a
molecular mass of 72 kDa and 127 kDa for the two ideal forms, correlating with the expected
mass of recombinant a-GalNAc-ase monomer and dimer. This data corresponded well to the
results obtained from the gel filtration (Fig. 2). Moreover, both the monomeric and the
dimeric enzyme forms displaved both a-GalNAc-ase and a-Gal-ase activity in the same ratio.

Finally, the occurrence of the monomer and the dimer species and their ratio remained
constant under various protein concentrations. Both sedimentation velocity and equilibrium
experiments were performed with the protein at 2/3, 1/3 and 1/6 of the initial concentration
and as shown in Fig. 3 C. Thus, there is no evidence for equilibrium between the two protein

forms. Additionally. the size of the enzymatic complex was investigated by DLS analysis to

be around 10 nm for the dimeric form.
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FIG. 3. Sedimentation velocity experiments. The recombinant a-GalNAc-ase A, and
native a-GalNAc-ases B, were analyzed in an analytical ultracentrifuge using sedimentation
velocity. Fitted data (upper panel) with residual plots (middle panel) showing the accuracy of
the fit are shown together with the calculated continuous size distribution ¢(s) of the

sedimenting species (lower panel) at vanious a-GalNAc-ase loading concentrations. C: The

sedimentation velocity experiments showed that there is no apparent equilibrium between the
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two a-GalNA-ase forms. since the decrease in both forms corresponds solely to the decrease
in enzyme loading concentration, D: Equilibrium sedimentation distribution of recombinant
a-GalNA-ase. Upper panel shows absorbance data with fitted curves (non-interacting discrete

species model, lines), lower panel shows residuals derived from fitted data.

Electron microscopy. A negative staining technique was used for characterizing the
wild-type and recombinant «-GalNAc-ases. Uranyl acetate or uranyl fomate was used for the
staining. For image recording. a MegaViewll slow-scan camera was used at the primary
microscope magnification of 64,000%. The pixel size at this magnification is approx. 1 nm,
giving a Nyquist limit of around 2 nm. The wild-type a-GalNAc-ase sample showed a
distribution of small particles with a mean diameter of 6 - 7 nm and shapes ranging from
almost isomeric to elongated (Fig. 4 A, C). The sample of recombinant e-GalNAc-ase showed
particles with a broader size distribution, with a mean diameter of 7 - 10 nm (Fig. 4 B, D).
These data are in good agreement with the sedimentation velocity experiments (Fig. 3) and
confirm that recombinant e-GalNAc-ase was present in the sample in two forms. We tried to
find representative projections of the particles in the recombinant a-GalNAc-ase sample using
EMAN 1.9, a suite of scientific image processing tools (19). Although our digital data sets
were recorded with low resolution due to hardware limitations (approx. 2 nm) and the sizes of
the wild and recombinant a-GalNAc-ases are small, we were able to resolve typical
projections resembling the monomeric and dimeric form of recombinant u-GalNAc-ase (Fig
4. E).

FIG 4. Electron microscopy: Negative staining of wild «-GalNAc-ase from A. niger,
pancls A and C; cloned enzyme from S. cerevisiae, panels B and D, The samples in panel A

and B were negatively stained with uranyl acetate and the samples in panels C and D with
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urany! formate. The cloned enzyme appears mainly in dimers (B, D) in contrast to the wild-
type (A, C), which is present as monomers, The magnification is the same for panels A
through D and the scale bar represents 50 nm. In panel E representative class-averages of
individual cloned enzyme particles from uranyl formate negatively stained sample created
using EMAN software (19) are shown. It can be seen that the cloned enzyme sample

contained predominately the dimeric form, but the monomeric form was also present.

N-Glycosylation sites. N-Glycosidic linkage in proteins is mediated via the amide
nitrogen of asparagine in the tripeptide consensus sequence Asn-Xxx-Ser/Thr, where Xxx is
any amino acid except for proline. However, the presence of this sequence is not in itself
sufficient 1o ensure glycosylation (21), There are eight such potential N-glycosylation sites in
both the wild-type and recombinant «-GalNAc-ases, located at Asn 14, 52, 58, 88, 168, 320,
401 and 456.

a-GalNAc-ase was treated with Endo Hf and PNGase F in each individual digest and
data were analyzed by mass spectrometry using the software mMass (37). After Endo Hf
treatment we identified peaks corresponding to the peptides containing N-glycosylation sites
based on increased m/z of peptides containing N-acetylglucosamine residues (203.079 Da).
When a-GalNAc-ase was treated with PNGase F (16, 21) and digested with AspN, new peaks
appeared, These peaks corresponded to the peptides that arose from the conversion of
asparagine to asparatic acid as shown in Figure Sb. Six asparagines of the eight potential N-
glycosylation sites in the a-GalNAc-ases located at residues 14, 52, 58, 88, 320 and 456 were
found to be glycosylated (Fig. 5 and 6).
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FIG 5. Determination of N-glycosylation sites. (A) a-GalNAc-ase was digested with

Asp-N and treated with PNGase F, which cleaves off asparagine-linked carbohydrates and
13
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converts the asparagine residue to aspartic acid, MALDI-TOF mass spectrometry analysis
showed that the high mass peaks had disappeared, while a new peptide signal at m/z 1128.337
appeared. This peak corresponded to the peptide residue 310-319 (calculated m/z for [M+H]”
1127.337) with a 1Da mass increase from the conversion of asparagines to aspartic acid by
PNGase F, (B) a-GalNAc-ase was digested with Asp-N and deglycosylated with Endo Hf,
which cleaves the bond between two GIeNAc units attached to asparagines (22). The final
peptide has a mass increase of 203, 079Da. The peptide signal at m/z 2004.157 corresponded
to peptide residue 310-325 (calculated m/z for [M+H]" 1801.076) with a 203.079Da mass
increase for GleNAc, The same methodology was used to identify the other N-glycosylation

sites.
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FIG 6. a-GalNAc-ases have eight N-glycosylation sites. Six from eight glycosylation
sites were confirmed (bold and underlined). Glycosylation sites without glycosylation are

showed in italics and underlined.

DISCUSSION
The A. niger a-GalNAc-ase was successfully cloned, sequenced and expressed in the
yeast S, cerevisae. This is the first report of a-GalNAc-ase gene from Aspergillus, The a-
GalNAc-ase gene contains an open reading frame, which encodes a protein of 487 amino acid
residues and displays 64 % identity with the only fungal a-GalNAc-ase described so far (2).
Both Aspergillus o-GalNAc-ase and Acremoninm «-GalNAc-ase belong to  glycoside
14
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hydrolase family 27 and the phylogenetic analysis revealed that they did not belong to the
further a-GalNAc-ases described so far (all from vertebrates) but to another cluster, including
yeast a-Gal-ases. The relationship between a-GalNAc-ases and a-Gal-ases was described
previously (2, 16).

A recombinant and wild a-GalNAc-ase were purified, characterized and compared.
Although vector containing a-signal sequence was used for the expression only intracellular
a-GalNAc-ase activity was detected.

The recombinant a-GalNAc-ase retained its dual enzyme activity - this enzyme was
able to hydrolyze both oNP-a-GalNAc and pNP-a-Gal as its substrate. Moreover, the pH
profile of the recombinant a-GalNAc-ase was changed (Fig. 7), the recombinant enzyme was
more active in neutral pH compare to wild one. This fact predertermines this enzyme for the
red blood cell group A erytrocyte transformation in to the group of H (0), beeing a universal
donor (18).

1007

80 -

Activity (%)

10

FIG 7. Effect of pH on the activity of wild a-GalNAc-ase (- -e- -) and recombinant
a-GalNAc-ase (—e—).

Despite the fact that the recombinant and the wild enzyme have the same AA sequence
and the same number and localisation of N-glycosylation sites, five different independent
methods  verified their different quaternary structure. Sedimentation velocity and
sedimentation equilibrium measurements, dynamic light scattering, gel filtration and finally
clectron microscopy confirmed that native extracellular a-GalNAc-ase occurred purely in a
monomeri¢ form compared to recombinant a-GalNAc-ase, which existed as two distinct
species — monomeric and dimeric forms simultaneously. Although the dimeric form was
predominant, both forms were fully functional and separately showed the same enzymatic and
biochemical properties (substrate specificity, pH optimum, as well as temperature optimum
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and stability). A possible explanation for their parallel presence can consist in different
distribution and processing of the a-GalNAc-ase in various cell compartments. a-GalNAc-ase
can occur 1n various membrane organelles such as ER, Golgi aparatus and lysosome. After the
saturation of the organelle transport systems (protein translocons) by an excess of the
recombinant enzyme, the enzyme could be released into the cytoplasm and the
microenviroment conditions (pH, oxidation/reduction potential), which could cause different
folding pathways leading to different 3D structures.

In conclusion, we prepared stable, active recombinant «-GalNAc-ase in large
quantities in a simple cukaryotic system of Saccharomyees cerevisiae. The notable advantage
of our expression system is in shorter production times, and, up to fourfold increase of the
enzyme yields compared to the native production system. Unique properties of this enzyme
can find a use for the enzymatic synthesis of various carbohydrate structures and for

transformation of the red blood cell group A to the group of H (0), the universal donor,
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Appendix 3

Mrazek H., Weignerova L., Bezouska K.

Aktivni forma a-N-acetylgalaktosaminidazy z vlaknité houby
Aspergillus niger a jeji rekombinantni exprese.

Czech Patent Application.
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P-0065-CZ

Aktivni forma «-N-acetylgalaktosaminidazy z vldknité houby Aspergillus niger a jeji

rekombinantni exprese

Oblast techniky

Vynalez se tykd  o-N-acetylgalaktosaminiddzy neboli  a-N-acetylgalaktosaminid-N-
acetylgalaktosaminohydroldzy, enzymu s a-galaktosiddzovou aktivitou, a pfipravy aktivni

formy tohoto enzymu v kvasinkovém expresnim systému Saccharomyces cerevisiae

Dosavadni stav techniky

a-N-acetylgalaktosaminidiza (a-GalNAasa; EC 3.2.1.49) neboli a-N-acetylgalaktosaminid-N-
acetylgalaktosaminohydroldza je enzym selektivné Stépici termindlné vazany GalNAc, ktery
je pfipojen O-a-D-glykosidovou vazbou na aminokyseliny Ser nebo Thr, & na
oligosacharidovy fetézec. Enzymova hydrolyza glykosidické vazby probihd retenujicim
zpusobem, kdy je konfigurace anomerie vazby substritu a produktu nezménéna. Uhlik Cl o-
N-acetylgalaktosaminidu podilejici se na glykosidické vazbé, podléhd dvéma néslednym
nukleofilnim atakim, pfi kterych se méni anomerie vazby. Nejprve atom kysliku Aspl40
atakuje elektrofilni uhlik C1 sacharidového skeletu, coZ vede k tvorbé Kovalentniho komplexu
enzym-substrit. Nasledné je kovalentni komplex atakovin deprotonovanou molekulou vody.,

coz zpusobi regeneraci enzymu a uvolnéni produktu.

Podle enzymové nomenklatury [IUB-MB (International Union of Biochemistry and Molecular
Biology) je «-N-acetylgalaktosaminidiza fazena mezi hydroldzy-glykosidizy hydrolyzujici
O- a S-glykosidické vazby. Na zdkladé ptibuznosti genit a isoenzymi byla sestavena
fvlogenetickd mapa tohoto enzymu. Tato mapa ukdzala, Ze evoluéni pocitek genu pro o-N-
acetylgalaktosaminidizu obratlovet a hub je odlisny. «-N-acetyl-galaktosaminidiza se
pravdépodobné vyvinula z a-galaktosidizy u hub, které osidlily pevné substrity, jako

adaptace na vyuZiti sloudenin obsahujici termindiné vdzany N-acetylgalaktosamin,
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«-N-acetylgalaktosaminiddza se vyskytuje ve vice formdch navzajem se liSicich svou
katalytickou aktivitou. Dimerni a tetramerni forma je enzymové aktivni na rozdil od

monomernf, kterd nevykazuje enzymovou aktivitu.

Lidskd «-GalNAc-dza hraje dileZitou roli pfi metabolismu glykokonjugdti. Nedostatek
tohoto enzymu muZe zpisobit Schindlerovu nebo Kanzakiho nemoc, kterd maze vytstit az v

nevratné neurodegenerativni postizeni,

Bylo prokdzino, Ze «-GalNAc-dza purifikovana z kufecich jater (J. Hata, et al, Purification
and characterization of N-acetyi-a-D-galactosaminidase from Gallus domestici, Biochem. Int.
28 (1992) 77-86), grampozitivni ty¢inkovité anacrobni sporulujici bakterie Clostridium
perfringens (G.N. Levy, and D Aminoff, Purification and properties of a-N-
acetylgalactosaminidase from Clostridium perfringens, J. Biol. Chem. 255 (1980) 11373-
11342) a dalSich bakteridlnich kmenh (P.Q. Liuet et al, Bacterial glvcosidases for the
production of universal red blood cells, Nat. Biotechnol. 25 (2007) 454-464), je schopna
Gc¢inné Stépit termindlné o-vizany GalNAc z epitopii erytrocytd krevni skupiny A, V¥sledkem
tohoto Stépeni jsou epitopické struktury erytrocyti krevni skupiny H(0) univerzdlni ddrce.
(C.Y. Yu er al, Human RBCs blood group conversion from A to O using a novel a-N-
acetylealactosaminidase of high specific activity, Chinese Sci. Bull. 33 (2008) 2008-20]6).
Nevyhodu viech dosud  znimych  a-N-acetylgalaktosaminiddz, at®  izolovanych ¢i
rekombinantné pfipravenych (viz napi, H. Ashida, H. Tamaki, T, Fujimoto, K. Yamamoto, and
H. Kumagai, Molecular cloning of ¢DNA encoding a-N-acervlgalactosaminidase from
Acremonium sp. and its expression in veast, Arch. Biochem. Biophys. 384 (2000} 305-310)) je
jejich nulovd enzymatickd aktivita v oblasti neutrilniho pH. Z téchto divodi nebylo moZné
provést experiment premény erytrocyta piimo na zivych izolovanych krevnich bunkach, které
v oblasti nfzkého pH podléhaji erytrolyze. V3echny vySe zminéné experimenty se
sacharidovymi strukturami Krevnich skupin byly providény v nizkém pH vyhradné se

samotnymi epitopy, které byly pripraveny synteticky.
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V Laboratofi architektury proteini, MBU AV CR. v.v.i a v Laboratofi biotransformaci, MBU
AV CR, v.v.i bylo provedeno nékolik experimentd, které vedly k zdkladnim biochemickym
poznatkim o o-N-acetylgalaktosaminidizdch izolovanych z pfirodnich  zdroju a byl
identifikovin nejlepsi producent tohoto enzymu - vidknitd houba Aspergilius niger CCIM K2.
Extraceluldmi enzym z tohoto zdroje byl purifikovan a pIn¢ charakterizovin (L. Weignerovd,
T. Filipi, D. Manglovd, and V. Kfen, Induction, purification and characterization of a-N-
acetylgalactosaminidase from Aspergillus niger, Appl. Microbiol. Biotechnol, 79 (2(08) 769—
774.).

a-GalNAc-dza je schopnd také Katalyzovat reverzni hydrolytické reakcee, vysledkem téchto
reakei miZe byt a-D-GalpNAc-(1-6)-D-GalpNAc, a-D-GalpNAc-(1-3)-D-GalpNAc, a-D-
GalpNAc-(1-6)-D-GalfNAc a také Tn antigen (GalpNAc-a-O-Ser/Thr) a jeho N-{rert-
butoxykarbonyl) derivity (L. Weignerovd, P. Simerskd, and V. Kren, a-Galactosidases and
their applications in biotransformations, Biocat. Biotrans, 27 (2009) 79-89), (L. Weignerova
et al, Condensation reactions catalvzed by a-N-acetvlgalactosaminidase from Aspergillus

niger vielding a-N-acetylgalactosaminides. Biocat. Biotrans. 28 (2010) 150-155).

Meéfeni enzymové aktivity a molekulimi modelovani ukdzalo dudlni enzymatickon aktivitu
specifickou jen pro a-GalNAc-azu izolovanou z Aspergilllus niger, Tento enzym je schopny
hydrolyzovat jak o-nitrofenyl-2-acetamido-2-deoxy-w-D-galaktopyranosid (ee-N-
acetylgalaktosaminidizovd  aktivita),  tak  p-nitrofenyl-a-D-galaktopyranosid (-
galaktosiddzovd aktivita), pricemZ o-galaktosiddzova aktivita je ve srovndni s o-N-acetyl-
galaktosaminiddzovou priblizné 10 % (N. Kulik et al, The a-galactosidase type A gene aglA
from Aspergillus niger encodes a fully functional a-N-acetvigalactosaminidase, Glycobiology.
20(2010) 1410-1419).
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Do soucasné doby byla v literatufe popsina izolace, purifikace a zdkladnf charakterizace
nékolika o-N-acetylgalaktosaminidaz z pfirodnich zdroji a pouze jedna rekombinantni
piiprava tohoto enzymu (viz vySe). Av3ak zadny ztéchto enzymi nevykazoval o-N-
acetylgalaktosaminidazovou aktivitu v neutrdlnim pH. Rekombinantné pfipravend o-N-
acetylgalaktosaminidiza  podle  vyndlezu  piekvapivé  projevuje  v¥znamnou  o-N-
acetylgalaktosaminiddzovou aktivitu dokonce i pii pH 8 (v 50mM HEPES pufru, pH=8,0).
Tato aktivita je piiblizné az 20% vzhledem k maximu, kterého je dosazeno priblizné pfi pH 2.
Aktivita enzymu pfi pH v rozmezi 6 az 8 je dostateénd pro praktické vyuZiti enzymu.

Podstata vyndlezu

Prvni pfedmét vyndlezu se tyka rekombinantni aktivni formy «-N-acetylgalaktosaminidizy
(a-GalNAc-asa:  EC 3.2.1.49) neboli  a-N-acetylgalaktosaminid-V-acetylgalaktosamino-
hydroldzy z vidknité houby Aspergillus niger. jejiz aminokyselinova sekvence je nasledujici
(SEKV.ID. C. 1):
MGFNNWARFMCDLNETLFTETADAMAANGLRDAGYNRINLDDCWMAYORSDNGSLRWNTT 60
EFPHGLPWLAQYVKAKGFHFGIYEDSGNMTCGGYPGSYNHEEQDANTFALWGIDYLKLDG 120
CNVYATQGRTLEEEYKQRYGHWHQVLSKMQHPLIFSESAPAYFAGTDNNTDWYTVMNWVE 180
IYGELARHSTDILVYSGAGSAWDS IMNNYNYNTLLARYQRPGYFNDPDFLIPDEPGLTAD 240
EKRSHFALWASFSAPLIISAYIPALSKDEIAFLTNEALIAVNQDPLAQQATFASRDNTLD 300
ILTRNLANGDRLLTVLNKGNTTVTRDIPVQWLGLTETDCTYTAEDLWDGKTQKISDHIKI 360
ELASHATAVFRLGLPQGCSSVVETGLVFNTASGNCLTAASNSSVAFQSCNGETSQIWQVT 420

LSGVIRPVSQTTQCLAADGNSVKLQACDSTDSDGONWTYAVTGNLKNAKTDGCLTEGSVQ 480
MKSCLYE

Rekombinantné pripravend forma tohoto enzymu prekvapivé vykazuje v rozmezi pH 6 az 8
«-N-acetylgalaktosaminiddzovou aktivitu na drovni 15 az 30 % (pfi pH 7 piiblizné 20 %)
vzhledem k maximu, kter¢ho je dosazeno piiblizné pfi pH 2. Diky této v¥znamné aktivité pri
neutrdlnim pH predstavuje enzym podle vynilezu vyhodny ndstroj pro pouZiti pii pfeméné
krevnich bunék typu A na Krevni bunfky typu H(0) univerzdlni dirce. Rekombinantné
pripraveny enzym vykazuje také a-galaktosiddzovou aktivitu. Tento enzym muZe byt vyuZit

pii syntetick¥ch reakei oligo/polysacharidovych struktur,
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Dalsi pfedmét vynilezu se tyka izolované molekuly nukleové kyseliny, kterd koduje aktivni
- N-acetylgalaktosaminiddzu s a-galaktosiddzovou aktivitou. Tato izolovand molekula maze
byt DNA nebo RNA (mRNA), vihodné je to cDNA. Také nukleové kyseliny se sekvenci
komplementirni k v¥ie uvedenym sekvencim spadaji do rozsahu vyndlezu, Nejvyhodnéji se
jednd o cDNA s nisledujici sekvenci (SEKV. ID, €. 2):

atgggtttcaacaattgggcccygecttcatgtgegacctcaacgagacectgtttacegay 60
actgecgatgegatggetgcetaacggtetgegggacgeaggetacaategeatcaatetg 120
gatgattgetggatggcttatcagcoatccgacaatggateccctacggtggaacacgact 180
gagttceccacacggectgecttggetagetcaatatgtcasagecasagggtttecat it 240
ggaatctatgaagattectgqeasacatgactigtggeggataccceggatectacaaccac 300
gaggagcaggacgccaacacctttgetttatgggggattgactatctocaagctcgacggt 3580
tgoaacgtotacgoaacacaaggtaggacactcgaggaggaatacaagecaacgetacgga 4240
cattggcaccaagtcctcageaagatgoagoacccactgatottctccgagtcagecoeg 480
geatacttcgegggracagacaacaacacagactggtacacegtgatgaactgggteceg 540
atcotacggggagetggocogecattotaccgatateocotggtgtacagtggagecaggtage 600
gcatgggacagcattatgaataactacaactacaacactottcttgegogotaccagega 660
ccggggtatttcaatgatcctgattttectgatcococggatoatcectggecctgacggcggat 720
gaaaagogatcgocattttgoactgtgggottotttoctoggotoccacttattatcagtget 780
tatatacctgeactttcgaaggatgagattgoetteottgacgaacgaggeattgattgeg 840
gtgaatcaggatccococotggeccagoaggeocacgtttgegagecgogataacacactggat 900
atattgacgcogtaatotggoaaacggcgacaggoctgotgacggtgottaataagggaaac 960
acaactgtaacgagggacattcccgtacaatggttgggtcttacagagactgactgtaca 1020
tacacggocogaggatctetgggatggeaagacecagaagatcagegaccatatzaagatt 1080
gaactagccagecatgeogacageagrettecggeteggtettocgecagggttgttectey 1140
gtagtgccaacgggacttgtottcaacacageategggcaattgtotgaccgetgectea 1200
aattcttcagtegeattitcagtectgecaatggagagacctetcagatetggcaggtgaca 1260
ctgtcaggagteattegrecagtategeagaccacacaatgertggergctgatggaaac 1320
tcagttaagetgecaageatgtgacagcacggatagegacggecadaactggacgtatgea 1380
gtcacgggaaatttasagastgegaagacagatggttgectgactgagggatcagtgeag 1440

atgaagtcotgtcectitatgaga

Jesté  dalsi  pfedmét  vyndlezu se  tykd zplisobu piipravy aktivni  formy o-V-
acetylgalaktosaminidizy, jak byla definoviina vySe. Zpusob piipravy aktivni formy o-N-
acetylgalaktosaminiddzy zahrnuje ¢tyfi stupné: izolaci celkové RNA  z vidknité houby
Aspergillus niger, priprava fragmenti specifické DNA, klonovini této DNA do vhodného
klonovaciho a expresnfho vektoru, transformaci plazmidové DNA do vhodnych hostitelskgch

bunék, exprese aktivniho enzymu, izolace a purifikace tohoto enzymu.

Lstupeni; Izolace RNA a priprava DNA fragmentt kédujicich aktivai formu enzymu o-N-
acetylgalaktosaminidizy.
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Celkovd mRNA se izoluje z vlaknité houby Aspergillus niger a nisledné se uZije jako templat
pro syntézu cDNA pomoci reverzni transkriptizy. cDNA se poté pouZije jako templit pro
PCR amplifikaci DNA kddujici  aktivni  formu  alfa-V-acetylgalaktosaminidizy. Pro

amplifikaci se vZiji specifické oligonukleotidové primery nédsledujicich sekvenci:
57— ttat tct aga atg ggt ttc aac aat tgg gee cge - 37 (SEKV. ID. C. 3)

S’ - att gaa tc tta gec atc cet cic ata aag acacgactt - 3" (SEKV.ID.C. 4)

2.stupen: Konstrukce expresniho plasmidu a jeho transformace do kvasinkového expresniho

systému Saccharomyees cerevisiae,

Expresnf plasmid je konstruovin vioZenim DNA fragmentu vzniklého po PCR amplifikaci
v piedchozim stupni do vhodného expresniho vektoru. Tento vektor se pak metodou
transfekce (vyhodné elektroporace. nebo jinou metodou odbornikim zndmou) vnese do

kompetentnich bunék expresniho systému.

3.stupei;: Exprese aktivni formy a-N-acetylgalaktosaminidizy,

Z transformantd vzniklych ve stupni 2 se vybere nejlepsi produkéni klon, ktery se pouZije pro
inokulum, které se nasledné pouZije pro velkoobjemovou produkci proteinu ve vhodném
produkénfm médiu za vhodnych kultivaénich podminek. Exprese proteinu je indukovina
vhodnym induktorem (v zdvislosti na typu promotoru v expresnim vektoru a mechanismu

regulace proteinové exprese).

4.stupei: lzolace aktivni a-N-acetylgalaktosaminiddzy z hostitelského expresniho systému a

purifikace tohoto aktivniho enzymu.

Po velkoobjemové produkci je bunéénd kultura odstiedéna centrifugaci a aktivni enzym je
izolovan pomoci lyzaéniho pufru s pfidavkem detergentu. a-N-acetylgalaktosaminiddza se
pak purifikuje, napi. pomoci tif po sobé jdoucich chromatografii (Phenyl-Sepharosa,
S-sepharosa a Superdex 200), nebo jinym vhodny¥m zpiisobem odbornfkiim zndmym,
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Dalsi predmét vynalezu se tykd rekombinantni o-N-acetylgalaktosaminidazy s dudlni
aktivitou vykazujici vyznamnou o-N-acetylgalaktosaminididzovou aktivitu pii neutrdlnim pH
(resp. v rozmezi pH 6-8), kterd je pripravitelnd vyse popsanym zplsobem.

Dile se vyndlez tyka pouZiti dvojice oligonukleotidii sestdvajici ze sekvenci SEKV. ID. C. 3
a SEKV. ID. C. 4 pro piipravu nukleové kyseliny, vyhodné cDNA, kédujici rekombinantni
(-N-acetylgalaktosaminiddzu s dudlni  aktviton  vykazujfci  vyznamnou — o-N-

acetylgalaktosaminidizovou aktivitu pfi neatralnim pH.

A nakonec také pouZiti dvojice oligonukleotidii sestivajici ze sekvenci SEKV. ID. C. 3 a
SEKV. ID. C. 4 pro pripravu rekombinantni o-N-acetylgalaktosaminidzy s dudini aktivitou

vykazujici vyznamnou o-N-acetylgalaktosaminiddzovou aktivitu pfi neutrdlnim pH.

Struény popis obriazka

Obrizek 1: A. Elektroforetickd analyza produkce o-N-acetylgalaktosaminidizy po
jednotlivych  ¢asovych usecich. B. «-N-acetylgalaktosaminidizova aktivita méfena

v produkénim médiu po jednotlivich Easovych tsecich
Obrazek 2: A. Eluéni profil rekombinantni a-V-acetylgalaktosaminiddzy z gelové filtrace

B. a-N-acetylgalaktosaminiddzovd a  a-galaklosiddzovd akuvita méfena v jednotlivych
cluovanych frakeich
Obrizek 3:  Stanoveni zikladnich enzymatick¥ch  viastnosti  rekombinantni  o-N-

acetylgalaktosaminidizy jako jsou hodnoty K a V.

Obrizek 4: Stanoveni pH optima a oblasti pH, kde rekombinantni a pfirozené izolované «-V-
acetylgalaktosaminiddza vykazuji enzymatickou aktivitu. o-N-acetylgalaktosaminidiaza
izolovand z vldknité houby Aspergillus niger (--e--), rekombinantné pihipravena alfa-N-

acetylgalaktosaminidaza podle vynalezu (—e—).
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Priklady provedeni vynilezu

Piklad 1

Produkce rekombinanini  aktivni  a-N-acetylgalaktosaminiddzy v kvasinkovém  expresnim

sysiému Saccharomyces cerevisiae

1.1 Priprava ¢DNA a expresniho vektoru

Celkova RNA byla izolovina z vldknité houby Aspergillus niger pomoci RNeasy Plant Mini
Kit (QIAGEN). Tato celkovd RNA byla pouZita jako templit pro syntézu cDNA s vyuZitim
reverzni transkritdzy SuperScript I (Invitrogen). DNA fragmenty kdédujici aktivai formu
alfa-N-acetylgalaktosaminidazy byly amplifikovdny pomoci PCR amplifikace s vyuzitim pdru
specifickych oligonukleotidovych primert (SEKV. ID. C. 3 a SEKV. ID. C. 3) nasledujicich

sekvenci:
57— ttat tet aga atg get (e aac aat 1gg gee cge— 37
57— att gaa tie tta gee ate cet ¢le ata aag aca cga it — 37

PCR amplifikace probihala v reakéni smési o objemu 50ul o nasledujicim slozeni: Sul 10x
koncentrovaného ThermoPol reaction buffer (New England Biolabs): 1yl 10mM dNTPs: 2pul
kazdého primeru; 1,5pl siranu hofe¢natého; 1ul templitové cDNA plipravené vySe zminénym
postupem; 37,5l sterilni deionizované vody: 0,5ul Deep Vent Polymerasy (2U/ul). S takto
piipravenou smési bylo provedeno 30 cykli PCR amplifikace, dle standardniho protokolu
s 30 sekundovym naseddnim (annealing) primenl na templitovou DNA pfi teploté 50°C a

dvou minutovou polymeraci pii teploté 72°C,

Vznikly PCR produkt byl separovin pomoci agarosové elektroforézy, po které ndsledovala
purifikace amplikonu piimo z gelu pomoci komeréné dostupnych souprav (Genomed). Po
izolaci byl amplikon 3tépen restrikénimi endonukledzami Xbal a EcoRl (New England
Biolabs) a takto pripraveny DNA fragment byl opét podroben separaci na agarosové
elektroforéze, izolaci a purifikaci z agarozového gelu. Stejnym zpusobem byl pfipraven

expresni vektor pYES-2CT.
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Zikladni postupy molekuldrni biologie, které byly pouzity, jsou odbornikim znimy a jsou
popsdny napiiklad v publikaci: Sambrook J, Russel DW. Molecular cloning: A laboratory
Manual. Cold Spring Harbor, Laboratory Press, New York, 2001, 3™ Edition.

Nisledovala ligacni reakce. kterd probihala 16 hodin pfi laboratorni teploté, Objem ligacni
smési byl 20ul, reakéni smés obsahovala cca 50-100ng linearizovaného expresniho vektoru a
stejné mnoZstvi DNA fragmentu; 2pul 10x koncentrovaného ligaéniho pufru pro T4 DNA
ligazu (Fermentas); lul T4 DNA ligazy (5WeissU/ul) (Fermentas). Cely objem ligacni
smési byl nasledné pouzit pro transformaci kompetentnich bunék E. celi BL21-DE3
(Stratagene) a byla provedena velkokapacitni izolace plasmidové DNA pomoci komeréné
dostupnych souprav (Genomed). Pro ovéieni kvality plasmidové DNA byla provedena
automatickd DNA sekvenace. Sekvence cDNA byla nasledujici (SEKV. ID. C. 2):

atgggtttcaacaattgggcccgettcatgtgcgacctcaacqgagacceectgtttacegag 60
actgocgatgegatggotgetaascggtectgegggacgraggetacaatcgeatcaatctg 120
gatgattgctggatggettatcagecgatecgacaatggatecctacggtggaacacgact 180
gagttcccacacggeoctgoocttggotagetcaatatgtcaaagooaaagggtttocatttt 240
ggaatctatgaagattcoctggcaacatgacttgtggcggataccccggatectacaaccac 300
gaggagcaggacgccaacacctttgetttatgggggattgactatctcaagotcgacggt 360
tgoaacgtctacgcaacacaaggtaggacactcgaggaggaatacaagecaacgectacgga 220
cattggcaccaagtoctcagoaagatgeagcacocactgatcttotoocgagtcagoceeg 480
gratacttogogggoacagacaacaacacagactggtacaccgtgatgaactgyggteocg 540
atctacggggagctggecocgecattoctaceogatatectggtgtacagtggageaggtage 600
gcatgggacagcattatgaataactacaactacaacactcocttottgegogotaccagega 660
ccggggtatttcaatgatcoctgattttetgateccggatecatoctggectgacggogaat 720
gaaaagcgatcgeattttgoactgtgggettotttoctoggotocacttattatcagtacet 780
tatatacctgcactttcgaaggatgagattgocttettgacgaacgaggeattgattacg 940
gtgaatcaggatcecetggeccageaggaecacqgritgegagecgegataacacactggat 900
atattgacgegtaatctggcaaacggcgacaggctgctgacggtgettaataagggaaac 960
acaactgtaacgagggacattoccgtacaatggttgggrettacagagactgactgtaca 1020
tacacggccgaggatctetgggatggeaagacacagaagatcagegaccatataaagatt 1080
gaactagocagecatqegacageagtettoeggeteggtettcegeagggigrtectey 1140
gtagtgcsaacgggacttgtettcaacacageategageaattgrctgaccgetycctca 1200
sattctteagtegeatttcagtectgcaatggagagacetctcagatetggeaggtgaca 1280
ctgtcaggagtcattcgteccagtatcgecagaccacacaatgettggetgetgatggaaac 1320
tcagttaagetgeaageatgtgacageacggatagegacggecagaactggacgtatgea 1380
gtcacgggaaatttaaagastgegaagacagatggttgectgactgagggatcagtgecag 1440

atgaagtcegtgtotttatgaga
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1.2 Priprava aktivaiho rekombinanmtho enzymu.

Expresni plasmid byl vnesen do kvasinkovych bunék Saccharomyce cerevisiae W303
metodou elektroporace. Podminky elektroporace byly 25uF; 22ns; 1.2kV: elektroporace byla
provedena na pristroji  MicroPulserTM  Electroporator  (Bio-Rad). Takto pripravené
transformované builky byly rozsety na Petrtho misky sSC selektivnim médiem
neobsahujicim uracil a s pfidavkem adeninu a aminokyselin tryptofanu, leucinu a histidinu.
Z wkto phpravenych transformanti byl vybrian produkéni klon, ktery je pouZit pii inokulaci
15 ml SC selektivniho média obsahujicim 2% glukosu, tryptofan. leucin. adenin a histidin,
neobsahujicim viak uracil ktery zde slouZi jako selekéni marker. Bunéénd suspenze byla
kultivovina 12 hodin, pfi 30°C pfi intenzivnim tiepdni 240 ot./min.. Bun&né pelety byly
odstiedény centrifugaci 5000g/5min a resuspendovany ve 200ml SC media obsahujicim 2%
galaktézu, tryptofan, leucin, adenin a histidin, neobsahujicim v3ak uracil. Tato bunééna
kultura byla kultivovdna 72 hodin pii 30°C, 240 ot./min..

1.3 Izolace a-N-acetylgaloktosaminiddzy = kvasinkovych bunék

Po ukonéeni inkubace byla biomasa odstfedéna centrifugaci a resuspendovina v 10 ml
lyzaéniho pufru obsahujicim SO0mM citrdt-fosfdt (pH 3.5), 5% glycerol, I mM PMSF almM
dodecyl maltosid. Ddle byla ke smési pfidina sklenéné kulicky o priméru r = 0.25-0.5 mm
(Pierce), které slouzi k mechanickému rozbiti bunéénych stén kvasinek. Celd smés byla 1
minutu vortexovina a jednu minutu ponechina na ledu, Tento proces byl opakovin pétkrdt,
Po ukonceni izolace byla smés odstiedéna centrifugact, peleta byla odstranéna a supernatant

obsahujici aktivnf a-N-acetylgalaktosaminiddzu byl pouzit pri purifikaci.

1.4 Purifikace rekombinantni a-N-acetylgalaktosaminiddzy

Pro punifikaci byl pouzit HPLC systém BioSys (Beckman-Coulter) s UV detekci. Bunéény
lyzat vznikly v kroku 1.3 byl nafedén 60 ml solventu A (1 M NaCl in 50 mM citrit-fosfit
pufr, pH 3.5) a suspense byla centrifugoviana pfi 18000 ot./min., 30 min. pfi 4 °C, Bunéény
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extrakt byl nastiiknut na kolonu Phenyl-Sepharose HR (2.6 x 10.6 cm, Merck) ekvilibrovanou
v solventu A, Enzym byl eluovan pouZitim linedrniho gradientu 0-1 M NaCl, 90 min pii
pritoku 2 mi/min. Frakcee obsahujici a-N-acetylgalaktosaminiddzovou aktivitu byly spojeny a
prevedeny do pufru C (20 mM citrdt-fosfit, pH 4,5). Pievod byl proveden pomoci
ultrafiltraénich kolonek Amicon Ultra 10 kDa (Millipore). Pomoci stejnych kolonek byl
objem frakei sniZen na cca 2ml. Takto phipraveny roztok obsahujici aktivni enzym byl
nanesen na kolonu S-Sepharose FF (1,6 x 12,5 ¢m, Merck), ekvilibrovanou v pufru C. Enzym
byl eluovin linedrnim gradientem 0-1 M NaCl, 60 min pii pratoku I ml/min. Ziskané frakce
obsahujici enzymovou aktivitu byly zakoncentroviny opét pomoci ultrafiltraénich kolonek
Amicon Ultra 10 kDa (Millipore) na objem cca 100ul. S takto pfipravenym vzorkem byla
provedena gelovi filtrace jako posledni krok purifikace a-N-acetylgalaktosaminiddzy (obr. 1,
tab. 1).

Byla pouzita kolona Superdex 200 10/300 GL (1,00 x 30 cm) (Amersham Bioscience)
ckvilibrovand v 50 mM Na-acetitovém pufru pH 3.6. Priutok mobilni fize byl 0.4ml/min.
V jednotlivich eluovanych frakcich byla méfena  a-N-acetylgalaktosaminidizova a a-
galaktosidazova aktivita (obr. 2). Frakce vykazujici enzymovou aktivitu byly uchoviny pfi
4°C.

Koncentrace proteinu byla stanovena metodou dle Bradfordové s pouZitim standartu BSA.
Poté byl protein zakoncentrovin na cca Img/ml s pomoci koncentra¢nich kolonek  Amicon
Ultra 10kDa (Millipore).

Tabulka 1. Bilanéni itabulka purifikace rekombinantni  @-N-acerylgalaktosaminidizy

exprimované v kvasinkovém expresnim systému Saccharomyces cerevisiae

Stupeii Protein  Akivita Spec.aktivita Cistota Vytéznost
(mg) () (Umg™") (fold) (%)
Bunédny extrakt 378.0 150.0 0.4 1.0 100
Phenyl-sepharose HR 314 1023 33 83 68,2
S-Sepharose FF 12,8 81,0 6,3 15.8 54,0
Superdex 200 1.5 419 27.9 69,9 27.9
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1.5 Stanoveni enzymové akriviry

«-N-acetylgalaktosaminidizova aktivita byla stanovena pouzitim 2 mM o-nitrofenyl-2-
acetamido-2-deoxy-a-D-galaktopyranosidu  (Sigma). Jednotka enzymové aktivity byla
definovana jako mnozstvi enzymu potfebné k uvolnéni |pmol e-nitrofenolu za jednu minutu
v 50mM citrdt-fosfatovém pufru pii pH=3.5 a teploté 35°C. Reakéni smés byla inkubovina
35°C, 10 minut, uvolnény o-nitrofenol byl stanoven spektroskopicky pii vinové délce 420 nm
v alkalickém prostiedi, Z reakéni smési bylo odebrino 50pul a priddno do Iml 0,1 M Na-COs,
K sestrojeni kalibra¢ni pfimky bylo pouZito 0~2 mM o-nitrofenolu.

Bylo stanoveno pH optimum a oblasti pH, kde rekombinantni a-N-acetylgalaktosaminidiza
podle vyndlezu a pfirozené izolované o-N-acetylgalaktosaminiddza vykazuji enzymatickou
aktivitu. @-N-acetylgalaktosaminidiza izolovand =z vliknité houby Aspergillus niger
vykazovala pfi pH 6 jiz velmi nizkou aktivitu (priblizné 10 % maxima pii pH 2). pfi
neutrdlnim pH, konkrétné ph pH 7 byla aktivita jiZ zcela neméfitelnd (nulovi). Naproti tomu
rekombinantné phpravend @-N-acetylgalaktosaminidiza podle vyndlezu vykazovala
v rozmezi pH 6 az 8 a-N-acetylgalaktosaminidizovou aktivitu na drovni 15 az 30 % (pii pH
7 phiblizné 20 %) vzhledem k maximu, kterého je dosazeno piiblizné pfi pH 2 (obr. 4).

1.6 Identifikace rekombinantniho enzymu

Identifikace a-N-acetylgalaktosaminidizy byla provedena metodou peptidového mapovini
pomoci hmotnostni spektrometric MALDI-TOF (Bruker). Vzniklé tryptické fragmenty byly
porovniny z databdzi v programu Mascot (Matrix Science) a byla potvrzena identita enzymu,
ktery md ndsledujici sekvenci aminokyselin (SEKV. ID. C. 1):

MGFNNWARFMCDLNETLFTETADAMAANGLRDAGYNRINLDDCWMAYQRSDNGSLRWNTT 60
EFPHGLPWLAQYVKAKGFHFGIYEDSGNMTCGGYPGSYNHEEQDANTFALWGIDYLKLDG 120
CNVYATQGRTLEEEYKQRYGHWHOVLSKMQHPLIFSESAPAYFAGTDNNTDWYTVMNWVE 180
I¥YGELARHSTDILVYSGAGSAWDSIMNNYNYNTLLARYQRPGYFNDPDFLIPDEPGLTAD 240
EKRSHFALWASFSAPLIISAYIPALSKDEIAFLTNEALIAVNQDPLAQQRATFASRDNTLD 300
ILTRNLANGDRLLTVLNKGNTTIVTRDIPVQWLGLTETDCTYTAEDLWDGKTQKISDHIKI 360
ELASHATAVFRLGLPQGCSSVVPTGLVFNTASGNCLTAASNSSVAFQSUNGETSQIWQVT 420
LSGVIREVSQTTQCLAADGNSVKLQACDSTDSDGONATYAVTGNLKNAKTDGCLTEGSVQ 480
MKSCLYE
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Vytézek z 1 litru bunééné suspenze se pohyboval pfiblizné okolo 1.5 mg aktivniho enzymu se

specifickou aktivita 28 U/mg,

Piiklad 2
Stanoveni enzymové kinetiky reakce rekombinanini a-N-acetvigalakiosaminiddzy

Méfeni enzymové kinetiky bylo providéno diskontinuilné. Jako substrit byl pouzit roztok
oNP-a-GalNAc¢ o péti riznych koncentracich (0,5mM; 0.7mM: ImM; 2mM; S5mM). K
reakéni smési bylo vzdy pfidino Spl roztoku rekombinantni a-N-acetylgalaktosaminiddzy o
koncentraci 0,Img/ml a 50ul roztoku substritu. Takto pfipravend reakéni smés byla
inkubovina pfi 35°C za stdlého tiepani. Probihajici enzymova reakce byla zastavena v Sesti
odlisnych ¢asech (0 min; 2 min: 4 min; 6 min; 8 min: 10 min) pfidanim [150p] 1M Na,CO: do
reakéni smési. Naméfend data byla vyhodnocena s vyuzitim programu Enzfitter. Byla uréena
hodnota Michaelisovy konstanty pro oNP-a-GalNAc a hodnota limitni rychlosti enzymové

reakce (obr. 3).

Prumyslové vyuziti

Rekombinantni enzymaticky aktivni  a-N-acetylgalaktosaminidiza se uplatni pfi pfeméné
krevnich skupin typu A na krevni skupinu typu H(0) univerzilni darce, pfi vyrobé krevnich
derivath. Didle se tento rekombinantné pfipraveny enzym miZe pouZit pii syntéze
oligosacharidovych & polysacharidovych fetézen. Takové sacharidové struktury mohou byt
pouzity v mnoha prumyslovych odvétvich (farmaceuticky, potraviniaisky, chemicky prumysl),
Vzhledem k dudlni aktivité a-N-acetylgalaktosaminidizy je moZno tento enzym pouZit jako

modelovy protein vykazujici a-galaktosiddzovou aktivitu v oblasti nizkého pH.
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SEZNAM SEKVENCI

<110> Univerzita Karlova v Praze, Pfirodovédecka fakulta, Praha, C2
<120> Aktivni forma a-N-acetylgalaktosaminidazy z viaknité houby
Aspergillus niger a jeiji rekombinantni exprese

<130> P-0065-C2
<150>
<151>

<l€C> 4

<211> 487
<212> PRT

<213> Aspergiallus niger

MGEFNNWARFMCDLNETLF TETADAMAANGLRDAGYNRINLDDCWMAYQRSDNGSLRWNTT 60
EFPHGLPWLAQYVKAKGFHFGIYEDSGNMTCGGYPGSYNHEEQDANTFALWGIDYLKLDG 120
CNVYATQGRTLEEEYKQRYGHWHQVLSKMOHPLIFSESAPAYFAGTDNNTDWYTVMNWVP 180
IYGELARHSTDILVYSGAGSAWDS IMNNYNYNTLLARYQRPGYFNDPDFLIPDHPGLTAD 240
EKRSHFALWASFSAPLIISAYIPALSKDEIAFLTNEALIAVNQDPLAQQATFASRDNTLD 300
ILTRNLANGDRLLTVLNKGNTTVTRDIPVOWLGLTETDCTYTAEDLWDGKTQKISDHIKI 360
ELASHATAVFRLGLPQGCSSVVPTGLVFNTASGNCLTAASNSSVAFQSCNGETSQIWQVT 420
LSGVIRPVSQTTQCLAADGNSVKLQACDSTDSDGONWTYAVTGNLKNAKTDGCLTEGSVQ 480
MKSCLYE

<210> 2
«211> 1462
<212> DNA

<213> Aspergillus niger

<400> 2

atgggtttcaacaattgggcccgcttcatgtgegacctcaacgagaccctgtttaccgag 60
actgccgatgcgatggetgetaacggtctgegggacgecaggetacaatcgecatcaatetg 120
gatgattgctggatggettatcagegatecgacaatggatecctacggtggaacacgact 180
gagttcccacacggectgecttggetagetcaatatgtcaaageccaaagggtttcatttt 240
ggaatctatgaagattctggcaacatgacttgtggcggataccccggatcectacaaccac 300
gaggagcaggacgecaacacctttgetttatgggggattgactatctcaagetegacggt 360
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tgcaacgtctacgcaacacaaggtaggacactegaggaggaatacaagcaacgetacgga
cattggcaccaagtcctcagcaagatgcagcacccactgatcttctoccgagtcagececg
gcatacttcgcgggcacagacaacaacacagactggtacaccgtgatgaactgggtcecg
atctacggggagctggeocegecattctacegatatectggtgtacagtggagecaggtage
gcatgggacagcattatgaataactacaactacaacactcttcttgegegetaccagega
ccggggtatttcaatgatcctgattttctgatcceggatcatectggectgacggeggat
gaaaagcgatcgeattttgeactgtgggettettteteggetecacttattatecagtget
tatatacctgceactttcogaaggatgagattgeettettgacgaacgaggeattgattgeg
gtgaatcaggatcccctggoccagecaggecacgtttgegagecgegataacacactggat
atattgacgegtaatctggecaaacggcgacaggctgetgacggtgettaataagggaaac
acaactgtaacgagggacattccecgtacaatggttgggtcttacagagactgactgtaca
tacacggccgaggatctctgggatggcaagacccagaagatcagcgaccatataaagatt
gaactagccagccatgcgacagcagtcetteeggeteggtettecegeagggttgttecteg
gtagtgccaacgggacttgtcottcaacacagecategggeaattgtetgacagetgectea
aattcttcagtcgcatttcagtcctgecaatggagagacctctcagatctggecaggtgaca
ctgtcaggagtcattcgtccagtatcgecagaccacacaatgettggetgetgatggaaac
tcagttaagcetgcaagcatgtgacagcacggatagegacggecagaactggacgtatgea
gtcacgggaaatttaaagaatgecgaagacagatggttgectgactgagggatcagtgeag
atgaagtcgtgtctttatgaga

<210> 3

<211> 33

<212> DNA

<213>

<220> Znaky

<223> Umé&la sekvence
<{400> 3
ttattctagaatgggtttcaacaattgggcccge 33
<210> 4

<211> 39

<212> DNA

<213>

<220> Znaky

<223> Umé&la sekvence
<400> 4
attgaattcttagccatccectctcataaagacacgactt 39

PATENTOVE NAROKY
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Rekombinantni  «-N-acetylgalaktosaminididza s dudlni a-galaktosiddzovou aktivitou z
Aspergillus niger majici aminokyselinovou sckvenci uvedenou jako SEKV. ID. C. 1

projevujici t-N-acetylgalaktosaminiddzovou aktivitu pfi neutralnim pH.

Rekombinantni @-N-acetylgalaktosaminidiza podle niaroku 1 projevujici pii pH 6 az 8
o-N-acetylgalaktosaminiddzovou aktivite v drovni 30 az 15 % vzhledem K maximdlni
aktivité pfi pH 2.

Rekombinantni o-N-acetylgalaktosaminidiza podle ndroku | nebo 2 projevujici pit pH 7
o-N-acetylgalaktosaminiddzovou aktivitu v drovni 20 % vzhledem k maximdlni aktivité

pii pH 2.

Izolovand  molekula  nukleové  kyseliny  kddujici  aminokyselinovou  sekvenci

o-N-acetylgalaktosaminidizy podle Kieréhokohiv z ndrokd 1 aZ 3.

Izolovand molekula nukleové Kyseliny podle ndroku 4, kerou je DNA  majici
nukleotidovou sekvenci uvedenou jako SEKV, ID. C. 2.

Zphsob pripravy rekombinantni a-N-acetylgalaktosaminidzy podle kteréhokoliv z nédroku
1 az 3 vyznacujici se tim, Z¢ zahrmuje kroky, kdy se z Aspergillus niger izoluje celkovd
RNA, tato RNA se prepiSe do ¢DNA pomoci reverzni transkriptizy, s touto cDNA se
provede PCR s dvojici oligonukleotidov¥ch primerd majicich SEKV. ID. €. 3 a SEKV.
ID. C. 4, v PCR ziskany fragment DNA se klonuje do vektoru a vnese do hostitelsk§ch

bunék expresniho systému Saccharomyces cerevisiae.

Rekombinantni «-N-acetylgalaktosaminidiza podle kteréhokoliv z naroki | az 3
pripravitelnd zpusobem podle ndroku 6.

153



17

8. Pouziti dvojice oligonukleotidi sestdvajici ze sekvenci SEKV. ID. €. 3 a SEKV.ID.C. 4
pro piiprava molekuly nukleové kyseliny podle ndroku 5,

9. Pouziti dvojice oligonukleotidii sestdvajici ze sekvenci SEKV. ID. C. 3 a SEKV. ID. C. 4
pro pfipravu rekombinantni «-N-acetylgalaktosaminidzy podle kteréhokoliv z ndaroka | az

3
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Anotace

Nizev vyndlezu: Aktivni forma o-N-acetylgalaktosaminidizy z vldknité houby Aspergillus

niger a jeji rekombinantni exprese

Predkladany vyndlez se tykd a-N-acetylgalaktosaminidiazy neboli a-N-acetylgalaktosaminid-
N-acetylgalaktosaminohydrolizy, enzymu s dudlni aktivitou, a piipravy aktivai formy tohoto
enzymu v kvasinkovém  expresnim - systému  Saccharomyces  cerevisiae.  ®-N-
acetylgalaktosaminidiza (a-GalNAcasa: EC 3.2.1.49) je enzym sclektivné Stépici termindlné
vazany GalNAc, ktery je pripojen O- w-D-glykosidovou vazbou na aminokyseliny Ser nebo
Thr, & na oligosacharidovy/polysacharidovy fetézec. Tento enzym byl rekombinantné
piipraven v kvasinkovém expresnim systému Saccharomyces cerevisiae. Byl biochemicky
plné charakterizovian a bylo zjiSténo. Ze je aktivni. Rekombinantné pfipravend o-N-
acetylgalaktosaminidiza podle vynilezu vykazuje 20% aktivitu v oblasti neutrdlniho pH (ve
srovnani s maximem aktivity pii pH 2). Této vlastnosti lze s vyhodou vyuzit pfi pfipravé
krevnich bunék typu H(0) z krevnich bunék typu A. Enzym podle vyndlezu je také vhodny
pro piipravu krevnich deriviti zménou epitopi na povrchu krevnich bunék. Ddle lze
z vyhodou tento enzym pouzit pfi pripravé syntetickych oligo/polysacharidovych struktur,
které mohou byt pouZity napiiklad ve farmaceutickém & potravindiském primyslu.
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Obr. 1
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Obr. 3
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Appendix 4

Kavan D., Kubickova M., Bily J., Vanek O., Hofbauerova K., Mrazek H.,
Rozbesky D., Bojarova P., Kren V., Zidek L., Sklenar V., Bezouska K.

Cooperation between subunits is essential for high-affinity
binding of N-acetyl-D-hexosamines to dimeric soluble and
dimeric cellular forms of human CD69.

Biochemistry 49: 4060-4067 (2010).
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Cooperation between Subunits Is Essential for High-Affinity Binding
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ABSTRACT: CD6Y is an curliest lymphocyte activation antigen and a universal leukocyte triggering molecule
expressed at sites of active immune response. The binding of GleNAc to the dimenc human CD69 was followed
by equilibrium dialysis, nuomomcc titration, and NMR. Clear cooperation was observed in the high-afTinity
binding (Kg=4.0 x 10" M) of the carbohydrate to two subunits of the dimeric CD69 (Hill cocfTicient 1.94), A
control monosaccharide ManNAc was not bound by human CD69, and both monosaccharides had no effects
on the structure of the receptor. However, a monomenc CD&9 obtained by mutatng Q93 and R134 at the
dimer interfuce exhibited a much lower affinity for GleNAc (K3 = 1.3  107° M) and no cooperativity (Hill co-
cfficient 1.07). Perturbation of the dimer interface resulted in o severe impairment of the signaling ability of
cellular CD6Y when cross-finked with an antibody or with a bivalent high-affinity N-acetylhexosumine dimer-
based ligand. The availability of stable preparations of soluble CD69 receptor with well-documented ligand
binding properties will be beneficial for immunological experiments evaluating the role of this antigen in the
complex environment of the immune system. Moreover, such preparations in combination with efficient igand
mimetics able to both activate CD69" lymphocytes and to block undesired hyperactivation caused by other
cellular ligands will akso become indispensable 1ools in expliining the exact role of the CD6G9 antigen in the

interaction between the tumor cell and the effector natural killer lymphocyte.

CD69 1 an early lymphocyte activition marker and u universal
leukocyte tnggenng molecule expressed at sites of active immune
response and chronie inflummation (7, 2). Initial i viero studies
suggested that CDO9 may function us an activating molkecule in
many keukocyte subsets including y/d T-cells and natural killer
(NK)' cells (3. 4). The CD4Y gene is bocated within the NK gene
complex on human chromosome 12. 1t codes a type Il caloum-
dependent membrane lectin, a member of one important family of
abundant NK cell surface receptors (5, 6) participating in the
formation of the receptor “aipper™ at the NK cell-tumor cell
interface (7). Most receptors of NK cells thut recognize target
structures at the surface of tumor or virally infected cells medinte
thetr petivation or inhibitory effects through their sequentinlly
diverse cylophumc domains (¥), However, the cyvtoplasmi
domain of CDE9 i short and lacks the prominent function-
associated peptide motifs. Previous stidies have shown that the
downstream uctivation processes mitiated by CD6Y engagement
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public (MSM_21620808, IMO30S, and AVOZS0200510 10 KB and
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I:\hbmmkmsz DSS, disucinamidyl suberate; Gal, p-galactose; GENAC,

Nacetyho-glucosamine, ManNAc, N-ocetyl-i-mannosamine, MES buf-
ra 10mM MES with 150 mM NaCland | mM NaNy; MES + C baffer,
14 mM MES, 150 mM Nee(1, 1 M CoCly, and 1 mM NaNo NK. natural
kaller.
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oceur through Sre-dependent activation of Syk, activation of
phosphotipase Cy2 and Vav, and the subsequent transmission of
signals through the Rac—ERK pathway (9, [0). Alternatively,
CD6Y can wlso propagate activavon signals through heterotn-
merk G proteins and the subsequent intracellular signaling
pathways coupled to these molecular switches (11, 12). Recently,
in vive studies in CD69-deficient mice have added yet another
dimension into the biology of this receptor revealing its non-
redundant role in downregulation of the immunc response
through the production of the pliotropic cytokine TGF-f and
through interactions with regulatory T-cells (2). Using the same
experimental model, 1t has been shown recently that CD69 forms
o complex with sphingosine I-phosphate receptor, negatively
regulutes its function, and thus inhibits lymphocyte cgress from
lymphoid organs downstream of interferon/f, known media-
tors of transient egress shut down (/). Furthermore, results of
many immunologieal studies indicate that CDG9 may be involved
in puthogenesis of several diseases including rheumatoid arthritis,
chronic inflammatory liver disenses, mild asthma, and sequired
immunodeficiency syndrome (14).

The identification of the natural bgand for CD6Y is a key
critscal step for further advancement of our knowledge on the
biology of this receptor. The imtial findings that CD9 binds to
calciom and certain N-acetyl-p-hexosamines (/5) could not be
later reproduced using # somewhat different expression con-
struct (/6). Since then. these discrepancies have been at least
partially explained by carcful structural evaluations of the
recombinant proteins used for binding studies. as well as by
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establishing a dircet fink between the binding of calaum and
carbohydrates (/7). The proper folding of CD69 produced based
on the recently suggested constructs encompassing G70-K 199
of the entire receptor was estiblished using detatled structur-
al experiments based on both NMR (/4) and protein crystal-
logsaphy (19), The most recent development of efficient structur-
al mimetics of the high-afTinity ligand for CD69 opened the
way for manipulating with numerous activities of CD69 ar the
molecular and ceflular kevel (20, 27) and provided efficent
composnds for further in vive testing of their immunomodulating
properties (22-24).

Here we report new findings indicating that the binding of
N-acetyl-p-hexosamines Lo soluble CD6Y is highly cooperative at
moleculur level. and this cooperativity is not seen for Q93A and
RI34A mutunts with disturbed formation of noncovalent dimers.
Similarly at the cellular level, efficient signaling after CDEY cross-
linking by antibody or bivalent ligand is diminished for the above
mutants with a damaged subunit cross-talk more dramatically
than for CD69 bearing C68A mutanion, and thus lacking the
disulfide bridge forming the covalent dimer identified previously
as the critical signaling element,

EXPERIMENTAL PROCEDURES

Materials. All chemicals were analytical grade reagents of the
best quality available commercially and were obtained from
Sigmn unless indicated otherwise, The preparation of dimenc
N-scetylhexosamine dissccharide with the chemical composi-
tion (GaINAGH1 = 4GIeNAGA-NH-CS-NH-CHy), by i combi-
mation of chemical and cnzymatic steps has been described
previously (25),

Preparation of Seluble Dimeric CD69. Preparation of
soluble dimeric CD69 using protocol [T has been descnibed
previously (/8). For the preparation of a uniformly '*N-labeled
form of the receptor, a producing culture of Escherichia coli BL-
21 Gold (Stratagene) harboring the expression plasmid was used.,
grown on & standard MY minimul medium containing ' "NH,CL.

Ldentificarion of Key Amino Acid Residues Disrupting
the Recepror Dimer Interfuce. We examined the three-dimen-
stonul structure of the crystallized soluble dimeric CD69 depos-
ited into the RCSB Protein Databank under accession code
ICCK (/%). Glutamioe Q93 appeared to be involved in two key
hydrogen bonds between the amide group of its side chain and
two adjacent acidic residues bedonging to the opposite subunit,
Asps8 and Glus?. With R134, the intertwining with the second
sttbunit is even more profound, and the guanidyl group of this
amino acid forms three hydrogen bonds with A136 and Y135 of
the opposing subunit and is also involved in the sticking
interaction with the phenyl ring of Y135

Site-Directed Mutagenesis and Expression of the Mu-
tated CD6Y Proteins. Mutated forms of CDA9 in which the
Q93 and jor and R135 were mutated into A were produced using
the CD6Y expression plasmad in pRSETB (/¥). Mutations were
introduced using the QuickChange site-directed mutagenesis kit
(Stratagene) in combination with the following oligonuckotide
pairs: CDOY9IF. S“GAGGACTGGGTTGGCTACGCGAG-
GAAATGCTACTTTATT-Y, und CD6YWQUIR, 5-AATAAA-
GTAGCATTTCCTCGCGTAGCCAACCCAGTCCTC-5 . and
CDEIRI34F, S-GACATGAACTTTCTAAAAGCATACGC-
AGGTAGAGAGGAA-Y and CDOYRIMR. S-TTCCTCTCT-
ACCTGCGTATGCTTTTAGAAAGTTCATGTC. The intro-
duced mutations were venfied by DNA sequencing using an

Biochemistry, Vol. 49, No. 19, 2010 4061

ABI Pnsm 313 genetic analyzer (Apphicd Biosystems). The
CD69QIIARII4A double mutant was prepared sequentially,
applying the R134A mutation process on the Q93A mutant.
Mutated CD69 proteins were prepared using the same protocol
(protocol ) used for the production of the wild-type protein (/8).
Morcover, the proper reflolding of the protein was verified using
NMR measurement with the homogenously '“N-tabeled proteins
us deseribed previously (/5).

Gel Filtration. Gel filtration was performed using a Superdex
200 HR 10730 column (GE Healthcare) connected 1o the pro-
tin purification system  BioSys510 (Beckman Coulter) and
equilibrated with MES baffer at room temperature. In order 1o
examine the effect of monosacchande binding to CDGY on the
hydrodynamic volume of the CD6Y protein, the protein samples
were mcubated overnight at 4 °C in the presence of 1| mM
ManNAc¢ or | mM GleNAc and then injected onto the gel
filtration column equilibrated in MES + € buffer containing
| mM concentrations of the respective monosacchandes.

Analytical Ultracenirifugation. Sedimentution velocity and
sedimentation equilibrium experiments were performed using a
ProteomeLab XL-Lanalytical ultracentrifuge ( Beckman Coulter)
cquipped with un AnS0T: rotor and dual absorbance and laser
Interference optics. Before the experiment, 0.5 mL samples of
CD69 proteins diluted 1o 0.4 mg-mL " were dinlyzed for 20 h
igainst 2 L of MES + C bufer, with or without the mono-
saccharides, in concentriution indxuted in the text, and the
dindysis buffer was used as a reference and sample dilution bufYer.
The sedimentution velocity experiment was conducted at 48000
rpm for dimenric CD69 at 20 °C. Data were analyzed with the
program SEDFIT (26, 27), Based on buffer composition and
umino sad sequence using the program SEDNTERP (www.
Jphilo.mailway.com). buffer density and CD6Y partinl specific
volume for CD&INGT0 were estimated as 100309 g-mL ™" and
0.7183 mL-g "', respectively.

Protein Stability Experiments. CD69 proteins were difuted
10 0.5 mg/mL, and UV spectra were taken in the 200300 nm
range in o Beckman DU-T0 spectrophotometer (Beckman
Coulter) equipped with a heated cuvette. The imitial UV scun
wits tiken at 23 °C, after which the temperature in the cuvetie was
icreased in 5 C increments, Experiments were performed
routinely in MES + C baffer. Alternatively, protein stability
was verified using differential scanning calorimetry and FTIR
spectroscopy as hus been previously described (77, 18, 25).

NMR Tirrations. ALNMR experiments were run at 30 K in
a Bruker Avance 600 MHz spectrometer cquipped with o
cryogenic H/C/N TCI probehead. 'H=""N HSQC spectrn of
0.3 mM ""N-labeled wild-type CD69 protcin CDINGT0 (18)
were used a5 u routine check of protein folding and stubility, The
sample buffer consisted of 10 mM MES, pH 38, with 49 mM
NuClL | mM NaN, and 10% D,0. During NMR titration, a
0.1 mM solution of the unlabeled wild-type CD&9 protein (7) was
titruted. In an initiad experiment, aliquots of the GleNAc ligend
corresponding to 25%, S0%, 5%, 100%. 200%, and 500% of
saturation were added, and signals of the free GkNAc ligand
were observed at 2.2 ppm in the 1D proton spectra and used for
the estimation of the free ligand concentration. In a separate
experiment aimed at estimating the binding constunt, smaller
ligand additions were used us the equivalence was appoached.
The protein was titrated 10 75% of the estimated number of
banding sites, after which the amount of higand was increasad in
increments of 5% of the estimated number of binding sites until
the equivalence point was reached. All spectra were processed
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using the software NMRPIPE (29). The dissociation constant
K. defined us Ky = (0, = ¢ + [LI[LINey = [L]), wis obtained by
a nonlmear fitting of the {L] vs ¢y titmtion curves (Figure 2A,B).

Equilibrium Dialysis, N-Acetyl-o-[1-"H]glucosamine (speci-
fic activity 500 GBq/mmol) and N-ncetyl-noI-"Hjmannosamine
(specific activity 650 GBg'mmol) were prepared s described
previously (/7) or purchased (rom Amersham. To set up equi-
fibrium dialysis experiments, u rotating apparatus with glass
blocks containing separste sealable chambers with external
access was used as described previously (/7). Aliquots (200 ul)
of 0.1 1M solutions of CD69 proteins in MES + C buffer were
incubated with varying amounts of ligand at 27 *C (300 K) for
48 h. After equiltbration, 100 4L aliquots were withdrawn from
the control and from the protein-containing chambers. The
results were calculated and plotted according to Scatchard as
desenibed previously (/7).

Tryptophan Fluorescence Quenching. Tryplophan fluore-
soence quenching experiments were performed according to the
desenbed methodology (30) with minor medifications. In initial
experiments, 100 nmol aliquots of CD6Y protein were pipetted
into multiple wells of 4 UV Star plate (Greiner, Germany) and
mixed with 10-fold serl dilutions of the GleNAc fgand.
Incubation proceeded for | hat 27 °C (300 K) in the thermostated
chamber of a Safire2 plate reader (Tecan, Austria), after which the
fluorescence of tryptophan residues was measured in duplicate
wells wsing the bottom {luorescence measurements and the
following settings: A, = 275 nm, 4., = 350 nm, excitation and
cmission shits were set o 3 and 20, respectively, and the fluore-
scence gain wis manually set 1o 66 After finding the lowest
concentration of Hgand that still caused the guenching of trypto-
phan fluorescence, detailed dilutions of the figand by 10%
saturation steps were performed, and the concentrution of free
and bound ligand was calealated as described previously (17, 30).

Preparation of the Eukaryotic Expression Consiructs,
Transfection injo Jurkat Cells, and Selection of the Trans-
Sectanty, In order 1o mutale the dimerization cystein C68 (/5) 10
A, site-dhrected mutagenssis was performed using the onginal
expression plasmid (75) us described above using oligonucleotide
primers CDEOCOSF, S TCAGTGGGCCAATACAATGCTC-
CAGGCCAATACACATTC-Y, and CD6ICHSR, 5-GAATG-
TGTATTGGCCTGGAGCATTGTATTGGCCCACTGAY,
and the pCDA401 plasmid (/5). Single mutation CDAICESA.
double mutations CD6YCESA QIIA and CDEOCHEARIMA,
and the triple mutation CDGYC68A QI3A/RIMA were pre-
pared by applying the mutagenesis protocol onto expression
plastmids for wild-type CD69 (¥) and for the respective dimeriza-
tion mutants describod above. After the mutagencsis and DNA
sequencing, DNA fragments coding the C-terminal extracellular
segments of CD6Y were finked with the DNA frugment coding
the N-terminal part of the receptor (3/) using linking PCR (¥).
The X construct corresponded to the religated pCRI {mock) and
was used as a control (8). The cukaryotic expression vectors were
sequenced and transfected into a Jurkat T lymphoblastoid cell
line maintained in RPMII640 and supplemented with 10% fetal
calf serum (&),

Precipitation of Cellwlar Forms of CD6Y Using Anti-
bodies and Dimeric N-Acetvihexosamines. Transfocted Jur-
kat cells (1 x 10" were surface radioiodinated using lactoper-
oxidase (3/), washed three times with medium, and then incu-
bated with | mM concentratzons of dimenc N-acetylhexosamine
disacchundes for | h at room temperatore. The incubation was
followed by the addition of 100 mM DSS and by cross-linking
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of the receptors for another | h at 4 *C. Thereafter, cells were
Iysed, and CDO9 receptor complexes were immunoprecipitisted
using G protein beads (GE Healtheare) conted with monoclonul
antibodies agninst CD6Y, BL-KFB/B1 (31). Beads were washed
extensively, boiled in sample buffer for SDS-PAGE, and
analyzed using 15% SDS—polyacrylumide gels followed by
autoradiography.

Cellular Activation Assays and Production of I1-2.
Transfected Jurkat cells (10%) were incubated with dimeric
N-acetylhexosamine dissccharides as described in the preceding
section or with suturating concentrations of monoclonal anti-
bodics agamst CDG6Y for § min (cellular activation) or 12 h
(IL-2 production) and used to determine the free cytoplasmic
calcium (17) or 1L-2 production (8).

RESULTS AND DISCUSSION

Evaluation of Caletum and Carbohydrate Binding Acriv-
ity of Highly Stable CD69 Proteins, We and others have
previously generated several constructs optimized for the pre-
paration of highly stable soluble recombimant CD69 proteins
suitable for lignnd identification experiments (Supporting Infor-
mation Tabke S1). Preliminary ligand binding experiments were
performed to evaluate the ability of these constructs 1o bind
calcium and monosaccharides shown 1o be important higands for
the receptor {45, 17). With regard to the binding of calcium, there
has been o difference in the ability 1o bind calaum between the
covalent dimeric protein CDEICQ6S and noncovalent dimeric
proteits CDOINGT0 and CDOINVE2 when compared to the
monomeric protein CD6IMSI00: cach of these proteins bound
| mol of cakium/mol of CD&Y subumt with A, of approximately
58 M (ref /7 and Supporting Information Figure S1). On the
other hand, significant differences between these protein con-
structs were observed with regard 10 the binding of N-acetyl-n-
hexosamines. While the 1Cs, values for the solublke monomenc
CD8Y, COMIMSIO0, with regard to binding of the two active
N-acetyl-o-hexosamines, -GleNAc and 0-GalNAc, were euch
approximately 1077 M, these values were about 10 times lower
for the dimenc protein CDEYNVE2 and about 100 times lower for
the other two highly stable dimene proteins, CDO9CQ6S and
CD6INGTO (Supporting Information Figure S2). The lauer
protein has been selected for all of the subsequent binding expen-
ments and will be referred 1o as soluble dimeric CD69, The
homogeneity and monodispersity were routinely evaluated for
cach butch of the produced soluble dimeric CD69 using SDS
chctrophoresis under both rediing and nonreduang conditions
and gel fltration on a Superdex 200 HR column (ref /8 and
Figure 1), Moreover, the identity, quality, and proper refolding
of e¢ach batch of the produced protein were also verified a8
discribed previously (/8) using high-resolution jon cyclotron
resonance mass spectrometry, one-dimensional proton NMR,
thermal stability experiments, and tests of the biochemical
stabifity (ref /8 and Table 1).

Cooperativity of GleNAc Binding Proved by Direct
Binding Experiments. The detaiked binding studies with solublke
dimeric CD69 were performed using 0-GleNAc as the high-
uffimity carbohydrate ligand, together with p-ManNAc and, in
some experiments, p-Gal as negative controls. The initial evi-
dence for the interaction of the soluble dimeric CDG9 with
GlcNAc was obtained by NMR ntration. A 0.1 mM solution
of the dimenc receptor was titrated up to equivalence assuming
the existence of two high-affinity binding sites per receptor
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Frovme |, Amalysis of wild-type and mutant CO69 peoteins by
SDS~PAGE und gel fltration. In (A) und (B), llm: profeins were
analyzed under reducing and Iy.
Analyred protens, from left 1o nght. were wild lypc CDoY.
CDE9QI3IA mutunt, CDOIR 1A nuutant, and CDGYQRDM. Mar.

ker proteins were BSA (68 kDa}, ovalbumin (44 kDa ). lactoglobulin
(18 kD), lysozyme (14 KDa). and aprotimin (6 kDg). In (C) to (F),
these proteins were analyzed by gel fltration on a4 Superdex 200 HR
column, and the four respective paneds contain chromatograms for
wild-type CD69, CDMQIIA mutant, CDRIMA mutant, and
CDaNQRDM double mutant.

Table 1 Sumanary of Stability Properties of Wild-Type Dimeric CD6% and
CDO Dimsertzntion Mutants

protein characteristics 1500 1560 T4 (0)
CDOCDEIWT noocovakent diness 08 () ol
CDSIQSIA  dimer monomer equilibrions 61 o2 (=]
CDGIRIMA  dimer monomer equilibrum 62 Lo o
CDOIQRDM  mosomernc 60 &2 6l

“Determined fram thermal UV d *Deter-
mined from differenti imetey. "I g from FTIR
specitosopy.

dimer (/7). The results of this experiment (Figure 28 and
Supporting Information Figure S3B) confirmed the specific
binding of GIeNAc 1o the receptor (2 mol of GleNAc bound
to a receptor dimer} and provided an affinity estimation in the
low micromolar rnge (Ky = 4.0 x 107" M), On the other hand,
no interaction could be seen with the ManNAc negative control
under the same expenmental conditions (Figure 2A and Support-
ing Information Figare S3A). However, NMR did not enable the
fraction of the bound ligand to be measured,

In order 10 confirm the results obtained by NMR titration,
additonal direct binding expeniments were performed. When the
bound and the unbound ligands had been separated by dialysis
under equilibrium, two binding sites per receptor dimer were
detected. Direct binding experiments enabled the degree of
saturation at each purticular higand concentration to be calou-
lated. The resulting saturation curve, showing the saturation
(Fraction bound normakized per receptor subunit) dependence on
the higand concentration (Figure 2C), clearly revealed a striking
cooperutivity in the highly specific (K = 4.0 x 10”7 M) binding
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Frovm 22 Measurements of direct Interaction of soluble CDEINGTO
with ManNAc and GIENAC. (A, B) NMR titration of soluble C1Dé9
with MauaNAc and GIcNAg, respectivdy, (C, D) Concentrution
dependence of receplor suturstion messured by equilibrium dinlysss
und tryplophan Nuorescence uenching, respectively, ising GleNA,
ManNAg, and Gal as indicated

of GIeNAC 10 the receptor with the Hill coeflicient approuching
the maximum theoretical value (theory 200, expenment 1.95; see
Figure 2C). These results were also independently confirmed by
the third binding sssay, the fluorescent titraton, which gave
binding parameters essentinlly identical 1o those obtained by the
equilibrium dilysis (Figure 2D), On the other hund, very little
specific binding for both MunNAc and Gal control monosac-
charides could be seen in both of the latter assays (Figure 2C.D).

Binding of N-Aceivi-p-hexosamines Did Not Result in
Significant Conformational Change in CD6Y Protein. To
unulyze the structural changes of soluble CD69 upon ligand
binding. variations in the hydrodynamic properties of the
receptor were investigated. The moleculir size of the receptor,
which had been suturated with an excess of GIeNAg, was studied
by gel filtrution on Superdes 200 HR and by analytical ultra-
centrifugation and compared with the size of the receptor
preincubated in the ManNA¢ control. The elution time decrease
from 36.5 to 31.7 min in the gel filtration would indicate a change
in the molecular stze of CDHY upon GleNAc binding when
compared to the presence of ManNAc (Supporting Information
Figure $4). However, the detatled unalysis of soluble dimenc
CD69 in the absence of any ligand. in the presence of | mM
ManNAc, and in the presence of T mM GlNAc did not reveal
uny changes in hydrodynamic properties since the value of the
experimentally determined sedimentation coefTioent wax identi-
cal (Supporting Information Figure §5).

Binding of N-Acetyl-o-glucasamine to the Stable Mono-
meric CD69 Follows a Single Site Model and Proceeds with
Much Lower Affimity. In the pext step, the interactions of
GleNAc with the monomeric subunit of CD69 were studied.
Since it proved extremely difficult to prepare the monomeric
form of the receptor by dissociation of the CDOY dimer (£8), we
used the available crystal structure of the CD6Y dimer and
wnalyzed the dimer interface for critical residues participating
in the dimetization. Two such critical ressdues. namely Q93 and
R134, both mteracting with two residues of the other sub-
unit, could be identified (Supporting Information Figure $6).
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These amino acd residues were mutated 1o alaniee, singly or in
combination. All three produced mutated proteins were after
thesr refolding and purificaton extensively venified using the
methodology described previously (/8) for the wild-type protemn
CDO6INGT0 using SDS electrophoresis and on cyclotron reso-
nance mass spectrometry of the entire protein, as well as nuckcar
magnetic resonance 1o check the proper folding of these proteins
(Fagure | and results not shown), The stability of the mutant
soluble CD6Y proteins was comparable 1o that of the wild-type
protein, indicating that the introduced mutations did not result
in any decrease of protein stability. Only the doubke mutant
behaved us & monomernic protemn (Figure 1), with stability
compitrable to that of the dimer receptor (Table 1). This protein
wits used to analyze the binding of GleNAc to the monomens
protein. The results clearly showed that binding to the mono-
meric subunit of CD69 was much weaker und noncooperitive
(Hill coefficicat of 1.07; Figure 3).

Q93/RI34/CB8 Triple Mutation Is Necessary to Disrupt
the Dimerization of the Cellular Form of CD69. The solublke
CDéY receptor used in the first part of this study utilized a
previously described construct CDOINGT0 (/8) that refolded as
a noncovalent soluble dimer from a polypeptide consisting of
amino acds GH-KI1% (Supporting Information Table S1).
This construct contained an extended dimer interface mvolved in
contacts between the ligand binding domains, us well as the neck
regions, However, it did not contain the C68 residue thut has been
shown (&, /5) 10 participate in the covalent dimerization of the
natural form of CD69 found at the surfiace of leukocytes. 1t thus
appeared interesting to look into the effects of mutations of the
critical residues C68, Q93. and R 134 at the CD69 dimer interface
on the structure and on the well-documented signaling functions
of the cellular form of CDEY, In order to tngger the CD69-
mediated activition of transfected Jurkat cells bearing both wild-
type and mutated forms of CD69, an efficient hgand is required
for receptor cross-finking. Alternatively, the receptor can be
aggregated using specific antibodies, In the experiments pre-
sented here, we used both forms of uctivation using two specific
cross-linking monoclonal antibodies agninst CD6Y, BL-KFB/BI
and BL-Ac/p26, as well as the N-acetylhexosamine disaccharide
dimer (Figure 4B), which has been previously described (25) as
the most efficrent carbohydrite ligand at enabling precipitation
{and thus cross-linking) of the soluble CD6Y. The structurally
closely related ligand, N-ncetyllactosamine dimer (Figure 4A),
served as a suitable negative control in these experiments.

We trunsferred mserts coding the CD69 receptors into a
cukaryotic expression vector for the trunsfection of the Jurkat
T-lymphocyte Jeukemic cell line (refs ¥ and JO und Table 2).
Those clones displaying identical surface expression of the wild-
type and mutated receptors {as shown by flow cytometry) were
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FiGuns 4 Analysas of ceilulir CDE9 on transfected cells und evalua-
tion of hinding and signahing efficicosy of nu:ptm' dnwrhod at the
dimer interface. (A, B) Ch 1 £ lus of N-ocety

und N-acetylherosimine disaccharide dimcr, mmﬁwly (C') Sur-
face expression of CDE9 § I i from control non-
trambected cells (lune 1) or from colly contamng wild-type CD6Y
(kane 2), CD69OQ93IA (lane 3), CDOIRIIEA (lune 4), CDEICESA/
QO3A (Lune $), CORARIMA (Lune 6). CORAQIIAR]TMA (lune 7),
COBAQUIA RIMA cross-linked with N-acetylbexosamine dmac-
chande dimer (8) (lane 8), and wikltype CD69 cross-linked with
N-acetylhexosamine disaccharile demer (lane 9). Receptors were
surface-lubeled using lactoperonidise, dimerized using DSS cross-
linking. mmunoprecipitated. and analyzed by SDS clectrophoresis
under reducing conditions followed by nwtoradiography. (D} Pre-
cipitation of various forms of w»h! Lype and mutated CD6Y using
Neacetyllactc or N-acetylh disaccharide dimer and
antibodies aganst (‘Dm (E) Cellubar activation of Jurkat leukemic
Tcells trunsfocted with wild-1y pe or mutated CD6Y with mutations at
the dimer interface. (F) Production of 1L-2 by Jurkat leukemic T-cells
tramsfected with wild-type or mutiated CD69 with mutations ut the
dimer interfoce. The designation of mutants in (D) 1o (F) » based on
the mutated amino aods and their combinations: C, C8%; Q, Q91 R,
RI34. The cellular CD9 in (D) 1o (F) was cross-linked using
monoclonal antibody BL-KFREBI (2 (et columns), monockonal
antibody BE-Ac/p6 (1) (middie columns), or N-acetylbexossmine
disacchando dmer (right columns). The fourth, \mall coluntn in (D)
placed after the three above-mentioned coll precy
tion with N-acetyllictosimine control

subcloned, frozen, and wsed in individual experiments (Figure 5)
First, the molecular forms of the surface CD69 were analyzed in
both native und ligand cross-linked receptoss. In order 10 deter-
mine the precise molecular forms of the receptors in these experi-
ments, native receptors were fixed by di N-hydroxysucemimido)
suberate (DSS), shown previously to produce covalent dimers
with soluble CD69 (1. Polakovicovi, unpublished observation),
before their extraction from the plasma membrane and moke-
colir analysis, Cellular CD69 bearing single mutations in amino
acids responsible for the covalent (C68) or noncovalent (Q93,
R134) dimenzation remained mostly dimeric, us did the double
mutants C68A Q93A, CoSA/R134A (Figure 4C, lanes 2—-6), and
QUIRI34 (not shown), Only the triple mutant C68A/QY3IA/
R134A was completely monomeric (Figure 4C, lane 7). However,
this moenomeric protein coukd still be efficiently dimerized by the
N-acetylhexosamine disaccharide dimer (lane 8), which caused
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Tabke 2 Ch ration of Indivsdual Clones of Jurkat T-Cell Loukemia
Transdeciod with CO6Y Isoform®
Co6 wied
cxpression for
CO9 soform  cdome  goneral characteristle by FACS"  expis
CDEIWT wTI good growth n no
wn modernte growth R yes
w1 moderate growth 80 no
CDEOO9IN ()} good growth 20 no
(924 good gromih 30 yes
Q3 moderate growth 0 no
CDEIRIIA R moderute growth 30 yo
R2 goud growth o "o
CDAIQRDV ROt moderite growth 1 ne
no2 pood grewth M yes
RQ} good growth 0 no
CDEICHRA 1 good growih 3 yes
Q2 good growth 60 no
COMCODM oQr yood prowth 10 no
Q2 moderate growih N yes
Qs moderute growth s no
CDEOCRDM CR1 moderite growth {0 no
CR2 moderate growih 3 e
CR3 dow gronth o no
CDMICQRTM  CQRI moderute growth 10 no
CoR2 good growth 20 ne
CORY modvrate growih 30 you
CORS sow growth 60 no

“Only the Ful transfs yol
CDON expression between 10 and 100 have boen included inlo thiv uNe
*Median of relative {1 y from FACS umalyses at the top of
the peal,

extensive cross-linking ind formation of high molecular weight
aggregates in wild-type cellular CD6Y (lane 9).

Mutationy in Q93 and RI34 of Cellulur CD6Y Result in
Muore Significant Impairment in Its Signaling than Muta-
tion in €68, We further investigated the effect of mutations
destabilizing the dimerization of cellular CD69 on the cross-
linking of this receptor and its function in cellulur activation.
While all of the expressed cellular CD69 could be efficiently
cross-linked by two monoclonal antibodics agarmnst this antigen,
the cross-finking by the dimerized hgand was severely impaired in
the mutants affecting receptor dimenization even il the dimeriza-
tion process per se wits not affected (¢f. Figure 4C.D). Interest-
ingly, mutations in the amino acids forming the noncovalent
dimer interface had in several instances a more profound effect
than the mutation in C68 responsible for covalent dimerization.
On the other hand, no preaipitation of the receptor occurred
when the N-acetyllactosamine dimer control compound wis used
(Figure 4D).

Subsequently, the influence of the mutations affecting the
dimerization of cellular CD69 on the sbifity of this receptor o
activate the Jurkat cell line, as documented by the incresse in
the intrucellular calcium levels, was analyzed. Stnkingly, even if
the cellular CD69 antigens bearing the above mutations could be
fully cross-linked by binding to monoclonal antibodies, their
ubility to confer activation was severely affected (Figure 4E). For
instance, single mutations in amino acids at the nopcovalkent
dimer imerface (e, Q93A or RIMA mutations) Jlowered the
efficiency of these receptors in cellular signaling by two-thirds.
On the other hand. when using ligand cross-inking with the
N-acetylhexosamine disacchanide dimer, a very low efficiency of
cellubar signaling was observed compared to the wild-type
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Fioune 5 Anatyss of surface expression of cellular CIDN9 in trans-
focted Jurkat ocll clones as determined by flow cytometry: J-X, insert-
free (mock DNA ) transfectant: J-WT, cells transfected with wild-type
CD69; 140, cells transfected with CDSIQUIA mutant, SR, colls
tramfocted with CDGIR | MA mutant; J-QR, cells tmnsfected with
CD6SQPIARIMA double mutant; JC, cells transfected with
CDACESA mutant: J.0Q, cells tramfocted with CDEOCERA!
Q93IA douhle mutant; JCR, cells transfected with CIOCOSA.
RIMA double mutant; J.CQR, cells transfected with CDEOCOSA
QI3A/RIA rtriple mutant. Reactivity with the lonal anti-
body sgamst CDEY (BL-KFB/BI ) is shown by the solid line; reactive
My with the isotype-matched control antibody against NKR-P]
(HD14) is shown by the dotted line

vontrols (Figure 4E). This may be explsined by a combination
of low efficiency of ligand binding and receptor cross-linking
together with a direct effect on signaling efficiency. Similar results
were obtuined with the production of [L-2 is another measure of
cellular activation (Figure 4F),

CONCLUSIONS

The results presented here indicate that the binding of carbo-
hydrate lignnds 1o both the soluble and cellular forms of CDE9 is
cooperntive and is affected by the interaction of the two subunits
of this receptor. This is u hitherto unreported observation, since
the signaling through CD69 has been so far ascribed exclusively
10 its association with the signaling sdapter proteins in the
transmembrane region of the mobkecule (8). Thus, while the
previous studies have defined the role of the individual polypep-
tide segments of CDOY in cellular expresson, surfiace dimeriza-
tion, and cellular signaling, the present results wre unique in
emphasizing the role of the intiuct dimer interface in the receptor
molecule that was found to be much larger thun the mere cystemne
68 thought previously (8, 75) to be critical for receptor dimeriza-
ton. Morcover, our findings suggest a novel mechunism for
sensitive ligand  recognition by CD69 and reluted immune
receptors. Within the C-aype kectin fumily, variows alternative
strategics huve been employed to attain high-affinity binding.
Classical hepatic lecting are oligomeric proteins in which the
individun! carbohydrate-recognition domains within the oligo-
mer cooperate during the recognition of desialylated glycopro-
tens (32). Other members of this protein family employ
alternative calcium-dependent processes Lo achieve this goal (35).
Among the receptors of the immune system, the soluble man-
nosc-binding protein again employs a multiple carbohydrate-
recognition domain to bind specificully 1o surfiace polysacchar-
ides of various pathogens and activate their effector functions
such as opsonization or complement sctivation (34, 35). Com-
pared to these lecting, lymphocyte receptors forming group V of
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the C-type Jectin family are much smaller and mostly dimeric, and
thus they seem 1o have developed alternative strutegies for their
recognition of specific ligands. These are based ather on oligo-
menzation of the receptor within the speciahized plasma mem-
brane microdomains of the immune cell (35) or on alternative
strategics that may be used by some of these receptors (37). The
molecular mechanism that we propose based on the results of the
current work s unigue in rapid propagation of the activation
signal using the mechanism of rapid cooperntive receplor cross-
linking and oligomerization based on the positive coopertisity
in binding of the multivalent liginds.
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SUPPORTING INFORMATION AVAILABLE

A description of additional experimental procedures with sup-
porting references, tinding of calcium to the fourth generation
soluble CD69 proteins (Figure S1), carbohydrate inhibition exper-
ments for these protems (Figure 82), pnmary dats for NMR titra-
tions with MunNAc and GieNAc¢ (Figure 53), clution profiles
for gel fltration of soluble dimeric CDG9 (CDAINGTO) in the
ubsenoe of ligand as well as in the presence of | mM MaaNA¢ und
I mM GkNAc (Figure S4), sedimentation velocily expeniments
with CDOINGT0 in the absence of ligand und in the presence of
I mM ManNAc and | mM GleNAc (Figure S5), identification
of amino acids for the design of the monomens CD6Y mutant
(Figure S6), and charactenization of (D69 expression con-
structs (Table S1). This matenial is available free of charge vin
the Internet at hitp: /pubs.acs.org.
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Synthetic N-Acetyl-p-glucosamine Based Fully Branched Tetrasaccharide, a Mimetic of the
Endogenous Ligand for CD69, Activates CD69 " Killer Lymphocytes upon Dimerization via

a Hydrophilic Flexible Linker
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On the basis of the highly branched ovomucoid-type undecasaccharide that had been shown previously to
he an endogenous ligand for CDA9 leukocyte receptor, a systematic investigation of smaller oligosacchar-
ide mimetics was performed based on linear and brunched N-scetyl-n-hexosamine homooligomers
prepared synthetically using hitherto unexplored reaction schemes. The systematic structure—uctivity
studics revealed the tetrasacchande GleNAcH - GieNAcH 14 GIeNAcf - 6)GicNAc (compound
52) and its a-benzyl derivative 49 as the best ligand for CD6Y with 1Cs,as high as 1077 M. This compound
thus approaches the affinity of the classical high-affinity neoglycoprotein ligand GleNAg; BSA.
Compound 68, GlcNA¢ tetrasacchande 52 dimerized through a hydrophilic flexible linker, turned out
to be effective in activating CD69" lymphocytes. It also proved efficient in enhuncing natural killing
in vitro, decreasing the growth of tumors in vivo, and activating the CD69" tumor infiltruting lymphocytes
examined ex vivo, This compound 15 thus a candidate for carbohydrate-based immunomodulators with

promising antitumor potential.

Introduction

In view of the recent increasing adence of pathological
states choractenized by secondary immune deficiencies in the
generul population, considerable attention has been given 1o
the investigation of effective ways 1o modulite the activities of
the mdividual components of the immune system. Natural
killer (NK*) cells, which form 5 10% of mononuclkar cells in
the blood. have many unique immunological activities und
thus provide an obvious target for immune activation. NK
cells play u crucial role in innate immunity, as they are
churacterized by fast and strong cytolytic response agminst
tumor or virally infected cells. They also have the ability to
release eytokines and chemokines mediating inflammatory
responses and to influence hematopoicsis and the adaptive
immunc response. ™ Despite their role in immune defense
mechanisms, major questions rc*mdin; their therapeutical
potential remained unanswered.*~ The ability of NK cells 1o
discriminate between normil and tumor or virally imfected

*To whom P should be add J. Phone +420-2-
4106-2383, Fax: <420-2-2195-1 253, E-mail: bezouskaw blomed cus ce

“Abbrevsations IN, GRNAGH = 3GKNAC 6N GleNAH - 6GIeNAC,
AL GuINAG BN, GRRNAGI - NGRNAGTH ~$)GINAc OB GIeNAgH -~
AGINAC CT, GENAGIT —4GRNAGH —4GINAG HexNAc, N-acoyl-o-
b ON, y LAC, hictose dimer; mAb, monoclonal
antibody; N, GNAG NG, GIeNAc,BSA neoglycoprotein, NK., nato-
wl kifler; OM, [GINAGH =2 GleNAH —4NGeNAH —6)Manal —b)-
[GleNAGH - ACINAGT] ~ S3Mana | JGReNAGHT -4}
Mangl —4GRNAGH —4GleNAc
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cells is now much better understood because of the identifici-
tion of various surface NK receptons contributing to the
process of NK cell activation or inactivation.* " The activa-
tion and triggering of natural killing arc under the control of a
complex signaling machinery to which many receptors. com-
ponents of the cell surface “receptor zipper™, are known to
contribute.” In this study, we focused our attention on a group
of calcium-dependent animal lecting with binding affinity for
carbohydrate structures. The complex sacchande structures
are involved in many biologically important signal transduc-
tion processes, and thus, they play a key role in mokecular
recognition events contributing to cell—cell, cell~bacteria,
and cell =virus interactions.” " The lectin receptors are uble
10 recognize oligosaccharide structures present on the surface
of tumor cells and initiate ther lysis by celis of the immune
system.'"'? We are interested in two NK cell lectin activation
receptors, rat NKR-P1 and human CD69, umque for their
ability to distinguish between closely related carbohydrate
structures and to recognize the N-ucetyl-o-hexosamines
(HexNA¢) in both gluco and galscto configurations.'™*
Carbohydrates interact with these lecting over an extensive
surface ares, but the structure and position of the oligosac-
charide binding sites ire unique lor each of the two receptors.
Rat NKR-P1 has a binding groove that accommodates the
linear oligosaccharides,' whereas sugar-hinding sites in hu-
man CD69 are at three separate locations, and thus bra-
nched carbohydrates scem 10 be preferred,'™"” Our previous
systematic study of the activating lectin receptor NKR-P1

102000 Apsaricnn Chentacn! Souctery
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Chart L. Structures of the Synthesized HexNA¢ Based Oligosscchandes Used in the Study
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demonstrated the binding hicrarchy of HexNAc type oligo-
saccharides, The binding affinity increases in the group of
monosacchandes from GkNAe and GalNAe to ManNAc
and in the order of chitooligomers ([-p-GleNA(1-+4)],)
with clongation of the oligosaccharide chain up to four
sugar units. In linear oligosacchandes of the N-ucetvigluco-
samine type, the g(1-+4) glycosidic bond is preferred over
F1==6)- and (13 )-linked regiotsomers of chitoblose ([-5-p-
GlepNA 1 —4))s) showing lower binding affinity.'™""

In the case of the human CD6Y receptor, the physiological
ligands are not yet known. Using recombinant CD&Y protein,
we huve previously identified three separate binding sites for
GIeNAc in the monomeric unit of this receptor.™ Moreover,
we have shown that the complex pentauntennary bisecting un-
decasaccharide from egg white glycoprotein ovomucoid with
the structure [GleNAGH —~2(GIeNAcH = 4)(GleNAgH 1 —6)-
Muna ] —6JGIENAcSI =2 GIeNAcH 1 —4)Muna | JJGIeNA-
el =4Mung | =4GINAcH ] =4GIcNAC (OM, Chart 1), 1s
one of the best ligands of natural origin identified so far.'”
The uffinity of this natural oligosacchande for CD69 is in the
low nanomolar runge, thus competing successfully with the
artificial high affinity igand, GleNACBSA neoglycoprotein
(NG, Chart 1), This natural structure has thus provided an
important paradigm for the development of smaller synthetic
oligosacchande mimetics that would be accessible for large
scale synthesis und further potentinl use for in vivo experi-
mental tumor therapies. The total chemical synthesis of
complex-type N-linked oligosaccharides identical to natural
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oncs has been achieved,’’ but this involves a number of
chemical protection/deprotection steps and remains & time-
consuming und costly task. Additionsl approaches have been
developed to supply the glycobiology community with i
sufficient amount of pure complex oligosaccharides. but
these procedures have not yeét been sufficiently adapted
for robust and inexpensive synthesis. ™™ Yet another possi-
bility s represented by de novo chemical syntheses of
branched homooligosaccharides, which might afford new
oligosaccharides rarcly occurning m nature in pure form
and in sufficient amounts. ™ Recently, we synthesized
the branched homotnsaccharide f-0-GlcNAcH{ 13-
GleNAc( 1-=4)l-0-GleNAe and found that its binding afli-
nity for NK cell lectin receptors competed successfully with
oligosacchandes of much greater complexity.'”

Here we aimed to identify oligosaccharide ligands useful for
the modulation of activities of NK cells through their surface
receptors, NKR-P1 and CD69.""'™ We focused on ussessing
the binding affinity of NKR-P1 receptor for lincar homo-
oligosacchirides composed of f-linked HexNAc with several
types of glycosidic bonds. In the case of CD69, we tried to
schect a4 small size oligosaccharide composed of highly
branched HexNAc that would mimic the nutural oligosac-
charide from ovomucoid described above.'” For this purpose
we synthesized and biologically tested a group of model
oligosacchurides: (a) linear homooly urides of N-acet-
yigalactosaming type, i.c., [2p-GalNAC 1—4)]; (21}, [0
GaINAc(1—4)], (32), and [-f-0-GaINA(1-+3)]; (3T) (b)
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branched homooligosacchandes of N-acetyl-n-glucosamine
type, ic,, triantennary tetrasacchanide f-0-GleNA e 1-=3 43
O-GIENAC(1-26)}-B-0-GINAC( 1 4)}-0-GleNAc (52) and
biantennary trisaccharides F-0-GIeNAc-(1=3){f-0-GkNA¢-
(I=6)-GleNAc (53) and J-0-GleNAc( 1 —4)-[F-0-GleN-
Ac{1—6)]-o-GleNAe (84); and (¢) biantennary homooligo-
saccharide of N-acetyl-o-galactosamine type, f#-n-GaINAc-
(13 ) f--GaINA¢(1-=4)}-0-GalNAc (61). Dimerization of
obgosaccharide 52, which proved to be one of the best ligands
for human CD6Y using well established chemistry used in
peptide and protein chemistry,™ provided a series of com-
pounds of which 68 proved to be an efficient activators of
the effector cells of the immune system when tested both in
vitro and in vivo. Thus, the ability of the dimerized oligosac-
charide 68 to cfliciently activate cells of the immune system
purallels thut found previously for the dimerized peptide
ligand for CD69,

Results

We prepared three series of carbohydrute ligands for NK
cell receptors NKR-P1 and CD69 (Chart 1). The first series
consssted of inear GalNAc based oligosaccharnides 37, 21, and
32 used 1ogether with commercially avitilable (chitobiose, CB;
chitotriose, CT) and previously described (IN, ref 19) oligo-
saccharides in the GENAc (N) format, The second series
contwined buntennary GuINAc¢ based oligosucchande 61
intended 10 provide an equivalent to the oormm\diug
GleNAc based oligosaccharide BN described previously.'
The third, most important, senes was prepared (based on the
results of biologicul tests with two previous series) only in the
GleNAc (N) format and included the biantennary oligosac-
churides 53 and 54 constituting (together with BN) the
complete series of tnsaccharide GleNAc (N) isomers, as well
us the fully branched triantennary tetrasaccharide 52,

Chemistry. In the synthesis of the target oligosaechiurides,
we were often confronted with stercally hindered systems,
especially in the case of highly branched structures und
oligesacchanide structures consisting of N-acetyigulactosa-
mine units, In general, the axially oriented C(4)~OH group
ona gnlactg?yrunou skeleton is the least reactive secondary
OH group.” To overcome this fact, the phthalimide glyco-
sylation method was applied. This procedure isconsidered to
be one of the most efficient 1,2-truns-stercoselective glyco-
sylition processes for low-reactive secondary OH groups.™
Nevertheless. we recently observed reduced ncmsdcctivilx
of this method when very low reactive aglycons were used.”

The parullel approach enabling simultancous glycosyla-
tion of several hydroxy! groups of the glycosyl acceptor was
cmploztd for the preparation of branched oligosaccha-
rides."” In addition, a silver perchlorute promoted glycosyla-
tion procedure was applied using glycosyl bromides as
glycosyl donors in the presence of sifver carbonate. This
was selected because of relatively good efliciency and sterc¢o-
selectivity in the case of low reactive. axially oniented OH(4)
groups in comparison to other standard glycosylation
methods.” Silver carbonute acts ns a scavenger of perchloric
acid und was used mstead of a commonly used organic base,
which can inhibit glycosylation reaction. ™" Appropriate
glycosyl donors and glycosyl acceptors of galacto configura-
tion were obtained via inversion of the configuration at the
C(4) carbon of the corresponding synthons with gluco con-
figuration by nucleophilic displacement of the mesyl group
by sodium acetate.”
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Synthesis of Linear Oligosaccharides of the p-Galactosa-
mine Type, In contrast to the large numiber of studies devoted
10 the synthesis of linear ohigosacchurides with f(1—4).
linked 2-amino-2-deoxy-p-glucopyranose units, efficient
and practical methods for the synthesis of analogous ohigo-
saccharides with S F—=d)-linked 2-amino-2-deoxy-o-galacto-
pyrunose units remain scarce.”” This unsatisfactory situation
was apparently due to problems with formation of a J(1—4)
glycosidic bond between two p-galactosamine units, Only
few reports on disuccharide syntheses of this type have been
published so far, and these used o glycosyl acceptor
having the azido group as the masked amino function ut
the C(2) position and 2-deoxy-2-phthalimido-p-galsctopyr-
anosyl bromide us the glycosyl donor. '

Our primary goal in the synthesis of the target J(1—=4)- und
fH1-=3)-linked lincar oligosaccharides of the p-galactosa-
mine type (21, 32, and 37) was 1o prepare appropriate
glycosyl acceptors 7, 8, 10 (Scheme 1), and 13, Compound
7 wits obiained from benzyl 2-acctumidoe-3.6-di-0-benzyl-2-
deoxy-4-0-methanesullonyl-a-n-glicopyranoside™ (3) upon
treatment with anhydrous sodium acetate in dimethy! sulloxide
at 130 °C to give the galacto-denvative §, which alforded 7 by
Zempken deacetylation. The same synthetic approach was
applied for the preparation of compound 8 starting (rom benzyl
2-acetamido-3-0-allyl-6-0-benzyl-2-deoxy-a-o-glecopyrano-
side™ (2), O-Benzylation of 8 and subsequent deallylation of
compound 9 so obtained by cutalytic isometization of the
protecting allyl group 1o prop-1-enyl group using Wilkinson's
catalyst (PhyP),RICL, followed by acid hydrolysis, led to
glycosyl seceptor 10. Benzyl 3.6-di-O-benzyl-2-deoxy-2-ph-
thalimido-g-o-galactopyranoside (13) was prepared from ethyl
4-0-ucetyl-3,6-di-0-benzyl-2-deoxy-2-phthalimido- | -thio-fi-
p-galactopyranoside” (11) in two steps using a procedure
deseribed by Westerlind et al

The use of 3,6-di-O-benzylderivative 7 as a starting glyco-
syl acceptor in preparation of the turget f(1—4)linked
oligosaccharides 21 and 32 was not successful, Glycosylation



Arricle
Scheme 27
A0 OAc Oaz
0 a 0
Aa SE1 = AO 8
Friry Pres
% "®
o MO Odc
o v %,
B, — A 0 O#in
AN PrenN 0
g OB 1o AD
Ofin
‘.
HO Ow AcO OAs
Q
HO 0 Ofn I S
e o
. HO WO
AN n AHN
lw
A DR no Ok
o - &
o —_— G 0B
i ™™ o At
i)
Act) 2 )
/
"o OM
Q
o 0 om
o
2 HO Ao o

“Reagents and conditions: {a) Bry, CHCly, 0 °Co (b)) AgClO,,
Ag,C0,, CHLL, ~157C; (¢) (PhP)RECY, 1obucne— EIOH-H,0, e
Mux, und then HOOOH, reflux; (d) BaNH., MeOH, refluy; () AcO,
pyridne, room temp; (1) MeONa, MeOH, room temp; ig) Hy, PAC,
ACOH~HAO, room tomp.

of 7 with 4-0-acetyl-3.6-di-0-benzyl-2-deoxy-2-phthalimido-
o-galactopyranosy! bromide” (22) promoted by silver perchlo-
rate in the presence of silver carbonale gave o complex mixture
of reaction products. Any attempts to solate the expected
disacchande benzyl  4-O-ucetyl-3,6-di-0-benzyl-2-deoxy-2-
phthalimsdo-g-o-galsctopyranosy 4 1 —4)-2-acetamido- 3,6-di-
O-benzyl-2-deoxy-a-p-galactopyranoside fuiled.

The disaccharide 21 was successfully prepared when the
less sterscally hindered 3-0-allyl derivative 8, as glycosyl
acceptor, and glycosyl bromide 15 protected with less bulky
and more electronegative O-acetyl groups as glycosyl donor
were used at the glycosylation step (Scheme 2). Their reac-
tion under the same conditions afforded the required
A(1-=4)-linked disaccharide 16 in a yield of 37%. The glyco-
syl donor 15 described by Nilsson et al. ™ was prepared by an
alternative way, i.e., from ethyl 3. 4.6-in-0-acetyl-2-deoxy-2-
phthalimido-1-thio-f-n-galactopyranoside’® {14) in reaction
with bromine.

Deullylution of the protected disacchande 16 using the
aforementioned procedure gave compound 17, The alkali-
labile protecting groups were removed by treatment with
n-butylamine in botling methianol, and the obtined amine I8
was peracetylated by reaction with acetic unhydnide in
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pyndine to give 19. Zempien O-deacetylation of 19 yielded
benzyl glycoside 20, Hydrogenolysis of benzyl groups over
Pd/C catulyst afforded the target unprotected f(1—4)-linked
disacchanide 21,

The problem of effectively synthesizing f(1—=4)-linked
galuctosumine type oligosacchurides was solved by employ-
ing compound 13as the starting glycosyl acceptor (Scheme 3)
Compound 13, bearing a phthalimido group at position C(2)
mstead of an acetamido group, wis chosen 1o decrease the
negative influence of intermolecular H-bonds between the
OH group and the NH group of the amide lunction in the
glvcosylation process, ™ ™ Glycosylation of 13 with glycosyl
bromide 22 under the above-described conditions gave
the required disaccharide 23 i a satisfactory yiekd of 48%,
Furthermore, 4-O-acetyl-1 Sanhydro-3,6-di-O-benryl-2-deoxy-
2-phthatimido-p-lyxo-hex-l-enitol (24) and 4-O-acetyl-3,6-
di-0-benzyl-2-deoxy-2-phthalimido-f-p-galactopyranosyl-4-
O-acetyl-3.6-di-0-benzyl-2-deoxy-2-phthalimi-do-f-p-galuc-
topyrunoside (25) were isolated as the reaction side products,
i, the products of elimination and cross-reaction of a
glycosyl donor.™* Formation of glycal and symmetrical
disaccharide with the f head to head glycosidic bond similar
10 that found in fftrehalose from glycosyl donors of
Z-deox,v-Z-Ihlhahmido-n-gluwpynmm type has been
described.

Zemplén deacetylation of dissccharide 23 followed by
glyeosylation of the obtained compound 26 with glycosyl
donor 15 afforded trisaccharnide 27 in an overall yield of §1%.
Furthermore, the f#8-trehalose type product 28 was also
isolated. ' The alkali-labile protecting groups were removed
by treatment with hydrazine hydrate in boiling ethanol, und
the obtained crude amine 29 was acetylated by acetic anhy-
dride in pyridine to give compound 30. Zemplén deacetyla-
tion of 30 gave benzyl glycoside 31. and its benzyl groups
were subsequently hydrogenolysed over PA/C catalyst to
give the target unprotected trisacchuride 32.

For the preparation of (13 }linked galactosamine dis-
accharnide 37 (Scheme 4) o synthetic approach analogous 1o
the one used for the synthesss of lincar ohigosaccharides
containing A(1—4)-dinked N-pcetybp-galactosamine was
employed, Silver perchlorate in the presence of silver carbo-
nute promoted glycosvlation of glycosyl aceeptor 10 with
galactopyranosyl bromide 15 to provide #(1—3)-linked dis-
acchande 33 in a good yield of 70%. This wus then depro-
tected to obtain the final dissccharide 37,

Synthesis of Branched Oligesaccharides of the p-Glucosa-
mine Type. Synthesis of the tasget triantennary tetrasacchar-
e 52 and biantennary trisaccharides 53 and 84 of p-
glucosamine type wis carried out starting from multiple
glvcasylation of the glycosyl acceptor benzyl 2-acetamido-
2.deoxy-a-p-glucopyranoside (39) (Scheme 5). Glycosyla-
tion of 39 with 3.4 6-tri-O-acetyl-2-deoxy-2-phthalimido-fi-
p-glucopyranosyl bromide™ (38), promoted with silver per-
chlorate in the presence of silver carbonate, afforded the
tetrasaecharide 40 (15%) and deletion trisaccharides 41 (8%4)
and 42(17%). The obtwined oligosacchandes were converted
10 unprotected oligosacchandes 52, 53, and 54 as described
above,

Synthesis of Branched Trisaccharide of the n-Galactosa-
mine Type. Similar to the synthesis of branched oligosacchar-
wdes containing p-glucosamine umits, the approach bised on
multiple glycosylation was applied as well for n-galuctosa-
mine type ofigosaccharides. The glycosyl acceptor benzyl 2-
acetamido-6-0-benzyl-2-deoxy-a-p-galactopyranoside (55),
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obtained by deallylation of compound 8, wus glycosylated by
3 molar excess of 3,4.6-tri-0-acetyl-2-deoxy-2-phthalimido-
f-n-galactopyranosyl bromide™ (15), employing promotion
by silver perchlorate in the presence of silver carbonate
(Scheme 6). This reaction afforded not only branched trissc-
charide §7 (9%) but also disaccharide §6 (13%) as an
undesired side product resulting from the lower reactivity
of the axial C(4)—OH group of the glycosyl acceptor. After
deprotection as above we obtained the target biantennary
disaccharide 61

Biological Evaluation, In order to evaluute the binding
affinity of the synthesized oligosaccharnides for the target NK
cell receptors, we started with the recombinant rat NKR-
PIA receptor shown previously' ™' to have high affinity
for GleNAc monosaccharide and related compounds.
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Microtiter plates were coated with high affinity ligand
GleNA¢; BSA neoglycoprotern, and individual compounds
were tested as inhibitors of hinding of the soluble radiola-
beled receptor 1o these plates. Results shown in Figure |
indicate that the synthesized compounds were mostly aver-
age or poor ligands compared to the GleNAc control. Here,
in the lincar GIcNAC/GalNA¢ senes, the #1—4 linkage is
preferred to other (#1—3 or gl1—6) linksges (Figure 1A)
Branching of the oligosacchanides resulted in significant
decrense in the inhibitory potencies independently of the
senies used (Figure | B and Figure 1C).

More interesting results were obtained when the synthe-
sized compounds were tested as inhibitors of binding of
another lymphocvie receptor, humun CD6Y, to its high
affinity GleNAc,;BSA ligands."*™ This receptor has been
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shown previously'™™ to contain multiple binding sites
for GIcNAC in its mokicule and thus to prefer branched N-
acetyl-n-hexosamine sequences to linear ones.'” Indeed, only
minor differences bave been found in the lincar GleNAc/
GuINAc series compared 1o the GleNAc monosacchande
control (Figure 1D). However, a notable hicrarchical in-
crease in inhibitory potencies has been found in the branched
GIeNAc GalNAC series (Figure LE). This increase has been
considernbly more profound in the GleNAe series compared
1o the GuINAg series (Figure 1E).

On the basts of these findings, detnled structure—activity
studies were performed in the brunched GleNAc series, Here,
an even more developed hierarchy of the gradually increas-
ing ulfinities could be seen (Figure 1F). The trisacchande
BN described previously'” has already attained 10 times
better inhibitory potency compared to the GleNAc control.
The newly synthesized compounds 53 and 54 have reached
100 times and 1000 times greater inhibitory sctivities, re-
spectively. The small, fully branched tetrasacchande 52 wis
an even better inhibitor, achieving 10000 times better in-
hibitory activity than the GleNAc control, Its corresponding
a-benzy| derivative was even 10 times more efficient, attain-
mg the potency of the much more complex matural oligo-
sacchande OM, and it was a 100000 times more potent
inhibitor compared to the N-acetyl-o-glucosamine mono-
succhande (Figure 1F), Thus, the tetrasaccharide 52 has been
selected for further work as an cfficient mimetic of a much
lnrger nd  undes hiande (OM, Chart 1) de-
scribed previously as natural ligand,'” as well as of the
classical artificial hiq.h affimity higand, GleNAc neoglycopro-
win (NG, Chart 1)

Dircet Binding Assay for 52 und 49, The high affinity
mnteraction of 49 with the soluble recombinant lymphocyte
receptor CDGY was further confirmed using several techni-
ques allowing us to observe the binding directly, Compound
49 appeared to be particularly suitable for these studies, since
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its anomeric configuration s fixed in the a-position through
the benzyl residue. The initial confirmation of high affinity
binding of 49 1o recombinant human CDEY wax provided by
NMR titration { Figure 2A). Evaluation of the binding curve
revealed a complete disappearance of the acetate signals due
10 specific binding until the suturation point corresponding
10 one bound molecule of the oligossccharide per receptor
subunit, after which a fincar increase of the free (unbound)
ligand was observed. Evaluation of the binding curve also
provided a quantitative estimation for the value of K in the
nanomolar range, which is in complete agreement with the
inhibition data. Two additional binding techniques were
employed, Direct binding assay using "H-labeled tetrasac-
charide 52 allowed us 1o establish the details of the binding
parameters: there was one high alfinity binding site per
receptor subunit (two sites per receptor dimer) with K, =
3.2 x 107° M (Figure 2B). Moreover, the binding to the
dimeric receptor displayed the same cooperativity reported
previously for the high affinity binding site for GleNAc
with the Hill coefTicient approaching the maximal theorctical
vaalue for a1 two-subunit protein (rpear = 2. heape = 1.98),"
The third direct binding assay based on tryptophan f{luores-
cence quenching was performed using both the dimenic
CD69 receptor™ and its monomeric form obttined by site-
directed mutagenesis.*' This armangement allowed us to
conlirm the dependence of both affinity and ligand binding
cooperativity on the dimeric armangement of the receptor:
the K, value dropped from 3.4 % 10 10 1.12 x 107" M, and
only hinding according to the single-site model could be
observed for the monomeric protein { Hill's coeflicients were
1.94 and 1,05 for the dimeric and for the monomeric protein,
respectively: Figure 2C and D).

Dimerized 52 Efficiently Precipitates Soluble CD69 De-
pending on Linker Chemistry. High affinity binding of 52 to
CD69 shown by both inhibition and direct binding tests
indicited that this oligosacchande might represent a suit-
able minimum mimetic of the complex physiological igand
for the receptor. In order to activate CD69" immune cells
through an engagement of this antigen. however, the ligand
mimetic must be present in o multivalent (at least bivilent)
form, To achieve efficient dimerization of the tetrasscchar-
ide 52, we have adopted the standard chemistry used for
peptide and protein cross-linking™ and claborated it for
efficient activation and coupling of oligosaccharides acti-
vated as f-glycosylamines (Scheme 1% The entire proce-
dure involves a conversion of the reducing oligosacchande
52 into the corresponding f-glycosylamine 62, followed by
reaction with thiophosgene 1o produce the reactive isothio-
cyanate 63, This compound is then coupled to a senes of
linear aliphatic diamines to produce the dimenc tetrasac-
charides 64—67 huving a linker of varying length defined by
two to eight methylene groups. The synthesized and punfied
GleNAc tetrasacchuride dimers were eviluated for their
abilities to precipitate soluble CDOY protein in i process that
resembles the cross-linking of the cellular form of the re-
ceptor. While the monomernic tetrasacchande 82 was not
active in this test, the dimeric compounds 64—67 proved to
be positive (Figure 3A). The best activity was achieved for
compound 65 bearing the butyl aliphatic linker,

Revently published work has provided a clear indication
that not only the kength but also the chemical nature of o
linkes, such as its hydrophobicity and flexibifity, may sig-
nificantly influence the outcome of an interaction of a
bivalent artificial Jigand with a corresponding receptor.*
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Therefore, we took the dimeric tetrasaccharnide 65 as the lead
compound und prepared three additional similar com-
pounds, 68, 69, and 70, differing in the hydrophobicity und
flexibility of the linker based on the starting divalent amine
{Scheme 8) used. Compounds 65, 68, 69, and 70 thus all
had the optimal feagth of the four-carbon linker, albest in
four different chemical variants: hydrophobic flexible, hy-
drophilic flexible, hydrophobic rigid. und hydrophilic ngid.
respectively, These compounds, after synthesis and purifica-
tion, were again tested in the receptor precipitation assay,
The results show that optimal activity was achieved for
compound 68 contuining the hydrophilic Oexible linker
(Figure 3B). This activity was comparable to that of the
previously described lnctose-di- N-acety! dimer.*” The onigi-
nal kead compound 65 with the hydlophlhc fexible linker
was also quite active, but compounds 69 and 70 with the ngid
linker were much less active.

Dimerized Tetrasaccharides 68 Activate Lymphocytes Ex-
pressing High Levels of CD69, We decided 1o venify our
conclusions concerning the optimal immunostimulating
compound further using CD69"™ lymphocytes containing
the cellular form of the receptor in its natural dimeric and
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Figure 1, Baodogical testing of the synthesized HexNAc based oligo-
saccharides using miubation assay. Indicated compounds were tested
s the inhibitors of binding of the radiolubeled INKR-PIA (left) or
KCDE (right) to the high alfinity GRNACBSA hgand. From the
complese inhibition curves, 1€, values were cekeulatod. Shown arethe
main £+ SD from nt beast three independent experiments.

fully glycosylated form.* Such verification i essential be-
cause the activities using the soluble and the ccllulm forms
of the immune receptors may differ significantly.'” We used
the standard cellular activation assays based on the produc-
tion of inositol phosphnles und monitoring ol‘ mtracellular
caleium wns.!! We isolated CD6Y'™ (< 5% sur-
face expression) and CD69"" (>30% surface expression)
Ivmphocytes from human peripheral blood mononuclear
cells. Both monomeric tetrasaccharide 52 and four dimeric
tetrasaccharides described above (compounds 65, 68, 69, und
70) were dissolved in PBS for testing as activators of these
cellufar populations and were compared to the effect of PBS
only (negative control), or of specific monoclonal antibodies
against CD6Y as well as the N-acetyllactosamine disacchur-
ide described previousty” ™ 1o be u potent uctivator of
CD69" lymphocytes (positive controfs). All tested com-
pounds were added at [0-fold molar excess over the esti-
mlcd amount of surface CD6Y, as well as over the measured
(g concentration. The inositol phosphate production results
\Iww that very little sctivation of CD6Y"™ lymphocytes
occurred despite the presence of a small amount of CD69”
cells in this population (Table 1), On the other hand, the
dimerized (although not the monomeric) tetrasaccharides
6570 all had notable effects on the production of inositol
phosphates with the best compound (68) exerting effects
comparable to those of the positive controls, monoclonal
antibody, and N-acetyllactosamine disaccharide (Table 1)
The effoct of the tested compounds on an increase in intra-
cellular cakium levels lollowed the effects on nositol phos-
phates production. In CD69™ cellular population only the
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addition of ionomycin resulted in a significant increase in
intracellular caleium (Figure 4A). In CD6Y™* population, all
four dimenie tetrasaccharides were active, and the sctivity of
compound 68 way comparable with that of monoclonal
antibody positive control. Testing the compounds further at
10 times higher concentrutions did not increase their activity
(data not shown),

Dimerized Tetrasaccharide 68 Increased the Killing of
Tumor Cell Lines in Vitro, To estimate the efliciency of the
synthesized compounds in enhancing the antitumor poten-
tial of the immune system, we have first tested their effects in
the standard short-term (4 h) eytotoxicity assays. Compound
68 and the lead compound 65 increased sigmficantly the
killing of human erythroleukemic cell line KS62, a standard
turget cell line known to be sensitive for natural killing. The
effect of compound 68 was comparable to that of the two
monoclonal antibodies against CD69 used us positive con-
trols, while compound 68 had even much higher effect
enhancing the efficiency of natural killing about 4.5 times
under the given experimental conditions in vitro (Figure SA).
Moreover, compound 68 wis ilso active in the case of NK
resistant tumor cell line RAJI (Figure 5B) in the situation
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where other compounds or monoclonal antibodies used as
positive controls had little effect, Under these experimental
conditions compound 68 enhanced nutural killing ubout 3.5
times (Figure SB).

Dimerized Tetrasnccharides 68 Suppresses the Growth of
Experimental Tamors and Activates Tumor Infiltrating Lym-
phocytes. An initial assessment of the untitumor efficacy
of the synthesized compounds was performed using the
expernimental model of mouse BI6 melanoma using o low
metastasis variant.*” In this assay, compound 68 was most
efficient decreasing the size of the tumors at day 26 and day
30 (Table 2). Compounds 65 and 70 also had some effects
seen at day 30 after the injection of tumor cells. Interestingly,
the two monoclonal antibodies against CD69 and the dimer-
ized N-acetyllactosamine had very litthe effect in this assay
(Table 2). In order to assess the possible effects of the
dimerized tetrasaccharides on the immune system, n large
number of immune system parameters must be monitored.
However, onc of the most important parameter is the activity
of kilker cells operating inside the tumors (especially tumor
mfiltrating lymphocytes and dendritic cells). In order to
estimate this parameter, we performed cytotoxicity assay
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using tumor (melanoma) mfiltrating lymphocytes isolated
from animals treated with the individual compounds und
assaved after isolution of these cells ex vivo. Notubly, com-
pound 68 was the only compound umong the tested set that
remained effective in this assay using both Bl6 melanoma
and NK resistunt P815 mastocytoms (Figure 6A und
Figure 6B, respectively), Compound 65 also had a statisti-
cally significant effect but only in the case of the Bi6
melanoma (Figure 6A). We have initinlly tested the effect of
the injection of | gmol {approximately 2 mg) of the individual
compounds, 4 dose that was much smaller compared to the
tested antibodies that had o be injected m 10 mg amounts.
While increasing the amounts of the tested compounds had
very little benefit, injecting 0.1 gmol amounts had very similar
effects, and 0.01 gmol amounts gave no effect.

Discussion

Although the physiologcal ligand for the widespread leuko-
cyte activation marker and tnggering receptor CD6Y has
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not been identified. calcium and certain N-acetyl-o-hexosa-
mines huve been shown previously 1o be specific ligands for
this receptor.'*” Direct binding assays and molecular mod-

eling studies revealed the existence of three binding sites for
GleNAg in the CD6Y molecule, one of which represents the
high affinity binding site with an estimated value of K, of
63 M. ™ Later, by use of a new construct for recombinant

Table 1. Actisution of Purified COE™™ und CD6Y™ NK Celly Using
the Dimsenic HexNAc Based Oligosacchanides

cell conirol Mah LAC 82 & o L
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Figure 4. Moanitoring of intraceliular calcium 3 min after the addi-
tion of tested compounds was performed in CDEY™™ (A) and
CDOY"" (B) lymphocytes. 10N s the ionomycin positive control
Al changes in (B) were statistically significant at p < 0,01 compared
to the PBS control (C). Values for the tested compounds and
lonomyan were taken from the complete curves ut 3 and 11 min,
respectively
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“Reagents and conditions: () | equiv of | 4-butanediamime-2.3-diol per 2.4 equiv of &3, CH:Cl. roam temp, 2 days; (b) | equiv of 1.4-
butanediamine-2-cn per 24 equiv of 63. CHCy, room temp, 2 days: (c) | equav of 1 &batanediamine-2,3-diod-2-cn, CH,Cly, room temp, 2 days,
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Lytic efficiency
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PBS MADWARL2 (52) (85) (88) (89) (70)
Compound tested

Figure 5, Natwural killing assays in the of the tested
compounds using sensitive human cell line K562 (A) and resistant
human cell line RAJT (B), Statistical sgmficance of changes com-
pured to PBS control is marked by asterisks as described i Experi-
mental Section

Table L. Initial A of the Anti Prog of the Synthe-
sized Compounds Using the Mouse BL6S Mecdanoma Model

1m0e size (cm’ )

compd day 26 day 10

PBS 0602 13x03
MAbBI 06201 L1202
MAR2 ad4z0l 08«02
LAC 0401 07401
65 05201 08+02
o8 ar=01 02=0l
Rkl 06+ 03 08402

expression of CD6Y optimized 1o have i high physical und
biochemical stability,” direct binding assays including NMR
titrtions, equilibrium dialysis, and fluorescence quenching
measurcments revealed that binding of GleNAc to the dimernic
CD69 protein proceeded i a cooperative fashion with K, =
0.4 oM. *" However, after dissociation into the monomeric
subunits when no cooperativity in carbohvdrate binding
could occur, the value of K dropped to about 16 M using
the optimized monomeric protein.'’ Recently, high affinity
physiological ligind for CD69 has been identified among the
highly branched ovomucoid type oligosaccharides.'” In parti-
culir, the pentubranched undecasacchande having u structure
[GRNAGH —2AGRNA I =4 GleNAgH 1 —6)Mana | —6][Gl
oNAGHT = AGINAGH ~4H)Mana | - 3|[GIcNAS L ~4jMang 1~
AGIeNACHT-4GKNAC tumed out 10 be an efficient ligand
for CD69 with K in the low nanomolar range. This ligand
may represent a target structure for CD6Y' NK cells, since it
could be detected at the surface of NK sensitive targets cell
lines and could be induced by stress in NK resistant targets as
well.'” This undecasaccharide may thus represent a suituble
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Figure 6. Natural killing of tumor infiltrating lymphocytes bolated
from mice treated with the indicated compounds, Killing of Bl6
melanoma (A) and NK reastant mastocytoma PRIS (B) targets is
shown. Statistical sgnificance of chunges compared to PBS control
n marked by asterisks as doveribed in Experimental Section.

mitial compound targeting killer lymphocytes including
natural killer cells to tumor sites and keeping the Killer
Iymphocytes active in the inhibiting microenvironment of
the tumors, Since this undecasaccharide tumed out to be
available only in small amounts alter complicated isolation
from biological material'” and since the total chemical synth-
esis of such complex oligosaccharide was shown to be very
complicated,” consideruble expenimental efforts have been
aimed toward the synthesis and ideatification of smaller
oligosacchande mimetics.

Here we describe one upproach toward the development
of efficient oligosacchuride mimetic for CD69 bused on the
synthesis of N-acetyl-n-hexosamine-based homoohgosacchi-
rides and their dimerization through several types of chemical
linkers in order to prepare bivalent compounds suituble for
CP69 cross-linking. The initlal sereenmg of GeNAc and
GalNA¢ based homooligosacchandes, both linear and bran-
ched, identified the fully branched tetrusaccharde 52 us the
hest ligand for CD69 with affinity in the nanemolar range,
thus approaching the affinity of the much more complex
ovomucoid derived undecisaccharide and that of the classical
high affimity ligand, GleNAc, BSA ncogiycoprotein. The a-
benzyl derivative of this compound was an even better
inhibitor, indicating the possability of additionul hydrophobic
internction near the carbohydrate recognition site of CD69,.™
This tetrasacchande was then used us a lead for the develop-
ment of an efficient dimenzation protocol and optimalization
of the linker used for dimerization (length, hydrophobicity,
rigidity). The previously developed assuy measuring the
amount of solubk CD6Y precipitated after interaction with
the bivalent ligand** has boen used to provide a simple test of
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binding efficiency of the dimenzed GleNAc tetrasacchandes.
From these tests, dimenzed tetrasaccharide 68 bearing o
hydrophilic flexible linker emerged as the most promising
compound. Further biological evaluation revealed this com-
pound to be effective in cellular activation of CDEO™* NK
cells, which led to the ability to enhance natural killing in vitro,
10 decrease the rate of tumor growth in vive, and to keep the
tumor infiltrating lymphocytes activated even in pggressive
tumor microenvironment, as reveaked afler ex vivo examina-
tion of their cytotoxicity. Morcover, this compound com-
pared favorably with other reagents cross-linking the CD6Y
target receptor; it was active in much smaller concentration
than the specific monocional antibodies against this receptor,
and most probably it would also be much less immunogenic.

The exuct role of CD69 antigen in NK cell biology is not
fully undemstood, First, CD69 is expressed on many leukocyte
subsets™ and thus cannot be considered as an NK cell specific
receptor. Second. the work by Sanchez-Madrid and collea-
gues using CD69”  mice provided & clear indication for the
negative role of this antigen in tumor cell killing, since the mice
lacking mtfaoc expression of CD6Y were more resistunt 1o
tumors.*” On the other hand, the work of Moretta ct al.
emphasized that monoclonal antibodies (and perhaps higands)
that are strongly bound to CD69 can activate CD69 positive
cells even m the abscn« of other (antigen dependent) pro-
liferation pathways. ™ Our present work provides a strong
support for such a possibility und advocates the dimenized
tetrasuccharide 68 s a strong candidate for further systematic
experiments looking at the details of its efficacy in other
experimental tumor models and the details of the molecular
mechanisms of its action.

Conclusions

We prepared efficent mimetics of natural oligossccharide
ligands for CD6Y. a widespread receptor triggering leukocyte
activation. Homoohgomer fully branched GleNAc tetri-
sacchande 82 proved to be the most efficient ligand und could
be used s o lead for the development of eflective activators of
CD69" NK cells. Compound 68, GIENAc tetrasaccharide
dimerized through a hydrophalic flexible linker, turned out 1o
be active in enhancing natural killing in vitro, decreasing the
growth of tumors in vivo, and increasing cytotoxic activity of
tmor nfilteating lymphocytes examined ex vivo. This com-
pound thus represents a strong candidate for an efficient
carbohydrate-based immunomodulator with a promising
antitumor potential.

Experimental Section

General Chemistry, All reagents und solvents were purchased
from Sigma-Aldnich and used as received. Analytical samples
were dried at 6.5 Pa and 25 °C for 8 h, Melung pomts were
determined with a Kofler apparatus and are uncorrected.
Optical rotations were measured on Rudolph Research Anily-
tical )\UTOPOL IV polarimeter at 20 °C. [a]g, values are g.wen
in deg-em’ g~ ", Elemental analysex were performed using o
PeekinElmer 2400 serfes 11 CHNS/O elemental analyzer. IR
spectrs were recorded on o Bruker Equmox 55 FTIR spectro-
meter. and wavenumbers are given in cm . NMR spectra were
recorded using Bruker Avance spectrometer at 500, 1 MHz('H)
und 1258 MHz ("'C) i CDCl,. using TMS as an internal
standard for "H NMR spectra und CDCly as o standard for
'CNMR spoctrn, Chemical shifts are given in ppm (4 scabe) und
coupling comumu (/) in Hz, For unambiguous assignment of
signals in ''C NMR spectra, the heterocorrelated 2D NMR
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spectra were measured by the HSQC technigue’' if necessary.
Positive-ion FAB muss spectra were acquired on a BEQG geo-
metry muss spectrometer ZAB-EQ (VG Analytical), Complex
mixtures were analyzed using LOQ muss spectrometnc detector
(Finnigan) coupled to u HPLC system for LC/MS applications,
equipped with an iop-trap analyzer, +APCI ionization was
used for recording spectra. TLC was carnied out on Merck
alaminum sheets silica gel 60 F254, and column chromatography
wits carried out on Fluka silica gel 60 (4063 um), Analytical RP
HPLC was performed using Waters Alllance HPLC system
(PDA 996 detector) equipped with a column (150 mm = 3.9 mm)
filked with Nova-Pak CI8 (4 pm, Waters), Purity of all synthe-
sized compounds wies determined to be =295% by RP HPLC
using i water—methanol gradient. Preparastive RP HPLC was
performed with & Knauver system equipped with a column
(250 mm » 2§ mm) fitled with LiChrosorb RP-18 (5 um, Merck)
2-Acetamido-2-deony -f-o-galactopy ranosyl-( 1 -=4)-2-acetami-
do-2-deoxy-o-galactopyranose (21), Hydrogenolysis of com-
pound 20 (50 my, 0.08 mmol) sccording 1o general procedure D
afforded 25 mg (74%) of an a/F-anomeric mixture of compound
21 () =98 (c 0.2 HAO). FAB MS caded for C M N, O, 4242,
found m;z 4251 [M + HI". For C\ HuNO | (424.4); cakd
45.28% C 6.65% H, 6.60% N found 45.13% C. 676% H.
6.51% N. For NMR spectra see Supporting Informition,
2-Acetamido-2-deoxy f-o-galactopyranosyl-{ 1 =4)-2-ncetumi-
do-z-‘nxrﬁ-o-gd-thynmpl-( —d)-2-acetamido-2-deoxy -0
galactopyranose (32). Hydrogenolysis of compound 31 (85 mg,
0,08 mmol) according to general procedure D afforded 42 mg
(35%) of an a/f-anomenc mixture of compound 32. faly +10
(¢ 0.3, Hy0). MS EI caked for CoHy N,O,, 6272, found mi =
630.5 ™M + Nal]“. For CoH NOy, (627.6); caled 4593% C,
6.58% H, 6.70% N; found 46.08% C, 6,53 H, 6.73% N, For
NMR spectra see Supporting Information.
2-Acetamido-2-deony-f-v-galactopyranosy b 13 )-2-acetumi-
do-2-deoxy (37). Hydrogenolysis of com-
pound 36 (100 mg, 0.14 mmol) according 1o general procedure
D afforded 30 mg (50%) of an a/f-anomeric mixture of com-
pound 37, [ajp + 56 (¢ 0.1, HyO). FABMS caled for € H:xN2Oy,
4242 found m/z 425 [M + H|". For C,(H  NJO | (424.4): caled
45.28% C,6.65% H, 6,60% N; found 45.13% C, 6.76% H, 6.48%
N, For NMR spectra see Supporting Information.
Bonzyk-Z-acetamido-2-deoxy-fl-o-glucopyranosy i 13 )4 2-ace-
tamido-2-tdeoxyfo-glucopyranosy 14 1—4) | 2-acetamido-2-deoxy-
1-+6) Ny -<Cr-O-ghcopyrano-
side (49). Zemplén O-deacetylation of compound 46 {228 my, 0.17
mmol) according to genernl procedure A followed by RP HPLC
in in water afforded 132 mg (83%) of compound 49, [a], —41
(¢ 0.2, H;0). MS EI caled for CyyHeNO;, 9204, found m/s
9434 [M + Na]'. For CuHy Ny, (920.9) caled 50.%6% C,
6.57% H. 6.08% N; found 50.98% C, 6.64% H. 596% N, For
NMR spectra see Supporting Information.
2-Acctumido-2-deoxyf-u-glicopyranos:
2-deox.
mp’rmyi-(l—-ﬂ)-z-omﬂo-m“ﬂhrmnnu (82).
Hydrogenolysis of compound 49 (25 mg, 0.03 mmol) according
1o general procedure D afforded 17 mg (66%) of an @/f-ano-
meric mixture of compound 82 [a), ~25(c 0.2, H,O). FABMS
caled for Co:H g NO;; 830.3, found m/= 853, 5|M + Nuj". For
CiaHaNO:y (8308): caled 46,26 C, 6.55% H, 6.74% N;
found 46.09% C, 6,53% H, 6.78% N. For NMR spectra see
Supporting Information,
2-Acetamido-2-deox ranosyl-(1-<3)-| 2-acetamido-
2-deoxy #4163 2-neetamido-2-deox y-o-gluco-
pyranose (53). Hydrogenolysis of compound 50 (90 mg, 0.13
mmol) according 10 general procedure D afforded 2 mg (15%)
of an o/f-anomernic mixture of compound 83, aj, —93 (¢ 0.1,
H,0). MS EI caled for CogHy NJOy, 627.2, found miz 6503
[M & Na|". For CoH NAO (627 6): caled 45.93% C.6.58° H,
6.70% N; found 45.89% C, 6.53% H, 6.78% N. For NMR spoectm
see Supporting Information.
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2-Acetamido-2-deoxy-f--glucopyranosyl-( 1-+4)-{ 2-acetamido-
2-deoxy-flv-ghlucopyranosyl{ 16 )} 2-acetuamido-2-deox y-i-gluco-
pyrunose (54). Hydrogenolyss of compound 51 (230 mg. 0.32
mmol) acconding to general procedure D afforded 133 mg (66%)
of an a/g-anomeric mixture of compound &4, [a), —63 (¢ 0.2,
H;0), FAB MS caled for CoyHNJOy, 6272, found m/z 628
[M + H}'. For CyHy NJO,, (627.6): caked 45.93%, C, 6.55% H,
6.70% N; found 45 79% C.6.73% H, 6.59% N. For NMR spectra
seée Supporting Information

2-Acetamido-2-doox. 13 2-acctamido-
2-deoxy 1= 1~4) - 2-acetamido-2-deoxy-t-ga-
lactopyranose (61), Hydrogenolysis of compound 60 (28 mg.
0.32 mmol) according to general procedure D afforded 14 my
(64%) of an @ anomeric mixture of compound 54 [alg, +25.77
(¢ 0.3, H:0). FABRMS caled for Co My NO,, 6272, found m's
628 [M + H]". For CoH ) NLO, (627.6); caled 45.93%, C. 6,58,
H, 6.70%: N; found 4589% C, 6,63% H, 6.78% N. For NMR

spectra see Supporting Information.

2-Acctumido-2-deax 1-=3) 2-acctamido-
2-deoxy-fi-glucopyranosy - 14} |- 2-acetumido-2-deox y-F-o-ghs-
copyranasyl( 16 ¥ Thiour:

“-glucopy ranose -
ea Dinerized theough Hydropbobic Linkers (64701, Compound
52 (24 mg) way incubated in saturated aqueous NHHCO,
(10 mL) at 30 °C for 7 duys.” The bulk of NHHCO, was
removed by lyophilization. Dowex SOW IX2 H' (Fluka) was
added to a solution of the solid sugar amine in water until the pH
of the mixture dropped to 4, The resin with absorbed glycosyla-
mines was filtered off and wished with ice cold water. Pure
product was cluted with 2 M NH, in MeOH. affording 20.6 mg
of the correspoading J-glycosylumine 62 (36"4). This compound
wiis dissolved in 2 mL of water and added dropwise within 3 min
it room temperature to a stivred mixture of 400 gL of CSCl, and
200 mg of NaHCO, in 2 mL of acetone. After 45 min, water
(2 mL) was added and acetone was removed in vacuo at 30 °C.
Unreacted CSCI, was extracted with chlosoform, and the result-
g solution of glycosyl isothiocyanate 63 was fyophilized and
immediately used in the subsequent coupling reaction. A solution
of 63 (2.4 equiv) in dichloromethane was slowly added to the
corresponding dismine (1 equiv) in dichloromethane. After 24 h
at room temperature the reaction mixture wiss purified by column
chromutography on silica gel (EtOAc~McOH, 9:1), Thereufter,
the compounds were punified by chromatography on BioGel P2
(BioRad) us described previously.™ The viekds of the individual
compounds were 2.1 mg (66%) for 64, 1.8 mg (62%) for 6§, 2.0
mg (65%) for 66, 1.7 mp (S8%) for 67, 1.5 mg (50%) for 68, 1.8
mg (60%) for 69, und 2.1 mg (67% ) for 70, Analytical data for 64
'"HNMR 8. 14d (NH), S07Td (1H.J = 3.0, H-1), 4 82d (1H,J =
83 H-UL475d(IH.J = 83 H-1'), 4704 (1H. J =~ 84, H-1"),
GOSA(IH. S « SA H-1" )L 68 d (LS ~ S4, H-11L.459d (1H,
J = 835 H-1"),458d (1H, J = 85, H-1""), 426 m (1H, H-2),
406 m (2H. H-2, 3), 3.65-386 m (3H. H-2, 2, 27), 347407 m
(I8H, 3. 3", ¥, 4, 4", 4" 3§, 3" 6. 6. 6), 20T m (CH;).
FAB MS caled for CoH 1 aN 104,S: 18023, found m/z 1825.3
[h’ + Nlll. For Cu"u.‘N)p‘nS: (lSO‘..’.Jk caled 45.27% C,
6.32% H,9.32% N; 3,55% S; found 45.32%, C, 6.43% H,9.28%
N, 332% S. For NMR spectrn see Supporting Information.
Analytical data for compounds 6570 arc given 1n the Support-
ing Information.

and Iokibition Experiments, Soluble dimeric rat
NKR-PIA and soluble dimenc human CD69 were expressed
i Escherichia coli, and punfied essentially as described
previously. ™ These proteins were rudiododinated as repor-
ted,"” with cirrier-free Na' ™1 (Amershim) to 8 specific activity
of 107 epm per ug of protein. Binding and inhibition sssays were
performed as described previously'” with minor modifications.
Briefly, 96-well poly(viny! chloride) microplates (Tiertek Im-
muno Assay-Plate, ICN Flow, Irvine, U.K.) were coated over-
night at 4 °C with S0 2L of GlepNAC, BSA (10 g/ mL. Sigma) in
TBS + Chuffer (10mM Tris-HCI, pH 8.0, with 150 mM NaCl, 1
mM CaCly, and 1| mM NaN;) Plates were blocked with 1%
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BSA (Sigma)in TBS + C for 2 h a1 4 “C and incubated with '*1-
NKR338 corresponding to half of the saturation amount
and the indicated dilutions of the tested compounds in a
total reuction volume of 100 xL. Plates were washed three times
with TBS + C, drained, and dried, and 100 gl of a4 santilla-
tion solution was added to each well. Radioactivity in wells
wits determined in a fJcounter Microbeta (Walluc), All experi-
ments were performed 1n duplicate. The results are uverage
vitlues from duplicate experiments within the range indicated
by error bars,

NMR Titrations. All NMR experiments were run at 300 K in
a Bruker Avance 600 MHz spectrometer equipped with a
crvogenic H/C/N TCI probehend. 'H="*N HSQC spectra of
0.3 mM ["*NFabeled wild-type CD6Y protein were bsed as o
routine check of protein folding and stability. The sample buffer
consisted of 10 mM MES, pH 5.3, with 49 mM NaCl, | mM
NaNy, und 10% DO, During NMR ttration, a 0.1 mM
solution of the unlabeled wild-type CDBY protein was litrated.
In an mitinl experiment, aliguots of the GleNA¢ ligand corre-
spondfing to 25%, 50%, 75%, 100%, 200%, and SO0 of
situration were added and signals of the free GleNAc ligand
were observed at 2.2 ppm in the 1D proton spectra and used for
the estimation of the froe ligand concentration. In a separute
expermment aimed at estimating the binding constant, smaller
ligand additions were used as equivalence was approached, The
protein was titrated to 75% of the estimated number of binding
sites, after which the umount of ligand was increased in incre-
ments of 5% of the extimated number of binding sites until
the equivalence point was reached. All spectra were processed
using the softwire NMRPIPE.™ The dissociation constant K.
defined ns Ky = (¢, — ¢y + [LD{L]{eg — [L]), was obtained by a
nonlinear fittmg of the [L] va ¢ titration curves (Figure 1A)
Volume changes during titration were sccounted for,

l:‘llilrin Dialysts. Oligosacchande 52 was labeled using
NaB'H, (specific m::ivil; of 300 GBg'mmol) and was prepared
as desenibed previousty™ and diluted with the unlabeled com-
pound according to the required specific activity. To se1 up
equilibrium dilysas experiments, 4 rotating appuratus with
glass blocks containing separate sealable chambers with exter-
nal nccess was used as described previously (5). Then 200 ul.
aliquots of 0.1 uM solutions of CD&9 protems in 10 mM MES,
pH 3.8, with 49 mM NaCland | mM NaN; were incubated with
varying amounts of ligand ot 278 or 300 K for 48 h. After
equilibration, 100 uL. aliquots were withdrawn from the control
and from the protein-containing chambers. The t1otal Hgand
concentration was determined by Hyuid scintillation, und the
bound ligand wus calculated us the difference between the
amount of GieNAc in the chamber containing the protein and
the control chamber. The results were calculated and plotied
according to Scatchard as described previously,'!

Tryptophan Fluorescence Quenching. Tryptophan fluores-
cence quenching experiments were performed sccording to the
deseribed methodology™ with minor modifications, In initual
experiments, 100 nmolar aliquots of CD69 protein were pipetted
into multiple wells of 0 UV Star plate (Greiner, Germany) and
mixed with 10-fold serial dilutions of the GieNAc ligand.
Incubation proceeded for | h at room temperature, and then
the fluorescence of tryptophane residucs was me | in
duplicate wells using the bottom fluorescence measurements
on o Safire2 plate reader (Tecan, Austris) with the following
setungs; A, = 275 nm, A, = 350 nm, excitation and emission
slits were set 1o $ und 20, respectively, and the Nuorescence gain
was munually set to 66, When the lowest concentrition of lignnd
that still caused the quenching of tryptog fluor was
found, detailed dilutions of the ligand by 10% suturation steps
were performed, and the concentrations of free and bound
ligand were culculated us described previously.”

Precipitation Assays with the Soluble CD69 Receptor. Each
higand was dissolved in water at 20 nM corresponding to 10-fold
the K, value. The '*I-labeled protein (20 oM, %0 uL)"" was
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added to cach sample (30 gL) in 96-well microtiter plates.
Mixtures were incubated at 4 “C for 30 min, and then u 20%
(v/visolution of PEG 8000 wis added (100 «L.), The mixture was
feft to precipitate for | hat 4 °C, After centrifugation (10 min,
4 °C, 1800y, ), the suparnatant was carcfully removed and a
10% (v/v) solution of PEG 8000 (100 uL) was added. This
procedure was repeated three times 1o wash the precipitate.
After additional centrifugation und supernatant removal, the
precipitates were dned overnight at 37 °C,

Preparation of and CD6Y™ Lymphocytes. Periphe-
ral blood mononuclesr cells were obtamed from standard blood
(rsction enriched in leukocytes (buffy coats from the local blood
transfusion service) after dilution with RPM 11640 medium and
centrifugation over Ficoll-Paque. Cells were incubated over-
night in complote RPFMII640 in plastic cell culture dishes
to allow the adherent cells to attuch. Collected nonadherent
fruction of PBMC (N-PBMC) contuined mostly lymphocytes
(T, B, and NK cells). Lymphocytes from donors expressing less
than 5% of CD6Y were designated € . Lymphocytes from
donors with more then 20% CDG69 positive cells were further
uctivated by incubation at a density of 2 x 10° cells/mL in
complete RPMI1640 medinm for 4 h with PMA (50 ng'mL) and
sonomycin (500 ng'mL). This procedure increased the surfuce
expression of CD69 1o 75~ 85%, us analyzed by flow cy Y
using monoclonal antibody against CD6Y labeled with phyco-
ervthrin, Such lymphocyles were designated as C|

Inositol Phosphate Production. | H]Inositol phosphutes were
separated and quantified by the methods described previously.*!
Incorperation of |"Hjinositol into phospholipid was achieved by
incubating human CD69"™ or CDE9" lymphocytes obtained
us described above (107 cells/ml) with 100 uL of [*Hjinositol
(1.48 TBg/mol, 37 MBy/ml; GE Healthcare) for 3 b at 37 °C,
followed by extensive washing, and resuspension at 10 cefls'mL.
Anamount of 50uL of this suspension containing 5 = 10° cells in
complete RPMI with 10 mM Hepes, pH 7.4, was mixed with
50 g1, of the tested compounds (60 nM), and the mixture was
incubated a1 37 °C for indscated times. Antibodics were added in
saturating concentrutions (10 ug/mL). Reaction wis stopped by
rapid trunsfer of the reaction mixture to 100 ul of 10%
trichloroacetic acid. Reaction wits neutralized by the addition
of 50 uL of triethylamine, and 20 uL of 30% agqueous slurry of
Dowex IXE, 100-200 mesh (Sigma), in formate form was
wdded. The supematant wis collected, and inositol bispho-
sphates and inositol trisphosphates were cluted by the addition
of %0 uLl of 0.3 and 0.6 M ammonium formate, pH 7.0,
respectively, The elunnt was dried in thin-willed 96-well plate,
und the radioactivity wis counted in 100 2L of hiodegradable
counting scintiflant (GE Healthcare) using the Microbeta coun-
ter (Wallag).

Monitoring of Intracellular Calelom. Humun CD6Y" or
CD6" lymphocytes were Jouded with the calcium-sensitive
fluor Indo-1 by incubating 10" cells/mL with § pM Indo-1AM
(Molecular Probes, Eugene, OR)in complete RPMI with 25 pM
2-ME at 37 *C. Cells were washed twice and resuspended ut
§ x 10" cells/ml. 1n medium. The f1 of the cell sus-
pension was monitored with a Safire2 spectrofluonmeter by
using an excitation wavelength of 349 nm and emassion wave-
fength of 410 nm. The setting of the instrument was calibrated
for cach expeniment by lysing the Indo-1-loaded cells with
Triton X-100 (0,07%) for maximum fuorescence. The mini-
mum fluorescence was determined alter the addition of 10 mM
EGTA and sufficient Tris buse 10 raise the pH 10 >%.3
Intraceflulur calcium concentrition was calcwlated using the
formula [Ca™* | (nmoles) = 2S0[(F = Fuud (Fuus = P where Fis
the measured fluorescence und 250 (nM) is the dissociation
constant of lado-1. Signaling was measured in 1he absence of
extrncelular calcium in medium containing 1| mM EGTA.
Tested compounds were added in 2 min by rapid mixing of
10 4L of 300 nM solutions of these compounds with 90 ul. of cel-
lular suspensions, und monitoring continued for an additional
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10 min. At 10 mun after the beginning of the experiment (8 min
after the addition of compounds), lonom yein (Sigma) was added
10 # final concentration of | uM. Antibodics were added in
saturating concentrations (10 gg mL).

Natural Killing. The standard "' Cr release test was performed
as described previously.'' Briefly, 10* chromium-labeled target
cells in 100 uL of complete RPMI 1640 were mixed in triplicate
with 150 oM solutions of the tested compounds, or control
compounds, in 50 2L of RPMI 1640 in round-bortomed 96-well
plates. Antibodies were added m suturating concentrations
(10 pg/mL), Thereafter, the appropriate amount of effector
cells (CD69"*" lymphocytes obtained by Ficoll-Isopaque se-
paration;'* soe above) was added 1o 100 L of complete RPMI
1640, und the plute was incubated at 37 °C for 3 b Then 30 mL of
1% Triton X100 was added into the maxima rekease wells,
and the incubation continued for another | h. Plates were cooled
on ice bath, and 100 pl of the supernatant was uwsed for
rudioactivity measurements. The peroentage of specific lysis
was calculated using the formula *s = | (exp — spont) (max —
spont)] x 100, where exp is the counts in experimental wells,
spont is the counts in wells containing medium instead of the
effector cells, and max is the counts in wells contaming 1%
Triton X-100. Complete killing curves were constructed, from
which the lytic unit counts for individual experiments were
cakulated, Lytic efficiency was defined av the inverse of the
Iytic unit count.

Animal Tumor Therapies. Young (6—% week old) female
CSTBL/6 mice were purchased from Charles River (Montreal,
Quebee, Canada) and handled under the guidelines of Institute
Animal Care Protocol. Mice were shaved in the right Rank
arca and were given injections s¢ with 2.5 » 10 viable B16F1
cells (low metastasis variant, ref 36) in a final volume of 100 «L
of PBS, Ten days after the injection of tumor cells, | yumol of the
tested compound, or 10 mg of mAb, was mjected. Tumor
growth was followed by Vermer caliper measarement every
other day from day 7 after injection, All of the experiments
included 10 mice/group. Tumor area was caleulated according
1o the formuls 4 = (ab) 2, where a is the largest superficial
dinmeter and b is the smaliest superficial diameter. The tumor
whiltrating lymphocytes were solated from animals at day
30,“and their cytolytic uctivity was measured as described
above using the appropriate mouse tumor cells ay targets.

Statistical Amalyses. Stutisticul unolyses were caleulated by
Student's 2 test, F values of =005 were considered us significant
(%.p < 005 e+, p = 0,01),
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