Chapter 13
Sialidases of Corynebacteria and their
Biotechnological Applications
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Abstract Sialidase (EC 3.2.1.18) is a glycosyl hydrolase which hydrolyzes termi-
nal sialic acid residues from the glycans of glycoproteins, glycolipids, and poly-
saccharides. Corynebacterium diphtheriae harbors an extracellular exo-a-sialidase,
NanH, which can cleave terminal sialic acids o(2,3)- or a(2,6)-linked to glycoconju-
gates. These catalytic activities of the sialidase can be used potentially for the enzy-
matical production of sialylated complex glycans using regioselective hydrolysis
reactions. They can also be used for sialylation via transglycosylation. This chapter
focuses on the biochemical properties and the structural features of C. diphtheriae
NanH sialidase and its homologous proteins to synthesize sialyloligosaccharides
through chemoenzymatic approaches. In addition, the chapter describes potential
applications of NanH, including a putative vaccine candidate as a virulence factor
and an exoglycosidase for analyses of the glycan structure.
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MU-Gal 4-methylumbelliferyl-a-D-galactopyranoside
Neu5Ac neuraminic acid (sialic acid)
PpNP- para-nitrophenyl-

13.1 Introduction

Sialic acids are a family of nine carbon a-keto aldonic acids, which are often oc-
cupied at the non-reducing end of oligosaccharide chains on glycoproteins, gly-
colipids, and polysaccharides. Sialic acid-containing structures naturally appear in
diverse forms with different sialic acid linkages along with several functional group
modifications. Four sialic acids, N-acetylneuraminic acid, N-glycolylneuraminic
acid, deaminated neuraminic acid, and neuraminic acid, are major monosaccha-
ride sugars. These major sialic acids are diversified by modification with additional
substitutions at the hydroxyl group with O-acetyl, O-phosphate, O-sulfate, and
O-methyl groups (Varki 1999; Chen and Varki 2010). More than 50 sialic acid struc-
ture derivatives have been detected and found to be widely distributed in various
organisms, from bacteria to animals. The structural diversity of sialic acids reflects
their involvement in the mediation and/or modulation of many biological processes,
including intercellular interaction, cellular trafficking, intracellular adhesion, cell
development, and microbial attachment (Varki 2007).

For microbial infections, the terminal sialic acids displayed on the surface of
vertebrate cells, including erythrocytes and other blood cells and serum glycopro-
teins, mediate the adhesion of bacteria to host tissues as an initial and essential
step in the infection process (Lehmann et al. 2006; Varki 2007). Several pathogenic
bacteria have been shown to produce specific surface-adhesion proteins which har-
bor high affinity toward the sialic acids of oligosaccharide exposed on the host cell
surface (Vimr et al. 2004; Lehmann et al. 2006). Some pathogenic bacteria, fungi,
and protozoa can utilize the sialic acids of hosts as one type of carbon source for
cell growth. In other cases, a form of pathogenic microorganism utilizes the sialic
acids of host cell for the decoration of their cell surface to escape the host’s immune
system (Vimr et al. 2004). In the pathogenic machinery used to mediate specific
interactions with sialic-acid-containing glycoconjugates on host cells, sialidases
contribute to the recognition of sialic acids exposed on host cell surfaces.

Sialidase, or neuraminidase (E.C. 3.2.1.18), is an exo-a-glycosidase which hy-
drolyzes terminal sialic acids from a variety of sialoglycoconjugates. Sialidases are
widely distributed in diverse organisms, including viruses, bacteria, fungi, proto-
zoa, and vertebrate animals, but not plants. At least, 70 different microorganisms
capable of sialidase activities have been reported (Kim et al. 2011). Several gram-
positive and gram-negative bacteria-producing sialidases are commonly in close
contact with mammals, acting as commensals or pathogens. Sialidases in several
pathogenic microorganisms are considered to be a potential virulence factor.

Corynebacterium diphtheriae, a gram-positive pathogenic bacterium, causes
diphtheria. The bacterium colonizes the mucosal surface of the respiratory tract in
humans during the early stage of infection and then secretes the diphtheria toxin,
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inducing necrosis and injury to epithelial cells. Sialidase activity in C. diphtheriae
has been identified in a toxin preparation (Blumberg and Warren 1961), and exo-si-
alidase induced in an iron-enriched culture of the bacterium was later characterized
(Warren and Spearing 1963). In addition, sialidase production and the cell surface-
glycan contents of C. diphtheriae were found to be affected by the iron ion concen-
tration in the culture (Mattos-Guaraldi et al. 1999; Moreira et al. 2003). However,
the cellular regulatory mechanisms with three different effectors, the production of
extracellular sialidase, the cell surface-glycan content and the iron ion concentra-
tion, in C. diphtheriae have yet to be clarified. Although no detailed studies of these
cellular mechanisms in the bacterium have been reported, C. diphtheriae sialidase
is a useful enzyme to apply to the chemoenzymatic synthesis of glycoconjugates.
Recently, we identified an extracellular sialidase of C. diphtheriae, NanH, charac-
terized its biochemical properties, and investigated its potential catalytic activity for
sialidase-mediate transglycosylation reactions (Kim et al. 2010a; Kim et al. 2010b).

This chapter will focus on C. diphtheriae sialidase and its homologous proteins,
with special emphasis placed on the biochemical features and structures of siali-
dases that are potentially useful for the chemoenzymatic synthesis of sialoglycocon-
jugates and/or other biotechnological applications.

13.2 Corynebacterium diphtheriae Sialidase
and its Homologous Proteins

C. diphtheriae secrets an extracellular sialidase that can hydrolyze the sialic acid at
the terminal position of glycans on glycoproteins and oligosaccharides (Warren and
Spearing 1963; Kim et al. 2010a). Several microorganisms, including Arthrobac-
ter nicotianae, Arthrobacter ureafaciens, Bacteroides fragilis, Clostridium perfrin-
gens, Pasteurella multocida, and Streptococcus pneumoniae, harbor more than one
sialidase with different catalytic activities (Kim et al. 2011). Although the cellular
functions of these isoenzymes remain unidentified, they vary in their hydrolysis ac-
tivity towards various linkages of sialic acids as well as in their expression patterns
(Corfield et al. 1983; Tanaka et al. 1994; Iwamori et al. 1997; Iwamori et al. 2005).
These isoenzymes may play important roles in the interaction with other organisms
or in the infection of a specific tissue by the reorganization of different sialic acid-
linkages (King et al. 2006; Manco et al. 2006; Uchiyama et al. 2009).

C. diphtheriae NCTC13129 genome data also shows that this bacterium pos-
sesses two putative sialidases, NanH (DIP0543, protein accession no. NP_938919)
and Nanl (DIP0330 protein accession no. NP_938718) (Cerdefio-Tarraga et al.
2003). We partially purified NanH (protein accession no. ACS34893), a secreted
protein of C. diphtheriae KCTC3075, and cloned the corresponding gene nanH to-
gether with the putative nanl gene encoding another sialidase (protein accession no.
ACS34894) from its genomic DNA (Kim et al. 2010a). The amino acid sequence
of C. diphtheriae KCTC3075 NanH and Nanl demonstrates 75 % and 100 % iden-
tity levels with the DIP0543 and DIP0330 proteins of C. diphtheriae NCTC13129,
respectively.
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Fig. 13.1 Schematic representation and comparison of C. diphtheriae NanH and Nanl sialidases
with a typical bacterial sialidase structure. The location of the signal sequence, the RIP (Arg-
Ile/Leu-Pro) motif, the Asp-boxes (I-V) lectin-like domain, and the transmembrane domain are
indicated. The numbers indicate the position of each domain on the amino acid sequences of the
C. diphtheriae NanH and Nanl proteins. (Reprinted with minor adaptation from Kim et al. 2011.
With permission)

Bioinformatics analysis reveals that the C. diphtheriae KCTC3075 NanH pro-
tein (733 amino acids) contains a putative signal sequence of 32 amino acids (Met,-
Ala,,) at its N-terminus and a hydrophobic transmembrane domain of 13 amino
acids (Gly,-Phe, ) at its C-terminus (Fig. 13.1). These predictions indicate that
NanH is a membrane protein belonging to a typical type-Ia transmembrane protein
and that its mature form would have the N_ -C, orientation. On the other hand, C.
diphtheriae KCTC3075 Nanl does not have any signal sequence or membrane-an-
chored domain. It appears to be an intracellular protein in the cytoplasm. The amino
acid sequences of both NanH and Nanl of C. diphtheriae KCTC3075 possess the
conserved motifs found in the bacterial sialidase family of a nonviral origin, i.e.,
four or five copies of an aspartate (Asp)-box (Ser/Thr-x-Asp-x-Gly-x-Thr-Trp/Phe;
where x represents any amino acid) and the RIP (Arg-Ile/Leu-Phe)-motif observed
upstream of the first Asp-box in the sialidase catalytic domain (Fig. 13.1). How-
ever, the NanH and Nanl proteins do not contain any of the lectin-like domains
occasionally observed at the N-terminal or C-terminal region of other bacterial si-
alidases as extra domains. Interestingly, the C-terminus of NanH contains a unique
alanine-rich domain (Aspy,;-Gln,;;) homologous to a putative adhesion protein of
Haemophilus somnus 129PT. This domain is predicted to be composed of a-helical
coiled-coil structures, which may serve as a secreted virulence factor or as an
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adhesion protein of pathogenic bacteria (Jedrzejas 2001; Delahay and Frankel 2002).
In addition, the C-terminal region of NanH includes a putative sortase cleavage
site, Ly, ,GLTGy, ,, in front of a potential coiled-coil structure. These sequence anal-
ysis results indicate that the NanH protein can be localized on the cell surface or
released extracellularly via sortase cleavage, playing a putative role as a virulence
factor, like the sialidases of S. pneumonia and Propionibacterium acnes (Tai 2006;
Nakatsuji et al. 2008).

On the other hand, although several features and functions of the C. diphtheriae
KCTC3075 NanH protein are predictable, those of the Nanl remain unclear. Al-
though Nanl includes sialidase motifs as well as potential active site residues, the
recombinant protein did not show any activity toward sialoglycoconjugates when
tested (Kim et al. 2010a). It may be one of the products encoding non-expressed
pseudo-genes present in the cytoplasm. However, an analysis of its amino acid se-
quence showed that Nanl may also include a putative calcium-ion-mediated recep-
tor domain (a laminin-binding domain) containing a potential binding site for adhe-
sion to laminin and the cell surface. This suggests that Nanl is involved in adhesion,
migration and differentiation through interaction with cell adhesion molecules, al-
though further studies are required to understand its physiological roles (Magdesian
etal. 2001; Tonelli et al. 2010).

13.3 Structural Properties of C. diphtheriae NanH
Sialidase for a Catalytic Activity

Generally, sialidases are categorized according to their origins and according to
the similarities of their amino acid sequences in glycoside hydrolase families in
the Carbohydrate-Active Enzymes database (CAZy): GH33 (bacterial and eukary-
otic enzymes), GH34 (influenza virus derivative enzymes), and GH83 (other virus
originated enzymes) for exo-a-sialidase and GH58 (bacteriophage endosialidase)
for endosialidase families are grouped (http://www.cazy.org/Glycoside-Hydrolases.
html). Although C. diphtheriae NanH and Nanl sialidases, both belonging to the
GH33 family, share less than 30 % homology in their overall amino sequences, the
topology of their sialidase catalytic domains described above are well conserved
and share the same motifs and residues in their structures.

In a protein structure model predicted by PHYRE (Bennett-Lovsey et al. 2008)
based on the homologous 3-D structure of bacterial sialidases, C. diphtheriae NanH
displays a six-bladed B-propeller fold (Fig. 13.2a). The Asp-boxes of five copies are
observed at topologically identified positions in the B-sheet folding. Although the
precise NanH protein structure is still not available to elucidate the sialidase cata-
lytic mechanism, we can predict the catalytic mechanism of C. diphtheriae NanH
based on the structure models of other bacterial sialidases, as the motifs and special
residues observed in the catalytic center are highly conserved in the bacterial en-
zymes (Luo et al. 1999; Newstead et al. 2008; Xu et al. 2008).
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Fig.13.2 Structural model of C. diphtheriae NanH sialidase. a Overall structure of the NanH
sialidase and zoomed-in view of its putative active site. The protein structure was generated by the
PHYRE Protein fold recognition server (http://www.sbg.bio.ic.ac.uk/~phyre/) based on the homo-
logous sialidase structures in the PDB database and via a PSI-blast search. b Proposed catalytic
mechanism of the C. diphtheriae NanH sialidase based on bacterial sialidase structure models.
(Reprinted with minor adaptation from Kim et al. 2011. With permission)

When comparing the active sites of the bacterial sialidases, several common fea-
tures of C. diphtheriae NanH sialidase could be proposed. The highly conserved
catalytic center of C. diphtheriae NanH consists of a tyrosine (Tyr,,)/ glutamate
(Glu,g,) residue as a potential nucleophilic pair, an aspartic acid residue (Asp,,) as
the acid/base catalyst, and an arginine triad (Arg, -Arg,,s-Arg,, ) clustered with
the Arg residue at the 106 position of the R, I, ,P,,, motif with two other Arg resi-
dues for stabilization through interaction with the carboxylate group of sialic acid.
One of the conserved arginine residues in the active site can be stabilized by the glu-
tamate residue (Glu,,,). The hydroxyl group of a tyrosine residue (Tyr,,) is close
to the C1 and C2 carbons of sialic acid (Fig. 13.2a). The catalytic mechanism for
the hydrolysis reaction is initiated by the glutamate (Glu,,,) residue, which facili-

tates the nucleophilic attack of the tyrosine (Tyr,,) residue. Once destabilized, the
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bond-breaking energy is offset by the formation of a delocalized & orbital between
the positively charged C2 and the electron-rich O6, and 2-carboxylate can attack the
proton of the carboxyl group on the aspartate (Asp, ,) residue in an electrophilic ad-
dition reaction (Fig. 13.2b). In the transient state of the enzyme-substrate-complex,
the complex sialic acid (Neu5Ac) with NanH would result in an oxocarbenium ion
intermediate, with the positive charge delocalized between the anomeric carbon and
the endocyclic oxygen. The structure of the covalent complex with NanH shows
that the intermediate can be stabilized through a covalent bond with the nucleo-
philic Tyr,,. Asp,;, can then activate an incoming water molecule, a nucleophile,
to attack the positive charge in the anomeric carbon, creating a protonated alcoholic
intermediate. The loss of H' from this protonated alcohol back to Asp, ,, generates
the hydrolyzed NeuSAc.

Despite the fact that the catalytic residues involved in the enzyme activity are
commonly shared with others bacterial sialidases, the preference for a specific
linkage, the catalytic efficiency and the enzyme kinetics of C. diphtheriae NanH
toward sialic acid-linked substrates represent different features. This implies that
other amino acid residues around the active site or the substrate binding pocket in
the protein influence these properties of C. diphtheriae NanH rather than any con-
served residues.

13.4 Application of C. diphtheriae NanH Sialidase
for Sialoglycoconjugate Synthesis

Bacterial sialidases show different hydrolysis activities, kinetics, types of regiose-
lectivity, and affinity toward various sialoglycoconjugates as a substrate. Many
bacterial enzymes are capable of the hydrolysis of a broad range of sialoglycan
substrates with either the a(2,3)-, a(2,6)-, or the a(2,8)-linked sialic acid. On the
other hand, certain sialidase isoenzymes derived from gram-negative bacteria, Sal-
monella typhimurium LT2 and Vibrio cholerae, and gram-positive bacteria, Clos-
tridium chauvoei, Clostridium septicum, Clostridium sordellii, and Clostridium ter-
tium, have a relatively higher level of hydrolysis activity toward the a(2,3)-linked
over the a(2,6)-linked sialic acid (Kim et al. 2011). These regioselective hydrolysis
activities and stereoselective substrate specificities of the sialidases are useful char-
acteristics for the chemoenzymatic synthesis of glycoconjugates using glycosidases
and glycosyltransferases (Wang and Huang 2009; Chen and Varki 2010).
Generally, a chemical synthesis approach for glycoconjugates is known as chal-
lenging work. A synthetic procedure through several protection/de-protection steps
for regio- and stereo-specific bond formations is very complicated. The purification
and extraction steps occasionally require a considerable amount of time to recover
intermediates. Moreover, the final products are usually obtained with low yields and
low productivity levels. A chemical sialylation reaction for sialoglycoconjugates is
more feasible than other types of syntheses of neutral glycans owing to the chemical
structures of sialic acids, which include hindered and disfavored tertiary anomeric
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centers among nine carbon a-keto aldonic acids, a carboxyl group linked to the ano-
meric carbon, acetyl group and other similar characteristics (Chen and Varki 2010).

In contrast, a chemoenzymatic approach for sialoglycoconjugates is a sophisti-
cated tool involving enzymatic reactions by regio- and stereo-selective sialidases or
sialyltransferases. Enzymatic reactions have been considered as a promising means
of'selectively creating regio- and stereo-specific bond formations of glycosides under
mild conditions without the need for elaborate protection or de-protection processes.
However the use of sialyltransferase requires an expensive nucleotide-sugar, CMP-
sialic acid, as a sialic acid donor. In contrast, sialidase can synthesize sialoglyco-
conjugates using less expensive sialic acid-linked glycosides through condensation
and trans-glycosylation reactions (Ajisaka et al. 1994; Crout and Vic 1998;
Schmidt et al. 2000). In comparison with sialyltransferase-catalyzed reaction,
sialidase-catalyzed trans-sialylation has several advantages, including the use of
various ready-made or natural sialic acid-linked substrates as a donor substrate,
relaxed substrate specificity for acceptors, easy access for many bacterial sialidases,
and flexibility of the enzyme reaction conditions for enhanced productivity. This
process is also feasible with the addition of other co-organic solvents as well as
alternative reaction media (Wang and Huang 2009).

13.4.1 Trans-sialylation by NanH Sialidase for Sialyl-Linkage
Formation

C. diphtheriae KCTC3075 NanH is a secreted sialidase which is able to transfer
sialic acid to an asialoglycoconjugate and to hydrolyze a(2,3)- and o(2,6)-linked
sialic acids (Kim et al. 2010a). Regarding the sialidase hydrolysis activity toward
various substrates, NanH shows the capability to cleave a(2,3)- and a(2,6)-linked
sialic acids (Table 13.1). The relative hydrolysis activity of the enzyme showed the
highest value toward sialyl-a(2,6)-lactose [Neu5Ac-o(2,6)-Gal-B(1,4)-Glc], with
more preferable cleavage for the a(2,6)-linkage, and comparable activity for the
a(2,3)-linked sialyllactose [NeuS5Ac-o(2,3)-Gal-B(1,4)-Glc]. NanH also revealed
the higher affinity and hydrolysis activity toward natural sialic acid substrates as
compared to synthetic substrates. It is also remarkable that the relative hydrolysis
activity toward sialic acid linked to glycoproteins is much lower than that by sialo-
oligosaccharides.

NanH sialidase is a hydrolase cleaving the a(2,3)- linkage and a(2,6)-linkage of
sialic acid conjugated to oligosaccharides and glycoproteins. However, this enzyme
can also catalyze the formation of sialic acid-linkage through trans-sialylation as
a reverse reaction under appropriate conditions. C. diphtheriae KCTC3075 NanH
is an exo-a-sialidase which catalyzes the transfer of the terminal sialic acid unit to
an asialoglycoconjugate acceptor (Table 13.2). In a test of trans-sialylation activity
using both a(2,3)- or a(2,6)-linked sialoglycoconjugates as a sialic acid donor and
4-methylumbelliferyl-a-D-galactopyranoside (MU-Gal) as a sialic acid acceptor,
C. diphtheriae sialidase showed trans-sialylation activity toward all of the donor
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Table 13.1 Hydrolysis activity of C. diphtheriae NanH sialidase toward sialoglycoconjugate
substrates. (Source: From Kim et al. 2010a. With permission)

Sialidase substrates ~ Representative glycan structure Relative K (mM) V. (U
enzyme mg)
activity*(%)

Natural sialic acid

Sialyl-a2,3-lactose Neu5Aco2,3Galp1,4Gle 89.8+7.1 5.5+1.7 41.0£6.2

Sialyl-a2,6-lactose NeuS5Acao2,6Galf1,4Gle 100.0+3.8 7.0+2.3 57.0+5.3

Unnatural sialic acid

PpNP-o-sialoside - 65.5+7.9  73+£2.0 11.8+1.8

MU-a-sialoside - 489+50 7.9+£22 114+1.8

Glycoprotein

Fetuin NeuSAca2,3Galf1,4GIcNAc 17.2+24  N.D. N.D.

Neu5Aca2,3Galf1,3GalNAc
NeuS5Aca2,3Galf1,3(NeuSAca2,6)

GalNAc
al-Acid glycoprotein  (NeuS5Aca2,3(6)) Galfl1,4GlcNAc  24.1+1.3  N.D. N.D.
Transferrin NeuSAca2,6Galf1,4GIcNAc 15.5£1.7 N.D. N.D.

2 The relative hydrolysis activities were determined for C. diphtheriae NanH with 1 mM each of sia-
losubstrate. The value for sialyl-a2,6-lactose obtained after 1 h incubation at 37°C was set at 100 %.
ND not determined

Table 13.2 Trans-sialylation activity of C. diphtheriae NanH sialidase toward various sialoglyco-
conjugate donor substrates. (Source: From Kim et al. 2010a. With permission)

Donor substrates? Relative enzyme activity (%) K (mM) V. (Umg™)

Natural sialic acid

Sialyl-02,3-lactose; 100.0+£5.6 122+1.9 1.6+0.2
Neu5Aca2,3Galp1,4Glec

Sialyl-a2,6-lactose; 99.2+8.5 15.4+3.8 1.7+£0.2

Neu5Aca2,6Galp1,4Gle
Unnatural sialic acid

pNP-a-sialoside 90.0+£7.0 N.D N.D
MU-a-sialoside 68.2+£2.8 N.D N.D
Glycoprotein

Fetuin 61.2+£53 N.D N.D
Transferrin 47.5+£12.2 N.D N.D

3 MU-a-D-galactopyranoside (MU-Gal) was used for the sialic acid acceptor sugar.
ND not determined

substrates tested (Table 13.2). Interestingly, the enzyme displays relatively equiva-
lent activity levels toward both sialyl-a(2,3)-lactose [NeuSAc-a(2,3)-Gal-p(1,4)-
Glc] and sialyl-a(2,6)-lactose [NeuSAc-0(2,6)-Gal-p(1,4)-Glc], at 1.6+0.2 U mg"!
and 1.7+0.2 U mg™! towards the a(2,3)- and o(2,6)-isomers, respectively. In com-
parison with the level of hydrolysis activity toward various sialoglycoconjugates,
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C. diphtheriae NanH sialidase can also transfer sialic acids of unnatural substrates
and glycoproteins to MU-Gal. Interestingly, the enzyme showed relatively high lev-
els of activity toward two unnatural sialic acid donors, pNP-a-sialoside and MU-a-
sialoside, whereas it showed relatively low detectable levels of activity towards the
glycoprotein substrates fetuin and transferrin compared to other sialoglycoconju-
gate donor substrates when tested.

13.4.2 Synthesis of Sialylated Glycoproteins by Trans-sialylation

Sialic acid in the N-linked glycan of glycoproteins is observed at the terminal posi-
tion. The terminal sialic acid is an important factor which determines the quality
of a therapeutic glycoprotein. It influences the in vivo half-life of the glycoprotein
by protecting the protein from clearance by the hepatic asialoglycoprotein recep-
tor (Bork et al. 2009; Kim et al. 2011). To enhance the sialylation of recombinant
therapeutic proteins, in vivo and in vitro modification of the glycans have been
extensively developed over the last few decades (Bork et al. 2009). For example, as
in vivo approaches, several strategies have been developed to increase the metabolic
flux in the biosynthetic pathway for an activated sialic acid, CMP-Neu5Ac, through
the introduction of genes encoding the CMP-sialic acid transporter, control of the
UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE) ac-
tivity to reduce feedback inhibition, and the deletion of genes encoding endogenous
sialidases. Other efforts have sought to synthesize a(2,3)- or a(2,6)-conjugated si-
alic acid formation by the heterologous expression of a gene encoding a linkage
specific-sialyltransferase (Bork et al. 2009). The in vitro alternative method for an
enhancement of sialylation in the glycoprotein is enzymatic sialylation using a si-
alyltransferase or a sialidase (Raju et al. 2001; Bork et al. 2009; Kim et al. 2010b).
One good example for in vitro sialylation using sialyltransferase and CMP-Neu5Ac
is Etanercept®, a tetra N-glycosylated recombinant fusion glycoprotein, which is the
homodimeric human type-2 tumor necrosis factor receptor fused to the hinge and Fc re-
gions of the human IgG1 heavy chain (Raju et al. 2001; Bork et al. 2009). The terminal
sialylation content of the protein within the heterologous glycan produced in a mam-
malian cell was increased to approximately 20-23 % through a two-step enzyme reac-
tion using B(1,4)-galactosyltransferase and a(2,3)-sialyltransferase (Raju et al. 2001).
Trans-sialylation of a therapeutic glycoprotein using sialidase or trans-sialidase
is one type of reaction that mimics the behavior of pathogenic microorganisms. Cer-
tain pathogenic strains of clinically isolated C. diphtheriae or Trypanosoma species
are unable to synthesize sialic acid by themselves. Thus, these pathogens take out
the sugar at the sialoglycoconjugates of infectious hosts via their surface-localized
sialidase or trans-sialidase to decorate their cell surface-glycoconjugates to escape
the host’s immune system and to interact with the host cells (Scudder et al. 1993;
Mattos-Guaraldi et al. 1998; Vimr et al. 2004). As a type of functional mimicry of
these enzymes of pathogenic microorganisms, Trypanosoma cruzi trans-sialidase
displayed on a yeast cell surface was applied to synthesize an a(2,3)-sialylated
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glycoconjugate using sialyl-o(2,3)-lactose as a sialic acid donor and a biantennary
bigalactosylated complex N-glycan as an acceptor (Ryckaert et al. 2005).

In a parallel approach, C. diphtheriae NanH was engineered to display on a yeast
cell surface (Kim et al. 2010b). In a trans-sialylation reaction with pyridylamino
(PA)-labeled asialo-N-glycan as an acceptor and pNP-o-Neu5Ac as a sialic acid do-
nor, C. diphtheriae NanH sialidase immobilized on the yeast surface transferred si-
alic acid to human-type asialo-N-glycans with a yield of less than 15 % (Fig. 13.3a):
Asialo-biantennary N-glycan (PA-001), asialo-triantennary N-glycan (PA-002),
and fucosylated asialo-triantennary N-glycan (PA-010) were sialylated at yields
of 8.7%, 13.7%, and 9.0%, respectively. Interestingly, the sialylation efficiency
of triantennary N-glycan was slightly higher than that of the other biantennary N-
glycans, with a conversion ratio approximately 13 % higher. For a further evaluation
of the trans-sialylation activity of the immobilized C. diphtheriae NanH sialidase
toward an asialoglycoprotein, the enzyme activity was tested using asialofetuin as
a model acceptor glycoprotein and pNP-a-Neu5Ac as a sialic acid donor. After an
enzyme reaction, the syntheses of the sialic acid linkages in the sialylated products
were detected by lectin blot analyses using two sialic acid-specific lectins, Maackia
amurensis (MAA) and Sambucus nigra (SNA-1), recognizing the terminal a(2,3)-
and o(2,6)-sialic acids linked to galactose (Gal), respectively. The lectin blot analy-
sis clearly revealed that the enzyme is able to transfer sialic acid to the glycan of
asialofetuin with the o(2,6)- as well as the a(2,3)-linkage, although not all of the
protein was completely sialylated (Fig. 13.3b). In a negative control, no protein
bands of unreacted asialofetuin were observed on the lectin blot analysis. However,
the sialylated fetuin, detected as a single band, implied that not all of the asialofetuin
or not all of asialoglycans on the protein in the reaction mixture could be completely
sialylated. Thus, only a small portion of the sialylated protein was detected in the
assay. The glycoproteins sialylated by C. diphtheriae NanH sialidase could be also
confirmed by a mobility shifting assay using an isoelectric focusing (IEF) gel and a
lectin blot analysis (Fig. 13.3c). The sialylated fetuin was found to have a ladder pat-
tern (lane 2) in the lectin blot, in which its mobility was shifted to a negative charge
due to the change in the pl value of proteins harboring the sialic acid. To improve the
sialylation efficiency in the enzyme reaction, 30 % (v/v) of dimethyl sulfoxide as an
organic co-solvent was added to the reaction mixture. However, the protein mobil-
ity was not changed (lane 1). The sialylation efficiency of an asialoglycoprotein by
the immobilized C. diphtheriae NanH sialidase may be similar to that of the free
asialo-N-glycans, with a conversion ratio of less than 15% (Fig. 13.3a).

For an in vitro trans-sialylation reaction to synthesize sialoglycoconjugates, the
NanH sialidase has huddles of a low production yield as well as hydrolysis of si-
alylated products by itself. This can be overcome by protein engineering through the
mutagenesis of C. diphtheriae NanH sialidase for protection of the newly formed
sialyl linkage against hydrolysis. Moreover, optimization of the trans-sialylation
reaction conditions, such as the enzyme reaction temperature, acceptor/donor ratio,
reaction time, and appropriate co-solvents for the enhancement of the transglyco-
sylation process will lead to an improvement of the productivity and the yields for
sialoglycoconjugate synthesis.
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Fig. 13.3 Trans-sialylation activities of C. diphtheriae NanH sialidase immobilized on the surface
of a yeast cell. a Sialylation of pyridylamino (PA)-labeled asialoglycans as a sialic acid acceptor
using pNP-a-Neu5Ac as a sialic acid donor. “The conversion ratio (percent) was calculated by the
following formula: Conversion (%)=100 x [product], / ([substrate] +[product]s). b Lectin blot
analysis of the sialylation of asialofetuin separated on 8% SDS-PAGE. The sialylated products
were detected by M. amurensis (MAA) and S. nigra (SNA-1) lectins. Fetuin and asialofetuin were
used as a positive and a negative control, respectively. ¢ Mobility shifting test of the sialylated
fetuin by electrophoresis using IEF-gel (pH gradient 3—7) and a lectin blot analysis with MAA
lectin. Lane 1, sialylated products reacted with 30 % (v/v) dimethyl sulfoxide (DMSO) as a co-sol-
vent; lane 2, sialylated fetuin reacted without a co-solvent. The arrows indicate the sialylated pro-
ducts. (Reprinted with minor adaptation from Kim et al. 2010b; Kim et al. 2011. With permission)

13.4.3 Other Potential Applications

The identification of glycan structures which enhance the functional diversity and
influence the biological activity in therapeutic glycoproteins or in clinical samples is
an important research area (Bork et al. 2009; Marifio et al. 2010). Because naturally
occurring glycoconjugates harbor regio- and stereo-specific bond formations, analy-
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ses of the glycan structures containing these complex linkages are worthy but difficult
tasks. Nevertheless, the development of new analytical technologies (instrumenta-
tion-based chemical analyses) will lead to more precise, sensitive, reproducible, and
robust analyses of these complex glycan structures (Marifio et al. 2010). Moreover,
the glycan-linkage-specific exo-/endo-hydrolases in many bacterial enzymes, includ-
ing o-sialidase, a-fucosidase, B-galactosidase, B-hexosaminidase, a-mannosidase
and amidase (peptide N-glycosidase F, PNGase F), have been highlighted as use-
ful tools for releasing a specific glycan or a glycan moiety from a glycoconjugate.
Currently, sialidases derived from S. pneumoniae, S. typhimurium, and A.
ureafaciens are mainly used in analyses of terminal sialic acids (Marifio et al. 2010).
In addition to the applications of C. diphtheriae NanH sialidase for sialoglycocon-
jugate synthesis, as described previously, vice versa, the enzyme can be also used
as a potential enzyme in an analysis of the glycan structure. This sialidase con-
tains broad hydrolysis activities toward various sialoglyconjugates and is able to
hydrolyze both a(2,3)- and a(2,6)-linked sialic acids (Table 13.1).

Another potential application of C. diphtheriae NanH sialidase and the homolo-
gous protein Nanl may be as a target antigen for vaccinations. As bacterial siali-
dases are considered to be a virulence factor which recognizes sialic acid for host
infection or adhesion, C. diphtheriae enzymes would be putative target proteins
(Jedrzejas 2001; King et al. 2006 Lehmann et al. 2006; Li et al. 2011). Sialidase has
been used as a vaccine target for virus influenza, bacterial pneumonia, and patho-
genic protozoa (Tai 2006; Johansson and Brett 2007; Silva et al. 2009). Recently,
an acne vaccine target with a surface sialidase of Propionibacterium acnes, a gram-
positive bacterium associated with acne vulgaris, showed a successful immune re-
sponse in vivo and in vitro model systems (Nakatsuji et al. 2008). Interestingly,
P acnes sialidase is also a cell-wall-anchored protein containing the sortase-
cleavage signal LPXTG at its C-terminus, like C. diphtheriae NanH sialidase. Iron-
mediated inhibition of diphtheria toxin production may be related to the expression
of a surface-localized and secreted NanH sialidase, although the mechanism of
these factors and how they influence each other remain vague (Warren and Spearing
1963; Mattos-Guaraldi et al. 1999; Moreira et al. 2003). Thus, this suggests the pos-
sibility of NanH and its homologous protein as alternative antigenic targets against
the pathogenic bacterium C. diphtheriae. Moreover, a yeast system for the NanH
sialidase immobilized on the cell surface, which was used for a trans-sialylation
reaction, can be applied to the development of a novel sialidase vaccine as a natural
adjuvant to improve immune responses and to increase the level of protein stability
(Kim et al. 2010b; Jahns and Rehm 2012).

13.5 Conclusion

Bacterial sialidases are potential enzymes for trimming terminal a(2,3)-, o(2,6)-, and
a(2,8)-sialic acids linked to glycoconjugates. These catalytic activities of sialidases
can be applied to the synthesis of sialylated glycoconjugates and glycoproteins with
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a regio- and stereo-selective sialic acid-linkage via trans-sialylation. This chapter
concentrates on the biochemical properties and the structural features of C. diphthe-
riae NanH sialidase and its homologous protein to synthesize sialoglycoconjugates
through chemoenzymatic approaches. Although the cellular mechanisms and the
biological functions of C. diphtheriae sialidases as a putative virulence factor are
unidentified, the NanH enzyme displayed potential catalytic activities for hydro-
lysis and trans-sialylation toward natural and unnatural sialic acids conjugated to
oligosaccharides as well as glycoproteins. In addition, the trans-sialylation activ-
ity for asialoglycoprotein harboring complex N-glycans showed that the sialidase
can be utilized for the in vitro engineering of the N-glycan of glycoproteins. How-
ever, an improvement of the synthetic yield for sialoglycoconjugates through trans-
glycosylation requires further investigation to increase the enzymatic activity of
trans-sialylation via protein engineering, to optimize the reaction condition, and to
develop a novel enzymatic process.
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