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Abstract: This review shows introduction of glycoclusters using carbosilanes as core scaffolds, preparations of glyco-
clusters and their excellent properties as well as functions. Since a dendrimer has unique advantages such as single mo-
lecular weight, regularity of structure and easy control of shape and size, dendrimers are utilized in various research areas.
Results of syntheses and biological evaluations of the carbosilane dendrimers having carbohydrate moieties for influenza

viruses are presented.
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INTRODUCTION

Carbosilanes are hybrid materials and show unique char-
acteristics from the viewpoint of interdisciplinary region of
organic chemistry and inorganic chemistry [1]. We have
therefore selected carbosilanes as supporting materials for
constructing glycoclusters including bioactive carbohydrate
moieties [2]. The chemical and biological stabilities of car-
bosilane dendrimers uniformly functionalized with carbohy-
drate moieties have been verified using Shiga toxincarbohy-
drate interactions [3-7], Dengue virus-carbohydrate interac-
tions [8, 9], and lectin-carbohydrate interactions [10-12]. We
call a series of carbosilanes having carbohydrate moieties
“Glyco-silicon Functional Materials”. In this review, we
describe results of synthetic studies on carbosilane com-
pounds uniformly functionalized with sialyl carbohydrate
moieties through covalent bonds and biological evaluations as
inhibitors for influenza viruses [13-17].

ATTRACTIVE PURIFICATION METHOD PRIOR TO
ASSEMBLY OF CARBOHYDRATE MOIETIES US-
ING CARBOSILANE SCAFFOLDS

Because of the importance of sialyl oligosaccharides in
biological systems, much interest has been shown in the
synthesis of sialyl oligosaccharides [18]. Therefore, many
efforts have been devoted to the development of sialic acid
chemistry [19-20]. We have also been synthesizing sialyl
oligosaccharides and their glycoclusters by chemical and
enzymatic methods, and the glycoclusters have been used in
biochemical and biomedical fields [21-24]. In our ongoing
study on the synthesis of sialyl oligosaccharides having
thioglycosidic linkages, we have encountered the problem of
an inseparable mixture of a desired sialyl derivative and the
2,3-didehydro sialic acid byproduct being obtained in some
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cases. A similar phenomenon has been reported by von
Itzstein’s group, and the separation of products was achieved
by using HPLC purification methodology with a reverse-
phase Cig column after deprotection of the product mixture
[25]. An alternative and a highly convenient purification
method for isolation of the sialyl oligosaccharides without the
2,3-didehydro sialic acid byproduct is required. Differences in
the molecular sizes of the products led us to consider size
exclusion chromatography (SEC), which filters molecules
based on differences in molecular weights. Consequently,
SEC was used for separation of the products. This section
deals with a convenient method for removal of the
2,3-didehydro sialic acid byproduct in the reaction mixture by
the SEC method [26].

Scheme (1) summarizes production of the 2,3-didehydro
sialic acid byproduct 3 [27] accompanied by thioacetate 2 as
the major product in the simple Sy2 reaction of known ano-
meric chloride 1 and KSAc [28]. In the reaction, simultaneous
elimination of HCI from 2 giving a side product 3 was often
observed. We have tried a variety of purification methods, but
direct separation of 2 and 3 unfortunately failed. Therefore,
we next turned our attention to purification of sialooligosac-
charide after forming corresponding thioglycosides. Con-
densation of 6-bromo-6-deoxy-D-glucoside 4 [29] with
thioacetate 2, after producing a thiolate anion by treatment of
2 with diethylamine [30, 31], followed by chromatographic
purification using silica gel gave a mixture of disaccharide 5
having an endo-thioglycosidic linkage and glycal 3. Fig. (1A)
shows the "H NMR spectrum of the mixture of 5 and 3. The
inseparable mixture was subjected to a recycle-type SEC
system using chloroform as the eluent. The chromatographic
profile of the separation of 5 and 3 is shown in Fig. (2). The
peak of the inseparable mixture by silica gel chromatography
was initially one peak (Peak I), which was gradually split into
two peaks (Peak II and Peak III) after several recyclings. An
impurity was eluted later than Peak I and was cut off at the
first stage. When the complete separation was monitored (4th
cycle), Peak I and Peak III were independently fractionated.
Structural elucidation and a purity check of thioacetate 2,
glycal 3, and disaccharide 5 were carried out by means of 'H
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NMR spectroscopic analyses, the results of which are shown
in Fig. (1B-D). Since Fig. (1D) clearly shows disaccharide 5
without impurities, attempts to purify the inseparable mixture
by using the SEC method were deemed likely to succeed. The
final yield of the isolated product 5 was 78.8%.

In this section, the purification of thiosialosides is intro-
duced by means of the SEC method as a convenient and a
useful tool. This methodology is applicable for the separation
of other thiosialoside mixtures, usual sialosides, synthetic
oligosaccharides, and dendritic compounds.

USE OF SIALYL LACTOSE AS A RECEPTOR FOR
HEMAGGLUTININ OF INFLUENZA VIRUSES

Influenza viruses are unique because each virus has two
glycoproteins with different roles on the surfaces of viral
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particles [32]. Hemagglutinin (HA) is one of the proteins and
it shows lectin-like activity against sialyl oligosaccharides as
specific receptors on host cells [33]. The other protein is a
glycosidase, which is referred to as either sialidase or
neuraminidase (NA), and it selectively cleaves sialic acid
residues from sialoglycoproteins as well as gangliosides on
the surfaces of host cells [34]. Therefore, the virus is signifi-
cantly unique and the proteins on the surfaces of influenza
viruses have completely different roles, such as adhesion to
the host cell and secession from the host cell [32]. Many
efforts have been made to prepare multivalent-type glyco-
materials as HA blockers for inhibiting adhesion of the virus
to a host cell [35-41]. We have also established a procedure
for coupling between the carbosilane dendrimers and sialic
acid derivatives including a sugar moiety of GM3 to afford
corresponding glycoclusters as multivalent-type HA blockers.
In this section, we report a synthetic assembly of sialyl
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Scheme (1). Reagents and conditions: (i) KSAc (5 molar excess), CH,Cl,, 0

DMEF, 0 °C—rt, overnight; (iii) purified by SEC.

°C—rt, 2 d; (ii) diethylamine (10 molar excess to Br residues),

OMe
(A) _ I H-9b
?aglycon) N% “l!i mui IIH Iga% il WJ Sc'lh-i;z e [
\ 1 'V‘UWLJVW. M I s b ik

i

_ SAc

(B) /?gTy‘can |
L g oy
© j
/

Fig. (1). "H NMR spectra at 400 MHz in CDCl; of (A) mixture of disaccharide 5 and glycal 3, (B) thioacetate 2, (C) glycal 3, and (D) pure

disaccharide 5.
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Fig. (2). SEC profile of the separation of disaccharide 5 and glycal 3. Preparative SEC was performed by an SEC recycling apparatus
[HLC-50G system (Shimamura Instruments Works, Co., Tokyo, Japan)] using tandem-bonded Shodex H-2001L (I.D., 20.0 mm x 600 mm) and
H-2002 (I.D., 20.0 mm x 500 mm) columns. The columns were equilibrated with CHCl; at ambient temperature and the flow rate of the ap-
paratus was 3.8 mL/min. A refractive index (RI) detector was used for monitoring the chromatograms.

a(2—3) lactosyl (NeuSAca(2—3)Galp(1—4)Glcfl—)
moieties using a series of carbosilane dendrimer scaffolds and
the results of biological evaluations of the glycoclusters as
potential candidates for influenza virus hemagglutinin
blockers.

Our synthetic target compounds having unique shapes,
generations, and different numbers of saccharide residues are
shown in Fig. (3) [15, 17]. A monomeric compound 6 having
a 4-pentenyl moiety as the aglycon was quantitatively pre-
pared from a known compound 13 [13] by a combination of
transesterification and saponification to remove all protec-
tions (Scheme 2). Another transformation of 13 was also
performed at the terminal C=C double bond by a radical ad-
dition of thioacetic acid in the presence of AIBN as the radical
initiator to furnish thioacetate 14. A series of alkyl halide-type

carbosilane compounds as supporting materials for carbohy-
drates is shown in Fig. (4). A schematic diagram for con-
struction of a series of glycoclusters is shown in Scheme 2.
Coupling reaction between the carbosilane dendrimer scaf-
folds 15-20 and sialyl lactose derivative 14 was performed in
a one-pot reaction in the presence of sodium methoxide in
methanol-DMF solvent systems, followed by the usual
reacetylation to provide fully protected carbosilane den-
drimers having sialyl lactose moieties at each terminal and
disulfide 27. Removal of all protective groups in the den-
drimers was carried out by the same two-step procedure as
that described for the preparation of 6 to give white powdery
compounds after chromatographic purification, followed by
lyophilization.
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Fig. (3). A series of Glyco-silicon functional materials as multivalent-type synthetic substrates having sialyl o(2—3) lactose moieties.
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Fig. (4). A series of Glyco-silicon functional materials as multivalent-type synthetic core scaffolds having bromine atoms at each ®-terminal.

Since the systematic synthesis of glycoclusters having
sialyl a(2—3) lactose (NeuSAca(2—3)Galp(1—4)Glcfl—)
moieties 6-12 was efficiently accomplished, our attention
was directed toward the structure—activity relationship (SAR)
of the sialyl compounds as HA blockers against influenza
virus. Thus, the hemagglutinin inhibition (HAI) assay [42]

was preliminarily performed using various virus strains, and
the results are summarized in Table 1. The virus strains used
in this study were human influenza viruses A/PR/8/34
(HIN1), A/Aichi/2/68 (H3N2), and A/Memphis/1/71
(H3N2). The strain A/PR/8/34 recognizes Neud
Aco(2—3)Gal residues in glycoconjugates and binds to
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erythrocytes. A/Aichi/2/68-type virus recognizes both
NeuSAca(2—3)Gal and NeuSAca(2—6)Gal residues, and
A/Memphis/1/71-type virus recognizes NeuSAco(2—6)Gal
residues. Inhibitory activity of the series of glycoclusters
against hemagglutination of various human influenza viruses
to erythrocytes was clearly observed when A/PR/8/34 and
A/Aichi/2/68 were used. Inhibitory potency of the glyco-
clusters against A/Memphis/1/71 was weak because of an
unsuitable carbohydrate structure for the HA on the virus
strain. These results strongly suggested that oligosaccharide
chains of the glycoclusters were closely recognized by the
corresponding HA on the viral surface. In addition, we found
that Dumbbell(1)6-amide 12 showed the highest level of
inhibitory activity in the glycolibrary. These carbosilane
dendrimers uniformly functionalized with sialyl a(2—3)
lactose moieties have unique characteristics, such as different
numbers of sugar moieties depending on the core structure,
different degrees of freedom of the sugar moieties depending
on the spacer length and core shape, and different 3-D struc-
tures. These unique characteristics are useful for considera-
tion of synthetic construction of other glycoclusters as well as
expansion of the glycolibrary.

Open Glycoscience, 2012, Volume 5 35

In order to further elucidate the SARs of the glycoclusters
against influenza virus, hemolysis inhibition assay and infec-
tion inhibition assay were carried out using human influenza
virus (A/PR/8/34) strain. The strain A/PR/8/34 was chosen for
both hemolysis inhibition assay and infection inhibition assay
because the virus strain of A/PR/8/34 strongly recognizes the
NeuSAco(2—3)Gal structure, which was appropriate for our
synthesized glycoclusters. The inhibitory activities of glyco-
clusters in the hemolysis inhibition assay of influenza virus to
erythrocytes are shown in Fig. (5), where concentrations of
glycoclusters are represented by [SLac], which was corrected
on the basis of a NeuSAca(2—3)Galp(1—4)Glc unit. Ac-
cording to Fig. (5), both Dumbbell(1)6-SLac 9 and Dumb-
bell(1)6-amide-SLac 12 showed strong inhibitory activity.
The results suggested that the shape of the core dendrimer has
a remarkable influence on the inhibitory activities in the HAI
assay. The half maximal inhibitory concentration (ICs,) val-
ues of the inhibitors from Fig. (5) were estimated and are
shown in Table 2. Other glycoclusters also have stronger
inhibitory activity than that of Pent-SLac 6, and the order of
the inhibitory effects of the glycolibrary in the hemolysis
inhibition assay was 9 [Dumbbell(1)6-SLac] = 12 [Dumb-
bell(1)6-amide-SLac] > 10 [Fan(0)3-amide-SLac] = 11 [Ball

Table 1. Inhibitory Activities of a Series of Glycoclusters Against Hemagglutination of Human Influenza Viruses (Type-A) to
Erythrocytes
Inhibition activities (uM)
Compounds AIPR/8/34 AJ/Aichi/2/68 A/Memphis/1/71
(H1N1) (H3N2) (H3N2)
6 [Pent-SLac] 125 250 500
7 [Fan(0)3-SLac] 64 125 250
8 [Ball(0)4-SLac] 64 32 250
9 [Dumbbell(1)6-SLac] 32 32 250
10 [Fan(0)3-amide-SLac] 16 8 250
11 [Ball(0)4-amide-SLac] 16 4 250
12 [Dumbbell(1)6-amide-SLac] 8 4 250

Values are ICs, values based on a sialyl lactose unit.
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Fig. (5). Inhibitory activities of glycoclusters having sialyl a(2—3) lactose moieties (6 — 12) against hemolysis of human influenza virus
(A/PR/8/34 (HIN1)) to erythrocytes. Concentrations of glycoclusters are represented by [SLac], which was calculated on the basis of a sialyl

o(2—3) lactose unit.



36 Open Glycoscience, 2012, Volume 5

(0)4-amide-SLac] > 8 [Ball(0)4-SLac] > 7 [Fan(0)3-SLac] > 6
[Pent-SLac].

Neutralization assays of glycoclusters to the infection of
influenza virus (A/PR/8/34) using Madin-Darby canine kid-
ney (MDCK) cells were also performed and the results are
shown in Fig. (6). As was found in hemolysis inhibition as-
says, both Dumbbell(1)6-SLac 9 and Dumbbell(1)
6-amide-SLac 12 showed strong inhibitory act1v1ty compared
to the activities of others. IC*° of the glycolibrary in the neu-
tralization assay was estimated from the results shown in Fig.
(6) and the values are summarized in Table 2. All glyco-
clusters having multivalent sialyl lactose moieties showed
higher levels of inhibitory activities against human influenza
virus than that of monomeric-type Pent-SLac 6. Dumb-
bell(1)6-amide-SLac 12 showed 22-times stronger inhibitory
activity than that of 6. The order of the inhibitory effects of
the glycolibrary in the infection inhibition assay was 12
[Dumbbell(1)6-amide-SLac] > 9 [Dumbbell(1)6-SLac] > 11
[Ball(0)4-amide-SLac] > 8 [Ball(0)4-SLac] > 10
[Fan(0)3-amide-SLac] > 7 [Fan(0)3-SLac] > 6 [Pent-SLac].
Furthermore, these glycoclusters having a NeuSAco(2 —
3)Gal residue at each terminal end are promising agents for
prevention of infection with avian influenza virus (H5N1),
since avian influenza virus has been shown to recognize
NeuSAco(2—3)Gal residues on host cells [43, 44].

Matsuoka et al.

In conclusion of this section, an efficient synthesis of a
series of glycoclusters having sialyl a(2—3) lactose moieties
6-12 was systematically accomplished using various car-
bosilane dendrimers as supporters for the oligosaccharides.
Biological evaluations of these glycoclusters against influ-
enza virus were carried out, and the results showed that a
glycocluster having longer spacer-arms and most carbohy-
drate epitopes has the highest activity.

USE OF THIOSIALOSIDES AS INHIBITORS FOR
NEURAMINIDASE OF INFLUENZA VIRUSES

Influenza viruses have different types of carbohy-
drate-related proteins on their surfaces as described above
[32]. Therefore, the proteins on the surfaces of influenza
viruses have completely different roles, such as adhesion to
the host cell and secession from the host cell [33]. Neura-
minidase inhibitors, such as zanamivir [45] and oseltamivir
[46], have been synthesized and widely used as therapeutic
agents in the clinical treatment of influenza A and B viruses
[47]. These drugs have extremely high inhibitory potencies
for the release of influenza virions from infected cells; how-
ever, NA inhibitor-resistant viruses have already been gener-
ated [48, 49]. Although the specific ligand of NA of influenza
viruses A and B is natural sialic acid, the inhibitors are de-
signed as transition-state analogues after cleavage of sialic

Table 2. Inhibitory Activities of a Series of Glycoclusters Against Human Influenza Virus (A/PR/8/34 (H1N1) Strain).
Inhibition activities (uM)
Compounds
Hemagglutination” Hemolysis (1Csp) Infection (1Csp)
6 [Pent-SLac] 125 500 125
7 [Fan(0)3-SLac] 64 250 64
8 [Ball(0)4-SLac] 64 125 32
9 [Dumbbell(1)6-SLac] 32 32 7.8
10 [Fan(0)3-amide-SLac] 16 62.5 25
1 [Ball(0)4-amide-SLac] 16 62.5 16
12 [Dumbbell(1)6-amide-SLac] 8 32 5.6

Concentrations of glycodendrimers were calculated on the basis of a sialyl lactose unit.

"The data are also shown in Table 1
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Fig. (6). Inhibitory activities of glycoclusters having sialyl a(2—3) lactose moieties (6 — 12) against infection of human influenza virus
(A/PR/8/34 (HIN1)) to MDCK cells. Concentrations of glycoclusters are represented by [SLac], which was calculated on the basis of a sialyl
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acid residues by a sialidase [45, 46]. Therefore, we examined
the use of thioglycoside of sialic acid as a natural epitope for
an NA inhibitor because thioglycosidic linkage is usually not
hydrolyzed by glycosidases, such as NA [20]. However, since
monomeric sialoside does not have inhibitory potency for
NA, we planned to use the sugar-clustering effect [50, 51]. In
addition, NAs on the virus surface display tetrameric struc-
tures [52, 53] and a glycocluster is expected to be a promising
multivalent-type therapeutic agent [3, 4].
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In this section, we describe the synthetic assembly of
thiosialoside moieties using a series of carbosilane den-
drimers as the core frames and the results of preliminary
biological evaluations using influenza viruses.

Schematic structures of target dendrimers are shown in
Fig. (7). For investigation of the SAR for human influenza
NAs, we selected a series of carbosilane dendrimers that
consist of Fan(0)3, Ball(0)4, Dumbbell(1)6 and Ball(1)12,
named by their shapes, generation number and number of
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Table 3.  Preliminary Results of Inhibition Assays of a Series of Glycoclusters Against Human Influenza Virus Sialidases
Inhibitory potency (mM)?
Compounds
A/Memphis/1/71 (H3N2) AIPR/8/34 (HIN1)
28 [S-Neu5Ac] N.D. N.D.
29 [S-Neu5Ac;] N.D.’ N.D.’
30 [Fan(0)3-S-NeuS5Ac] N.D. N.D.’
31 [Fan(0)3-ether-S-Neu5Ac] 5.00 5.00
32 [Fan(0)3-amide-S-Neu5Ac] 7.1 2.7
33 [Ball(0)4-S-Neu5Ac] N.D. N.D.
34 [Ball(0)4-ether-S-NeuSAc] 5.00 5.00
35 [Ball(0)4-amide-S-NeuSAc] 8.8 4.8
36 [Dumbbell(1)6-S-NeuSAc] N.D. N.D.
37 [Dumbbell(1)6-ether-S-NeuSAc] 1.25 5.00
38 [Dumbbell(1)6-amide-S-NeuSAc] 8.1 2.8
39 [Ball(1)12-S-Neu5Ac] 7.0 5.0
40 [Ball(1)12-ether-S-Neu5Ac] 6.5 6.4
41 [Ball(1)12-amide-S-Neu5Ac] 10.0 < 7.2

(s, values are indicated in milimolar concentration (mM) based on a monomeric sugar unit concentration. °N.D. means not determined due to

weak inhibition.

terminal ends. In addition, on each framework, novel
ether-linkage dendrimers [5-7] as well as known normal ali-
phatic dendrimers [14, 16] and amide-linkage dendrimers [54,
55] were used for clustering of thiosialosides.

Since a series of thiosialoside clusters 30-41 as well as
thioglycosidic monomer 28 and dimer 29 had been prepared,
biological evaluation of the thiosialosides for inhibitory ac-
tivity against neuraminidases of two subtypes of human in-
fluenza virus (HIN1 and H3N2) was performed. The ICs
values measured by a previously reported method [56, 57] are
summarized in Table 3. Interestingly, all of the ether- and
amide-elongated sialodendrimers and Ball(1)12-S-Neu5Ac
(39) showed inhibitory potencies not only for H3N2-type
sialidase but also for HIN1-type sialidase in the mM range,
although monomeric sialoside 28 and dimeric sialoside 29 as
well as normal aliphatic-type dendrimers 30, 33, 36 did not
show any inhibitory activities. The most potent inhibitory
activities were observed when Dumbbell(1)6-ether-S-
Neu5Ac (37) for H3N2-type sialidase and Fan(0)3-amide-
S-Neu (32) as well as Dumbbell(1)6-amide-S-Neu (38) for
HINI1-type sialidase were used as substrates. Among the
normal aliphatic-type dendrimers (30, 33, 36, 39), only
Ball(1)12-type dendrimer 39 showed inhibitory activity, in-
dicating that the glycocluster effect effectively functioned
with enhancing the binding affinity. However, among ether-
and amide-elongated dendrimers, Ball(1)12-ether-Neu5Ac
(40) and Ball(1)12-amide-NeuSAc (41) interestingly showed
the weakest inhibition potencies, respectively, indicating that
the cluster effect functioned in an adverse direction. Ac-
cording to these results, elongation of the dendrimer may have
a more favorable influence than increase in the number of
sialic acid moieties for inhibitory activities against sialidases.

Therefore, it is thought that the distance between the sialic
acid moieties as well as the degree of freedom of the sialic
acid moieties are important for effective binding to active
sites on the tetrameric sialidases on virus surfaces.

CONCLUDING REMARKS

In this paper, we introduced some glycoclusters having
sialic acid residues and showed that these dendrimers have
excellent properties as well as functions. Since a dendrimer
has unique advantages such as single molecular weight,
regularity of structure, and easy control of shape and size,
dendrimers are utilized in various research areas. Carbosilane
dendrimers uniformly functionalized with sialic acid as an
epitope for influenza viruses are of great interest for thera-
peutic use against viruses. We hope that the information
presented in this review will be useful for scientists in various
research fields.

ACKNOWLEDGMENTS

We are indebted to Drs. Hiroyoshi Kuzuhara and Daiyo
Terunuma, former professors of our group, for giving us the
concept of hybridization of carbohydrates and carbosilanes
and for their valuable discussions and comments. We are
grateful to Professor Yasuo Suzuki of Chubu University for
investigation of influenza virus—carbosilane dendrimers. We
also acknowledge Drs. Jun-Ichi Sakamoto and Hiroyuki Oka,
and Mr. Tomotsune Onaga for synthesizing Glyco-silicon
functional materials having sialyl moieties used in this study.



Glyco-silicon Functional Materials as Anti-influenza Virus Agents

CONFLICT OF INTEREST

None.

REFERENCES

(1]

[2]

[3]

(4]

[3]

(6]

(7]

(8]

[

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

Majoral JP, Caminade AM. Dendrimers containing heteroatoms
(Si, P, B, Ge, or Bi). Chem Rev 1999; 99: 845-80, and references
cited therein

Matsuoka K, Hatano K, Terunuma D. Glycodendrimers using
carbosilanes as core scaffolds. In: Yuasa H, Ed. Nanotechnology in
carbohydrate chemistry. Kerala: Transworld Research Network
2006; pp. 89-102.

Nishikawa K, Matsuoka K, Kita E, et al. A Therapeutic agent with
oriented carbohydrates for treatment of infections by Shiga
toxin-producing Escherichia Coli O157:H7. Proc Natl Acad Sci
USA 2002; 99: 7669-74.

Nishikawa K, Matsuoka K, Watanabe M, et al. Identification of the
optimal structure required for a Shiga toxin neutralizer with ori-
ented carbohydrates to function in the circulation. J Infect Dis
2005; 191: 2097-105.

Matsuoka K, Terabatake M, Esumi Y, Terunuma D, Kuzuhara H.
Synthetic assembly of trisaccharide moieties of globotriaosyl cera-
mide using carbosilane dendrimers as cores. A new type of func-
tional glyco-materials. Tetrahedron Lett 1999; 40: 7839-42.
Matsuoka K, Terabatake M, Umino A, et al. Carbosilane den-
drimers bearing globotriaoses: syntheses of globotriaosyl derivative
and introduction into carbosilane dendrimers. Biomacromolecules
2006; 7: 2274-83.

Matsuoka K, Terabatake M, Esumi Y, Hatano K, Terunuma D,
Kuzuhara H. Carbosilane dendrimers bearing globotriaoses: con-
struction of a series of carbosilane dendrimers bearing glo-
botriaoses. Biomacromolecules 2006; 7: 2284-90.

Aoki C, Hidari KIPJ, Ttonori S, et al. Identification and characteri-
zation of carbohydrate molecules in mammalian cells recognized
by Dengue virus type 2. J Biochem 2006; 139: 607-14.

Yamada A, Hatano K, Koyama T, Matsuoka K, Esumi Y,
Terunuma D. Syntheses of a series of lacto-N-neotetraose clusters
using a carbosilane dendrimer scaffold. Carbohydr Res 2006; 341:
467-73.

Mori T, Hatano K, Matsuoka K, Esumi Y, Toone EJ, Terunuma D.
Synthesis of carbosilane dendrimers having peripheral mannose
and mannobiose. Tetrahedron 2005; 61: 2751-60.

Hatano K, Aizawa H, Yokota H, et al. Highly-luminescent glyco-
cluster: Silole-core carbosilane dendrimer having peripheral glo-
botriaose. Tetrahedron Lett 2007; 48: 4365-8.

Hatano K, Sacki H, Yokota H, et al. Fluorescence quenching de-
tection of peanut agglutinin based on photoluminescent silole-core
carbosilane dendrimer peripherally functionalized with lactose.
Tetrahedron Lett 2009; 50: 5816-9.

Matsuoka K, Oka H, Koyama T, Esumi Y, Terunuma D. An alter-
native route for construction of carbosilane dendrimers uniformly
functionalized with lactose or sialyllactose moieties. Tetrahedron
Lett 2001; 42: 3327-30.

Sakamoto JI, Koyama T, Miyamoto D, et al. Thiosialoside clusters
using carbosilane dendrimer core scaffolds as a new class of influ-
enza neuraminidase inhibitors. Bioorg Med Chem Lett 2007; 17:
717-21.

Oka H, Onaga T, Koyama T, et al. Sialyl a(2—3) Lactose clusters
using carbosilane dendrimer core scaffolds as influenza hemagglu-
tinin blockers. Bioorg Med Chem Lett 2008; 18: 405-8.

Sakamoto JI, Koyama T, Miyamoto D, et al. Systematic syntheses
of influenza neuraminidase inhibitors: a series of carbosilane den-
drimers uniformly functionalized with thioglycoside-type sialic
Acid Moieties Bioorg Med Chem 2009; 17: 5451-64.

Oka H, Onaga T, Koyama T, et al. Syntheses and biological
evaluations of carbosilane dendrimers uniformly functionalized
with sialyl a(2—3) lactose moieties as inhibitors for human influ-
enza viruses. Bioorg Med Chem 2009; 17: 5465-75.

Varki A. Diversity in the sialic acids. Glycobiology 1992; 2: 25-40.
Boons GJ, Demchenko AV. Recent advances in O-Sialylation.
Chem Rev 2000; 100: 4539-65.

Kiefel MJ, von Itzstein M. Recent advances in the synthesis of
sialic acid derivatives and sialylmimetics as biological probes.
Chem Rev 2002; 102: 471-90.

[21]

[22]

[23]

[24]

[25]

(26]

(27]

[28]

(29]

[30]

(311

[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Open Glycoscience, 2012, Volume 5 39

Matsuoka K, Kurosawa H, Esumi Y, Terunuma D, Kuzuhara H.
Introduction of monosaccharides having functional groups onto a
carbosilane dendrimer: a broadly applicable one-pot reaction in
liquid ammonia involving Birch reduction and subsequent Sx2 re-
action. Carbohydr Res 2000; 329: 765-72.

Matsuoka K, Ohtawa T, Hinou H, et al. Synthesis of a useful ano-
meric thioacetate of an N-acetyllactosamine derivative and its ap-
plication. Tetrahedron Lett 2003; 44: 3617-20.

Matsuoka K, Onaga T, Mori T, et al. Synthesis of a useful lauryl
thioglycoside of sialic acid and its application. Tetrahedron Lett
2004; 45: 9383-6.

Matsuoka K, Kaneko R, Koyama T, et al. Synthesis of sialyllacto-
samine clusters using carbosilane as core scaffolds by means of
chemical and enzymatic approaches. Bioorg Med Chem Lett 2010;
20: 4906-10.

Groves DR, Bradley SJ, Rose FJ, Kiefel MJ, von Itzstein M. How
pure is your thiosialoside? A reinvestigation into the HPLC purifi-
cation of thioglycosides of N-acetylneuraminic acid. Glycoconjug J
1999; 16: 13-7.

Sakamoto JI, Takita C, Koyama T, Hatano K, Terunuma D, Ma-
tsuoka K. Use of recycle-type SEC method as a powerful tool for
purification of thiosialoside derivatives. Carbohydr Res 2008; 343:
2735-9.

Okamoto K, Kondo T, Goto T. Functionalization of 2-deoxy-2,3-
dehydro-N-acetylneuraminic acid methyl ester. Bull Chem Soc Jpn
1987; 60: 631-6.

Hasegawa A, Nakamura J, Kiso M. Studies on the thioglycosides
of N-acetylneuraminic acid 1: Synthesis of alkyl a-glycosides of
2-thio-N-acetylneuraminic acid. ] Carbohydr Chem 1986; 5: 11-9.
Hasegawa A, Morita M, Ito Y, Ishida H, Kiso M. Studies on the
thioglycosides of N-acetylneuraminic acid 7: Synthesis of
S-(a-sialyl)-(2—6)-B-D-hexopyranosyl and
S-(a-sialyl)-(2—6)-B-D-lactosyl ceramides and their biological ac-
tivitie. J Carbohydr Chem 1990; 9: 369-92.

Kiefel MJ, Beisner B, Bennett S, Holmes ID, von Itzstein M. Syn-
thesis and biological evaluation of N-acetylneuraminic acid-based
rotavirus inhibitors. J Med Chem 1996; 39: 1314-20.

Bennett S, von Itzstein M, Kiefel MJ. A simple method for the
preparation of thioglycosides of N-acetylneuraminic acid. Carbo-
hydr Res 1994; 259: 293-9.

Webster R.G, Bean W.J, Gorman O.T, Chambers T.M, Kawaoka
Y. Evolution and ecology of influenza A viruses. Microbiol Rev
1992; 56: 152-79, and references cited therein.

Wiely DC, Skehel JJ. The structure and function of hemagglutinin
membrane glycoprotein of influenza viruse. Ann Rev Biochem
1987; 56: 365-94, and references cited therein.

Hayden FG, Calfee DP. New approaches to influenza chemother-
apy - Neuraminidase inhibitors. Drugs 1998; 56: 537-53, and ref-
erences cited therein.

Spaltenstein A, Whitesides GM. Polyacrylamides bearing pendant
.alpha.-sialoside groups strongly inhibit agglutination of erythro-
cytes by influenza virus polyacrylamides bearing pendant
a-sialoside groups strongly inhibit agglutination of erythrocytes by
influenza virus. ] Am Chem Soc 1991; 113: 686-7.

Tsuchida A, Kobayashi K, Matsubara N, Muramatsu T, Suzuki T,
Suzuki Y. Simple synthesis of sialyllactose-carrying polystyrene
and its binding with influenza virus. Glycoconjug J 1998; 15:
1047-54.

Kamitakahara H, Suzuki T, Nishigori N, Suzuki Y, Kanie O, Wong
CH. A lysoganglioside/poly-L-glutamic acid conjugate as a pico-
molar inhibitor of influenza hemagglutinin. Angew Chem Int Ed
1998; 37: 1524-8.

Fruike T, Aiba S, Suzuki T, et al. Synthesis and anti-influenza virus
activity of novel glycopolymers having triantennary oligosaccha-
ride branches. J Chem Soc Perkin Trans 1 2000; 3000-5.

Makimura Y, Zhonghong G, Roy R. Synthesis of novel sialic
acid-containing polymers as inhibitors of hemagglutination. Int
Congress Ser 2001; 1223: 45-8.

Ohta T, Miura N, Fujitani N, et al. Glycotentacles: synthesis of
cyclic glycopeptides, toward a tailored blocker of influenza virus
hemagglutinin. Angew Chem Int Ed 2003; 42: 5186-9.

Ogata M, Murata T, Murakami K, et al. Chemoenzymatic synthesis
of artificial glycopolypeptides containing multivalent sialyloligo-
saccharides with a y-polyglutamic acid backbone and their effect on
inhibition of infection by influenza viruses. Bioorg Med Chem
2007; 15: 1383-93.



40

[42]

[43]

[44]

[45]

[46]

[47]
[48]

[49]

Open Glycoscience, 2012, Volume 5

Suzuki Y, Suzuki T, Matsumoto M. Isolation and characterization
of receptor sialoglycoprotein for hemagglutinating virus of Japan
(Sendai virus) from bovine erythrocyte membrane. J Biochem
(Tokyo) 1983; 93: 1621-33.

Rogers GN, Paulson JC. Receptor determinants of human and
animal influenza virus isolates: differences in receptor specificity
of the H3 hemagglutinin based on species of origin. Virology 1983;
127:361-73.

Shinya K, Kawaoka Y. Influenza virus receptors in the human air
way. Uirusu 2006; 56: 85-90.

von Itzstein M, Wu WY, Kok GB, et al. Rational design of potent
sialidase-based inhibitors of influenza virus replication. Nature
(London) 1993; 363: 418-23.

Kim CU, Lew W, Williams MA, et al. Influenza neuraminidase
inhibitors possessing a novel hydrophobic interaction in the en-
zyme active site: Design, synthesis, and structural analysis of car-
bocyclic sialic acid analogues with potent anti-influenza activity. J
Am Chem Soc 1997; 119: 681-90.

Gubareva LV, Kaiser L, Hyden FG. Influenza virus neuraminidase
inhibitors. Lancet 2000; 355: 827-35.

Le QM, Kiso M, Someya K, et al. Avian flu: Isolation of
drug-resistant HSN1 virus. Nature (London) 2005; 437: 1108.

de Jong MD, Thanh TT, Khanh TH, et al. Brief report: Oseltamivir
resistance during treatment of influenza A (HS5N1) infection. N
Engl J Med 2005; 353: 2667-72.

[50]

(511

[52]

(53]

[54]

[55]

[56]

[57]

Matsuoka et al.

Lee YC. Synthesis of some cluster glycosides suitable for attach-
ment to proteins or solid matrices. Carbohydr Res 1978; 67:
509-14.

Lee YC, Townsend RR, Hardy MR, et al. Binding of synthetic
oligosaccharides to the hepatic Gal/GalNAc lectin. Dependence on
fine structural features. J Biol Chem 1983; 258: 199-202.

Varghese JN, Laver WG, Colman PM. Structure of the influenza
virus glycoprotein antigen neuraminidase at 2.9 A resolution. Na-
ture (London) 1983; 303: 35-40.

Colman PM, Varghese JN, Laver WG. Structure of the catalytic
and antigenic sites in influenza virus neuraminidase. Nature (Lon-
don) 1983; 303: 41-4.

Matsuoka K, Terabatake M, Saito Y, et al. Synthesis of carbosilane
compounds functionalized with three or four B-cyclodextrin moie-
ties. Use of a one-pot reaction in liquid ammonia for Birch reduc-
tion and the subsequent Sx2 replacement. Bull Chem Soc Jpn 1998;
71:2709-13.

Matsuoka K, Saito Y, Terunuma D, Kuzuhara H. Synthetic assem-
bly of B-CD moieties using carbosilane dendrimer as the core
frame. Kobunshi Ronbunshu 2000; 57: 691-5.

Guo CT, Sun XL, Kanie O, et al. An O-glycoside of sialic acid
derivative that inhibits both hemagglutinin and sialidase activities
of influenza viruses. Glycobiology 2002; 12: 183-90.

Suzuki T, Takahashi T, Nishinaka D, et al. Inhibition of influenza
A virus sialidase activity by sulfatide. FEBS Lett 2003; 553: 355-9.

Received: October 20, 2011

© Matsouka et al.; Licensee Bentham Open.

Revised: March 18, 2012

Accepted: March 28, 2012

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.



