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Abstract

Sialic acids (Sia) are nine-carbon backbone monosaccharides, typically found at the terminal

position of the glycoproteins and glycolipids. Over the decades, sias have been reported in
various pathological and physiological processes. The invasion of virus, bacteria also depends
on specific sia patterns and aberrant sialylation is the feature of numerous of neurological,
immune, cancer and congenital disorder of glycosylation. Despite its widespread medical
applications, the structure-function relation of the defined sialic acid sequence is still poorly
understood. In my thesis, we describe the three distinct sialic acid modifications that
independently generate crucial structural-functional relation of sialic acid glycans.

The first target was to decipher the role of galactose as a penultimate sugar in sialic acid glycans.
We have synthesized NeuSAca(2-6)Gal structural analogs and studies their binding to a series of
siglec. The results showed distinct binding patterns with conserved Siglec (hCD22 and mCD22)
compared to rapid evolving siglec (Siglec -3 & -10) and constitute a valuable tool for designing
Siglec specific molecules for therapeutic applications. Furthermore, these isostructural glycans
were conjugated to KLH proteins and immunize the mice. The immune response showed that
mannose modification at the penultimate position of the sialic acid glycan induced high titer IgG
antibody responses and these 1gG antibodies showed efficient cross-reactivity with native glycan.
Overall, our results highlight a new potential approach to synthesize antigenic sugars to modulate
immune responses.

Next, we have synthesized sialic acid hydroxamate to understand the structural-functional
relation of the acidic group. We found that biomimetic analogs possessed three distinct
properties: antioxidant nature, metals chelating ability and Sia backbone to target AD. Focusing
on cytotoxicity caused by radicals and Ap-metal complexes, we demonstrated that hydroxamate
ligand on sialic acid backbone protects the neural cells more efficiently in comparisons to sialic
acid alone.

Finally, we locked the sialic acid in two opposite orientations on micelles to effectively tune sia
dependent ligand-receptor interactions in their native context. To obtain sialo-micelles that could
serve as the multivalent probe, we conjugated amphiphilic group at C-2 and C-9 position of sia

respectively. Upon dissolution of amphiphiles in water, self-assembled highly regular micelles

Xi



were obtained. The bioavailability of resultant sialo-micelles with plant and human sialic acid
binding protein (SBP) was evaluated by surface plasma resonance (SPR) and in-vitro assays.
Sambucusnigra agglutinin (SNA), Limaxflavus agglutinin (LFA),30 P, E-selectin and CD22
(Siglec-2) were selected as sialic acid binding proteins (SBP). Where SNA and LFA binds to all
common sialic acid residues,31 human CD22-Fc only recognizes siac.(2-6)-linked sias, while E
and P-selectin, which belong to the subgroup of the C-type lectins that mediate leukocyte
trafficking, are specific to sialylLewisx and sialylLewisaglycans respectively.

Animal models to test the biodistribution and sequestration of specific biomarkers vary
from laboratory to laboratory, resulting variable results. Thus, a head-to-head comparison of the
different models at same experimental conditions will undoubtedly assist to identify the better
model for the therapeutic purposes. Herein, we performed in vivo head-to-head comparison of
(2-6) and (2-3) sialic acid glycan conjugated quantum dots in zebrafish (Daniorerio) and mouse
model (intraperitoneal injection) to advocate fish as an ideal living simple system for the
preliminary screening of pharmacokinetics of sugar conjugated-QDs. The results suggest that (2-
6) sialylated-QDs preferentially has prolonged circulation half-life and uptake by the liver,
kidney and spleen, while (2-3), sialic acid and galactose conjugated-QDs accumulated in the
liver and cleared after several hours in both models. These results suggested that zebrafish is a

competitive model for sialic acid-mediated pharmacokinetics studies.

xii



Publications

RohanYadav,RaghavendraKikkeri; “Carbohydrate functionalized Iron(IIl) complexes
as biomimetic siderophores”Chem. Commu. 2012, 48, 1704.
RohanYadav,RaghavendraKikkeri; “Exploring the effect of sialic acid orientation on
ligand receptor interactions” Chem. Commun.2012, 48, 7265.

RohanYadav, RaghavendraKikkeri; “Sialic acid hydroxamate a potential antioxidant and

inhibitor of a metal induced B-amyloid aggregates” ChemBioChem. 2015, 14, 1648.

Preeti M. Chaudhari, R. Murthy, Rohan Yadav, Raghavendra Kikkeri; “A rationally
designed peptidomimetic biosensor of sialic acid on cell surface” Chem. Commun. 2015,
51, 8112.

RohanYadav, Shani-Ben Arye, Balamurugan Subramani, Vered Padlar Karvani,
Raghavendra Kikkeri; “ Screening of Neu5Aca(2-6)gal isomers preferences of Siglec

with sialic acid microarray”- Org. Biomol. Chem. 2016,-accepted.

Rohan Yadav, Balamurugan Subramani, RaghavendraKikkeri; “Harvesting the
immunogenicity in sialic acid glycans by altering penultimate sugar of the glycans”-

manuscript submitted.

RohanYadav, Chaudhari PM, Balamurugan Subramani, Suraj Toraskar, Harikrishna
Bavireddi, R. V. Murthy, Sivakoti Sangabathiuni, , RaghavendraKikkeri; “Imaging and
Quantification of a(2- 6)and o(2-3) Linked Sialic Acid Conjugated Quantum dots

Biodistribution in  Zebrafish and Mouse models.”-manuscript submitted.

Xiii



Chapter 1

Introduction



1.0 Sialic acid

Sialic acids (Sia) are unusual 9-carbon backbone sugar, which are a-keto acids in nature. Sias are
an integral part of the N- and O-glycans of eukaryotic glycoproteins and glycolipids. There are
more than 50 different types of naturally occurring Sias. The structural diversity of sialic acids
are primarily generated by hydroxyl group modification at C-4, C-7, C-8, and C-9 by O-
acetylation, O-methylation, O-lactylation, O-sulfation and O-phosphorylation. The lactonization
of the carboxylate at C-1 with hydroxyl group include further structure diversity. Legionaminic
acid and pseudaminic acid are two important bacterial sialic acid derivatives. Since these
molecules are synthesized via the similar biosynthetic pathway of sialic acid, they have been
classified under nonlusonic acid sugars. Being the terminal residue, sia encapsulated different

underlying glycans and involved in various physiological, pathological and immune responses.’
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Figure 1. Structural diversity of sialic acid expressed on cell surfaces.

Along with its structural analogs, sialic acid shows diversity with underlying glycans through the
linkage isomerism. Some pathogenic species express sialic acid in the form of a(2-6) and a(2-3)

linkage and alters the binding or recognition pattern with the host cell and vice a verse.? The



lectins of immunoglobulin super family called siglecs have specific selectivity to the sialic acid
ligand based on its a(2-3) or a(2-6) linkage system.® The human leukocyte, endothelial cells
expresses Neu5Aca(2-3) linkage with fucose residue at the C-3 or C-4 position of GICNAc and
forms tetrasaccharide antennae called sialyl lewis* and sialyl lewis®. This sialyl antenna plays a
crucial role in leukocyte rolling, adhesion and extravasation at the inflammatory site to recruit
the RBCs and WBCs.* It is believed that the process of gametogenesis initiated by recognition
of sialyl lewis™ antennae on receptor cells.”> Multivalent display of sialic acid a(2-6) and a(2-3)
glycans on the cancerous cell is the determinant of antigen for the metastasized tumor and efforts
have been made to explore its synthetic and clinical utility as a potential vaccine candidate.®
Moreover, the sialic acid linkage diversity extends to its homopolymeric forms such as a(2-8)
and a(2-9) polysialic acid. This polymeric form of usually expressed on brain cells and function

for neural plasticity and maintaining homeostasis of metal ions in the brain.’
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1.2. Sialic acid Recognizing Protein

1.2.1 Lectins

Lectins are carbohydrate binding proteins. Lectins are relatively resistance to both heat and
digestive enzymes. Lectins are classified by their structural, carbohydrate recognition pattern and
its expression on a type of cells. Evolutionarily conserved carbohydrate sequence mainly classify
lectins into selectins and its subtypes C-type, P-type, I-type, etc.'” There are nearly 100 lectins in
nature recognizes sialic acids as a ligand in its native and unnatural form. It has grouped and
subgrouprd into various categories like vertebrate pathogen lectins, vertebrate endogenous

lectins, and lectins from other sources (plants, protostomes, etc.).®

1.2.2 Hemagglutinins

Viral sialic acid binding lectins are usually capable of agglutinating red blood cells (RBC).
Hence they are conventionally called hemagglutinins rather than lectins. Viruses utilize sialic
acid glycans to recognize the host cells and infection. Newcastle disease virus (NDV, an avian
pathogen), hemagglutinins of influenza viruses (A, B, and C), Sendai virus (a rodent pathogen),
mouse hepatitis virus and polyoma virus and some others have been shown to recognize sialic
acid glycans as initial point of recognition.’ Recently, several of these hemagglutinins (from
influenza A, C, NDV, and polyomaviruses) has crystallized and their 3D structure has been
resolved by X-ray crystallography.'

One of the most familiar and extensively studied molecules of this kind is the influenza A virus
hemagglutinin. Influenza virus is a segmented single-stranded RNA virus from
Orthomyxoviridae family cause infection to mammals and birds. Trimeric viral haemagglutinin
protein binds specific sialic acid glycan to adhere host cells. Influenza viruses show near
essential dependence on the host cell surface sialic acids for infection. Sialic acid binding
preferences of influenza A hemagglutinins isolated from different host species vary with the type
of sialic acids expressed on the host cell and with the difference in the sialic acid linkage
((2-3)/a(2-6)). For example, Human influenza virus binds Neu5Aca(2—6)Gal, while avian
influenza preferentially binds Neu5Aca(2—3)Gal linkage on host cell surface. Studies have
shown that the natural reservoir of influenza viruses is in various species of wild waterfowl.
Through a series of cross-species infections involving domestic animals (ducks and pigs) and

adaptations to the new types of sialic acids encountered in the new hosts, and/or reassortment of



genomic fragments from human and bird influenza viruses in pigs, which are susceptible to both
types of viruses, influenza viruses adapt to infect humans and cause seasonal epidemics.

Also, the influenza C virus hemagglutinin-esterase is notable for being specific for 9-O-
acetylated sialic acid glycans and enzymatically activates to destroy the 9-O-acetyl ester. This
protein has recognized as a useful probe for studying 9-O-acetylated sialic acids. Mouse
hepatitis virus also has a hemagglutinin-esterase, which is specific to sialic acids substituted by
O-acetyl group at the C-4 position (Neud,5Ac2)." Another famous example of
receptor—recognition proteins are the hemagglutinin—neuraminidases of parainfluenza viruses
and NDV.' In the case of influenza A virus which carry distinct hemagglutinin and
neuraminidase proteins, the balance between these two functions appears to be essential for
efficient viral replication, which involves several cycles of host cell attachment internalization,
amplification, and assembly and detachment from the host cell. Differential glycan expression in
reovirus which binds sialic acid glycans found to be more virulent as it targets the central
nervous system in mice model. The adenovirus that recognizes the specific sialic acid pattern on

host cell causes serves damage to the upper respiratory track in the human system.

1.2.3. Adhesins

Bacterial pathogens interact with host cells via specific sialic acid glycans. The bacterial lectins
are typically called adhesins.™® The water soluble bacterial lectins are typically called toxins.
Although many toxins have high specificity toward sialic acid glycans, some are not as specific
as with the Pasteurella hemolytic adhesion, or sulfated sugars, as with the E. coli heat-stable
enterotoxin b.**

Bacterial adhesins are often articulated in a strain-specific way and can influence the range of
tissues the strain can infect or colonize. There are some pathogenic and non-pathogenic
sialidases exploit sialic acid as a source of carbon and energy. Apart from it pathogenic bacteria
expose this enzyme to host cell surfaces and interferes the immune functions. Such examples
include Helicobacter pylori, which involved in the etiological agent of peptic ulcers in humans
and E. coli K99 causes lethal dysentery among piglets and calves. H. pylori express two different
adhesins (in an environment-dependent manner) which can recognize sialic acid glycans.
Adhesins of this bacteria firmly attach to the endothelial cell lining of stomach and duodenum.

The bacterial adhesions to endothelial cells occur via sialyl Lewis* residue on cell surface.



Despite detailed analyses, structural aspect of these adhesins and their exact role in the
establishment of infection is not yet investigated. The adhesins expressed by E. coli K99 strain
shows high selectivity toward Neu5Gca(2—3)GalPB(1-4)Glc structure on glycolipids, which is
expressed in the gastrointestinal tract of piglets.**

Hormones/ antibodies

Virus Bacteria

-

Toxins

A S L 590
WA
:

Figure 3. Interaction of Cell Surface Glycans with Different Biological Species.

o OO0

Cholera toxin from Vibrio cholera represents a classic example of soluble sialic acid-binding
lectins.* It is composed of an A subunit and five B subunits. The B subunits show specific
binding to a sialylated glycolipid (ganglioside GM1), delivering the A subunit to the cytosol.
This, in turn, causes overactivation of an intracellular signaling pathway (adenylate cyclase,
producing cyclic AMP) in gastrointestinal epithelial cells, causing severe diarrhea and electrolyte
imbalance.® Other examples of sialic acid-dependent toxins are from Clostridium tetani and
Clostridium botulinum, causing tetanus and botulism,™ respectively.

Neisseria meningitides bacterial pathogen causes bacterial meningitis and sepsis. Capsular

polysaccharide (CPS) coating on bacteria is the most conserved component in the form of a(2-8)



and a(2-9) homopolysaccharides unit and less frequently its 8-O-acetyl derivative.*® The CPS on
bacterial lining found to be more potent to induce immunogenicity. The synthetic mimic of CPS
proven to induce the T-cell dependent immune response and finally approved as a vaccine
candidate against the infection in children and adults.*®

1.2.4 Selectins and Siglecs

Selectins are a family of C-type lectins (calcium requirement for carbohydrate recognition)
which recognize specific carbohydrate sequence containing sialyl Lewis * (Le*) and sialyl Lewis®
(Le?), with or without sulfation at adjacent residues.® E-selectin is expressed on activated
endothelial cells, while L-and P-selectin expressed on leukocytes and activated platelets or
endothelial cells and all these are involved in leukocyte rolling, e.g., initiation of leucocyte
localization at the inflammation site (E- and P-selectin) and adhesions of leukocyte to lymph
nodes (L-selectin). P-selectin has also involved in tumor metastasis.’® Although the sialic acid-
dependent recognition by selectins is established, they interact with a limited range of preferred
glycoprotein ligands in vivo. For example, P-selectin selectively interacts with P-selectin
glycoprotein ligand-1 (PSGL-1), which expresses not only sialyl Le* but also binds to three
sulfated tyrosine residues in vicinity to the sugar binding site which enhances the binding.
Selectins also bind to anionic oligosaccharide sugars , such as heparan sulfate,”® perhaps the
biological significance of such binding is not clear. The similarities between the mice deficient in
fucosyltransferase (FucT VII), which catalyzes the synthesis of sialyl Le* and sialyl Le? revealed
that the selectin interactions with nonsialylated ligands are not prominent under laboratory
conditions. However, exogenously injected heparin does affect tumor metastasis in a P-selectin-
dependent mechanism.?

Selectin orthologs have been identified in putative insect (Drosophila), which shares a similar
overall carbohydrate domain structure with selectins (C-type lectin domain + multiple “sushi”
repeats).?

I-type lectins represent carbohydrate binding proteins though immunoglobulin super family
domains (I-type CRDs). Siglec family are well characterized class of I-type lectins.? Siglecs are
type | transmembrane proteins with a single N-terminal V-set immunoglobulin-like domain
functions for sialic acid-recognizing domain. This domain is exposed from the cell surface by a

string of C-set immunoglobulin-like domains with inconstant numbers depending on siglec



family.® An uncommon inter-domain disulfide bond, characteristic of siglecs, attaches the V-set
domain to the adjacent C-set domain. Siglecs bind wide range of sialic acid ligand with precise
glycoside linkage and some bind very restricted sets of sialic acid ligands.®> In some cases
differences in ligand selectivity have been observed by structural studies of the ligand binding
site. All siglecs exhibits conserved arginine residue which makes an essential electrostatic
interaction to sialic acid. In addition, a small number of siglec-like proteins which lack this
conserved arginine have been discovered, including human siglec.*? Further, two hydrophobic
aromatic residues in the protein also contribute to ligand binding. In some siglecs (including
siglec 7) residues in the loop between beta-strands, C and C' are involved in fine-tuning binding

specificity.?

Sialic acidligand
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C2-typelgdomain

Cell membrane

(
- ITIM/ITAM

Figure 4. Structure of Siglecs.

In humans, 11 different form of siglec (Siglecs-1—-11) and one Siglec-like molecule (Siglec-L1)
have been identified and shown to be expressed on specific cell types, such as macrophages
(sialoadhesin/Siglec-1), B-cells (CD22/Siglec-2), myeloid precursors/monocytes (CD33/Siglec-
3), and oligodendroglia and Schwann cells (myelin-associated glycoprotein/Siglec-4). Many
Siglecs (Siglecs-1, -3, -5, -7,—10) are expressed on the cells play crucial role in innate immune
responses, such as monocytes, macrophages, NK cells and granulocytes. The number of Siglec
genes appears to be different between species, e.g., mice have only eight Siglec genes.’

Biological functions of some of the Siglecs have elucidated through gene interruption Siglec-
2/CD22 is involved in the regulation of B-cell signaling and Siglec-4a/MAG in the maintenance
of myelin sheath structure. X-ray crystallography of the first Ig-like domain of Siglec-1 in

8



complex with its sialic acid ligand (Neu5Aca2—3Galp1-4Glc) showed that the side chains of
three amino acid residues highly conserved among Siglecs are in direct contact with sialic acid.
This data shown the importance of these residues in ligand recognition predicted by the

preceding site-directed mutagenesis studies.®

Mac Mac Neu Oscdast ?

Mon OligoD Neu Troph NK Eos Mon

DC MyP Schw B B Mon Neu Bas Myl Epi Mon

| |

Inhibitory type Siglecs Activatory type Siglecs

Figure 5. Specificity of Siglecs on Hematopoietic lineage (Immune cells). Abbreviations; Mac-macrophage; B-B-
cells, Mon-monocytes, OligoD-oligodendrocytes, Neu-neutrophils, Troph-trophoblast, NK-natural killer cells, Eos-

eosinophils, MyP-myeloid precursor, DC-dendritic cells, Bas-basophils, Schw-schwann cells.

There are more Siglec pseudogenes than there are functional Siglec genes in the human genome,
suggesting that numerous gene duplications and subsequent loss of specific function due to
inactivating mutations have taken place. This fact may have some relevance to the ongoing
evolutionary arms race between vertebrate hosts and pathogens. A alleged Siglec-4a/MAG
ortholog Schwann cell membrane protein (SMP or SCMP, Siglec-4b) in birds (quail and
chicken) is reported.?* There are no identifiable Siglec orthologs in the invertebrate genomes
currently available for evaluation. Thus, it is possible that the sialic acid-binding features of

Siglecs evolved after the emergence of prominent expression of sialic acids in deuterostomes

1.3 Specific recognition of Sialic acid by endogenous and exogenous receptors



The diverse and complex sialic acids structures are related to the different specificities of
endogenous sialic acid-binding lectins. For example, mSiglec-2/CD22 prefers Neu5Gc to
Neu5Ac, while m or hSiglec-1/sialoadhesins prefer Neu5Ac.” Similarly, IL-4(interlukin-4)
interacts selectively with Neu5Ac, 1,7-lactone compared to other Neu5Ac derivatives. Also,
alteration of sialic acid “mask” the sialic acid residue to block the endogenous lectins binding
site, as reported for 9-O-acetylation which blocks recognition by Siglec-2 and lactoniation of
Neu (Neul,5-lactam) prevents recognition by L-selectin.?®

The complexity of sialic acids in echinoderms can be explained by requirement of specific
recognition during fertilization.”” These animals release gametes (sperms and eggs) into open-
water environments where they interact in a species-selective manner to avoid infertile hybrids.
One way to prevent cross-species hybridization is harmonized release of gametes within a
defined time period different from that of other species (“time-sharing”). However, this may
work even more productively if these sperm and eggs have a species-specific receptor-ligand
interactions. On the other hand, sialic acid modifications may drive speciation of echinoderms:
gametes from an individual that acquired a new sialic acid modification allow to interact with
only a fraction of gametes from the same species with relaxed recognition specificity and
progeny of such mating could over generations develop into a subspecies and results in new
species. In this process of development, sialic acid—gamete lectin compatibility may work as a
reproductive obstacle. In accordance with these hypotheses, gametes of different species of sea
urchins reportedly express glycosphingolipids unique to each species.”’

Numerous pathogens recognize host sialic acids due to their high rate of replication (allowing
rapid evolution) and the survival and propagation of only the efficient infectious units. Hence,
pathogens inclined to evolve lectins with relatively strict specificity for sialic acid types and
linkages. In contrast, it is suggested that endogenous lectins requires to tolerate a certain degree
of structural variation of ligands.®® This may allow escape of pathogens by changing
modifications and linkages of sialic acids on surfaces exposed to the pathogens, all the while
maintaining normal internal functions. Even a reduction in rate of infection (partial immunity)
could benefit the host by decresing the severity of disease and limits the spreading. Also,
pathogens, by virtue of their shorter generation time, they can diversify much faster than more
complex hosts with longer generation times. As many pathogens develop different binding

specificities, the hosts counter with various further modifications, thus driving structural
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diversification of the sialic acids. Of course, inhibition of one pathogen by a particular type of
sialic acid modification may actually make the host more susceptible to another (for example, 9-
O-acetylation of Neu5Ac prevents recognition by influenza A virus, but this modification is the
preferred ligand for influenza C virus). Since evolution does not occur in a goal-oriented way,
host organisms are possibly forced to differentiate themselves by a shotgun approach involving a
certain amount of “waste”, which might make up some part of the diversity in sialic acids in a
given cell type of a given species.

It is difficult to track the evolutionary variations of sialic acids in a multicellular host species in
relation to multiple pathogens with well-defined sialic acid binding specificity. However, some
circumstantial evidence supports the idea. For example, the viral infection is exaggerated by the
type of sialic acid expressed on host cell surface, e.g., the case of influenza A virus as described
above. The prominent location of sialic acid 9-O-acetylation on mucosal surfaces and changes in
response to infection realed that sialic acid acetylation could originated as a counter measure
against pathogens. In support, this changes is also the fact that such modified sialic acids
resistant to various microbial sialidases. On the other hand, many endogenous sialic acid-binding
lectins are related with the immune system and they are relatively tolerant of sialic acid structural
variations.*® This explanations support the hypothesis discussed above that endogenous receptors
with relaxed recognition specificity are more tolerant to sialic acid modification, making it
feasible to escape pathogens by modifying sialic acids without compromising endogenous
function. Of course, if the binding selectivity of a particular endogenous lectin is too specific and
not permits to modifications, such a lectin gene might get inactivated and/or replaced by a new
lectin with more relaxed specificity. Some of the numerous Siglec pseudogenes in the human
genome signify the results of such selection events.

Although the general direction of evolution of sialic acids inclined toward diversification, the
same driving force may cause loss of variety if the situation permits it. For example, if a host can
get rid of a particular type of sialic acid and reduce liability to certain types of pathogens without
affecting endogenous lectin recognition, then individuals with the genetic mutation causing such
loss could better fitness (survival/reproductive success) and the mutation will be positively
selected and fixed in the whole species. Since the hosts can now generate antibodies against
Sialyl Lewis”, they may even shield themselves from pathogens conveyed from other species

carrying same sialic acid moieties. The loss of Neu5Gc expression in humans 3 and the sporadic
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presence of anti-Neu5Gc antibody in human blood may be related to a zoonotic Neu5Gc-binding
pathogen which might be threatened human survival in the past.

Applying the same perception, the rather radically diverse “sialic acids” repertoire in bacteria
(Neu5Ac, KDN, Legionaminic acid, Pseudaminic acid) could be explained by their evolutionary
race against bacteriophages, the viruses that infect bacteria. It is known that the host range of
bacteriophage is determined by the polysaccharides expressed by the host bacteria, and phage
NMB8, which infects and lyses a soil bacteria (Sino) rhizobium meliloti M11S strain, is shown to
utilize the bacterial sialic acid containing lipopolysaccharides as its attachment site.** Rhizobia
are known to express various sialic acids (NeubAc, KDN, and pseudaminic acid derivatives) as
well as KDO on their extracellular polysaccharides.®® Hence, the diversity of sialic acids in
bacteria represent an escape mechanism from bacteriophage infections.

Alternative linkages (a(2—8) or a(2—-9)) and sporadic O-acetylation of Neu5Ac found in
polysaccharides produced by some pathogenic bacteria, such as E. coli K1 and N. meningitidis
group C to counter the bacteriophage threat while avoiding detection by the host's immune
system, which should easily detect unusual sugars such as legionaminic acid and pseudaminic
acid. Indeed, Endo-N, an enzyme expressed by bacteriophage phi 92 (a lytic phage of E. coli
K92 strain) which catalyzes hydrolysis of a(2—8) linked poly(Neu5Ac) on the bacterial cell
surface, is unable to hydrolyze a(2—9) linked poly(Neu5Ac). There are also examples of

bacteriophage evasion by bacteria involving acetylation sialic acid of surface polysaccharides.

1.4 Sialic acid structural and biological functions

1.4.1 Physiological Function

Sialic acid and its negative charge and hydrophilicity contribute biophysical features to several
biological systems. Negative charge on human erythrocytes and other cell types exerts repulsive
force to prevent unwanted interactions in blood circulation.®® The endothelial lining of
glomerulus with sialic acid coated podocytes prevents the filtration of the blood component into
the urine.®® Sialic acid relates to the half-life of glycoprotein in blood circulation.® The cleavage
of the sialic acid susceptible the penultimate sugar to recognized by liver asialoglycan receptors
and eventually cleared out from the system.*’ It has been shown that many glycans influence the
process of fertilization not only in sperm-egg contact but also with various fluids and surface of

female reproductive track before reaching to ovum.*® The sialic acid expression are regulated by
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the set of gene in nuclear machinery. The over expression of associated gene dysregulate the
sialidase function and results into accumulation of sialic acid in lysosomes and extracellular
space of the cell matrix and disease called as Salla Disease.* Sialic acid isolated from brain of
gray matter named neuraminic acid and found tobe most abundant in rest other part of the body
of animal. Peripheral and cortex part of the brain occupied by highly dense and complex
structure of ganglioside. This ganglioside is sialylated and its composition varies from animal to
human brain. During the developmental stage of brain this ganglioside matures and form a
complex structure. The growth rate and density is higher during the brain development.
Homopolymer of polysialic acid attached to neural cell adhesion molecule and has crucial impact
on many neuronal functions. Polysialic acid acts as modulator of cell interaction in brain which
has effectively proven by steric hindrance model. According to this model polysialic acid not
only it affects carrier protein also it increases the intracellular space and abrogate adhesive
binding of the other cell surface molecules like cadherines and integrins.*

In series of in vitro studies its shown that NCAM control the cell signaling. Endo N-mediated
removal of polysialic acid from cell surface alter the initiate NCAM interaction which influence
cell-cell interaction and therefor leads to the reduction in cell proliferation and parallel activation
of the extracellular signal-regulating kinase. This activated kinase promoted survival and
neuronal differentiation which enhance formation of neurite like process. This demonstrate that
polysia-free-NCAM acts as ligand for heterophilic molecule partner. Receptor activation and
downstream signaling kinase pathway activation believed to be initiated by fibroblast growth
factor and cis and trans interaction of NCAM.*

1.4.2 Immunological role sialic acid

Sialic acid involved in regulation of alternative pathway of complement activation. The
mechanism involves major serum protein factor H which recognize sialic acid as self gets
recruited to native cell surface and thus down regulate the constant tick over of complement
pathway on all cell surface. Details of this mechanism have elucidated, including accelerated
dissociation of complement protein complex.*? Thus sias and underlying glycans may act as self-
associated molecular patterns(SAMP) for recognition by factor H.** Also it is reported that
besides sias, its O-acetylation pattern on red blood erythrocytes in mice restricts the control to

regulate complement activation pathway.**
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1.4.3 Sialic acid as biological mask

First discovered vertebrate glycan binding protein was asialo-glycan receptor on hepatocytes
hence called Ashwell receptor.” As name suggest that binding occur when removes sialic acid
from glycoprotein and exposes underlying beta-linked galactose residue. Since, additional
galactose binding receptor in macrophage have been discovered. On the other hand when
bacterial sialidase enter into the blood circulation there can be extensive desialylation of cell and
protein and this receptor becomes relevant. The removal of sias could generate the eat me signals
and allow macrophage to recognize and eliminate or dying apoptotic cells. Therefore it has been
extensively studied to find role of galactose binding receptor involved in such phenomenon from
soluble galactins.

1.4.4 Antibody against intrinsic sialic acid

Sialic acid is intrinsic to host immune cells which recognized by the IgM of immune cells and
cleared out before coming out from bone marrow. Hence it is not surprising that the least
probability of finding the antibody against sialic acid. Indeed it might be one of the advantage to
the pathogen bearing sias to circulate into the blood stream. Therefore natural sias considered as
host immunosuppressive for host organism but exception are found.*

1.4.5 Sialic acid as Xenu autoantigen

The mammalian cellular machinery unable to synthesize the Neu5Gc from its natural precursor
Neu5Ac because the phenotype fixed is the loss of function mutation of cytidine monophosphate
-N-acetylneuraminic acid hydroxylase(CMAH) gene which remains intact with our closet
evolutionary relative chimpanzees. Therefore dietary intake of NeubGc from red meat will be
taken up and expressed on cell surface which results in the generation of antibody against
Neu5Ac and increases risk of the inflammation associated disease like carcinomas,
cardiovascular disease and macular degeneration cancer in the mammals.*’

1.4.6 Sialic acid and cancer

Mucin is high molecular weight heavily glycosylated typel transmembrane glycoprotein
composed of cytoplasmic signaling peptide, transmembrane domain and ectodomain which
consist of tandem repeating units of 20 amino acids. Each tandem repeat unit has five active sites
of glycosylation and type and pattern depends on the site and physiological state of the tissue.*®
Tumor-associated mucl abbarently glycosylated due to altered expression of sialyltransferase

and lack of core galactosyl transferase produces truncated carbohydrate antigen like T, STn.
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Humoral and immune response against mucl antigen have observed in cancer patients. The
presence of circulating antibodies against mucl have diagnosed which correlates with favorable
disease outcome of cancer.” Also, its has shown that sialyl Tn antigens have poor
immunogenicity as they induce moderate T-cell independent immune response and weak T-cell
mediated immune response.”® Perhaps sialic acid o(2-6/3)GalNAc mucin glycopeptides are
considered as the antigen of metastasized tumor. Thus sialic acid terminal sugar and underlying
glycan and its mimics of structural analogues are immunogenic therefore many research group
have put their efforts to induce a T cell mediated immune response in the form of 1gG antibody
against the TACAS. Some research group has used conjugation of carrier protein to TACAS to
improve its immunogenicity.*® Another group developed structural mimics of sialyl Tn analogs
where they discovered the possibility of improvement in immunogenicity by modifying
heteroatom of glycosydic linkage,*® truncated antigen and lactone structures.” Few of them
applied clustered antigen strategy and natural antigen modification strategy. Some of them have
shown the modification with carrier proteins are crucial to implement for vaccine candidate
against the cancer as it could induce better T-cell mediated immune response against tumor-
associated carbohydrate antigen(TACA).*° Therefore sialic acid is crucial cell surface component

of metastasized tumor for the development of vaccine candidate.
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Figure 6. Immunology of glycoconjugates.
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1.4.7 Role of Siglec-sialic acid complex in immunity

Siglecs are endocytic receptors and they are constitutively cycle between cell surface and
intracellular endosomes or are induced to undergo endocytosis upon ligation of antibody or
multivalent ligands.® Mechanism of endocytosis varies some are being clathrin-dependent and
some are independent. Cytoplasmic Ty-based motif tail is the regulator of endocytic pathway of
siglecs, however, sialoadhesin does not have regulatory motif yet undergo endocytosis and carry
ligand bearing cargo in the cell.” Siglecs are expressed on specific cell type resulting in partial
and complex overlapping expression pattern in innate and adaptive immune system.® Each
siglecs has the preference for the specific sialylated structure that is expressed on mammalian
cells which have revealed by the variety of method including glycan microarray analysis.”* It is
interesting that siglecs help immune cell to distinguish between self and nonself by use of sialic
acid as ligand recognition. This ligand binding affects the immune modulatory function of
siglecs for example, cis interaction with ligand is important for the signaling as it is been proved
by B cell knock-in mutation of the sialic acid binding site of CD22 and Siglecs-G. This studies
suggest that cis binding ligand sequester CD22 from association with BCR but promote
association of Siglec-G exerting opposite effect on setting for B cell threshold signaling. Siglecs
on dendritic cells and macrophage can modulate Toll-like receptor cytokine response by
overexpression or ligation of antisiglec antibody or host-derived glycan.>?

1.4.8 Sialic acid in therapeutic applications

Restricted expression pattern of siglecs makes this family targets for developing therapeutic for
the treatment of wide range of disease. For example, high expression of certain siglecs on
various lymphomas and leukemias has made them as a potential targeting candidate. Several
additional features of siglecs suited for targeting the diseases.”® It is known that most of the
siglecs rapidly undergoes endocytosed after engaging with the antibody or its sialic acid ligand
and again recycles to the cell surface, therefore, this feature of the siglecs can be used to deliver
the cargo to the specific cell type. Moreover cellular signaling property of siglecs have been
explored to alter the cell fate.*®

1.4.9 Targeting siglecs using glycan ligands

Antibody-based siglecs therapy approach is unfavorable for its therapeutic applications because
the auxiliary function of antibody (e.g binding to complement and Fc receptor) can cause serious

side effect and development of the antidrug antibody against therapeutic antibodies produce their
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long term use.** Therefore glycan-based siglecs targeting approach has proven as efficient
therapeutic applications. Some of the novel features like absence of auxiliary function, lower
immunogenicity than protein and dissociate at mild physiological condition makes this approach
unique and significant for specific cell targeting.”® Sialic acid glycan acts as ligand in ligand-
based siglecs targeting strategy. Therefore it is not surprising that more efforts has been involved
in molecular modeling, development of synthetic methods and innovative glycoconjugate
protocol for the best potent ligand and its better engagement with the siglecs. Each siglecs
express distinct preference with type of sialic acid, its glycosidic linkage with penultimate sugar

and underlying glycans.
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Figure 7. Glycan ligand based approaches with therapeutic potential.

Recently, the crystal structure of siglec-1 complexed with sialyl a(2-3) lactose suggested that C-
9 modified sialic acid could enhance the affinity. The hydrophobic biphenyl substituent at C-9
position accommodate to the binding pocket adjacent to sialic acid with 13-fold increase in
affinity with siglec-1.>® Different ligand designed strategies have emerged with respect to choice
of underlying structure at C-2 position of sialic acid. For example first generation high-affinity
CD22 ligand combined preferred specificity for glycan sequence NeuSAco(2-6)Galf(1-
4)GIcNAc with C-9 modification. Chemoenzymatically synthesized 9-BPC NeuSAca(2-
6)Galp(1-4)GIcNAc demonstrated 16-fold increase in affinity against CD22 compared with
methyl BPC Neu5Ac.”” Also hydrophobic substitution by benzyl group over methyl at C-2
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position results gain in affinity against siglec-1 and siglec-4. In recent years various approaches
have been employed to develop high affinity Siglecs ligand like modification at C-5, C-4 and C-
2 position.>” Crystal structure of ligand-binding domain of various Siglecs have been solved and
library of ligands have been screened to achieve the best molecular fitting ligand for particular
Siglecs. Moreover homology model has constructed for several Siglecs to interpret binding
affinity by molecular modeling and docking study. It has been hypothesized that hydrophobic
modification at C-4 position may enhance the binding affinity with siglecs-2. Further synthetic
library of modified sialic acid have evaluated to identify potential Siglecs ligand by using
inhibition assay, surface plasmon resonance, isothermal titration calorimetry. Simultaneously this
approach used for development of Siglec inhibitors. Recent development in high-throughput
rapid strategy to synthesize sialoside library and its rapid screening. Glycan library of
Neu5Aca(2-6)Galp(1-4)GIcNAc and NeuSAco(2-3)GalP(1-4)GIcNAc with C-9 or C-5 of sialic
acid was synthesized via copper catalyzed azide-alkyne cycloaddition reaction.®® For high
throughput screening resulting library of sialoside was printed as microarray on the glass slide
and studied with recombinant Siglecs to identify high affinity ligand. With this recent
advancement large number of the sialoside library have been screened for different Siglecs. After
identifying the high affinity ligand, it has been employed for delivering the cargo to the specific
cell type .For example the displaying high-affinity CD22 ligand conjugation on nanoparticle
results in rapid endocytosis of cargo via CD22. Once in endosome, CD22-glycan ligand
interactions are weakened by P™ acidification allowing nanoparticles bearing CD22 ligand to be
dropped off while CD22 returns to the cell surface to pick up more cargos. This technique has
employed and encapsulated the doxorubicin in sialic acid ligand liposomes and effectively
deliver to the human lymphoma B cells. Furthermore a soluble high affinity dimeric sialic acid
CD22 ligand has effectively targeted B-ALL in vitro.>® Interestingly by making use of ligand-
Siglec complex interaction specific antigen has been efficiently processed by antigen presenting
cells (APC) like macrophage and dendritic cells to activate CD4+ T helper cells and NKT cells
respectively.®

1.4.10. Modulating cellular signaling

Inhibitory type Siglecs contain ITIM motifs which activate the cascade responsible for the
inhibition of immune cell activation. Hence recruitment of this inhibitory siglecs like CD22,

Siglec-10 within appropriate context has potential to dampen the immunity where it is necessary
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to control unwanted immune cell activation like autoimmune disease.®® Since Siglecs are
immunomodulator they are mainly driven by particular proximity to an activatory receptor.
Therefore to understand the specificity of the inhibitory action of siglecs in vivo model has been
studied. The model studies the ability of CD22 and Siglecs-10 to inhibit B cell receptor and
induction of antigen-specific B-cell tolerance by studying the activation profile of SHP pathway
and subsequent calcium flux measurement across the cell membrane. Also similarly liposomal
nanoparticle bearing T-dependent (protein) antigen and high-affinity CD22 ligand were
employed to test the ability of induction of immunological tolerance towards this type of
antigen.® It has been shown that even after exposure of strong T-dependent antigen could not
produce strong immune response as the engagement of CD22 ligand of B-cell to BCR results in
preventing an antibody response to that antigen. Therefore tolerance was shown to be results of
apoptosis of B-cell recognizing the antigen, which stemmed from inhibition of basal BCR
signaling that is essential in B-cell. Thus concept of inducing immunological tolerance by
recruiting CD22 to immunological synapse of the cell recognizing antigen was shown to be

useful in preventing unwanted antibody response to biotherapeutics.
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Chapter 2a. Screening of NeuSAca(2-6)Gal Isomers Preferences of Siglec with

Sialic acid Microarray.

2.1.1 Introduction

Sialic acids are the terminal sugars of glycoproteins and glycolipids on cell surfaces that are
characterized by a 9-carbon backbone.! To date, nearly fifty different forms of Sias have been
identified. Among them, N-acetylneuraminic acid and its N-glycolyl derivatives are the most
prominent.? Given their structural diversity, Sias act in several biological processes. Sias on the
cell surfaces are involved in regulation of cell cycle, autoimmune disorders, and are also
involved in pathogens recognition.® Sialic acid binding lectins (Siglecs) are major homologues
subfamily of I-type lectins, that mediate Sia recognition via immunoglobulin (Ig)-like domains.*
Expression of specific Siglecs modulate immune responses, inflammation, tumorigenesis and
apopotosis.”

Siglecs are classified into two subgroups, CD33-related subgroups, (Siglec-3, -5, -6, -7 & -10)
which appear to be rapidly evolving with complex expansion in different mammalian lineages
and the second subgroup include the evolutionarily conserved ones (Siglec-1, -2 and -4).° In
general, Siglecs bind to common epitopes containing Neu5Aca(2-6)gal and/or Neu5Aca(2-3)gal
linkages. Various Siglecs exhibits overlapping actions as a result of similar glycan binding
preferences that complicate the assessment of distinct siglec functions. Hence, identifying the
distinct Sias glycans recognition patterns is essential for revealing the Siglecs functions. To this
end, C-9 and C-4 position of sialic acids was modified with aromatic and sulphate derivatives to
increase the Siglec-2 binding affinity.” The synthetic glycan microarray analysis of these glycans
revealed that biphenyl substitution at C-9 position and sulphate at C-4 position shown 750,000-
fold higher affinity to hCD22 compared to the native sialic acid ligands.® Similarly, potential
modification on sialic acid has been studied to elucidate role of Siglecs in biological system.
However, the basic differences between the conservative and evolutional siglec selectivity
remains largely unclear and it is unknown what factors are responsible for the specificity. To
understand how Siglecs generate specificity for sias glycans, it is essential to construct structural
analogs of Neu5Aca(2-6)Gal to modulate the distinct binding patterns.

Here, we have systematically investigated the effect of sialic acid as terminal sugar and

galactose/glucose/mannose as penultimate sugar to study the major human Siglecs binding
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patterns. Based on the binding affinities, it could be possible to deduce how nature differs with

the evolutionary and conserved siglec-ligand selectivity.
2.1.2 Retrosynthesis of Sialosides

A) Disaccharides
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Scheme 1. Retroynthesis of sialic acid disaccharides.

The sialic acid disaccharides (1, 3 and 5) were obtained from fully protected disaccharide 8, 9
and 10 respectively. The esters, ether and azide functionality on 8-10 was successively removed
by use of global deprotection protocol (Scheme 1). The sialic acid donor (11) and
galactose/mannose/glucose acceptors (12-14) were synthesized according to modified literature
procedure.’ The glycosylation of donor and acceptor were carried out by NIS/TfOH at -40°C
which gave protected form of disaccharides in moderate to good yield. The 4, 6-benzylidine

protection of galactose and glucose thiotoulene pentahydroxy derivatives and its successive C-2,
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C-3 benzoylation afforded protected form of galactose and glucose thiotoluene. The
stereodirecting benzoyl group at C-2 position was chosen to avail beta configuration which
usually found on natural linkage of glycans. The glycosylation of galactose and glucose
derivative with linker in presence of NIS/TfOH at -40°C and successive regioselective ring
opening by PhBCI,/Et;SiH afforded acceptor 12 and 13 with good yield. Simultaneously the
regioselective C-4, C-6 bezylidine protection and C-2, C-3 benzylation gave thiophenol mannose
derivative which then converted into its sulfoxide in presence of m-CPBA at lover temperature to
afford the highly active mannose-sulfoxide thiophenol donor. The mannose donor was
glycosylated with linker in presence of Tf,O/TTBP, at -78°C and the benzylidine ring cleavage

by acid catalyst afforded acceptor 14 in moderate yield.
B) Trisaccharides:
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Scheme 2. Retrosynthesis of sialic acid trisaccharides.
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2.1.3 Synthesis of Donors and Acceptor

The trisaccharide analogs of NeuSAco(2-6)GalP(1-4)GIcNAc were obtained by global
deprotection of fully protected trisaccharide 15-17 in moderate yield. Synthetic convergent
approach involves sialic acid dibutylphosphate donor (18) and C6-OH thiotoulene, thiophenol
acceptor of galactose (19) glucose (20), mannose (21) and glucosamine (22) at the non-reducing
end (Scheme 1). The donor 18 was synthesized from N-acetylneuraminic in 7 steps according to
literature protocol.™® Synthesis of acceptors 19 and 20 was achieved in four steps involving C-4,
C-6-benzylidine protection then selective C-3 benzylation with nBu,SnO/BnBr followed by C-2
benzoylation and finally regioselective benzylidine ring opening with PhBCI,/Et;SiH afforded
C6-0OH acceptor in good yield. Similarly mannose C6-OH acceptor (21) was synthesized from its
pentahydroxy thiophenol derivative by following temporary C6-OH TBDMS protection, then
benzylation of remaining hydroxyl-groups and finally removal of temporary silyl protection by
p-TSA gave desired compound in good yield. The synthesis of building block 22 was
challenging and successfully achieved in 11 steps by following published protocol.™ Sialic acid
donor 18 was glycosylated with acceptors 19-21 in presence of TMSOTT at -78°C gave expected
disaccharides, which subsequently glycosylated with acceptor 22 in presence of NIS/TfOH at -40
to -20°C vyielded fully protected trisaccharide analogs (15-17). Finally esters, troc, oxazolidinone
protection was removed by global deprotection protocol and later removal of benzyl ether and
simultaneous azide to amine reduction was achieved by hydrogenolysis to afford fully
deprotected trisaccharide (2, 4 and 6) in moderate yield.

2.1.4 Glycan microarray screening of sialoside library with Siglecs

Next, the synthetic di- and tri-saccharides were printed onto epoxide-functionalized microarray
slides at 100 uM in replication of 4 as described in the experimental section. Human (H) and
mouse (m) Siglec-Fc chimeras (H-Siglec-2, m-Siglec-2, H-Siglec-3 and -10) were incubated on
the slide at three concentrations (5 ng/ul, 10 ng/ul and 20 ng/ul,) in PBS with 1% ovalbumin,
followed by the secondary antibody (Cy3-anti-human IgG). Slides were scanned and the binding
determined by the fluorescence intensity as described in the experimental section. Initially the
sialic acid microarray was analyzed by incubating with control lectins of known binding
specificity. As expected, sambucus nigra lectin (SNA), which is specific of NeuSAcao(2-6)gal
bound to 1 and 2 and displayed no binding with 3-6. After confirming the binding affinity with
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RFU

RFU

control lectin, H-Siglec-2 and m-Siglec-2 binding in microarray was established. H-Siglec-2
displayed weak binding with 1 and 2 compared to m-Siglec-2. Interestingly, isomers of
compound 1 and 2 did not show any binding. while H-siglec-3 and H-siglec-10 bound to 1 and 2.
Remarkably, the isomers of 1 and 2 displayed better binding to Siglec-3 and -10 compared to the
native form. According to the microarray studies, compound 1-6 sialic acid glycans possess two
distinct binding patterns. The evolutionarily conserved H-Siglec-2 or m-Siglec-2 displayed
selective binding towards 1 and 2, indicating that the interaction between the penultimate sugar
(galactose and specific amino acid sequence in Siglec-2 is conserved, thus generating the specific
binding motif. On the other hand, the rapidly evoluving siglec-3 and 10 displayed spatial
flexibility, allowing them to bind galactose isomers (mannose and glucose). Overall,
identification of these detailed binding preferences provides the basis for understanding and
targeting siglec selectively. The mannose isomers of sialic acid glycans are common side
products of the A-mannosidosis*? disease and the binding between 5 and 6 with siglec-3 and 10

reveals possible the mechanism of immune responses in human system.
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Figure 2. Microarray analysis of sialic acid derivatives (1-6) lectin binding (at 20 ng/ul).
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2.1.5 Conclusion

We have synthesized a library of sialic acid glycans by modifying the penultimate sugar and
expressing them on the glycan microarray to determine siglec binding preferences. Comparison
of the siglec binding patterns allows further understanding of the basic differences between the
conserved and evolving Siglecs, and constitute a valuable tool for designing siglec specific

molecules for therapeutic applications.
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Chapter 2b. Harvesting the Immunogenicity in Sialic acid Glycans by Altering

the Penultimate Sugar of the Glycans.

2.2.0 Introduction

N- and O-glycans represents important class of glycoproteins present on the cell surfaces,
involved in several essential cellular functions, including cell growth, migration, and
differentiation.’**® Often N- and O-glycans share a common core sugars sequence with complex
or hybrid terminal sugar. Among them, Neu5Aca(2-6)Galp(1-4)GlcNAc (6’SLN) is frequently
found at the terminal glycans, serves as a ligand for several proteins, including Siglecs,*?
influenza virus hemagglutinin proteins,?? bacterial proteins and cytokines.?”* Studies linking
specific lectin for sialic acid glycans indicate the existence of many sialic acid forms within the
trisaccharides.’® These molecular sequences with the sialic acid glycans regulate the particular
feature of a given species, e.g. the 9-O-acetyl 6’SLN exhibited enhanced B-cell receptor
activation compared to native form.* N-glycolyl form of 6’SLN binds to human H3 virus.*
Moreover, glycoproteins and glycolipids of blood samples composed of Neu5Ac8Me, Neu,
Neu4,5Ac2, Neu5,7Ac2, Neu5,9Ac2, NeuSAcILt, Neu5,8Ac29Lt and NeuSAc8S derivatives.*
% However, detail structure and functions of these glycans are yet to decipher due to the lack of
appropriate tools. Hence the development of sequence-specific monoclonal antibodies is the
ideal strategy for studying diversity. However, these glycans are poor immunogenic to induce
antibodies in the mammalian system. To circumvent this, we have adopted the molecular
mimicry strategy to generate antigenic sugars, which may ultimately produce IgG immune
response against these glycans.

Previously, the molecular mimicry strategy has been extensively used to design sugar scaffolds
with superior lectin affinity and antigenicity. Paulson et al. utilized this strategy to develop
efficient sialic acid ligands for Siglecs binding.** Jennings group reported N-propionyl polysialic
acid to produce high titer 19G antibody against polysialic acid ligand.*® This method was further
extended to develop immunogenic tumor-associated carbohydrate antigens (TACAs). For
example, Lin et al. incorporated different substitutions at amide group of STn antigen to
produces strong immunogenic sugars. Among them fluorinated N-propionyl substitution on STn
demonstrated most immunogenic nature.***° Huo et al. reported S-glycosidic linkage in STn

scaffold improves the stability and resistance to endogenous glycosidases.** Although these
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modifications improved the antigenicity of the glycans, they compromised in the structural
aspects. Herein, we adopted the molecular mimicry strategy to modulate the immune response of
the 6’SLN glycan. The synthetic analogs of 6’SLN glycan were constructed by replacing the
penultimate sugar scaffold within the glycan by its isomers to maintain the similar H-bond
network and protein binding pocket. Finally, these molecules are conjugated to a carrier protein
(KLH) and immunize the mice to investigate suitable modification in 6’SLN to induce
antigenicity. We examined the serum 1gG antibody titers level at different time intervals and its
cross-reactivity. By these results, crucial structural aspects to design antigenic sugar for vaccine
candidates were proposed.

2.2.1 Sialoside glycoconjugates

COOH

HO H
ho "' ov cool
£ NH 0
Y ho HO
0 HO

KLH/BSA 1 to KLH/BSA 3

Figure 3. Chemical structures of 6’SLN analogs (4-6) and its KLH conjugation.

Generation of KLH/BSA glycoconjugates (KLH/BSA-1 to KLH/BSA-3)

Sialic acid trisaccharide in the form of galactose, glucose and mannose as penultimate sugar
derivatives appended with a C-5 amino linker were synthesized. The corresponding KLH/BSA
conjugation of these glycans was generated by using cross-reactive coupling reagent dimethyl
adipimidate. HCI. In the first step, sialic acid glycans-amino linker (4-6) were activated and then
cross-linked to KLH/BSA residue in a second step. The resultant mixture was dialyzed afford
desired conjugated product in a quantitative yield. The glycoconjugates products were
characterized by resorcinol method to quantify the amount of sialic acid per mg of protein.*? As

characterized by resorcinol and Bradford protein assay, the percentage of 1-3 per mg of
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KLH/BSA is around 7-13%. These results indicate multivalent display of sialic acid glycans on
protein (table. 2 and 3).

2.2.2 Detection and analysis of immune response induced by sialo-glycoconjugates(KLH-1
to KLH-3)

A group of six female C57BL mice of 2-4 weeks old was immunized biweekly intervals with
KLH conjugated sialic acid derivatives and KLH as such and phosphate buffer as control. After
two weeks of 3" and 4" immunization, animal sera were withdrawn and pooled with respect to
the individual group. ELISA plate analysis of the total antigen-specific antibody or a specific
isotype of antibody including IgG, IgG1, 19G2a,lgG2b and IgG3 of the pooled sera indicate the
immune response of the molecules.

At first, 96-well plate was coated with BSA-1 to BSA-3 and then treated with the sera pooled
after 13™ and 14™ day of 3 and 4™ immunization of five immunized mice. Antibodies affinity by
the coating antigens were detected with HRP conjugated goat anti-mouse kappa light chain
specific antibody, which would expected to detect about 95% of the total antibody response. The
sera obtained after the primary immunization, namely obtained after 2", gave low ELISA titers
hence data not shown. The IgG antibody titers BSA-1 to BSA-3 of mouse immunized with
KLH-1 to KLH-3 which induced significant immune response after 3" and 4™ immunization
indicating the immunogenicity of modified KLH conjugates (fig. 4A, table 4 and 5). Also the
moderate IgM antibody titer of KLH glycoconjugates (fig. 4B, table 4 and 5) shows the weak
induction of B-cell mediated (T-cell independent) immune activation. Interestingly it has been
observed that modified analogs of sialoside conjugates KLH-2 and KLH-3 showed comparative
antibody titer (IgG and IgM) for the antigen-specificity. After 4™ immunization, the titer values
showed substantial increase in the antibodies level between the native and the biomimetic
analogs compared to 3 immunization.(table-4) After 4™ immunization pooled serum analysis
shows that KLH-3 displayed a remarkable 1.75-fold higher IgG antibody titer compared to native
conjugate analog i.e. KLH-1. thus indicating the importance of mannose in the immune
modulation of sialic acid glycans. Interestingly, glucose analogs KLH-2 also displayed nearly
1.2-fold increase in the 1gG antibody responses compared to native glycoconjugate (KLH-1).
Similarly, IgM antibody titer of KLH-2 and KLH-3 shown around 2.5 fold higher compare to
the native conjugates (fig. 4B and table-4).
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Figure 4A. 1gG antibody titers of pooled sera immunized with KLH-1, KLH-2 and KLH-3 by ELISA. (a) 1gG
response from pooled sera obtained from 13 days after 3™ immunization; (b) response from pooled sera obtained
from 14 days after 4™ immunization. All data points were the mean of three parallel measurement data. Some error

bars are smaller than symbol width.
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Figure 4B. IgM antibody titers of pooled sera immunized with KLH-1, KLH-2 and KLH-3 by ELISA. (a) IgM
response from pooled sera obtained from 13 days after 3" immunization; (b) response from pooled sera obtained
from 14 days after 4™ immunization. All data points were the mean of three parallel measurement data. Some error
bars are smaller than symbol width.

Along with immunogenicity, cross-reactivity of antigen against native analog is also
important factor for the improvement of T-cell dependent immune cell activation therefore we

performed the cross-reactivity assay of our natural and modified sialoside conjugates. In this
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ELISA assay we coated 96 well plates with BSA-1 as a capture antigen and analysed the pooled
serum from group of five mouse immunized with KLH-1 (table. 6), KLH-2 (table. 7), and
KLH-3 (table. 8) conjugates. The modified sialic acid conjugates KLH-3 produced higher 1gG
antibody titer against native 6’SLN (BSA-1) conjugates than that of KLH-2. Also IgM antibody
titer produced by KLH-3 against native conjugates is comparatively higher than KLH-1 and
KLH-2 (fig. 5). Further subtype of IgG, of respective KLH-3 displayed a Strong immune
responses against BSA-1 in IgG subtype compared to KLH-2 (fig. 6, table. 9 and 10)).
Significant titer of 1gG1 compared to 1gG2 and IgG3 may revealed the induction of Th1/Th-2
cell mediated immune response. Therefore it indicates that mannose modified sialoside conjugate
is comparatively efficient potent immunogen to induce high antibody titer than that of glucose

analog of sialoside.
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Figure 5. Cross-reactivity assay Serum antibody titer against BSA-1 of group of five mouse immunized with KLH-
1, KLH-2 and KLH-3 on 13" and 14" day after 3 and 4™ immunization respectively. (a) IgG response after 3™
immunization; (b) 1gG response after 4™ immunization; (c) IgM response after 3 immunization and (d) IgM
response after 4™ immunization. Each dot represent ELISA result of individual mouse serum was separately
detected. Three parallel micropores were arranged for each serum dilution. Titer were defined as highest dilution

yielding an optical density of 0.2. Black line indicates median antibody level of group of five mouse.
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Figure 6. Serum antibody IgG isotypes titer against BSA-1 of group of five mouse immunized with KLH-2 and
KLH-3 after 14" day of 4™ immunization.

Based on the ELISA data, we can conclude that chemical modifications at the penultimate sugar
of antigen could modulate the antigenicity of the glycan. Most importantly, though the 6’SLN
antigens induced exclusively IgG antibodies, significant titers of 1gG antibodies by KLH-2 and
KLH-3 indicates a T-cell dependent immune response. The switching of T-cell independent
immune response to T-cell dependent immune response by KLH-3 is important for the
production of stable IgG antibodies and vaccines against the specific glycan. The probably
reasons for the antigenicity improvement of modified forms of 6’SLN antigen and their
capability to stimulate T-cell dependent immune responses are not clear, but we believe that the
stability of the molecules toward glycosidase and variable affinity toward siglec may play a
critical role to induce T-cell dependent immune responses.

2.2.3 Conclusions

Our work demonstrated the immune responses of the molecular mimicry of 6’SLN. The amount
of 1gG antibodies generated by KLH-3 was nearly 2.5- and 1.5-fold higher antibody responses
than that of KLH-2 respectively after 4™ immunization. Further, the proportion of antibodies
recognizes the native state of 6’SLN was found statistically significant. These results indicated
that the incorporation of mannose in the 6’SLN can induce immunogenicity to the sialic acid
glycan and 1gG antibodies against them can recognize the native form of the glycan. This finding

open up a new strategy to induce the immunogenicy to the glycan, which can be extended to
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develop 1gG antibodies against tumor-associated antigens and may be useful for cancer
immunotherapy.

Chapter 2c. Effect of Sialic acid Orientation on Ligand Receptor Interactions.

2.3.0 Introduction

It has been shown that modified sias are more widely distributed than parental Neu5Ac ligand.*?

Motivated by the diverse structural and functional role of sialic acid, we planned to synthesize
sialic acid mimics to tune the biological properties. In this case, sialic acid was locked in two
opposite orientations on micelles to elucidate sia dependent ligand-receptor interactions in their
native context. To obtain sialo-micelles that could serve as multivalent probe, we conjugated
amphiphilic group at C-2 and C-9 position of sia respectively. Upon dissolution of amphiphiles
in water, self-assembled highly regular micelles were obtained. The bioavailability of resultant
sialo-micelles with plant and human sialic acid binding protein (SBP) was evaluated by surface
plasma resonance (SPR) and in-vitro assay. Sambucus nigra agglutinin (SNA), Limax flavus
agglutinin (LFA), P, E-selectin and CD22 (Siglec-2) were selected as sialic acid binding proteins
(SBP), where SNA and LFA binds to all common sialic acid residues,** human CD22-Fc
recognizes siaca(2-6)-linked sias,* and P and E-selectin, which belong to the subgroup of the C-
type lectins that mediate leukocyte trafficking, are specific to sialyl Lewis™ and sialyl Lewis®
glycans respectively.*

2.3.1 Synthetic of C-2 and C-9 modified sialic acid analogs
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Scheme 3. Synthesis of sialic acid C-2 and C-9 modified derivatives.

The synthesis of compound 33 and 38 are depicted in scheme.3 The synthesis of O-sialoside 33
was carried out with p-thioglycoside donor 32 which was glycosylated with n-undecanol,
followed by de-acetylation. 9-amidosialic acid 38 was synthesized starting from mono-tosylation
of sialic acid 35, followed by azidation, hydrogenation 36 and coupling with dodacanoic acid
(scheme 3). The structure of 34 and 38 confirmed by mass spectrometry and NMR spectrometry
in MeOD. Both *H and **C NMR spectra displayed characteristic signals of aliphatic chains and

sialic acid units.

2.3.2 Micelles formation and characterization
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Sialic acid + Aliphatic chain
Scheme 4. Micelles formation from 34 and 38.

Upon dissolution of 10 mg/ml of 34 and 38 in water, the self-assembling behavior of the sialic
acid conjugated aliphatic molecules was investigated by means of dynamic light scattering
(DLS) and atomic force microscopy (AFM). DLS patterns of 39 and 40 were almost identical
and the corresponding hydrodynamic radius (Ry) was from 100-150 nm. Evidence for the

formation of circular aggregates was provided by AFM experiments (fig. 7).
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Figure 7. AFM topographical images of (a) 39; (b) 40 and its corresponding topology. The image scale is in
micrometers.
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2.3.3 Kinetics and mechanism of sialic acid binding protein

Ko (LM)
Lectins 39 40
Sambucus nigra agglutinin (SNA) 0.146 0.129
Limax flavus agglutinin (LFA) 0.149 0.134
E-selectin 0.32 0.31
P-selectin 0.35 0.36
CD22-Fc 0.43 No binding

Table 1. Equilibrium constant, Kp of 39 and 40.

After synthesizing sialic acid micelles, the kinetics and mechanism of SBP binding was
investigated using surface plasmon resonance(SPR). To understand the influence of sialic acid

orientation on lectin binding, the interaction of micelles with sialic acid-specific lectins from
plant and animal was investigated. SPR and kinetic analyses were based on a 1:1 interaction

model.”” 25 pg concentrations of SBP was covalently bound to a polycarboxylated CM5 sensor
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chip. Of the five SBP, four bind to 40 (fig. 8 and table 1) in a varying extent and no binding has
been observed with CD22-Fc. 39 served as a positive control. For SNA lectin interaction at 25°C,
there is a marginal decrease in the binding of 40 compared to 39 (0.88-fold decrease in affinity
versus 39). With the LFA lectin module, there is 0.9 —fold decrease in affinity to compound 40,
which also disassociates from LFA much slower than compound 39. Overall, the degree of plant
lectin binding induced by micelle 40 was more or less similar to that of 39. This indicates that
SNA and LFA prefer both orientations of sialic acids. Further, Kp values were 6-fold less than
that of the SNA-sialic acid glycan binding constant.*® This disparity is due to the different sialic

acid epitopes of the two assays employed to measure the binding.
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Figure 8. SPR sensorgrams of different sialic acid binding protein (SBP) binding to captured micelles containing
two opposite orientations of sialic acid. Sensorgrams a and b show different concentrations of 39 and 40 binding to
CMS5 surface expressing SNA lectin; Sensorgrams ¢ and d show binding with LFA lectin; Sensorgrams e and f show
binding with E-selectin lectin; Sensorgrams g and h show binding with P-selectin lectin; Sensorgrams g and h show
binding with CD22-Fc; Concentration of 39 and 40: 0 uM (black line), 5 uM (red line), 10 uM (dark blue line),20
UM (green line), 30 uM (dark red line) 40 uM (blue line) and 50 puM (orange line) respectively.

For E and P-selectin-micelle interactions, Kp for 40 was almost similar to 39. This may
be due to the a-hydroxycarboxylic acid residue of 40 which coordinates with calcium ion in a
manner akin to sialyl LewisX. To confirm this hypothesis, we soaked compound 40 with Ca**
ion. Interestingly, DLS measurements showed aggregates of size ~1000-1500 nm (fig. 14) which
was further supported by AFM imaging (fig. 9). Taken together, lectin binding assays indicate
that sialic acid orientation has little impact and 40 may be a small potential mimic of sialyl

Lewis™ ligand.
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Figure 9. AFM topographical images of (a) compound 40 with 200 mM of CaCl, solution; (b) topology. The image
scale is in micrometers.

2.3.4 Flow cytometry assay

With the CD22-Fc (siglec-2) module there was a significant difference between 39 and 40. Data
derived from SPR assay demonstrate no binding activity with 40, whereas binding of 39 displays
a Kp value of 0.43 uM. The binding curves obtained for interaction between 40 and CD22-Fc
was comparable to results obtained using only buffer as a negative control. These observations
were consistent with Kelm and Oetke et al, who reported the requirement of hydroxyl group of
C-9 for sialic acid recognition by CD22.* To further support our assessment by SPR, CD22
transfected CHO cell line was used to study sialic acid orientation dependent lectin recognition
and binding. Fluorescently labeled sialic acid micelles were prepared by mixing 5 mg of
fluorescein dye with equal amount of ligand 34 and 38 in water, followed by 10K cutoff
microcon filtration to obtain fluorescein hosted sialic acid micelles.(fig. 10) The sialic acid-
CD22 interactions on the cell surfaces were then measured by flow cytometry. As shown in fig.
11, compound 42 did not bind effectively to CD22-transfected CHO-cells, indicating the
requirement for native sialic acid orientation for the recognition (fig. 11). On the other hand,
CHO-K1 cell line served as negative control and showed no major uptake of either 41 or
42.These findings indicate that compound 42 is a potential sialic acid moiety for fine-tuning

sialic acid based ligand-receptor interaction in mammalian SBP.
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area,positive control), compound 42 (black line area).

100 | 100 4

W

80 80 4

60

o
o
L

% of Max
% of Max

40

N
o
L

20

7RO

0 T Raiy el ] 0 e e i T
100 10" 102 103 104 100 10 102 103 104
FL4-H FLA-H

Figure 11. Flow cytometry graph of CHO-CD22 with 41 and 42: CHO-K1 and CHO-CD22 cells were left untreated
(red area), incubated with 50 uM of compound comp 41 (saffron line area, positive control), compound 42 (blue
area,50 pM) and (green, 100 uM).

2.3.5 Conclusison

Motivated by results of orientation dependent sialic acid-protein interactions. We investigated
the role of C-9 sialic acid derivatives and siglec interactions, more specifically CD22 lectin. We
have shown that structural rearrangement of sialic acid moiety around a multivalent system could
modulate the ligand-receptor interactions. Surface plasmon resonance (SPR) and in-vitro binding
assays show that out of five potential sialic acid binding plant and human lectins (SBP), only
CD22 (Siglec-2) abolishes binding with amphiphile at C-9 position of sialic acid under

biophysical conditions, while O-sialoside was used as positive control. These differences in the
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relative binding affinity of two human lectins provide a novel lead in the development of
inhibitors and biomarkers for specific human SBP. Such studies are currently being considered.
Furthermore, stereo-specificity of carboxylic acid residue of sialic acids also influence Ca*
mediated carbohydrate-carbohydrate interactions. Extension of this approach might be a great
value in sialic acid related biophysical properties.

2.4 Materials and Methods.

2.4.1 General information. All chemicals were reagent grade and used as supplied except where
noted. Analytical thin layer chromatography (TLC) was performed on Merck silica gel 60 F254
plates (0.25 mmol). Compounds were visualized by UV irradiation or dipping the plate in
CAM/ninhydrin solution followed by heating. Column chromatography was carried out using
force flow of the indicated solvent on FlukaKieselgel 60 (230-400 mesh). *H and **C NMR
spectra were recorded on Jeol 400 MHz, with cryo probe using residual solvents signals as an
internal reference (CDCl3 6y, 7.26 ppm, dc 77.3 ppm and CD30D 6y 3.31 ppm, d¢c 49.0 ppm).
The chemical shifts (8) are reported in ppm and coupling constants (J) in Hz. UV-visible
measurements were performed with Evolution 300 UV-visible spectrophotometer (Thermo
Fisher Scientific, USA). Fluorescence spectra were recorded in FluoroMax-4 spectrofluorimeter
(Horiba Scientific, U.S.A.).

2.4.2 Glycan microarray details

2.4.2.1 Sialoglycan microarray fabrication. Arrays were printed on Epoxide-derivatized
Corning slides as described for Array 1 in Ref. {Padler-Karavani et al., 2012, J BiolChem} with
some modifications. Arrays were fabricated with NanoPrint LM 60Microarray Printer (Arrayit,
CA) on epoxide-derivatized slides (Corning) with 16 sub-array blocks on each slide.
Glycoconjugates were distributed into one 384-well source plates using 4 replicate wells per
sample and 8 pl per well. Each glycoconjugate was prepared at 100 uM in an optimized print
buffer (300 mM phosphate buffer, pH 8.4). The arrays were printed with four 946MP3 pins (5
pum tip, 0.25 ul sample channel, ~100um spot diameter; Arrayit, CA) with spot to spot spacing of
225 um. The humidity level in the arraying chamber was maintained at about 66% during
printing. Printed slides were left on arrayer deck over-night, allowing humidity to drop to
ambient levels (40-45%). Next, slides were packed, vacuum-sealed and stored in a desiccant

chamber at room temperature(RT) until used.
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2.4.2.2 Microarray binding assay. Slides were developed {23520510} and analyzed {Padler-
Karavani et al., 2012, J BiolChem} as previously described. Slides were rehydrated with dH20
and incubated for 30 min in a staining dish with 50°C pre-warmed 0.05 M ethanolamine in 0.1 M
Tris, pH 9.0 to block the remaining reactive epoxy groups on the slide surface, then washed with
50°C pre-warmed dH20. Slides were centrifuged at 200xg for 3 min then fitted with ProPlate™
Multi-Array 16-well slide module (Invitrogen) to divide into the sub-arrays (blocks). Slides were
washed with PBST(PBS pH 7.4, 0.1% Tween-20), aspirated and blocked with 200 pl/sub-array
of blocking buffer (PBS pH 7.4, 1% ovalbumin;PBS/OVA) for 1 hour at RT with gentle shaking.
Next, the blocking solution was aspirated and 200 pl/ block of primary detectionwas added
(Siglec-human IgGFc chimeras; R&D). Primary detections were incubated with gentle shaking
for 2 hours at RT. Slides were washed three times with PBST then with PBS for 5 min/wash with
shaking. Bound antibodies were detected by incubating with secondary detection diluted in PBS,
200 pl/block at RT for 1 hour: Cy3-anti-human-IgG (Jackson;0.4ug/ml). Slides were washed
three times with PBST then with PBS 5 min/wash followed by removal from ProPlate™ Multi-
Array slide module and immediately dipping slide in a staining dish with dH,O for 10 min with
shaking, then centrifuged at 200xg for 5 min. Dry slides were vacuum-sealed and stored in dark
until scanning.

2.4.2.3 Array slide processing. Processed slides were scanned and analyzed as described
{Padler-Karavani et al., 2011, Cancer Res, 71, 3352-63; Padler-Karavani et al., 2012, J
BiolChem} at 10 um resolution with a Genepix 4000B microarray scanner (Molecular Devices)
using 350 gain. Image analysis was carried out with Genepix Pro 6.0 analysis software
(Molecular Devices). Spots were defined as circular features with a variable radius as determined
by the Genepix scanning software. Local background subtraction was performed. Data was
analyzed by Excel using pivot tables.

2.5 Immune Study Details

2.5.1 General procedure for glycoconjugates synthesis.

Dimethyladipimidate(16mg) and compound 5,6,7,8 (5mg) was incubated for 20 min at 4°C in
triethanolamine buffer(pH 8.5, 0.2M). The KLH or BSA (5mg) dissolved in buffer was added
and incubated for another 1-2h at same temperature. Quenched reaction mixture by 100mM

glacial acetic acid and then The KLH-glyconjugates were purified by dialysis (membrane cutoff
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10Kd). The solution of glycoconjugates then lyophilized to get white floppy solid of comp (1-4)
and stored at -20°C until further use.

2.5.2 Glycoconjugates: protein content and conc. of sugar determination.

The epitope ratios of the glycoconjugates (carbohydrate-KLH/BSA) were determined by
estimating protein content by Brardford Protein Assay and Sialic acid content using the
resorcinol method described by Svennerholm. The glyco-conjugate (100 pulL) was mixed well
with the resorcinol reagent (100 pL) and heated in a boiling water bath for 30 min, then cooled
on ice for 10 min. Then organic solvent mixture was added (1-butanol acetate and 1-butanol,
85:15 v/v, 250 uL) to it. The mixture was kept standing still for 15 min after it was shaken
vigorously to allow the organic layer to separate well from the inorganic layer. The absorbance at

580 nm of organic layer was determined by an UV-vis spectrometer, using organic solvent as a

control.
KLH/BSA Sialic acid

Glycoconjugates (mg/ml) (ng/ml)
KLH-1 1.67 188
KLH-2 1.95 154
KLH-3 1.84 162
BSA-1 2.10 248
BSA-2 231 204
BSA-3 1.92 307

Table 2. Concentration of protein and sialic acid.

2.5.3 Loading of glycoconjugates: The carbohydrate loading of each conjugates was calculated
according to equation shown below.
Loading of conjugates (%)

content of trisaccharide in sample (mg) X 100

content of trisaccharide (mg)+ content of KLH (mQ)
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Loading yield to KLH conjugation (%o)

Conc of trisaccharide in sample (mg) X 100

total amount of trisaccharide (mg) employed

for reaction

Glycoconjugates KLH/BSA Loading yield
conjugates to
loading % KLH/BSA %

KLH-1 11.2 3.76

KLH-2 7.8 3.08

KLH-3 8.8 1.76

BSA-1 10.59 4.96

BSA-2 8.12 4.08

BSA-3 13.82 6.14

Table 3. Sialic acid loading on KLH/BSA.

2.5.4 Immunization of mice and serological assay

Pathogen-free C57BL mice aged 6-8 weeks were obtained from Reliance Life Science Biotech.
Groups of six mice were immunized four times at 2-week intervals with KLH and KLH-1 to
KLH-3 glycoconjugates (each containing 2 pg of carbohydrate in PBS). The compounds were
administered through tail vain. Mice were bled prior to the initial immunization, 13 days after the
second and the third immunizations, and 28 days after the fourth immunization. Blood was
clotted to obtain sera, which were stored at -80°C.

The total antigen-specific antibody titers of the pooled sera were assessed by means of ELISA.
ELISA plate was coated with 100 pL of KLH, KLH-1 to KLH-3 (including 0.02 ng
glycoconjugates) overnight at 4°C (0.1 M bicarbonate buffer, pH = 9.5). After three washing
with PBST (0.05% Tween20 in PBS), microwells were blocked with 5% BSA. After the plate
was washed, serially diluted sera were added to microwells (100 puL /well) and incubated for 1 h
at 37°C. The plate was washed and incubated with 1:5000 or 1:2000 dilution of horse radish
peroxidase-conjugated goat anti-mouse IgG or IgM or for 1 h at 37°C. The plate was washed

and developed with Tetramethylbenzilidine (TMB) substrate in the dark for 15 min, then
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terminated with 50uL of 2 M H,SO,4, and O.D was read at 450 nm. The antibody titer was

defined as the highest dilution showing an absorbance of 0.3, after subtracting background.

2.5.5 Antibody Titer Analysis
Mouce BSA-1 BSA-2 BSA-3
11 ik 11 v e ik
1 7443 30282 54215 | 119656 141285 361998
2 52638 126863 01127 | 286239 50973 237695
3 79289 239592 50342 | 208016 127216 199267
4 30299 63901 25165 55279 40774 86543
5 114562 322014 43304 98197 32010 50676

Table 4. IgG antibody titer of pooled sera of mice immunized with KLH-1, KLH-2 and KLH-3 after 3 and 4"

immunization. In the analysis , there were five mice per group (n = 5). The and 1gG titer of individual mouse serum

was separately detected three parallel wells were arranged in plates for each serum diluted concentration . The titer

represented the average of two detections. The data of titers dealt with logarithmic function to base 10. Value of p <

0.05 was considered to be statistically significant and was identified by *. The results indicated that 1gG level for

conjugates of 2 and 3 increases after 3" and 4™ immunization.

2.5.6 Average 1gG and IgM antibody titer against BSA-1 to BSA-3 of pooled srea of mice
immunized with KLH-1, KLH-2 and KLH-3 after 3" and 4™ immunization.

Glycoconjugates IgG IgM
e Ve 1 Ve
BSA-1 40846 126530 4412 12250
BSA-2 54630 153477 8514 21500
BSA-3 78449 187255 15510 37250

Table 5. Average antibody titer of KLH conjugates after respective immunization.
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2.5.7 Antibody titer tgainst BSA-1 (cross reactivity analysis)

Mouse KLH-1
19G IgM

ME vt ME Vi
1 60302 170082 912 3440
2 93912 324543 4689 7010
3 20576 39592 510 1250
4 19562 75901 7502 12450
5 91013 173145 6401 26748

Table 6. IgG Antibody titer against BSA-1 of individual mouse immunized with KLH-1, after 3" and 4™ week of

immunization.
Mouse KLH-2
19G IgM
Tk v Tk v

1 15210 77300 2571 7412
2 1935 12045 10056 24014
3 13404 48560 7241 18145
4 55120 142678 1247 3420
5 32810 73140 4302 8475

Table 7. 1gG Antibody titer against BSA-1 of individual mouse immunized with KLH-2, after 3 and 4" week of

immunization.
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Mouse KLH-3
19G IgM

T v T Iv"
1 45010 135400 2958 9742
2 9578 46540 16870 49751
3 113540 | 320145 1480 4874
4 63274 140230 21087 52307
5 21041 67482 7201 19870

Table 8. 19G Antibody titer against BSA-1 of individual mouse immunized with KLH-3, after 3" and 4" week of

immunization.
Mouse KLH- 2
1gG 1gG1 1gG2a 1gG2b 19gG3
1 77300 45140 15420 6870 9142
2 12045 3210 2450 5103 1742
3 48560 24802 7850 13048 1205
4 142678 90140 24015 9254 16048
5 73140 34015 5014 27012 6710

Table 9. Serum antibody titer of IgG isotypes against BSA-1 mice immunized with modified conjugates KLH-2

after 4" immunization.
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Mouce KLH-3
1gG 1gG1 1gG2a 1gG2b 1gG3
1 135400 101080 9845 21045 3645
2 46540 13450 6789 6540 18942
3 320145 24012 2548 2974 1640
4 140230 85472 11021 36402 6420
5 67482 40125 15402 6874 7021

Table 10. Serum antibody titer of IgG isotypes against BSA-1 mice immunized with modified conjugates KLH-3

after 4™ immunization.

1.0 BSA-1 1.04 BSA-1

O.D 450nm
O.D 450nm

Serum dilution Serum dilution

Figurel2. IgG antibody titers of pooled sera of five mice immunized with BSA-1 by ELISA. (a) 1gG response from
pooled sera obtained from 13 days after 3" immunization; (b) response from pooled sera obtained from 14 days after

4™ immunization. All data points were the mean of three parallel measurement data. Some error bars are smaller

than symbol width.
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Figure 13. IgG antibody titers of pooled sera of five mice immunized with KLH-2 by ELISA. (a) 1gG response
from pooled sera obtained from 13 days after 3" immunization; (b) response from pooled sera obtained from 14
days after 4™ immunization. All data points were the mean of three parallel measurement data. Some error bars are

smaller than symbol width.
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Figure 14. IgG antibody titers of pooled sera of five mice immunized with KLH-3 by ELISA. (a) IgG response
from pooled sera obtained from 13 days after 3" immunization; (b) response from pooled sera obtained from 14
days after 4™ immunization; All data points were the mean of three parallel measurement data. Some error bars are
smaller than symbol width.

2.6.1 Fluorescent hosted micelles: 5 mg of amphiphiles 34 or 38 and 3 mg of fluorescein
methylester were dissolved in 1 mL of milli-Q water and sonicated for 30 mins at RT. The

fluorescein hosted micelles were purified by filtering with a microcon centrifugal filter device
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with a cutoff range of 100 KD. Then filtrate was dissolved in 1 mL of milli-Q water and used as
such for further experiment. The concentration of sialic acid was established by DMB-HPLC

method. The concentration of fluorescein was determined by the O.D of the fluorescein.
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Figure 15. UV-visible and fluorescent spectra of the fluorescein hosted sialic acid micelles.

2.6.2 Dynamic light scattering (DLS). The size of the micelles was assessed using DLS
measurements. The experiments were performed using Malvern Zetasizer Nano ZS-90 apparatus
utilizing 633 nm red laser. The samples were kept at 25°C. All samples were systematically
studied at 90 degree. The solutions were put in ordinary 10 mm in diameter glass cells. The

minimum sample volume required for an experiment was 1 mL.
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Figure 16. DLS of compound (a) 39 and (b) 40.

2.6.3 Calcium mediated carbohydrate-carbohydrate interactions.

As shown in the figure 4a-4d, after each addition of calcium chloride (0, 100, 200, 300 mM) to
40, a large aggregates of size 5000-9000 nm was observed. This is due to specific carbohydrate-
carbohydrate interaction between sialic acid moiety of 40. Similar experiment with 39, didn’t
show any aggregation with calcium chloride (data not shown). Taken together, our data suggests

that spatial orientation finely tunes sialic acid mediated carbohydrate-carbohydrate interactions.
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Figure 17. DLS of compound 40 in presence of different concentration of calcium chloride solution (a) no CaCl,;
(b) 100 mM; (c) 200 mM and (d) 300 mM respectively.

2.6.4 Surface plasmon resonance (SPR). Binding kinetics were determined by SPR using a
BIACORE 300 biosensor instrument (GE Biosystems). Sambucus Nigra agglutinin (SNA) and
Limax flavus agglutinin (LFS) was purchased from Vector lab and E- and P-selectin were
purchased from Calbiochem (EMD Biosciences, Darmstadt, Germany). CD22-Fc was gifted by
Prof. Ajit varki. The CM5 chip and different running buffer (table 1) were obtained from GE
Healthcare Life Science (India). Neu5Aca(2-6)gal, neuraminic acid and lactose were as an
inhibitor. All SPR experiments were performed using Biacore 3000 (Australian biobest
biotechnology service, Australia). For the preparation of lectin/protein-coated surfaces, CM5
chip was activated with EDC and NHS followed by injecting 25 pg-mL™ of lectin at a flow rate
of 10 pl-min™for 10 mins. The unreacted carboxylic active ester were neutralized with 1 M
ethanolamine for 10 mins. As a control, cell was treated with EDC/NHS as described above.*
This followed by injecting 39 and 40 (5, 10, 20, 30, 40 and 50 pM) for 60 s at 10 pL-min™,
followed by regeneration using respective inhibitor at 30 uL-min™ for 300 s. The equilibrium
dissociation constant (Kp) was determined globally by fittin to the Kinetic simultaneous K,/Kgq

model, assuming Langmuir (1:1) binding, using BIAevaluation software (BIAcore). The surfaces
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were strictly regenerated with multiple pulses of 2 M NaCl, 1.5 M glycine-HCI, pH 2.0 followed

by an extensive wash procedure using running buffer.

Lectin Specificity Inhibitor used Running buffer
Sambucus nigra | Sialic acid 200 mM neuraminic | 10 mM HEPES, pH
agglutinin (SNA) acid 7.5, 10 mM NacCl, 10
mM CaCl,, 0.005%
surfactant P20
Limax flavus | Sialic acid 200 mM neuraminic | PBS, 10 mM CacCl,
agglutinin (LFA) acid and 0.005% surfactant
P20
E - selectin Sialyl lewisX 200 mM Neu5Aca(2- | 10 mM HEPES, pH
6)gal 7.5, 10 mM NacCl, 10
mM CaCl,, 0.005%
surfactant P20
P - selectin Sialyl lewisA 200 mM Neu5Aca(2- | 10 mM HEPES, pH
6)gal 75, 1 mM NacCl,
1mM CaCl,, 0.005%
surfactant P20
CD22-Fc Neu5Ac/Gea(2-6)gal | 200 mM NeuS5Aca(2- | 10 mM HEPES, pH
6)gal 7.5, 10 mM NacCl,
0.005% surfactant
P20
Table 11. Different sialic acid binding proteins and its specificities.
Lectins 39 40
Ka Ka Ko (M) Ka Ka Ko (M)
Sambucus nigra (0.42+0.05) | (0.6+0.01) 0.146 (0.35+0.05) | (0.45+0.01) 0.129
agglutinin (SNA) X 10° X 107 X 10° X 10?
Limax flavus agglutinin | (0.37 £0.02) | (0.55 +0.03) 0.149 (112+0.03) | (0.15+0.07) 0.134
(LFA) X 10° X 107 X 10* X 10
E-selectin (0.44+0.15) | (0.14+0.03) 0.32 (0.39+0.15) | (0.12+0.03) X 0.31
X 10* X 1072 X 10 102
P-selectin (056 +0.1) | (0.19+0.03) 0.35 (1.2+0.1) (0.43+0.03) X 0.36
X 10* X 107 X 10* 10
CD22-Fc (0.73+0.13) | (0.31%0.07) 0.43 - - -
X 10* X 107

Table. 12 Kinetic parameters for the different SBM interaction with compound 39 and 40.

2.6.5 Fluorescence-activated cell sorting assay.

CHO cells stably transfected with full-length human CD22 cDNA were cultured in MEM
supplemented with 10% fetal calf serum and L-glutamine. Cells were incubated with a solution
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of fluorescein labelled compound 39 and 40 (50 uM in PBS, pH 7.4). After 1 h incubation at
4°C, cells were washed with phosphate buffered saline (PBS). The cells were then collected with
PBS containing 1% FCS by shearing force. Binding of micelles and CD22 protein on CHO cells
were measured by flow cytometry using a FACSCantoTM Il flow cytometer (Becton Dickinson
and Co., Mountain View. CA). Cells were gated on living cells and fluorescence channel FL-2
was used to detect CHO cells that had micelles on it. All data were analyzed with the FlowJo

software.

2.7 Synthetic procedures of sialosides

A) Synthesis of disaccharide library

a
&/STN — > Bzo&/o\/\o/\/m . Bzo&/o\/\o/\/m

OBz
12A

e} Q o) o BnO o
BzO STol —— BzO O\/\O/\/ N3 —— BzO \/\O/\/N3
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Scheme 5. Reagents and conditions: (a) 2-azidoethoxyethanol, NIS/TfOH, -40°C, DCM; (b) PhBCl,, Et;SiH, -
78°C, DCM; (c) mCPBA,-78°C, DCM; (d) 2-azidoethoxyethanol, Tf,O, TTBP, -78°C, DCM; (e) (i) MsOH, MeOH:;
i) NPCC, NaHCO3, CH3CN:H,0(2:1); (iii) AC,O/Pyridine; (iv) AcCl, DIPEA, DCM.
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Synthetic procedure for comp 12A: A solution of 12B (500 mg, 1.08 mmol, 1.0 equiv), 2-
Azidoethoxyethanol (1.28 mmol, 1.2 equiv), and activated 4A powdered molecular sieves (1.5
gm) in anhydrous dichloromethane (5 ml) was stirred for 2h at room temperature under an argon
atmosphere, and then cooled to -40°C followed by addition of NIS (290 mg, 1.28 mmol, 1.2
equiv) and TfOH (9.58 x/, 0.108 mmol, 0.1 equiv). The reaction mixture was stirred at -40°C for
0.5 h to 3 h until the disappearance of the donor on TLC, then quenched with triethylamine (81
pl, 0.81 mmol, 0.75 equiv) and warmed to room temperature. The mixture was diluted with
dichloromethane, filtered through Celite, washed with 20% aqueous Na,S,03 solution, dried over
Na,SO,4, and concentrated under reduced pressure. The residue was purified by column
chromatography on silica gel eluting with Ethylacetate/Hex (1:1) system to afford the compound
12A (450mg, 70%). *H-NMR (400 MHz, CDCls) & 8.04-7.92 (m, 4H), 7.55-7.43 (m, 4H), 7.43—
7.29 (m, 7H), 5.86 (dd, J = 10.4, 8.0 Hz, 1H), 5.54 (s, 1H), 5.37 (dd, J = 10.4, 3.6 Hz, 1H), 4.86
(d, J=8.0 Hz, 1H), 4.58 (dd, J = 3.6, 1.6 Hz, 1H), 4.39 (dd, J = 12.4, 1.2 Hz, 1H), 4.13 (dd, J =
11.3, 1.6 Hz, 1H), 4.04 (dt, J = 11.3, 3.6 Hz, 1H), 3.79 (ddd, J = 11.3, 7.4, 3.6 Hz, 1H), 3.68 (s,
1H), 3.60 (dt, J = 7.4, 3.6 Hz, 2H), 3.45 (t, J = 5.1 Hz, 2H), 3.04 (m, 2H). *C-NMR (400 MHz,
CDCl3) & 165.68, 165.27, 136.82, 133.37, 133.19, 130.08, 130.04, 129.99, 129.90, 129.87,
129.46, 129.40, 129.12, 128.57, 128.49, 128.40, 128.44, 128.38, 128.28, 126.20, 101.95, 101.57,
78.90, 72.56, 72.07, 70.44, 70.18, 69.81, 68.72, 66.68, 50.60. Maldi-ToF m/z calc’d for
Ca1H31N3OgNa (M+Na*): 612.1958; found: 612.1951.
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Synthetic procedure for comp 12: A solution of compound 12A (300 mg, 0.509 mmol) and
activated 4A powdered molecular sieves 1.5 g were stirred 1h at room temperature. The mixture
was cooled to -78°C and then to the stirred solution EtsSiH (259 ul, 1.62 mmol) and PhBCl, (147
ul, 1.38 mmol) were added successively. After being stirred for 1 h at -78°C, Et;N (1 ml) and
MeOH (1 ml) were added successively, and the mixture was diluted with CHCI; and washed
with aqueous NaHCOg, dried over MgSO,, filtered and concentrated. The crude product was
purified by silica gel column Hexane:Ethylacetate (1:1) to afford comp 12 (260 mg, 86%). ‘H
NMR (400 MHz,CDCls) & 8.00-7.94 (m, 4H), 7.54-7.47 (m, 2H), 7.36 (dd, J = 10.7, 4.8 Hz,
4H), 7.28 — 7.21 (m, 5H), 5.84 (dd, J = 10.5, 7.9 Hz, 1H), 5.34 (dd, J = 10.4, 3.0 Hz, 1H), 4.78
(dd, J=9.8, 4.4 Hz, 2H), 4.48 (d, J = 11.7 Hz, 1H), 4.13 (d, J = 2.5 Hz, 1H), 3.99 (ddd, J = 11.4,
4.5, 3.3 Hz, 1H), 3.86 (dd, J = 11.2, 6.9 Hz, 1H), 3.81 — 3.69 (m, 2H), 3.64 — 3.53 (m, 3H), 3.46
(t, J = 5.1 Hz, 2H), 3.14 — 2.99 (m, 2H), 1.76 (bs, 1H). **C NMR (101 MHz, CDCl3)8 166.11,
165.43, 137.30, 133.60, 133.24, 129.98, 129.98, 129.78, 129.78, 129.02, 128.62, 128.61, 128.60,
128.59, 128.44, 128.23, 127.95, 101.65, , 75.03, 74.81, 74.78, 73.32, 70.56, 70.15, 69.35, 61.79,
50.64, . Maldi-ToF m/z calc’d for C33;H33N3OgNa (M+Na®): 614.2114; found: 614.2120.
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Synthetic procedure for comp 13A: Compound was synthesized from 13B by following
synthetic procedure explained for 12A. 13A (420 mg, 65%). *H-NMR (400 MHz, CDCl; ) &
7.99-7.91 (m, 4H), 7.55-7.27 (m, 11H), 5.78 (t, J = 9.6 Hz, 1H), 5.53 (s, 1H), 5.47 (dd, J = 9.6,
7.9 Hz, 1H), 4.89 (d, J = 7.9 Hz, 1H), 4.42 (dd, J = 10.5, 4.9 Hz, 1H), 3.99 (ddd, J = 11.3, 4.9,
3.5 Hz, 1H), 3.92 (t, J = 8.4 Hz, 1H), 3.90-3.85 (m, 1H), 3.79-3.73 (m, 1H), 3.69 (td, J = 9.6,
4.9 Hz, 1H), 3.62-3.52 (m, 2H), 3.48-3.39 (m, 2H), 3.12-3.00 (m, 2H). *C-NMR (400 MHz,
CDCl3) 6 165.68, 165.27, 136.82, 133.37, 133.19, 130.08, 129.99, 129.90, 129.87, 129.54,
129.46, 129.40, 129.22, 129.12, 128.57, 128.49, 128.38, 128.32, 128.28, 126.20, 101.95, 101.57,
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78.90, 72.56, 72.07, 70.44, 70.18, 69.81, 68.72, 66.68, 50.60. Maldi-ToF m/z calc’d for
Ca1H31N30gNa (M+Na®): 612.1958; found: 612.1955.
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Synthetic procedure of comp 13: Compound synthesized from 13A by same procedure
explained for 12 to give 13 (240 mg, 80%). *H-NMR (400 MHz, CDCls) & 7.96-7.89 (m, 4H),
7.53-7.45 (m, 2H), 7.39-7.32 (m, 4H), 7.18-7.11 (m, 5H), 5.73 (t, J = 9.6 Hz, 1H), 5.33 (dd, J =
9.6, 8.0 Hz, 1H), 4.80 (d, J = 8.0 Hz, 1H), 4.59 (s, 2H), 4.01-3.90 (m, 3H), 3.81 (dd, J = 11.2,
3.9 Hz, 1H), 3.74 (ddd, J = 11.2, 4.8, 3.2 Hz, 1H), 3.63-3.54 (m, 3H), 3.45 (m, 2H), 3.08 (m,
2H), 2.01(bs, 1H). *C NMR (400 MHz, CDCls) & 165.78, 165.38, 137.22, 133.30, 133.28,
129.85, 129.84, 129.82, 129.47, 129.44, 128.47, 128.40, 128.38, 128.37, 128.35, 128.34, 128.32,
128.30,128.28, 128.07, 101.31, 77.33, 75.55, 74.96, 74.91, 72.20, 70.46, 70.19, 69.69, 61.59,
50.61. Maldi-ToF m/z calc’d for Ca;H33N3OgNa (M+Na*): 614.2114; found: 614.2120.

OBn
O oo
BnO O\/\O/\/ N3

Synthesis of compound 14A: To a stirred solution of sulfoxide 14B (500 mg, 0.900 mmol, 1eq)
and TTBP (468 mg, 2.1 eq ) in CH,Cl»(10 ml) at -78°C was added Tf,O (151 ul, leq) and, 5 min
later, the solution of the glycosyl acceptor (78 mg, 1.2 eq) in CH,CI, (2 ml) drop wise were
added. The reaction mixture was stirred at -78 °C for 2 h and then allowed to warm to 0 °C over
2 h and maintained there for a further 0.5 h before quenching with saturated aqueous NaHCOg3,
washing with brine, drying, concentrating, and purified by chromatography on silicagel
Hexane:Ethylacetate to give compound 14A (320 mg, 64%); '"H-NMR (400 MHz, CDCls) &
7.51-7.44 (m, 2H), 7.40-7.25 (m, 13H), 5.61 (s, 1H), 4.96 (d, J = 12.2 Hz, 1H), 4.87 (d, J = 12.2
Hz, 1H), 4.66 (d, J = 12.5 Hz, 1H), 4.57 (d, J = 12.5 Hz, 1H), 4.54 (s, 1H), 4.29 (dd, J = 10.4, 4.9
Hz, 1H), 4.19 (t, J = 9.6 Hz, 1H), 4.05-3.99 (m, 1H), 3.98 (d, J = 3.0 Hz, 1H), 3.92 (t, J = 10.3
Hz, 1H), 3.74-3.62 (m, 5H), 3.58 (dd, J = 9.6, 3.1 Hz, 1H), 3.33 (dt, J = 9.6, 5.4 Hz, 3H). *C-
NMR (400 MHz,CDCl3) & 138.56, 138.39, 137.64, 134.56, 129.84, 129.09, 128.93, 128.72,

58



128.63, 128.42, 128.38, 128.27, 128.18, 128.05, 127.86, 127.65, 127.60, 126.14, 102.09, 101.50,
81.48, 78.67, 74.92, 73.29, 71.09, 70.69, 70.30, 69.19, 67.50, 63.10, 50.82. Maldi-ToF m/z
calc’d for C31H3sN307Na (M+Na+): 584.2372; found: 584.2380.

HO OBn
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Synthesis of compound 14: A solution of compound 14A (350 mg 534 mmol ) was dissolved in
dichloromethane (7 ml) and stirred for 1h at room temperature. The mixture was cooled to 0°C
and then catalytic amount of p-TsOH were added to it. Allowed this reaction to stir at RT till
complete disappearance of starting material on TLC. Then quenched the mixture by TEA and
diluted with DCM followed by extraction with sat.NaHCOs. The organic layer were concentrated
and purified by silica gel column chromatography (DCM:MeOH) to afford colourless syrup (250
mg. 85%) *H NMR (400 MHz, CDCls) & 7.49-7.41 (m, 2H), 7.36-7.24 (m, 8H), 4.96 (d, J =
12.3 Hz, 1H), 4.80 (d, J = 12.3 Hz, 1H), 4.56 (s, 1H), 4.51 (d, J = 11.8 Hz, 1H), 4.33 (d, J = 11.8
Hz, 1H), 4.10-4.03 (m, 1H), 4.02-3.98 (m, 1H), 3.97-3.91 (m, 1H), 3.89-3.80 (m, 1H), 3.78-
3.67 (m, 5H), 3.39 (ddd, J = 9.6, 5.5, 4.4 Hz, 2H), 3.37-3.29 (m, 2H), 2.75 (d, J = 3.8 Hz, 1H),
2.55 (s, 1H), 2.03 (s, 1H). *C NMR (400 MHz, CDCls) & 138.52, 137.66, 128.56, 128.54,
128.36, 128.34, 128.20, 128.18, 127.92, 127.79, 127.77, 127.56, 101.97, 81.41, 75.94, 74.26,
73.41, 71.10, 70.66, 70.20, 69.08, 67.37, 62.91, 50.74. Maldi-ToF m/z calc’d for CysH2505S
(M+Na"): 496.2059; found: 496.2061.
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Synthesis of compound 11: A stirred solution of 7 (5.00 g, 8.57 mmol, 1.00 equiv) in methanol
(80 ml) was treated with methanesulfonic acid (1.68 ml, 25.7 mmol, 3.0 equiv) at room
temperature, and then refluxed under Ar for 24 h. After being cooled to room temperature, the
reaction mixture was quenched with excess triethylamine, and then concentrated. The

concentrate and NaHCO3 (3.60 g, 42.8 mmol, 5.0 equiv) were dissolved in CH3CN (30 ml) and

H,O (60 ml) and cooled to 0°C. To the vigorously stirred mixture was added 4-
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nitrophenylchloroformate (4.32 g, 21.4 mmol, 2.5 equiv) in CH3CN (30 ml) slowly through a
dropping funnel, after which stirring was continued for 3 h at 0°C. The resulting mixture was
extracted with ethylacetate and the combined extracts were washed with brine, and then dried
over Na,SO,4 and concentrated. The residue was purified by silica gel column chromatography,
eluting withEtOAc then EtOAc/MeOH from 10/1 to 5/1 to give the title residue as white foam. A
solution of residue (2.67 gm) in pyridine (20 ml) was treated with Ac,O (24 ml) and stirred at
room temperature overnight, then concentrated under reduced pressure. The residue was
dissolved in anhydrous CH,Cl,, treated with EtN(i-Pr), (11.6 ml, 66.8 mmol, 10 equiv), and
cooled to 0°C before acetyl chloride (3.87 ml, 53.4 mmol, 8 equiv) was added dropwise, then the
mixture stirred at 0°C for 1 h. After warming to room temperature, the resulting solution was
poured into saturated aqueous NaHCO3 solution, the organic layer was separated, the aqueous
layer was extracted twice with CH,Cl,, and the combined organic phase was washed with brine,
dried over Na,SO,, and concentrated.The residue was purified by column chromatography on
silica gel eluting with EtOAc/Hex (1:1) to give donor 1 as a yellowish solid (2.8 g, 82%),which
can be further purified by recrystalization from EtOAc/Et,O/Hex to afford white needle crystals.
'H-NMR (400 MHz, CDCls) § 7.55-7.32 (m, 5H), 5.57 (t, J = 2.3 Hz, 1H), 5.01 (dt, J = 8.2, 2.3
Hz, 1H), 4.90 (dd, J = 9.1, 2.5 Hz, 1H), 4.80 (ddd, J = 12.8, 11.4, 2.5 Hz, 1H), 4.38 (dd, J = 12.1,
2.5 Hz, 1H), 3.91 (dd, J = 12.1, 8.3 Hz, 1H), 3.77 (dd, J = 11.3, 9.2 Hz, 1H), 3.64 (s, 3H), 2.92
(dd, J = 13.0, 3.7 Hz, 1H), 2.54 (s, 3H), 2.35 (t, J = 13.0 Hz, 1H), 2.16 (s, 3H), 2.10 (s, 3H), 1.97
(s, 3H). *C-NMR (400 MHz, CDCls) & 172.46, 171.24, 170.38, 169.72, 167.80, 153.58, 136.77,
136.70, 130.20, 129.23, 129.20, 128.18, 88.35, 75.72, 75.11, 73.85, 72.69, 62.92, 59.67, 52.79,
36.05, 24.76, 21.17, 20.82, 20.73. Maldi-ToF m/z calc’d for CasHxNO3,SNa (M+Na'):
590.1308; found: 590.1307.
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Glycosylation of donor and acceptor
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Scheme 6. Reagents and Conditions: (f) NIS/TfOH, -40°C, DCM.

General procedure for glycosylation.A solution of donor 11 (200 mg, 0.11 mmol, 1.0 equiv),

acceptor (1.2 equiv), and activated 4 A powdered molecular sieves (216 mg, 2.0 g/mmol) in

anhydrous dichloromethane (2 ml) was stirred overnight under an argon atmosphere, and then
cooled to -40°C followed by addition of NIS (172 mg, 0.26 mmol, 2.4 equiv) and TfOH (9.5 u/,

0.11 mmol, 1.0 equiv). The reaction mixture was stirred at -40°C for 20 min to 2 h until the

disappearance of the donor on TLC, then quenched with triethylamine (22.6 pl, 0.16 mmol, 1.5

equiv) and warmed to room temperature. The mixture was diluted with dichloromethane, filtered

through Celite, washed with 20% aqueous Na,S;0; solution, dried over Na;SO4 and

concentrated under reduced pressure. The residue was purified by column chromatography on

silica gel eluting with THF/Hex system to afford the sialic acid disachharide.
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Compound 8: According to general procedure, donor 11 (200 mg) and acceptor 12 (250 mg ,
1.2eq) to afford 8 (270 mg , 73%). *H-NMR (400 MHz, CDCls) & 7.52-7.46 (m, 3H), 7.39-7.31
(m, 6H), 7.30-7.25 (m, 3H), 7.18-7.15 (m, 3H), 5.81 (dd, J = 10.5, 8.0 Hz, 1H), 5.58 (dd, J = 8.0,
1.6 Hz, 1H), 5.43 (td, J = 7.1, 3.1 Hz, 1H), 5.35 (dd, J = 10.5, 3.1 Hz, 1H), 4.83 (d, J = 8.0 Hz,
1H), 4.70-4.60 (m, 3H), 4.41 (dd, J = 12.3, 3.0 Hz, 1H), 4.22 (d, J = 3.0 Hz, 1H), 4.06 (dd, J =
12.3, 7.0 Hz, 1H), 4.03-3.97 (m, 2H), 3.96-3.85 (m, 3H), 3.81-3.74 (m, 2H), 3.71(s, 3H), 3.58
(m, 2H), 3.47 (t, J = 5.1Hz, 2H), 3.08-2.96 (m, 2H), 2.85 (dd, J = 12.1, 3.5 Hz, 1H), 2.49 (s,
3H), 2.19 (s, 3H), 2.13 (s, 3H), 2.05 (t, J = 12.1 Hz, 1H), 2.00 (s, 3H). *C-NMR (400 MHz,
CDCl3) 6 172.03, 170.79, 170.14, 170.09, 168.39, 165.67, 165.36, 153.74, 137.44, 133.25,
133.20, 129.98, 129.98, 129.82, 129.78, 129.72, 129.47, 129.02, 128.62, 128.61, 128.60, 128.59,
128.43, 128.33, 128.23, 127.99, 101.21, 99.47, 75.52, 75.36, 75.13, 74.81, 74.60, 74.45, 71.98,
71.63, 70.34, 70.15, 69.53, 68.54, 64.53, 63.10, 59.19, 53.08, 50.60, 36.76, 24.79, 21.28, 20.88,
20.79. HRMS m/z calc’d for CsoHsgN4O21 (M+Na™): 1071.3314; found:1071.3311.
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Compound 9: According to general procedure, donor 11(200 mg) and acceptor 13 (250 mg , 1.2
eq) to afford 9 (255 mg, 69%). ‘H-NMR (400 MHz, CDCl3) § 7.51-7.46 (m, 4H), 7.37-7.32 (m
5H), 7.15 — 7.08 (m, 6H), 5.69-5.60 (m, 2H), 5.48 (ddd, J = 9.0, 6.3, 3.0 Hz, 1H), 5.35-5.28 (m,
2H), 4.72 (dd, J = 9.4, 3.9 Hz, 2H), 4.66 (dd, J = 9.4, 1.6 Hz, 1H), 4.54 (d, J = 10.8 Hz, 1H),
4.35 (dd, J = 12.3, 2.9 Hz, 1H), 4.22 (dd, J = 11.4, 4.4 Hz, 1H), 4.05 (dd, J = 12.3, 6.4 Hz, 1H),
4.02-3.94(m, 2H), 3.90 (dd, J = 12.3, 6.6 Hz, 1H), 3.74 (s, 3H), 3.73 — 3.64 (m, 3H), 3.57 (m,
2H), 3.45-3.43 (m, 2H), 3.07-3.04 (m, 2H), 3.01 (dd, J = 12.0, 3.4 Hz, 1H), 2.49 (s, 3H), 2.13 (s,
3H), 2.03 (s, 3H), 2.03 (t, J = 12.5 Hz, 1H), 1.90 (s, 3H). *C-NMR (400 MHz, CDCls) § 172.03,
170.79, 170.14, 170.09, 168.39, 165.67, 165.36, 153.74, 137.44, 133.25, 133.20, 129.85, 129.84,
129.82, 129.47, 129.44, 129.47, 129.44, 128.47, 128.43, 128.40, 128.38, 128.37, 128.33, 128.30,
127.99, 101.21, 99.47, 75.52, 75.36, 75.13, 74.81, 74.60, 74.45, 71.98, 71.63, 70.34, 70.15,
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69.53, 68.54, 64.53, 63.10, 59.19, 53.08, 50.60, 36.76, 24.79, 21.28, 20.88, 20.79. HRMS m/z
calc’d for CsoHssN4O21 (M+Na): 1071.3314; found:1071.3322.
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Compound 10: According to general procedure, donor 11 (200 mg) and acceptor 14 (238 mg
,1.2eq) to afford 10 (230 mg , 64%). ‘H NMR (400 MHz, CDCls) § 7.45-7.20 (m, 10H), 5.61
(dd, J = 8.2, 1.2 Hz, 1H), 5.46-5.32 (m, 1H), 5.05 (dd, J = 10.5, 3.1 Hz, 1H), 5.00 (s, 1H), 4.93
(d, J = 12.3 Hz, 1H), 4.78 (d, J = 12.3 Hz, 1H), 4.58 (d, J = 9.3 Hz, 1H), 4.51 (d, J = 11.3 Hz,
1H), 4.42 (d, J = 11.3 Hz, 1H), 4.34 (dd, J = 12.3, 3.2 Hz, 1H), 4.14 (dd, J = 9.2, 4.5 Hz, 1H),
4.10 — 4.01 (m, 4H), 3.98-3.90 (m, 3H), 3.78 (s, 3H), 3.76-3.52 (m, 4H), 3.39-3.23 (m, 4H),
3.03 (s, 1H), 2.88 (dd, J = 12.3, 3.6 Hz, 1H), 2.48 (s, 3H), 2.25 (s, 3H), 2.11 (s, 3H), 2.05 (t, dd, J
= 12.4 Hz, 1H) , 2.02 (s, 3H). **C NMR (400 MHz, CDCls) § 172.12, 170.76, 170.16, 169.81,
168.99, 151.45, 139.06, 138.05, 129.42, 128.39, 128.33, 128.29, 128.25, 128.09, 127.70, 127.43,
126.82, 125.52, 102.08, 98.69, 80.76, 75.61, 75.51, 75.01, 73.99, 73.71, 71.58, 70.46, 69.11,
68.97, 66.42, 64.35, 62.78, 61.41, 59.05, 54.26, 53.00, 50.74, 36.48, 24.70, 21.19, 20.89, 20.85.
HRMS m/z calc’d for C43Hs54N4019 (M+Na): 953.3279; found: 953.3292.
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Global deprotection of comp 8, 9, 10
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Scheme 7. Reagents and Conditions g) i) LiOH, EtOH:H,0(3:1), 80°C,12h; ii) NaHCOs;, Ac,0, H,0, rt; iii)

H,/Pd(OH),, MeOH:H,(1:1), 12h.

LiOH (30 eq) was added to a stirred solution of protected oligosaccharide(1 eq) in ethanol water
(3:1) 5 ml at room temperature. After stirring at 80°C for 12h, the reaction mixture cooled to
room temperature and carefully neutralized by IR-120H" resin to pH-7, diluted with methanol,
filtered and concentrated. Crude residue was dissolved in water and NaHCOj3 (15 eq) were added
to it. Cooled the reaction mixture to 0°C and Acetic-anhydride (10 eq) was added. The reaction
were monitored by TLC(ethylacetate:methanol:water 7:2:1), after 3h, LIOH(10 eq) were added
and stirred for another 5-6h at room temperature, then reaction mixture carefully neutralized by
IR-120H"resin  to pH-7,diluted concentrated andpurified by reverse-phase column
chromatography(Bond Elu-C18).The Pd(OH),(1 mmole) was added to the above residue in
methanol water(1:1) 4ml. The reaction mixture was hydrogenalysed under H, atmosphere for
12h, filtered and concentrated. The residue was purified by reverse phase column

chromatography(Bond Elu-C18) to give deprotected Sialic acid analogues.
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Compound 1: Synthesized from 8 by following general deprotection protocol to yield 36 mg
(36%). 'H-NMR (400 MHz, D,0) & 4.33 (d, J = 7.7 Hz, 1H), 3.97 (dd, J = 11.8, 7.1 Hz, 1H),
3.83 (t, J =8.7 Hz, 2H), 3.76 (dd, J = 11.5, 8.7 Hz, 4H), 3.72-3.64 (m, 5H), 3.63-3.45 (m, 7H),
3.42 (dd, J = 16.3, 8.3 Hz, 1H), 3.28 (t, J = 5.0 Hz, 1H), 3.15-3.10 (m, 1H), 2.63 (dd, J = 12.5,
3.6 Hz, 1H), 1.93 (s, 3H), 1.58 (t, J = 12.0 Hz, 1H). *C-NMR (400 MHz, D,0) & 175.02,
173.42, 103.01, 100.41, 73.44, 72,59, 72.46, 71.72, 71.42, 70.74, 68.59, 68.22, 68.17, 63.44,
62.60, 60.77, 60.37, 51.84, 40.15, 39.74, 22.03. HRMS m/z calc’d for C1H3gN2015 (M+H):
559.2350; found: 559.2352.
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Compound 3: Synthesized from 9 by following general deprotection protocol to yield 20 mg
(20%). *H-NMR (400 MHz, MeOD) & 4.34 (d, J = 7.8 Hz, 1H), 4.06 (dd, J = 10.4, 3.5 Hz, 1H),
3.95 (t, J = 9.5 Hz, 1H), 3.93-3.88 (m, 1H), 3.88-3.60 (m, 10 H), 3.58-3.48 (m, 2H), 3.38 (dd, J
= 16.2, 6.8 Hz, 2H), 3.27-3.11 (m, 4H), 2.76 (dd, J = 12.0, 3.7 Hz, 1H), 2.04 (s, 3H),1.66 (t, J =
12.0 Hz, 1H). BC-NMR (400 MHz, D,0) 6 174.90, 173.86, 102.37, 99.79, 75.92, 75.03, 72.92,
71.84, 69.60, 69.18, 68.77, 68.31, 68.12, 67.57, 66.38, 62.67, 61.02, 51.75, 39.73, 39.15, 22.17.
HRMS m/z calc’d for C21H3gN2015 (M+H): 559.2350; found: 559.2352.
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Compound 5: Synthesized from 10 by following general deprotection protocol to yield 27 mg
(25%). *H-NMR (400 MHz, MeOD) & 4.57 (d, J = 0.8 Hz, 1H), 4.11-4.02 (m, 2H), 3.94-3.81
(m, 6H), 3.81-3.59 (m, 10H ), 3.55-3.45 (m, 4H ), 2.85 (dd, J = 12.4, 4.3 Hz, 1H), 2.03 (s, 3H),
1.66 (t, J = 12.4 Hz, 1H). *C-NMR (400 MHz, D,0) & 175.11, 173.80, 102.52, 99.35, 75.92,
75.03, 72.92, 71.84, 69.60, 69.18, 68.77, 68.31, 68.12, 67.57, 66.38, 62.67, 61.02, 51.75, 39.73,
39.15, 21.84. HRMS m/z calc’d for Cy1H3sN2015 (M+H): 559.2350;found: 557.2352.
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Synthesis of trisaccharide library of compounds:

Synthesis of donor and acceptors

OH
STO'L BnO STol
BnO
Bno&/STol — Bn ﬁ&sm

TBDMSO OBn

d HO OBn
BnO .~ BnO &
BnO BnO
SPh
26 21
OBn
(@]
Bno&/STol i, BnO STol gn%&/o\/\/\/f‘ls
28 NHTroc NHTroc
22

AcO

ACO AC SPh ACO OAC COOMe
COOMe ¢ (@) OPO(OBu),
WN — PR
O
O
18

Scheme 8. Reagents and conditions: a) PhBCI, , Et;SiH, -78°C, DCM; b) i) BzCI/Py; ii) PhBCl,, Et;SiH, -80°C,
DCM,; ¢) i) TBDMSCI, Imidazole, DMF; ii) BnBr, NaH, DMF; d) p-TSA, MeOH:DCM,; e) i) 1,3-dithiopropane,
DCM, 35°C; ii) TrocCl, NaHCO;, THF; f) 5-Azidopentanol, NIS/TfOH, -40°C, DCM; g) Dibutylphosphate,
NIS/TfOH, DCM:ACN, -20°C.

Synthetic procedure:
OBn oH
Bnogé/STol
OBz
Compound 19: A solution of compound 23 (600 mg, 1.08 mmol) and activated 4A powdered
molecular sieves 1.1 g in dichloromethane were stirred 1h at room temperature. The mixture was
cooled to -78°C and then to the stirred solution Et;SiH (552 ul, 3.46 mmol) and PhBCl; (265 pl,
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2.05 mmol) were added successively. After being stirred for 1 h at -78°C, Et;N (1 ml) and MeOH
(2 ml) were added successively, and the mixture was diluted with CHCI; and washed with
aqueous NaHCOs, dried over MgSQy, filtered and concentrated. The crude product was purified
by silica gel column Hexane:Ethylacetate (2:1) to afford white solid (545 mg, 91%).'H- NMR
(400 MHz, CDCl3) 5 8.06 (d, J = 7.6 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.6 Hz, 2H),
7.42 — 7.31 (m, 7H), 7.27-7.14 (m, 5H), 7.06 (d, J = 7.8 Hz, 2H), 5.70 (t, J = 9.7 Hz, 1H), 5.02
(d, J=11.8 Hz, 1H), 4.74 (d, J = 9.7 Hz, 1H), 4.67 (t, J = 10.8 Hz, 2H), 4.57 (d, J = 12.2 Hz,
1H), 3.94 (s, 1H), 3.93-3.85 (m, 1H), 3.72 (dd, J = 9.0, 2.2 Hz, 1H), 3.59 (dd, J = 9.0, 5.2 Hz,
1H), 3.56-3.50 (m, 1H), 2.31 (s, 3H), 1.67 (dd, J = 8.5, 3.7 Hz, 1H). *C-NMR (400 MHz,
CDCI3) 6 165.28, 138.11, 137.85, 137.43, 133.08, 132.71, 132.69, 130.08, 129.90, 129.88,
129.58, 129.51, 128.47, 128.44, 128.45, 128.41, 128.40, 128.39, 128.37, 128.35, 127.92, 127.86,
127.84, 127.79, 127.77, 87.25, 81.32, 78.99, 77.23 74.07, 72.18, 70.54, 62.20, 21.14; HRMS m/z
calc’d for C34H3406SNa (M+Na"). 593.1973; found: 593.1971.
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Compound 20: To solution of compound 24 (700 mg, 1.5 mmol) in dry pyridine (10 ml)
benzoyl chloride (440ml, 3.7mmol) were added dropwise. Allowed the reaction mixture to stir
for 12h at room temperature. After completion quenched the reaction by methanol 2ml and
diluted with DCM. Extracted with dilute HCI (5%), dried over Na,SO,4 and concentrated. Crude
residue was purified through silica gel column to afford the white solid. This white solid (575mg,
1.03mmol) dissolved in dry dichloromethane (10ml) containing 4A M.S. and stirred at room
temperature for 1h. Reaction mixture was cooled to -78°C and then Et;SiH (533 pl, 3.32 mmol)
and PhBCl, (253 pl, 1.95 mmol) were added successively. After being stirred for 1 h at -78°C,
EtsN (1 ml) and MeOH (1 ml) were added successively, and the mixture was diluted with CHCI;
and washed with aqueous NaHCOs3, dried over MgSQ,, filtered and concentrated. The crude
product was purified by silica gel column Hexane:Ethylacetate (1:1) to afford white
solid(530mg, 88%)."H-NMR (400 MHz, CDCls) & 8.08 (dd, J = 8.3, 1.3 Hz, 2H), 7.65 — 7.60
(m, 1H), 7.49 (dd, J = 8.2, 4.7 Hz, 2H), 7.40-7.29 (m, 7H), 7.18-7.09 (m, 7H), 5.26 (dd, J = 9.9,
9.2 Hz, 1H), 4.87 (d, J = 11.0 Hz, 1H), 4.77 (dd, J = 10.5, 6.1 Hz, 2H), 4.68 (d, J = 11.0 Hz, 2H),
3.94 (ddd, J = 12.0, 6.0, 2.6 Hz, 1H), 3.88 (t, J = 9.0 Hz, 1H), 3.79-3.73 (m, 1H), 3.73-3.67 (m,
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1H), 3.51 (ddd, J = 9.7, 4.7, 2.6 Hz, 1H), 2.35 (s, 3H), 1.9 (t, J = 6.8 Hz, 1H). *C-NMR (400
MHz, CDCl3) § 165.20, 138.44, 137.75, 137.60, 133.32, 133.31, 133.25, 129.88, 129.86, 129.85,
129.75, 129.73, 128.54, 128.52, 128.50, 128.45, 128.30, 128.28, 128.12, 128.10, 128.08, 128.05,
128.03, 127.70, 127.72, 86.34, 84.06, 79.56, 77.51, 75.34, 75.19, 72.55, 62.07, 21.16. HRMS
m/z calc’d for CasHssOsSNa (M+Na). 593.1971; found: 593.1973.
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Compound 25 The solution of compound 26 (1.2gm, 4.41 mmol) in dry DMF (10 ml) cooled to
-20°C and then imidazole (0.6 gm, 8.82 mmol) were added to it. After 10 minutes TBDMSCI
(0.79 gm, 5.29 mmol) were added portion wise and allowed the reaction mixture to stir for 2h.
After completion of reaction, evaporated the solvent and then diluted with DCM and extracted
with 1IN HCI. The organic layer dried over sodium sulphate. This crude residue was purified by
flash silica gel column chromatography in DCM:MeOH (9:1) to afford as colorless syrup (0.7
gm, 40%). This syrup was dissolved in dry THF (10 ml) followed by addition of
tetrabutylammonium iodide(2 gm, 5.44 mmol). Cooled this reaction mixture to 0°C and then
sodium hydride(60%, 450 mg) was added. After 5 minutes benzyl bromide (1.0 ml, 9 mmol) was
added dropwise and allowed the reaction mixture to stir for 12h at room temperature. After
completion, reaction was quenched with methanol and diluted with ether. The organic layer was
extracted with NaHCO3, brine and dried over Na,SO,, concentrated. Purification by silica gel
column chromatography (Ethylacetate:Hexane ) afforded compound 25 as oily syrup (0.9 gm,
76%)."H-NMR (400 MHz, CDCls) & 7.36 (m, 20H), 5.59 (d, J = 1.5 Hz, 1H), 4.98 (d, J = 10.9
Hz, 1H), 4.74-4.62 (m, 5H) 4.13 (ddd, J = 9.6, 4.8, 1.7 Hz, 1H), 4.05 (d, , J = 9.3 Hz, 1H),
4.01(dd, J = 3.1, 1.6 Hz, 1H) 3.97-3.87 (m, 3H), 0.92 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H). *C-
NMR (400 MHz, CDCl3) 6 138.67, 138.28, 138.02, 134.80, 131.50, 131.48, 128.92, 128.90,
128.43, 128.41, 128.39, 128.37, 128.33, 128.31, 128.03, 128.01, 127.87, 127.86, 127.84, 127.82,
127.69, 127.64, 127.64, 127.24, 85.61, 80.16, 76.54, 75.21, 74.91, 74.23, 72.15, 71.79, 62.70,
25.97, 25.97, 25.97, 18.38, -5.12, -5.30. HRMS m/z calc’d for CsgHsgOsSSiNa (M+Na’).
679.2889; found: 679.2891.
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Compound 21 Compound 25 (0.750 gm, 1.14 mmol) was dissolved in dry methanol and
dichloromethane mixture(10 ml). To it catalytic amount of p-TSOH (110 mg) were added and
stirred this reaction mixture for 2h at room temperature. Quenched the reaction mixture with
triethylamine and extracted with sat. NaHCOs3, brine and dried the organic layer over Na,SQO,,
concentrated.  Purification of mixture by silica-gel column  chromatography
(Ethylacetate:Hexane) yielded compound 21 as colourless syrup (550 mg, 85%). *H-NMR (400
MHz, CDCl3) 6 7.41-7.25 (m, 20H), 5.50 (d, J = 1.6 Hz, 1H), 4.95 (d, J = 10.9 Hz, 1H), 4.67-
4.59 (m, 2H), 4.64 (d, J =5.1 Hz, 1H), 4.61 (d, J = 11.7 Hz, 1H), 4.15-4.09 (m, 1H), 4.04 (t, J =
9.4 Hz, 1H), 3.99 (dd, J = 2.9, 1.8 Hz, 1H), 3.88 (dd, J = 9.2, 3.1 Hz, 1H), 3.83 (dd, J = 8.9, 2.9
Hz, 1H), 3.79 (dd, J = 8.7, 4.4 Hz, 1H), 1.75 (bs, 1H). *C NMR (400 MHz, CDCls) & 138.31,
138.12, 137.84, 133.94, 131.87, 131.85, 129.13, 129.12, 128.48, 128.47, 128.46, 128.45, 128.09,
128.07, 127.95, 127.93, 127.86, 127.85, 127.83, 127.81, 127.80, 127.78, 127.67, 127.65, 86.06,
80.12, 76.43, 75.32, 74.79, 73.25, 72.38, 72.26, 62.24. HRMS m/z calc’d for Cs3H3405S

(M+Na"). 565.2024; found: 565.2025.
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Compound 28 was synthesized by following synthetic reported protocol (C. H. Wang, K. Tony,
K. Mong, C. Y. Huang, J. Org. Chem., 2003, 68, 2135-2142). *H-NMR (400 MHz, CDCl3 ) &
7.50-7.40 (m, 2H), 7.39-7.21 (m, 11H), 7.07 (d, J = 7.9 Hz, 1H ), 4.88 (d, J = 11.0 Hz, 1H), 4.81
(d, J = 11.0 Hz, 1H), 4.59 (d, J = 11.8 Hz, 1H), 4.54 (d, J = 11.8 Hz, 1H), 4.36 (d, J = 9.9 Hz,
1H), 3.78 (dd, J = 10.4, 4.9 Hz, 1H), 3.73 (dd, J = 10.4, 4.4 Hz, 1H), 3.60 (t, J = 9.0 Hz, 1H),
3.43 (dt,J =9.4,4.4 Hz, 1H), 3.35 (t, J =9.0 Hz, 1H), 3.30-3.23 (m, 1H), 2.72 (s, 1H), 2.32 (s,
3H). *C NMR (400 MHz, CDCl3) & 138.86, 137.92, 137.79, 134.30, 129.87, 128..80, 128.72,
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128.66, 128.57, 128.40, 128.34, 128.30, 128.22, 127.93, 127.95, 127.78, 127.80, 127.11, 86.25,
84.69, 78.04, 75.58, 73.83, 72.03, 7039, 6442, 21.26. HRMS m/z calc’d for
C27H29N304S(M+Na+). 5141776, found: 514.1769.
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Compound 27. To compound 28 (2.5 gm, 5.09 mmol) in MeOH:DCM (1:1) was added 1,3
dithiopropane (2.5 ml, 25.45 mmol) and TEA (2.45 ml, 25.45 mmol) under Ar atmosphere.
Reaction mixture was stirred at 35°C for 18h. Then coevaporated with toluene, concentrated and
purified by flash column chromatography (Ethylacetate:Hexane) to afford oily syrup. This syrup
was dissolved in THF and NaHCOj3 (0.818 gm, 10.18 mmol) was added to it. Cooled the reaction
mixture to 4°C and Troc-chloride (1 ml, 7.63 mmol) added dropwise. Stirred this reaction
mixture at room temperature under argon for 6h. Filtered the reaction mixture and filtrate was
concentrated. The residue was dissolved in DCM and washed with water, brine and the organic
layer was dried over Na,SO, and concentrated. The residue was purified on silica gel column
chromatography (Ethylacetate:Hexane) to afford compound 27 as white solid (2.4 gm, 76%). *H-
NMR (400 MHz, CDCl3) & 7.42-7.24 (m, 12H), 7.04 (d, J = 7.9 Hz, 2H), 5.14 (d, J = 8.1 Hz,
1H), 4.88 (d, J = 10.2 Hz, 1H), 4.75 (m, 4H), 4.58 (d, J = 11.8 Hz, 1H), 4.53 (d, J = 11.8 Hz,
1H), 3.77 (dd, J = 4.7, 3.0 Hz, 2H), 3.67 (t, J = 9.3, 10.2 Hz, 2H), 3.45-3.55 (m, 1H), 3.35 (dd, J
= 0.1, 4.2 Hz, 1H), 2.81 (s, 1H), 2.29 (s, 3H). **C-NMR (400 MHz, CDCls) & 153.91, 138.31,
138.08, 137.80, 133.30, 133.28, 129.81, 129.79, 128.68, 128.66, 128.56, 126.54, 128.26, 128.24,
128.11, 127.95, 127.93, 127.85, 127.83, 95.57, 86.18, 81.91, 77.99, 74.83, 74.55, 73.83, 73.00,
70.64, 56.15, 21.22. HRMS m/z calc’d for CsH3NCIls0sSNa (M+Na®); 662.0913 found:
662.0910.
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Compound 22 A solution of 27 (2.3 gm, 3.59 mmol, 1.0 equiv), 5-azidopentanol (4.31 mmol,
1.2 equiv), and activated 4A powdered molecular sieves (1.5 gm) in anhydrous dichloromethane
(12 ml) was stirred for 2h at room temperature under an argon atmosphere, and then cooled to -
40°C followed by addition of NIS (0.96 gm, 4.31 mmol, 1.2 equiv) and TfOH (32 u/, 0.359
mmol, 0.1 equiv). The reaction mixture was stirred at -40°C for 0.5 h to 3 h until the
disappearance of the donor on TLC, then quenched with triethylamine (270ul, 2.69 mmol, 0.75
equiv) and warmed to room temperature. The mixture was diluted with dichloromethane, filtered
through Celite, washed with 20% aqueous Na,S,03 solution, dried over Na,SO, and
concentrated under reduced pressure. The residue was purified by column chromatography on
silica gel eluting with Ethylacetate/Hexane (1:1) system to afford the compound 22 (2.1 gm,
91%). *H-NMR (400 MHz, CDCls) & 7.44-7.33 (m, 10H), 5.15 (s, 1H), 4.85-4.70 (m, 3H), 4.72
(d, J = 11.7 Hz, 2H), 4.64 (d, J = 12.0 Hz, 1H), 4.58 (d, J = 12.0 Hz, 1H), 3.91-3.84 (m, 2H),
3.83-3.75 (m, 2H), 3.72 (t, J = 8.3 Hz, 1H), 3.55-3.43 (m, 2H), 3.27 (t, J = 6.8 Hz, 3H), 2.83 (s,
1H), 1.66-1.57 (m, 4H), 1.43 (m, 2H). *C-NMR (400 MHz, CDCls) & 153.96, 138.19, 137.59,
128.58, 128.56, 128.51, 128.49, 128.16, 128.18, 127.97, 127.92, 127.80, 127.78, 100.29, 95.53,
80.24, 77.23, 74.44, 73.77, 73.50, 73.49, 70.65, 69.50, 57.54, 51.31, 29.04, 28.56, 23.19. HRMS
m/z calc’d for CogH3sN4Cl30,S Na (M+Na*); 667.1468; found: 667.1467.
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Compound 18A Solution of 11 (3 gm, 4.62 mmol, 1.0 equiv), dibutylphosphate (6.94 mmol, 1.5
equiv), and activated 4A powdered molecular sieves (2.2 gm) in anhydrous dichloromethane ( 20
ml) and acetonitrile (10 ml) was stirred for 2h at room temperature under an argon atmosphere,
and then cooled to -20°C followed by addition of NIS (2 gm, 9.28 mmol, 2 equiv) and TfOH
(200 ul, 2.31 mmol, 0.5 equiv). The reaction mixture was stirred at -20°C for 12 h until the
disappearance of the donor on TLC, then quenched with triethylamine (81ul, 0.81 mmol, 0.75
equiv) and warmed to room temperature. The mixture was diluted with dichloromethane, filtered

through celite, washed with 20% aqueous Na,S,03 solution, dried over Na,SO4 and
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concentrated under reduced pressure. The residue was purified by column chromatography on
silica gel eluting with Ethylacetate/Hexane (1:1) system to afford the compound 18 (2 gm, 67%).
a-isomer *H-NMR (400 MHz, CDCls)  5.69 (dd, J = 7.5, 1.5 Hz, 1H), 5.33 (ddd, J = 7.5, 6.2,
2.8 Hz, 1H), 4.77 (dd, J = 9.5, 1.5 Hz, 1H), 4.42 (dd, J = 12.3, 2.8 Hz, 1H), 4.26-4.05 (m, 6H),
3.91-3.83 (m, 4H), 3.02 (dd, J = 12.2, 4.0 Hz, 1H), 2.74 (t, J = 12.7 Hz, 1H), 2.51 (s, 3H), 2.16
(s, 3H), 2.12 (s, 3H), 2.05 (s, 3H), 1.74-1.64 (m, 4H), 1.43 (dq, J = 14.7, 7.4 Hz, 4H), 0.95 (t, J =
7.4 Hz, 6H). *C-NMR (400 MHz, CDCls) & 171.84, 170.62, 169.99, 169.89, 167.30, 167.23,
153.52, 98.22, 98.15, 74.19, 71.48, 69.81, 68.16, 68.10, 68.05, 67.99, 62.51, 58.32, 53.46, 35.91,
35.87,32.14, 32.10, 32.07, 24.63, 20.96, 20.79, 20.74, 18.63, 18.60, 13.56. HRMS m/z calc’d for
Co7H42NO16P (M+Na) 690.2139; found: 690.2134.
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Scheme 9. Reagents and condition: h) TMSOTf, M.S 4A, DCM, -78°C.

General procedure of glycosylation The mixture of donor 18 (0.899 mmol, leq),
acceptor(0.674 mmol, 0.75 eq) and activated 4A powdered molecular sieves (1.5 gm) in
anhydrous dichloromethane(10 ml) and was stirred for 3h at room temperature under an argon
atmosphere, and then cooled to -78°C followed by addition of TMSOTF (165 x/, 0.899 mmol, 1
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equiv). The reaction mixture was stirred at -78°C for 1-3 h until the disappearance of the donor
on TLC, then quenched with triethylamine warmed to room temperature. The mixture was
diluted with dichloromethane, filtered through Celite, washed brine solution, dried over Na;SO,,
and concentrated under reduced pressure. The residue was purified by column chromatography
on silica gel eluting with Ethylacetate/Hexane (1:1) system to afford the sialic acid disaccharide

analogues.
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Compound 15A According to general procedure donor 18 and acceptor 19 to yield as white
solid (700 mg, 75%). *H-NMR (400 MHz, CDCl3) & 8.05 (d, J = 7.6 Hz, 2H), 7.61 (t, J = 7.4 Hz,
1H), 7.48 (t, J = 7.6 Hz, 2H), 7.41 (d, J = 7.9 Hz, 2H), 7.33 (dt, J = 7.8, 3.6 Hz, 5H ), 7.24 — 7.14
(m, 5H), 7.03 (d, J = 7.8 Hz, 2H), 5.66 (t, J = 9.7 Hz, 1H), 5.60 (d, J = 7.0 Hz, 1H), 5.46 (ddd, J
=8.7,6.7,3.1, Hz, 1H), 5.02 (d, J = 11.3 Hz, 1H), 4.77 (d, J = 11.3 Hz, 1H), 4.71 (J = 9.4 Hz,
1H), 4.66 (d, J = 11.3 Hz, 1H), 4.62 (d, J = 9.4 Hz, 1H), 4.54 (d, J = 12.2 Hz, 1H), 4.42 (dd, J =
12.2, 2.3 Hz, 1H), 4.13-4.04 (m, 2H), 4.04-3.98 (m, 2H), 3.79-3.71(m, 3H), 3.69 (s, 3H), 3.66-
6.59 (m, 1H), 2.90 (dd, J = 12.0, 3.3 Hz, 1H), 2.52 (s, 3H), 2.31 (s, 3H), 2.15(s, 3H), 2.09 (t, J =
12.5 Hz, 1H), 2.09 (s, 3H), 2.03 (s, 3H). *C-NMR (400 MHz, CDCl3) & 172.04, 170.79, 170.17,
169.99, 168.28, 165.21, 153.68, 138.61, 137.99, 137.60, 133.01, 132.64, 130.17, 129.89, 129.87,
129.69, 129.44, 129.42, 128.33, 128.32, 128.29, 128.27, 128.16, 128.14, 127.66, 127.64, 127.62,
127.55, 127.58, 127.53, 127.35, 99.21, 86.85, 81.23, 76.85, 75.86, 74.93, 74.07, 72.65, 72.02,
71.95, 70.41, 69.51, 63.85, 62.95, 59.11, 53.13, 36.43, 24.73, 21.15, 21.11, 20.87, 20.77. HRMS
m/z calc’d for Cs3Hs7NO18S (M+Na) 1050.3193; found: 1050.3191.
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Compound 16A According to general procedure donor 18 and acceptor 20 gave as white
solid(765 mg, 83%). *H-NMR (400 MHz, CDCls) & 8.04 (t, J = 6.3 Hz, 2H), 7.60 (t, J = 7.4 Hz,
1H), 7.47 (t, J=7.7 Hz, 2H), 7.40 (t, J = 7.2 Hz, 2H), 7.38-7.30 (m, 5H), 7.17-7.06 (m, 7H), 5.65
(dd, J=8.6,1.4 Hz, 1H), 5.51 (ddd, J = 8.8, 6.3, 2.8 Hz, 1H), 5.22 (dd, J = 9.9, 9.2 Hz, 1H), 4.80
(d, J=10.5Hz, 1H), 4.78 (d, J = 10.5 Hz, 1H), 4.73-4.65 (m, 3H), 4.64-4.60 (m, 1H), 4.38 (dd,
J=12.4,28Hz, 1H), 4.24 (dd, J = 11.0, 4.5 Hz, 1H), 4.08-4.00 (m, 2H), 3.82 (m, 4H), 3.77 (m,
1H), 3.71 (t, J = 10.2 Hz, 2H), 3.58 (dd, J = 8.6, 3.4 Hz, 1H), 3.01 (dd, J = 12.0, 3.4 Hz, 1H),
2.52 (s, 3H), 2.35 (s, 3H), 2.17 (s, 3H), 2.13 (t, J = 12.3 Hz, 1H), 2.07 (s, 3H), 1.87 (s, 3H). *C-
NMR (400 MHz, CDCl3) 6 171.86, 170.65, 170.05, 170.03, 168.37, 165.16, 153.66, 138.11,
138.01, 137.70, 133.16, 132.90, 132.88, 129.92, 129.85, 129.83, 129.48, 129.46, 129.44, 129.31,
128.46, 128.43, 128.41, 128.24, 128.22, 128.20, 128.18, 127.99, 127.96, 127.95, 127.63, 99.31,
86.34, 84.05, 78.01, 77.27, 75.31, 75.24, 75.11, 75.00, 72.24, 71.54, 68.61, 64.53, 62.92, 59.18,
53.09, 36.68, 24.70, 21.20, 21.16, 20.80, 20.62. HRMS m/z calc’d for Cs3Hs7NO15S (M+Na)
1050.3193; found: 1050.3195.
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Compound 17A: According to general procedure donor 18 and acceptor 21 to afford as white
solid(830 mg, 90%) *H NMR (400 MHz, CDCls) & 7.49 (dd, J = 6.4, 3.0 Hz, 2H), 7.33 (m,
18H), 5.62 (dd, J = 8.3, 1.5 Hz, 1H), 5.55 (d, J = 1Hz, 1H), 5.47 (ddd, J = 8.5, 6.0, 2.9 Hz, 1H),
4.93 (d, J = 10.4 Hz, 1H), 4.78(d, J = 10.4 Hz, 1H), 4.70 (dd, J = 13.1, 6.9 Hz, 2H), 4.67-4.60
(m, 3H), 4.30 (dt, J = 9.1, 6.3 Hz, 2H), 4.21 (dd, J = 10.8, 6.6 Hz, 1H), 4.07-3.99 (m, 3H), 3.96
(t, 3 =9.3 Hz, 1H), 3.88 (dd, J = 9.3, 3.0 Hz, 1H), 3.73-3.68 (m, 2H), 3.68 (s, 3H), 2.92 (dd, J =
12.0, 3.5 Hz, 1H), 2.51 (s, 3H), 2.14 (t, J = 12.6 Hz, 1H), 2.12 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H).
BC-NMR (400 MHz, CDCls) 6 171.85, 170.60, 169.99, 169.82, 168.71, 153.74, 138.63, 138.13,
137.85, 133.95, 132.54, 132.52, 128.92, 128.43, 128.41 128.40, 128.39, 128.37, 128.30, 128.28
128.13, 128.10, 127.90, 127.88, 127.83, 127.81, 127.80, 127.79, 127.72, 127.70, 99.41, 85.73,
80.01, 76.13, 75.34, 75.14, 75.05, 74.77, 72.21, 72.13, 71.93, 71.55, 68.66, 65.43, 62.76, 59.16,
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52.90, 36.48, 24.72, 21.12, 20.86, 20.77. HRMS m/z calc’d for CspHs;NO;;SNa (M+Na ).

1022.3244; found: 1022.3245.

Synthesis of trisaccharide from disaccharide:
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Scheme 10. Reagents and condition: i) NIS/TfOH, M.S. 4A, DCM or ACN, -40°C.
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General Glycosylation Procedure : A solution of donor 15A/16A/17A (500 mg, 0.488 mmol,
1.0 equiv), acceptor 22 (0.585 mmol, 1.2 equiv), and activated 4A powdered molecular

sieves(976 mg, 2.0 g/mmol) in anhydrous dichloromethane (10 ml) was stirred overnight under

an argon atmosphere, and then cooled to -40°C followed by addition of NIS (109 mg, 0.488

mmol, 1.0 equiv) and TfOH (6.46 u/, 0.048 mmol, 0.1 equiv) dissolved in ether. The reaction

mixture was stirred at -40°C for 20 min to 2 h until the disappearance of the donor on TLC and

warmed to room temperature. The mixture was diluted with dichloromethane, filtered through

celite, washed with sat.Na,S,03 (3:1) 20 ml solution, dried over Na,SO,, and concentrated under

reduced pressure. The residue was purified by column chromatography on silica gel eluting with

Ethylacetate/Hexane system to afford the sialic acid trisachharide.
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Compound 15 Synthesized from donor 15A and acceptor 22 by following general glycosylation
procedure to afford as white solid (430 mg, 57%). *H-NMR (400 MHz, CDCl3) & 7.99 (d, J =
7.7 Hz, 2H), 7.61(t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 7.39 (d, J = 7.4 Hz, 2H), 7.37-7.33
(m, 3H), 7.33-7.22 (m, 10H), 7.21-7.14 (m, 5H), 5.70-5.63 (m, 1H), 5.57 (s, 1H), 5.48 (d, J = 6.5
Hz, 1H), 5.39 (td, J = 6.9, 2.3 Hz, 1H), 5.09 (d, J = 11.4 Hz, 1H), 4.97 (d, J = 11.1 Hz, 1H),
4.75-4.63 (m, 5H), 4.60 (d, J = 12.2 Hz, 1H), 4.52 (d, J = 12.2 Hz, 2H), 4.47-4.39 (m, 2H), 4.33
(d, J =12.2 Hz, 2H), 4.05 (dd, J = 12.2, 7.2 Hz, 1H), 4.01-3.91 (m, 4H), 3.87 (d, J = 6.3 Hz, 2H),
3.76 (m, 2H), 3.68-3.65 (m, 1H), 3.64 (s, 3H), 3.60 (d, J = 3.1 Hz 1H), 3.56 (dd, J = 10.1, 2.1
Hz, 1H), 3.45 (dd, J = 12.9, 7.1 Hz, 1H), 3.34 (m, 3H), 3.24 (t, J = 6.9 Hz, 2H), 2.73 (dd, J =
12.3,3.7 Hz, 1H), 2.51 (s, 3H), 2.17 (t, J = 12.6, Hz, 1H), 2.13 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H),
1.62-1.50 (m, 4H), 1.38 (m, 2H). *C-NMR (400 MHz, CDCls) & 172.19, 170.85, 170.31,
169.85, 168.09, 165.17, 153.98, 153.80, 138.75, 138.44, 138.29, 137.57, 133.20, 133.17, 135.15,
129.87, 129.78, 129.76, 129.77, 128.46, 128.44, 128.42, 128.39, 128.40, 128.37, 128.36, 128.34,
128.32, 128.30, 128.03, 127.75, 127.71, 127.69, 127.68, 127.63, 127.60, 127.52, 127.32, 100.50,
99.75, 99.23, 95.65, 79.82, 77.24 , 76.03, 75.57, 74.91, 74.64, 74.35, 74.26, 74.15, 73.45, 73.30,
72.80, 72.40, 72.16, 71.89, 69.96, 69.34, 68.47, 63.86, 62.97, 58.83, 57.20, 53.12, 51.31, 35.54,
29.00, 28.53, 24.74, 23.15, 21.13, 20.84, 20.73. HRMS m/z calc’d for C74HgsCI3N5025 (M+Na).
1570.4418; found: 1570.4411.
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Compound 16 Synthesized from donor 16A and acceptor 22 by following general glycosylation
procedure to afford as white solid (340 mg, 45%). *H-NMR (400 MHz, CDCl3) & 7.93 (d, J =
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7.4 Hz 2H), 7.59 (t, J = 7.4 Hz, 1H), 7.48-7.30 (m, 17H), 7.18-7.05 (m, 5H), 5.59 (dd, J = 9.0,
1.4 Hz, 1H), 5.48 (ddd, J = 8.9, 6.2, 2.7 Hz, 1H), 5.26 (dd, J = 9.4, 8.2 Hz, 1H), 4.98-4.88 (m,
4H), 4.80 (d, J = 12.9 Hz, 2H), 4.75 (d, J = 10.5 Hz, 1H), 4.71 (d, J = 3.4 Hz, 2H), 4.68(s, 2H),
4.66 (d, J = 1.4 Hz, 1H), 4.58 (d, J = 11.2 Hz, 2H), 4.40 (d, J = 12.2 Hz, 2H), 4.33 (dd, J = 12.2,
2.7 Hz, 1H), 4.30-4.25 (m, 3H), 4.01 (dd, J = 11.5, 6.2 Hz , 2H ), 3.95 (dd, J = 12.5, 6.2 Hz,
2H), 3.86 (t, J = 9.4 Hz, 1H), 3.73(s, 3H), 3.68-3.62 (m, 3H), 3.56-3.47(m, 4H), 3.25 (m, 4H),
2.73 (dd, J = 12.0, 3.3 Hz, 1H), 2.49 (s, 3H), 2.18 (s, 3H), 2.07 (s, 3H), 2.07 (t, J = 12.3 Hz, 1H),
1.60-1.48 (m, 4H), 1.41-1.26 (m, 2H). *C-NMR (400 MHz, CDCl3) & 171.90, 170.69, 170.00,
169.94, 168.38, 165.03, 154.03, 153.65, 138.92, 138.17, 137.94, 137.84, 133.24, 129.71, 129.63,
128.61, 128.48, 128.31, 128.27, 128.20, 128.15, 128.07, 127.96, 127.71, 127.83, 127.68, 127.58,
127.56, 127.53, 100.93, 99.46, 99.26, 95.70, 82.17, 78.27, 77.23, 75.72, 75.14, 74.95, 74.92,
74.53, 74.45, 74.09, 73.85, 73.65, 73.48, 71.39, 69.18, 68.32, 67.94, 64.37, 63.96, 62.93, 59.11,
57.11, 53.11, 51.30, 36.52, 28.96, 28.51, 24.67, 23.14, 21.18, 20.79, 20.34. HRMS m/z calc’d for
C74Hg4ClsNsO,5 (M+Na). 1570.4418; found: 1570.4411.
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Compound 17 Synthesized from donor 17A (0.502 mmol)and acceptor 22 (0.603 mmol) by
following general glycosylation procedure in DCM:ACN (1:1) solvent to afford as white solid
(410 mg, 53%); a:p(1:3). B-isomer *H-NMR (500 MHz, CDCls) § 7.47-7.21(m, 25H) 5.65 (dd,
J = 8.6, 1.4 Hz, 1H), 5.50 (ddd, J = 10.5, 5.3, 2.4 Hz, 1H), 5.35 (m, 1H), 5.24 (d, J = 7.0 Hz,
1H), 4.90 (d, J = 10.4 Hz, 1H), 4.83-4.87 (m, 1H), 4.76 (d, J = 7.8 Hz, 2H), 4.73 (d, J = 3.9 Hz,
1H), 4.70 (d, J = 3.2 Hz, 1H), 4.68 (d, J = 1.8 Hz, 1H), 4.64 (d, J = 2.9 Hz, 1H), 4.61 (s, 1H),
4.58 (t, J = 10.6 Hz, 1H), 4.46 (d, J = 12.1 Hz, 1H), 4.35 (d, J = 12.1 Hz, 1H), 4.31 (dd, J =
12.4, 2.9 Hz, 1H), 4.29 (d, J = 2.8 Hz, 1H), 4.23 (dt, J = 7.5, 2.8 Hz, 1H), 4.04 (dd, J = 6.2, 3.6
Hz, 1H), 4.02-3.96 (m, 2H), 3.94 (dd, J = 9.3, 4.2 Hz, 2H), 3.91-3.80 (m, 4H), 3.79-3.68 (m,
3H), 3.64 (d, J = 9.8 Hz, 1H), 3.61 (s, 3H), 3.58 (d, J = 9.8, 1H), 3.55-3.49 (m, 1H), 3.45-3.38
(m, 1H), 3.30 (t, J = 6.9 Hz, 2H), 2.93 (dd, J = 7.3, 1.8 Hz, 1H), 2.88 (dd, J = 12.0, 3.5 Hz, 1H),

77



2.54 (s, 3H), 2.15 (s, 3H), 2.07 (t, J = 12.5 Hz, 1H), 2.05 (s, 3H), 1.98 (s, 3H), 1.69-1.59 (m, 4H)
1.45-1.41 (m, 2H). C-NMR (400 MHz, CDCls) & 171.65, 170.43, 169.78, 169.55, 168.44,
153.74, 153.53, 138.41, 138.19, 138.13, 137.96, 137.59, 137.43, 133.77, 132.36, 131.69, 128.76,
128.74, 128.72, 128.70, 128.66, 128.64, 128.60, 128.59, 128.32, 128.16, 127.97, 127.80, 127.72,
127.60, 127.54, 127.46, 127.38, 127.25, 127.13, 127.08, 126.85, 101.46, 99.65, 99.20, 95.30,
85.55, 80.74, 79.35, 75.66, 75.07, 74.92, 74.75, 74.52, 74.38, 74.16, 73.60, 73.09, 72.18, 71.99,
71.27, 69.54, 69.26, 68.31, 65.41, 65.24, 62.52, 58.93, 57.63, 52.66, 51.14, 36.34, 29.18, 28.87,
24.53, 23.23, 22.52, 20.95, 20.58. HRMS m/z calc’d for C74HgsClsNsOz (M+Na). 1556.4626;
found: 1556.4624.

Global Deprotection of Sialoside:

AcO COOMe

AcO QAC
S o OBn
~™ O~ OBn HO COOH
o 0
5 )y ° o X o J\ﬁxf
& BnO R NH &S/ OH

OBz
NHTroc
15 0\/\/\/"‘”2
A OACO OAc  COOMe R= ¥ o Ns NHAc
HO HQ o4  cooH
n i
NH OH
BnO BnoﬁS/ W HO HO o) o o
NHTroc o HO HO O~~~ NH,
OH
N Odmf\
COOH
OB
" OBn
O BnO
BnO N OH
NHTroc O o O~~~ NH

NHAc
Scheme 11. Reagents and Conditions: j) i ) LiOH, EtOH:H,0 (3:1), 80°C, 12h; (ii) NaHCOs, Ac,0, H,0, rt; (iii)

H,/Pd (OH),, MeOH:H,0 (1:1).

General Deprotection Procedure: Oligosachharide (1leq) in ethanol water (3:1) 5ml at room
temperature. After stirring at 80°C for 12h, the reaction mixture cooled to room temperature and
carefully neutralized by IR-120H" resin to pH-7,diluted with methanol, filtered and concentrated.
Crude residue was dissolved in water and NaHCO3 (15 eq) were added to it. Cooled the reaction
mixture to 0°C and Acetic-anhydride (10 eq) was added. The reaction were monitored by TLC
(ethylacetate:methanol:water7:2:1), after 3h, LiOH (10 eq) were added and stirred for another 5-
6h at room temperature, then reaction mixture carefully neutralized by IR-120Hresin to pH-7,
diluted concentrated and purified by reverse-phase column chromatography (Bond Elu-C18).
The Pd(OH), (1 mmole) was added to the above residue in methanol water (1:1) 4ml. The

reaction mixture was hydrogenalysed under H, atmosphere for 12h, filtered and concentrated.
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The residue was purified by reverse phase column chromatography (Bond Elu-C18) to give

deprotected sialic acid analogues.

O\v/\\/“\/NHZ
NHAc

Compound 2 Synthesized from 15 by following general deprotection protocol to afford white
solid (50 mg, 50%). *H-NMR (400 MHz, D,0) & 4.47 (d, J = 7.3 Hz, 1H), 4.36 (d, J = 7.9 Hz,
1H), 3.97-3.87 (m, 3H), 3.86-3.79 (m, 4H), 3.78-3.67 (m, 4H), 3.64 (dd, J = 6.3, 3.9 Hz, 3H),
3.61-3.51 (m, 4H ), 3.46 (m, 3H), 2.96-2.88 (m, 2H), 2.58 (dd, J = 12.4, 4.7 Hz, 1H), 1.97 (s,
3H), 1.94 (s, 3H), 1.66-1.57 (m, 3H), 1.56-1.48 (m, 2H), 1.37-1.29 (m, 2H). *C-NMR (400
MHz, D,0) & 174.68, 174.42, 173.50, 103.45, 100.91, 100.13, 80.74, 74.46, 73.68, 72.53, 72.43,
72.41, 71.69, 70.71, 68.39, 68.35, 68.21, 63.35, 62.64, 60.36, 54.87, 51.87, 42.57, 40.06, 39.33,
28.04, 26.34, 25.01, 22.27, 22.03. HRMS m/z calc’d for C3pHs1NsO19(M+H). 760.3351; found:
760.3358.

2
HO
o '§ oH  cooH
NH /o OH
T HE  Ho o 4 o
o! HO e O~~~ NH;
OH

NHAc

Compound 4 Synthesized from 16 by following general deprotection protocol to afford white
solid (40 mg, 35%). 'H-NMR (400 MHz, D,0) & 4.43 (d, J = 8.2 Hz, 1H), 4.35 (d, J = 8.0 Hz,
1H), 3.92-3.87 (m, 1H), 3.85-3.74 (m, 5H ), 3.71 (dd, J = 10.0, 3.4 Hz, 1H), 3.67-3.56 (m, 4H ),
3.56-3.48 (m, 4H), 3.42 (d, J = 9.2 Hz, 2H), 3.39-3.34 (m, 1H), 3.03-2.96 (m, 2H), 2.93 (dd, J
= 7.8, 5.3 Hz, 2H), 2.69 (dd, J = 7.9, 4.8 Hz, 1H), 2.60 (dd, J = 12.3, 4.3 Hz, 1H), 1.96 (s, 3H),
1.95 (s, 3H), 1.61-1.50 (m, 4H), 1.49-1.45 (m, 1H), 1.35 -1.21(m, 2H). *C-NMR (400 MHz,
D,0) 6 174.94, 174.39, 173.44, 102.96, 100.92, 100.01, 80.69, 75.35, 74.44, 74.24, 72.96, 72.48,
71.68, 70.00, 69.78, 68.32, 68.18, 63.19, 62.59, 60.28, 54.92, 51.85, 42.72, 39.94, 39.04, 28.06,
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25.27, 23.04 , 22.24, 22.01. HRMS m/z calc’d for CszoHs1NsO19(M+H). 760.3351; found:
760.3358.

HO OH COOH

HO HO
O HO

Compoun6 Synthesized from 17 by following general deprotection protocol to afford white
solid(35 mg, 30%). *H-NMR (400 MHz, D,0) § 5.06 (d, J = 0.8 Hz, 1H), 4.37 (d, J = 8.2 Hz,
1H), 3.90 (m, 1H), 3.82 (dd, J = 10.7, 4.4 Hz, 2H), 3.79-3.72 (m, 2H ), 3.73 (d , J = 2.4 Hz,
1H), 3.70 (d, J = 3.5 Hz, 1H), 3.66 (dd, J=7.2, 2.2 Hz, 1H ), 3.63 (d, J = 3.7 Hz, 2H), 3.59 (d, J
=1.6 Hz, 2H), 3.57 (d, J = 1.6 Hz, 2H), 3.55 (d, J = 4.7 Hz, 2H), 3.53 (d, J = 7.6 Hz, 2H), 3.51-
3.48 (m, 2H), 3.46 (d, J = 9.0 Hz, 2H), 2.88-2.83 2.86 (m, 1H), 2.62 (dd, J = 12.5, 4.7 Hz, 1H),
1.91(s, 6H), 1.63-1.50 (m, 4H), 1.50-1.45 (m, 1H), 1.35-1.22 (m, 2H). **C-NMR (400 MHz,
D,0) o 181.55, 175.05, 173.58, 101.70, 100.96, 100.17, 74.64, 74.03, 72.61, 72.34, 71.61, 70.60,
70.20, 69.90, 68.26, 66.61, 66.53, 63.31, 62.62, 60.89, 55.74, 51.89, 51.91, 40.08, 39.36, 27.94,
26.35, 26.32, 22.06, 22.01. HRMS m/z calc’d for CszpHsiNs019(M+H). 760.3351; found:
760.3344.

Ac: 7 OAc  coome

Methyl (undecyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero- -Dgalacto-
2-nonulopyranosid)onate(33)

Thiophenyl-sialic acid glycoside (300 mg, 0.51 mmol) and 1-undecanol (177 mg, 1.02 mmol)
were dissolved in anhydrous dichloromethane (10.0 mL) under an atomosphere of argon; 4 A
molecular sieves (500 mg) was added. The temperature was cooled to -40 °C and N-
iodosuccinimide (172 mg, 0.77 mmol) and catalytic amount trifluoromethanesulfonic acid (15
uL, 0.15 mmol)of was added. After stirring for 3 h, the reaction mixture was diluted with DCM

(20 mL) and filtered through a pad of celite. After filtration, the organic solution was washed
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with a 1:1 mixture of 10% Na,S,03 and sat. NaHCOg3, dried and evaporated. The residue was
purified by column chromatography on silica gel using DCM : MeOH (95: 5) yield (178 mg ,
53.6%) of compound 3 (a/f 3/1) and further purified by a mixture of acetone : CH,Cl, (10 : 90)
as eluent to afford sequentially the pure 3 (90.8 mg, yield 28%). R = 0.5 (DCM : MeOH, 96: 4);
[a]o™ = +26.1 (c = 1.0, CHCl5); *H-NMR (400 MHz, CDCl3): 6 5.38-5.20 (m, 3H), 4.83-4.54 (m
1H), 4.31 (dd, 1H, J = 12.4, 2.6 Hz), 4.13-4.01 (m, 3H), 3.87 (dd, 1H, J = 9.3, 6.6 Hz), 3.73 (s,
3H), 3.29 (m, 1H), 2.45 (dd, 1H, J = 12.8, 4.8 Hz), 2.13 (s, 3H), 2.12 (s, 3H), 2.02 (s, 3H), 2.01
(s, 3H), 1.93 (dd, 1H, J = 12.6, 12.6 Hz), 1.86 (s, 3H), 1.46- 1.55 (m, 2H), 1.19-1.34 (m, 16H),
0.86 (t, 3H, J = 6.6 Hz). *C-NMR (CDCl3, 100 MHz): § 175.0, 174.6, 173.2, 172.1, 169.6, 98.7,
75.1, 72.3, 71.9, 71.5, 70.1 68.8, 67.5, 65.1, 63.4, 52.9, 41.4, 32.1, 29.7, 29.6, 25.9, 23.2 22.7,
14.1. Maldi-ToF m/z calc’d for C3;Hs;NO33Na (M+Na®): 668.3256; found: 668.3411.

HO

Ho ] OH cooH
et

o HO

Undecyl 5-acetamido-3,5-dideoxy-D-glycero-D-galacto-2-nonulopyranosylonic acid (34)
Methyl (undecyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-_-Dgalacto-
2-nonulopyranosid)onate (100.0 mg, 0.12 mmol) was dissolved in methanol (10 mL), and a
sodium methoxide (25 mg) was added. The mixture was stirred for 30 minutes and neutralized
with amberlite H* resin. The residue was finally purified by column chromatography using a
gradient of DCM:MeOH (1:1) as eluent to afford the desired 1 as a white solid (75 mg, 93%
yield).). [o]o"™ = +11.9 (c = 1.0, H,0); *H-NMR (400 MHz, CD3;0D): ¢ 3.87-3.83 (m, 2H); 3.79-
3.71 (m, 3H); 3.71-3.61(m, 3H); 3.6-3.4 (m, 2H); 2.74 (dd, 1H, J = 4.1, 12.0 Hz); 2.02 (s, 3H);
1.48-1.56 (m, 2H); 1.17-1.38 (m, 16H); 0.87 (t, 3H, J = 6.3 Hz). *C NMR (CD;0D, 100 MHz):
174.6,98.8,77.3,77.1.75.4,72.6, 72.2, 71.6, 71.2, 53.3, 40.80, 33.1, 30.1, 29.9, 25.7, 22.6, 13.5.
HRMS m/z calc’d for CoH41NOg (M-H)™: 462.2691; found:462.2698.

o

HO
0 e BTGy

7 (0) COOH

HN
\W HO

o
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5-Acetamido-9- (dodecanyl) -3,5,9-trideoxy-D-glyceo-D-galacto-2-nonulosonic acid (38).
Dodecanoic acid (300 mg, 1.5 mmol) in N-hydroxysuccinimide (172 mg, 1.7 mmol ) and
DMAP (183 mg, 1.7 mmol ) were dissolved in DCM (10 mL) and stirred at RT. After stirring for
4 h, the reaction mixture was filtered to remove urea and purified by colum chromatography PE :
EA (1:1) to yield dodcanoic acid active ester. This was dissolved in dioxane (7 mL) and mixed
with 5-Acetamido-9-amino-3,5,9-trideoxy-D-glyceo-D-galacto-2-nonulosonic acid 6 (120 mg,
0.5 mmol) with pH maintained between 8-9 with sodium biocarbohydrate solution. The mixture
was stirred at RT for 48 h. The solvent was concentrated and the residue was purified by flash
chromatography (DCM:MeOH 1:1) to afford the white solid (85 mg , 38.6%).[a]o" = -2.3 (¢ =
1.0, H,0); *H-NMR (400 MHz, CD30D): ¢ 3.98-3.80 (m, 4H); 3.71 (t, 1H, J = 4.0 Hz); 3.56 (dd,
1H, J = 4.4 Hz); 3.15(dd, 1H, J = 4.0 Hz); 2.18 (t, 2H, J = 8.0 Hz); 2.11 (dd, 1H, J = 4.0, 2.8
Hz); 1.97 (s, 3H), 1.82 (t, 1H, J = 8.8 Hz), 1.59-1.54 (m, 2H), 1.37-1.18 (m, 16H) 0.87 (t, 3H, J =
10.0 Hz); *C NMR (CDs0OD, 100 MHz): 176.6, 174.7, 96.8, 71.3, 71.1. 70.4, 69.6, 53.3, 43.8,
40.4, 36.1, 31.1, 29.8, 29.5, 25.7, 23.7, 22.6, 13.5. HRMS m/z calc’d for Ca3HsoN,09 (M-H)':
488.2890; found:488.2808.
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Chapter 3

Sialic Acid Hydroxamate: A potential
Antioxidant and Inhibitor of Metal

Induced g-Amyloid Aggregates
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3.1 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease, which is a growing
worldwide health concern among elderly populations. It affects more than 24 million people
worldwide and this number is expected to reach over 81 million by 2040." It has been
established that aggregation of s-amyloid (45) peptide and elevated levels of transition metals
are defining pathological hallmarks of AD.>® During AD, the concentration of metal ions such as
Zn(11), Fe(Ill) and Cu(ll) in the regions of cortex and hippocampus have been observed in
millimolar levels.’®*® 48 peptides aggregation via cross-linked dimeric species of Tyr10 or
forming complex with transition metals leads to the neurotoxicity.***” Moreover, redox active
Fe(l1/111) and Cu(l/1) can undergo Fenton reaction and there by generating reactive oxygen

18-19

species (ROS) such as hydrogen peroxide and hydroxyl radicals. and these free radicals

readily cause oxidative damage to the biological molecules triggering neurodegeneration.

Ascorbate Ascorbate Ascorbate

N

ol ol Cu| el
O— —— H0, —— OH + OH
+2H

Figure 1. Redox cycling of metal ion and reactive oxygen species generation.

In an effort to control the unevenly distributed metal ions, chelation therapy has been reported to
minimize neurotoxicity.”® To date, several metal chelators such as EDTA (N,N'-1,2-
ethanediylbis[N-(carboxymethyl)]glycine), des-ferrioxamine (DFO), clioquinol (CQ, 5-chloro-7-
iodo-8-hydroxyquinoline), DF (1,2-dimethyl-3-hydroxy-4(1H)-pyridinone) and an 8-
hydroxyquinoline derivative (PBT2) have been used as chelating agents for AD.?*%? In addition
to metal chelators, some bifunctional ligands have also been designed to improve their uptake
across the blood-brain barrier (BBB) and simultaneously bind to Af. For example, EDTA, CQ,
or cyclen (cyc, 1,4,7,10-tetraazacyclododecane) chelators were conjugated to ThT, the KLVFF
peptide, curcumin, IMPY, and p-I-stiloene (ThT); curcumin; IMPY; p-I-stilbene, a known Ap
interaction scaffold to improve the bioavailability.>?® Alternatively, metal chelators were
glycoconjugated to elevate brain uptake by exploitation of the sugar transport system in the
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BBB.?"* Sialic acid (Sia) glycans have also been used as a potential A3 recognizing marker.3°
Despite well-documented Sia glycans & Ap interactions, therapeutic potentials of sialic acid
mimics in AD has not been exploited and/or reported.

oH g oH

N o~~~ N N O
¥ T

(l)H (@)
HaN A~ ~N
2 NH
@)

Deferoxamine

Cl
X
HO OH
| N7 &&/o OH HO
OH
Clioquinol

HZGL

Figure 2. Potential therapeutic molecule to target Alzheimer disease.

Here, we propose to develop Sia mimics, which together with acting as an antioxidant is also
capable of chelating metal ions. Moreover, the presence of Sia backbone enhances specific

recognition and simultaneously prevents aggregation of Ap.

Radical Scavenger Blocks Redox cycling
N |
( o Cu + AB + O,
=( Y=
NN )—NO,
o -
&

Q0
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Loss of Abs at 515nm

N HO on
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—n NO,
’ =) CellDeath

cu' + AB aggregates

Figure 3. Sialic hydroxamate analogue minimizes the oxidative stress by radical scavenging and metal chelation.
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Sias are acidic sugars typically terminating at the outer ends of the cell surface glycan structures.
Liu and co-workers have reported that the replacement of carboxylic acid group of glucoronic
acid by hydroxamic acid moiety can confer antioxidant properties.®® Using this approach,
galactoronic acid and glucosaminoglycans were synthetically modified into hydroxamate
derivatives and have been reported of their antioxidant activity.’” Moreover, hydroxamate
ligands are one of the potential transition metal chelators.®**° Hence, we hypothesized that Sia
hydroxamate might exert antioxidant properties and metal binding properties for AD treatment.
Previously, Sia hydroxamates have been reported as potential scaffolds to validate the
significance of the carboxylic acid residue in Sia-lectins binding and enzymatic activities.*™**
However, to the best of our knowledge, the applications of Sia hydroxamate in AD treatment has
not been reported.

Results and Discussion.

3.2 Synthesis of sialic acid hydroxamate analogs

Sia analogs (43 to 48) (Scheme 1) were synthesized according to a modified literature
procedure.***® The hydroxamic acid moieties were introduced by coupling 29 or 45 with O-
benzyl hydroxylamine hydrochloride, followed by hydrogenation to obtain 46 and 48.

HO HO OMe
Sl Ho X" (b)  nol'JoH ome
CO,H 07 —CO,Me > S
HN 2 \[rHN HN O COZH
HO 29 o Ho HO
43 o) 44

4—

©
l(C)
Tk@ei\« %H
HN

d
l( ) l(d)
OH

HO
OH H
HO__X = o Noon OMe H
el Vk@d\«
o Ho HN o
48 o

46

Scheme 1. (a) 50 dowex/MeOH; (b) NaOH/MeOH; (c) EDC/NH,-OBn.HCI/DMF; (d) H,/Pd(OH),-C/MeQH.
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3.3 Study of radical scavenging and antioxidant property by DPPH assay

The antioxidant properties of Sia analogs were tested by DPPH assay, and Fenton reaction based
cytotoxicity studies. In the DPPH assay the color change from purple to yellow in the presence
of the radical scavenger, and their absorption at 517 nm indicated the amount of compound being
antioxidant in nature.** The radical scavenging assay was performed with various concentrations
of 29, 44, 46 and 48 were compared with ascorbic acid-g-hydroxamate and water as positive and
negative controls respectively (fig 4). In this study, we have used the Sia analogs (29, 44, 46 and
48) at concentration ranges from 1.0-0.001 mM (fig. 4). Upon addition of Sia analogs, we
observed a concentration dependent radical quenching, indicating that the antioxidant potential
of Sia hydroxamate in successfully trapping the DPPH free radicals. The ICsy of scavenging
activity of 46 and 48 was 84 puM and 380 uM respectively, indicating the resonance of the
hydroxamic acid moiety of Sia might have contributed to the radical scavenging activities. In

contrast, 29 did not exhibit any antioxidant activity.

— OH OH
2 go- HO " S o s OH
:E‘ HO o]
S o
b - 23 =44 =p= 46 - 4B 29
m
E‘ EO- E ..... lllll!'ﬁ ------------------- ﬁ HO HO :OH ?/
. 2 OH
=) . Eoomremrrmrrmermeememe i m
E o HO o
. . o
Z A0« - - 44
E I .-"‘-r HO -
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t_ﬂ : ip’ HNV 9 "OH
% 20+ p S HO 0
= ’
- .3 46
E HO "] oH ?H H
B w27 on
0.0 0.2 0.4 0.6 0.8 1.0 HO o)
Conc (mM) ©

48

Figure 4. The DPPH scavenging activities of different concentrations of 29, 44, 46 and 48. Mean values of
triplicates were considered. The scavenging activity of DPPH radicals (%) was calculated using the equation:
(As17plank = Asizsample ) + (Asizpiank ) X 100. The ICs of scavenging activity of aspartic acid f-hydroxamate was 36
uM.

3.4 Study of protective effect of sialic acid analogues MTT assay

To investigate the protective abilities of these sugars, cervix cancer (HeLa) and glioblastoma

(LN229) cell lines were chosen as models. These cells were previously used to demonstrate a
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remarkable sensitivity to Fenton reaction.*** In the present work, both the cells were seeded in
96-well plates respectively, and after 24 hours of attachment, the cells were incubated with the
Sia analogs (29, 46 and 48) at different concentrations for another 24 h. A fenton reaction (50
uM FeSO,4 and 0.75 mM H,0;) was initiated, and after 2 h of incubation, MTT assay was
performed to measure the percentage of cells survived. Figure 6 shows the protective effect of
Sia analogs on hydroxyl radical induced cell death in HeLa and LN229 cells. As can be seen
from the fig 6a, increasing concentrations of Sia hydroxamate analogs exerted a strong protective
effect against the hydroxyl free radical induced cell death compared to 29. The ICsp of 48 in
HeLa cells was found to be 80 uM compared to 46 having ICsy ~ 380 uM. While a similar
experiment with LN229 cells showed a strong protection offered by Sia analogs against hydroxy
radical induced cell injury (1ICso ~ 360 uM and 57 uM for 46 and 48 ) compared to HeLa cells
(fig. 6b). Interestingly these results are comparable to desferrioxamine (DFQO) (ICso ~ 98 uM in
LN229 and 92 uM in HeLa cell lines), a natural radical scavenger. Overall, these results suggest

that 46 and 48 protect cells from oxidative stress, which might trigger neurodegradation.

100 -
m 29 m 46 48 ODFO (a)
= 75 T L
) <
é T
&
~
E 50 - . T T
= T T
2z
>
=
wn 25
0 T T T T T 1
10 50 100 500 1000

Different Conc of Sialic acid Analogs (uM)

112



80

m29 m 46 m 48 ODFO (b)

Survival Rate (%)
o =
[— —]

(]
=
L

10 50 100 500 1000
Different conc of Sialic acid analogs (uM)

Figure 6. The protective effect of 29, 46 and 48 as determined by MTT assay. Cells were treated with FeSO, (50
uM) and H,O, (750 pM) in the presence of different conc of Sia analogs (a) HeLa cells and (b) LN229 cells; cells
without and with Fenton reagent were considered as positive (100% protection) and negative (0% protection)
controls respectively. Relative survival rates were calculated by (O.Dconirol —O.Dsample) + (O.Deontrot-O-Drenton) *100.

(Note: Sia analogs as such didn’t show any toxicity). Data are given as mean * s.e.m. (n = 10).

3.5 Sedimentation assay

In addition to oxidative stress, it has been suggested that Zn(ll) and Cu(ll) mediated ApS
aggregation are also involved in neural toxicity and AD. The best way to inhibit the Ap
aggregation is by chelating the Zn(ll) and Cu(ll) ions. The metal binding properties of Sia-
mimics were established by mass spectra. Both 46 and 48 was found to bind to Cu(ll) and Zn(lI)
ions effectively. Moving forward to establish the inhibition of Af aggregation, we carried out
sedimentation assay of Ag. Freshly prepared Af (10 uM) was treated with Cu(Il) or Zn(II) (10
uM) or no metal (as control) for 24 h and subsequent incubation of Sia-mimics (20 uM) for
another 24 h at 37°C. The samples were centrifuged at 12,000 g for 10 mins. The supernatant
fractions were removed and collected separately, and the pellets were resuspended in sample
buffer containing 0.5 M (Tris/HCI, pH 6.8, 5% glycerol, 0.005% bromophenol blue, 2% SDS
and 5% 2-mercaptoethanol). Samples were boiled for 5 min, centrifuged and analyzed by 12%

SDS-PAGE (fig. 7b). Similarly, supernatant fractions were also analyzed (fig 7a).
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Figure 7. SDS-PAGE of sedimentation assay carried out with Ag in presence of different compositions of metals
and sia-mimics. (a) supernatant (b) precipitate.

As expected, the sharp bands between 3.5-6.5 kDa correspond to Ag mono and dimeric forms.
After 48 h of incubation, most of the AS peptides were found in supernatant (fig. 7a). In the
presence of metals (Zn(I1) and Cu(ll)) A band was observed in precipitate, suggesting that the
majority of the peptides had been converted to aggregates and during SDS these aggregates
regained its native structure (fig. 7b, lane 2 and 3). In the presence of Cu(ll) or Zn(ll) and 46 or
48, maximum amount of protein was found in supernatant compared to 29 (fig. 7a lane 4-9),
indicating that Siamimics chelated Zn(11) and Cu(ll) ions and regenerated AS primary structure.
These results were further supported by turbidity assay. Briefly, in a 96-well plate, Ag (25 uM)
in 50 mM phosphate buffer (pH 7.4), 25 puM of Cu(ll) or Zn(Il) or no metal were added and
absorbance was measured at 405 nm. To these solutions, 29, 46 and 48 were added and agitated
for 1 min and measured the aggregation at 405 nm. As shown in the figure 8, in the presence of
29, nearly 35% of the Ap recovered the primary structure, where as in presence of 46 or 48
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around 75% of the Ag regained the original structure. Overall, turbidity and sedimentation assays
demonstrated the ability of 46 and 48 to modulate the aggregation of Ap. Finally, scanning
electron microscopy (SEM) was used to visualize the morphological features of the Ap
complexes. As expected, addition of 46 and 48 to A5 -Cu(ll) triggered modulation of the Ap-
aggregates.
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Figure 8. Effect of sia-mimics on metal ions induced AS aggregation. Data represent mean + S.D; n = 3.

3.6 Cell viability assay

We next determined the ability of Sia analogs to attenuate neurotoxicity arising from metal-4/
species in human neuroblastoma SH-SY5Y cells.The cytotoxicity of the metal ions and Sia
analogs were measured by incubating the cells with metal ions alone (10 pM), Af-sia complexes
or Sia analogs (50 uM) alone for 24 h. MTT assay of these complexes revealed no toxicity (fig
9). Where as, cells incubated with 45 (10 pM) and with CuCl; or ZnCl; (10 uM) for 24 h showed
a reduction in the cell survival rate (77(x3)% and 69(£3) %, respectively. The Af-metal
complexes-induced neurotoxicity was rescued by Sia analogs (50 uM), suggesting the
ameliorative effects of Sia hydroxamate on 45-metal complexes-induced cytotoxicity. Based on
all the above results, we conclude that the antioxidant, metal chelation and sialic acid backbone
of 46 and 48 protects the neuroblastoma cells from toxic Af-metal complexes. These results are

comparable to other 48 metal chelators.**>°
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Figure 9. Protective effects of 29, 46 and on SH-SY5Y cells as determined by MTT assay. Cells were treated with
AB (10 uM), CuCl, or ZnCl; (10 uM), 4B + metal (1:1) complex (10 uM) and Sia derivatives (50 uM).

3.7 Conclusion

In this investigation, we have shown that Sia hydroxamate possess three important properties:
antioxidant nature, metals chelating ability and Sia backbone to target AD. Focusing on
cytotoxicity caused by radicals and A4f-metal complexes, we demonstrated that 46 and 48
protects the neural cells more effectively in comparison to 29. Overall, to the best of our
knowledge, the results in this work are the first to demonstrate the reactivity of Sia hydroxamate
towards metal-associated Af species. Moreover, it has been shown that Sias on cell surfaces can
be bioengineered with unnatural Sia analogs using its biosynthetic pathways. Current
investigations are aimed at bioengineering the neural cell surfaces with Sia hydroxamate to treat
A aggregation and metal overloading in brain.

3.8 Materials and Methods

3.8.1 General Information

Sialic acid was purchased from carbasynth Ltd. All other chemicals used were reagent grade and
used as supplied except where noted. Analytical thin layer chromatography (TLC) was
performed on Merck silica gel 60 F254 plates (0.25 mm). Compounds were visualized by UV
irradiation or dipping the plate in CAN solution followed by heating. Column chromatography
was carried out using force flow of the indicated solvent on Fluka Kieselgel 60 (230—400 mesh).
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'H and *C NMR spectra were recorded Jeol 400 MHz (or 100 MHz for 13C ) using residual
solvents signals as an internal reference (CDCl3 6 H, 7.26 ppm, 6 ¢ 77.3 ppm and CD3OH ¢ H
3.31 ppm, ¢c 49.0 ppm). The chemical shifts (o) are reported in ppm and coupling constants (J)
in Hz. DMEM media and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Invitrogen and sigma-aldrich respectively. HeLa, LN229 and SH-S5SY
cells were gifted by Dr. P Shashtri from the National Centre for Cell Science (NCCS), Pune,
India. ABj-40 peptide was purchased from Sigma Aldrich. SEM measurements were done on the
JEOL JSM-5600 LV SEM.

3.8.2 DPPH Assay

Radical scavenger assay was performed using literature produce.® Briefly, 0.3 ml of 29 to 48
(0.001, 0.01, 0.05, 0.1, 0.5, 1.0, and 1.2 mM) was added to 0.1 ml of 1 M Tris—HCI buffer (pH
7.9), and mixed for 20 min with 0.6 ml of 100uM DPPH in methanol to give a final
concentration of 60 pM. The mixing was carried out under light protection at room temperature.
The decrease in absorbance at 517 nm was measured and expressed as As;7. Deionised water was
used instead of sample solution as the blank. All samples were measured in triplicate and the
means were calculated. The scavenging activity of DPPH radicals (%) was calculated using the
equation:

(As17blank - As17sample ) T (As17p1ank ) X 100.

ICso represents the half-inhibition concentration.

3.8.3 Cell viability assay

Approximately 5000 HeLa and Ln229 cells per well (100 uL) in DMEM were seeded in a 96-
well microtitre plate and allowed to attach overnight in a 5% CO; incubator at 37 °C. Cells were
then treated with 29, 46, 48 and DFO with different concentrations (10, 50, 100, 500 and 1000
uM) and incubated for 24 h in 5% CO, at 37 °C. After that, 0.75 mM H,0, and 50 uM FeSO,
solution were added and incubated for 2 h. Media from all the wells were aspirated and 20 pL of
MTT reagent from a stock solution of 5 mg mL™" in PBS was added to each well. After
incubation for 4 h in the incubator, the purple formazan crystals formed were solubilized using
acidified DMSO (62.5 pL conc. HCI in 100 mL isopropanol) and the absorbance was measured
at 570 nm.

3.8.4 Amyloid-p (Ap) peptide experiments
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AP samples were prepared according to the previously reported literature procedure. Briefly,
The Ap peptide was dissolved in 1% NH,OH (w/v, aq), lyophilized,and stored at —80°C.
Concentration of the Ab peptide was quantified by using tyrosinate residue as described in
literature.

3.8.5 Sedimentation assay

Sedimentation assay of A was performed as described by Atwood et al.>* Briefly, 100 pM of
A stock solution was prepared in 50 uM phosphate buffer (pH 7.4). From the stock 10 uM of
Ap was treated with 10 uM ZnCl; or CuCl; or no metals. After incubation at 37°C for 24 h, sia
analogs (20 uM) were added and incubated for another 24 h at 37°C. The resultant sample were
centriguated at 12,000 g in microcentrifuge for 10 mins. After centrifugation, the supernatant and
pellets were separated. The supernatant was lyophilized and dissolved in sample buffer (100 ul)
containing 0.5 M Tris/HCL, pH 6.8, 5% glycerol (v/v), 0.005% bromophenol blue, 2 % SDS and
5% 2-mercaptoethanol. Samples was boiled for 5 mins and analyzed by SDS-PAGE using
literature procedure. Similarly, pellets were also dissolved in sample buffer (100 ul) and SDS-
PAGE was performed as reported above. Both the gels were socked in fixing solution for 1 h,
followed by coomassie blue staining.

3.8.6 Turbidity assay

Turbidity assay of Ag was measured as described by Huang et al. > Briefly, in a 96-well plate, a
solution of (100 ul) of 25 uM of AP in 50 uM phosphate buffer (pH 7.4) was reacted with CuCl,
or ZnCl, (25 uM) . The absorbance at 405 nm was monitored at 1 min interval using standard
microplate reader. After 10 mins of agitation by orbital shaking, 29 or 46 or 48 (50 uM) was
added and agitated for 30 s and absorbance was recorded after every 1 min. The average value of
the absorbance was subtracted by the sample buffer (phosphate buffer pH 7.4) and the
differences in absorption were recorded. Each value represent an average of n =20 readings.

3.8.7 Cytotoxicity (MTT) assay

As described above, Human neuroblastoma SH-SY5Y cells were cultivated in DMEM and
treated with AB (10 uM) and CuCl, or ZnCl, (10 uM), followed by 29, 46 and 48 (50 uM ).

Cytotoxicity assay was carried out as mentioned above.

3.8.8 Synthetic procedure and spectroscopic details of sialic acid analogs
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General procedure A: To a solution of sialic acid derivative (1eq) in DMF at 0°C was added O-
benzyl hydroxylamine hydrochloric acid (1.0 eq) and EDC (1.2 eq) . After stirring at 0°C for 1 h
and a further 24 h at RT, the mixture was concentrated in vacuo. The residue was purified by
column chromatography on silica gel.

General procedure B: Pd(OH),/C (10% wt) sialic acid derivatives (1 eq) was dissolved in
methanol (5 mL) under Ar(g) at room temperature. The resulting reaction mixture was degassed
and the flask filled with H, gas, after which the reaction was run at room temperature and
pressure for 12 hours under a hydrogen atmosphere. The reaction mixture was filtered through
Celite and concentrated under reduced pressure. The residue was purified by sephadex G-25

column.

HO o4  OMeH

HO N
HN. (o) 'OBn
\n, o

o HO

O-Benzyl  (methyl  5-acetamido-3,5-dideoxy-D-glycero-D-galacto-2-nonulopyranoside)
hydroxamate (45): General procedure A with 44 (200 mg, 0.62 mmol), O-benzyl
hydroxylamine HCI (100 mg, 0.63 mmol) and EDC (144 mg, 0.75 mmol), followed by column
chromatography on silica gel using DCM : MeOH (5:1) yielded (170 mg , 65%); R¢= 0.7 (DCM
: MeOH, 5:1); *H-NMR (400 MHz, MeOD): ¢ 7.59 (d, J = 8.1 Hz, 1H), 7.40 — 7.21 (m, 4H),
4.85—-4.74 (m, 3H), 3.89 — 3.73 (m, 1H), 3.73 — 3.59 (m, 3H), 3.59 — 3.46 (m, 3H), 3.42 (d, J =
9.2 Hz, 1H), 2.76 (s, 3H), 2.06 (dd, J = 13.1, 5.0 Hz, 1H), 1.87 (s, 3H), 1.42 (dd, J = 13.1, 11.3
Hz, 1H); HRMS m/z calc’d for C1gH2sN209 (M+17): 429.1795; found: 429.1799.
HO HO PH OMe “
\IrHN‘ (o) ( "OH

o HO
N-Hydroxyl (methyl 5-acetamido-3,5-dideoxy-D-glycero-D-galacto-2-nonulopyranosid)
amide (46): General proceudre B with comp 45 (50 mg, 0.12 mmol) and purification by
sephadex G-25 column using water yielded (15 mg , 39%); *H-NMR (400 MHz, MeOD): 6 3.96
—3.82 (m, 1H), 3.71 — 3.62 (m, 3H), 3.58 — 3.48 (m, 3H), 3.42 (d, J = 9.2 Hz, 1H), 2.84 (s, 3H),
2.23 (dd, J = 13.1, 5.0 Hz, 1H), 1.89 (s, 3H), 1.53 (dd, J = 13.1, 11.3 Hz, 1H). HRMS m/z calc’d
for C1,H22N,09 (M+17):338.1325; found: 338.1322.
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HO_ Y & H
> ‘OBn
~ PN Q {

O-benzyl (5-acetamido-3,5-dideoxy-D-glycero-D-galacto-2-nonulopyranoside) hydroxamate
(47): General proceudre A with 29 (100 mg, 0.32 mmol), O-benzyl hydroxylamine hydrochloric
acid (50 mg, 0.31 mmol) and EDC ( 66 mg, 0.33 mmol), followed by column chromatography
on silica gel using DCM : MeOH (85: 15) yielded (67 mg , 50.3%); R; = 0.5 (DCM : MeOH, 80:
10); *H-NMR (400 MHz, MeOD): 6 7.77 — 7.61 (dd, J = 19.2, 7.6 Hz, 1H), 7.48 — 7.23 (m, 4H),
4.10 — 3.98 (m, 1H), 3.83 — 3.73 (m, 3H), 3.73 — 3.64 (m, 3H), 3.64 — 3.55 (m, 2H), 3.55 — 3.43
(m, 1H), 2.24 (dd, J = 13.1, 5.0 Hz, 1H), 1.99 (s, 3H), 1.46 (dd, J = 13.1, 11.3 Hz, 1H). HRMS
m/z calc’d for C1gH26N20g (M+17): 414.1638; found: 414.1646.

Ho '} OH OH H
Wy

o HO
N-Hydroxy(5-acetamido-3,5-dideoxy-D-glycero-D-galacto-2-nonulopyranosid) amide (48):
General proceudre B with comp 47 (50 mg, 0.12 mmol) and purification by sephadex G-25
column using water yielded (17 mg , 43.5%); *H-NMR (400 MHz, MeOD): ¢ 4.07 — 3.93 (m,
3H), 3.86 — 3.71 (m, 2H), 3.72 — 3.56 (m, 3H), 3.48 (d, J = 9.2 Hz, 1H), 2.31(dd, J = 13.1, 5.0
Hz, 1H), 1.99 (s, 3H), 1.52 (dd, J = 13.1, 11.3 Hz, 1H). HRMS m/z calc’d for C11Hz0N2Og
(M+1"): 325.1169; found: 325.1174.
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Chapter 4

Head-to-Head Comparison of Sialylated-
quantum dots Toxicity, Biodistribution and
Sequestration in Zebrafish and Mouse
Model
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4.10 Introduction

Sialic acids (Sia) are nine-carbon backbone monosaccharides, typically found at the terminal
position of the glycoproteins and glycolipids. Over the decades, Sias have been reported in
various pathological and physiological processes."* Hence, the functionalization of Sia on
nanocarriers will be undoubtedly assistant to design smart probes for targeting and inhibiting the
specific biological events.*® In addition to its targeting ability, Sias are non-immunogenic in
nature. Consequently, sialylation of the biomolecules such as proteins, enzymes, nano-carriers
mask the active sites of the immune system and prolong their lifetime.”® Recently, Sia residue in
the form of N-glycan, GM1 and GM3 were conjugated to liposomes, dendrimers, nanoparticles
to establish drug delivery system.”™® However, the ability to predict clinical significance of these
nanoconjugates is based on the in-depth understanding of in vivo studies.

To date, mice are the most widely and the most efficient model for preclinical studies.™
However, owing to large sample consumption, and complex biological system, there is a need
for an alternative information rich simple in vivo system to reduce the amount of materials
consumption and at the same time acquiring useful biological information at inexpensive, before
planning the experiment with the complex models. Animals including fish, insects and worms
are considered to be the simple model for pre-clinical research and each of these in vivo systems
have their own merits and demerits. Among them, zebrafish has several advantages as compared
to Caenorhabditis elegans, Drosophila melanogaster and Hydra, which includes quick lifespan
from embryo to larva, transparency, ease of maintaining, high level of conservation of the
vertebrate genome and also the display cardiovascular, nervous and digestive systems that are
similar to the human system.® Further, as a vertebrate organism, zebrafish presents many
organs and cell types similar to that of the mammalian. The zebrafish has been described as “the
canonical vertebrate” due to the similarities between mammalian and zebrafish biology.19
Currently, zebrafish model was used to study the human diseases, including cancer,
cardiovascular disorder, neurological diseases, liver diseases, immunological studies and
nanoparticle biodistribution.?** Furthermore, the fish model has been extensively used to
investigate the pharmacokinetics of nanoparticles and carbon nanorods.*2® Hence, deciphering
the carbohydrate-mediated bio-distribution and sequestration in zebrafish will give preliminary

information to target specific human diseases.
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In this study, in order to find a simple, active animal model for glyco-nanotechnology research,
we have compared in vivo efficacy of sialylated-QDs in zebrafish and mouse model. Although
these two models are independently targeted in glycobiology and glyconanotechnology research,
the head-to-head comparison at multiple stages will provide a broader profile for pharmacology

and clinical research.

4.2 Quantum dots conjugation and physical characterization
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Scheme 1. (a) Synthesis of Q-1 to Q-4 nanoparticles. Reagents and Conditions: (I) 1 or 49 or 55 or 56 EDC, N-

hydroxysuccinimide, ethanolamine, H,O.

Conjugation: Commercial PEG-COOH conjugated quantum dot was used to the synthesis of
glyco-QDs. The sugar functionalization of QDs was carried out by using water soluble coupling
reagents and N-hydroxysuccinamide, followed by capping the unreacted carboxylic acid
terminals by using ethanolamine (Scheme 1).%°*° The size and shape of the QDs were
characterized using TEM (fig. 1). The QDs were well dispersed and shown homogenous size and

spherical shape. The diameter of Q-1 to Q-4 was around 20-23 nm. After glycan addition, the
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surface potential of Q-1 changed from -24.1 mV to -12.5 mV, indicating that negative change of
the native QDs was replaced by sialic acid moiety and remaining carboxylic acid groups of the
QDs were neutralized with ethanolamine linker. Similarly, Q-2 and Q-3 displayed zeta potential
of -10.7 and -13.3 mV respectively. While the Q-4 displayed 0.78 mV, due to the non-ionic
nature of compound 49. The fluorescence spectra of QDs were recorded to check whether the
sugar conjugation altered the fluorescence intensity of the QDs. The quantum yield of all the
QDs was slightly increased, indicating that the sugar conjugation stabilizes of CdSe core and
enhance the fluorescence intensity. Finally, the number of sialic acid or galactose moieties on

each QDs was quantified by resorcinol *

and phenol-sulfuric acid method. It was observed that
each QDs carried around 45-55 sialic acid moieties, demonstrating the multivalent display of

sugar on a fluorescent template (table 1).

'5‘ "‘u S TS

Figure 1. TEM images of carbohydrate conjugated quantum dots: Q-1 (a); Q-2 (b); Q-3 (c); Q-4 (d). Scale bar =

100 nm.

QDs  Quantum Yield  Number of Sugar Zeta potential (mV)

() unit per QD
Q-1 0.37 53+4 -125+1.8
Q-2 0.36 47+ 6 -10.7+£1.9
Q-3 0.39 56 +3 -13.3+2.4
Q-4 0.44 784 +0.78 £ 0.3
QD- 0.32 - -241+3.2

COOH

Table 1. Physical characteristics of QDs and plasma clearance.
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4.3.0 Mortality Study

After synthesizing and characterizing the glyco-QDs, we first performed the mortality of adult
zebrafish and mice after i.p injection of various QDs. (table 2), summarize the LD50 values of
the 24h acute toxicity test. As dosage varied from 1 to 20 nmol/kg, a significant difference in the
mortality was observed in both animal models. This dosage is similar to that of the concentration
used by different research groups to perform in vivo experiments with QDs.***" Among the QDs,
Q-1 showed less toxicity compared to other glyco-QDs. It was observed that doses below 5
nmol/kg, no animal death occurred. For Q-1, maximum animal death took place at 20 nmol/kg in
both animal models. LC50 value was 13.6 nmol/kg and 14.7 nmol/kg in the zebrafish and mice
model respectively. While Q-2 to Q-4 showed maximum animal death at 15 nmol/kg in both
models and the LD50 value were 11.7, 9.6 and 9.3 nmol/kg in the zebrafish model and 11.4, 9.51
and 9.6 nmol/kg in mice model respectively (fig. 2a, 2b and Table 2). Previously, it has been
shown that acute toxicity of the QDs in mice and zebrafish varies with the surface
functionalization.®®**° Tang et al. tested the acute toxicity of the anionic, cation and non-ionic
surfactants on QDs in the mice.*" The data showed that the mice appeared to be sensitive to
cationic and less sensitive to anionic and non-ionic surfactant. Similarly, the Vaughan et al.
demonstrated that the toxicity of nanoparticles varies with surface functionalization in the
zebrafish embryos.* Kovriznych et al. showed that the toxicity effect of nanoparticles in
zebrafish egg was similar to that of adult fishes.?” However, the comparative toxicity studies with
two animal model have rarely been investigated. Our results clearly demonstrate that surface
functionalization of different sialic acid linkage alters the in vivo acute toxicity in both the

animal models, probably due to the differences in the biodistribution and sequestration level.
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Figure 2. Mortality of (a) zebrafish(Danio rerio); (b) mice after 24 h of glyco-QDs i. p injection; blood clearance
profile of glyco-QDs (c) zebrafish; (d) mice.

QDs  LD50 (nmol/kg) LD50 (nmol/kg) t12 (Mins) t12 (Mins)
Mice Zebrafish Mice Zebrafish
Q-1 13.6 14.2 105+ 2 82+3
Q-2 11.7 114 51+3 52+4
Q-3 9.6 9.7 48 +3 31+6
Q-4 9.3 9.5 212 23+ 4

Table 2. LD50 and ty,, of the QDs in animal model.

The above toxicity studies clearly showed the QDs of different sialic acid glycans alter the
mortality in both animal model. Next, the half-life of the blood clearance of glyco-QDs
elucidates the mechanism of acute toxicity. The concentration of the QDs in blood was
quantified by measuring the cadmium concentration by using ICP-MS. We set 7 nmol/kg (weight
of the fish or mouse) of QDs as an ideal concentration for head-to-head in vivo experiments, as

they displayed less toxicity and ideal concentration for the detection of biodistribution of QDs as
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Figure 3. (i) Statistical analysis of ICP-MS biodistribution data of quantum dots at different time intervals. (a) Mouse-
1 h; (b) Mouse-3 h; (c) Mouse-24 h; (d) Zebrafish-1 h; (e) Zebrafish-3 h; (f) Zebrafish- 24 h. Results are expressed as

mean £SD (n = 6).

3841 ODs were intraperitoneally injected to respective models and blood

reported in the literature.
was drawn after 0, 30, 60, 90, 120 and 180 mins. Table 2 represents the half-life of glyco-QDs. It
could be seen that QDs coated with galactose exhibited a rapid elimination from the bloodstream
in both the models, while the sialylated QDs exhibited prolonged circulation in the bloodstream.
This result correlates with pharmacokinetic studies of polysialic acid and other sialic acid
conjugated therapeutic molecules blood circulation results.***" The half-life (ty,) calculated for
Q-1 was 105 and 82 mins in mouse and zebrafish model respectively (fig 2¢, 2d & Table 2). The
prolong blood circulation of Q-1 attributes to the fact that sialic acid moiety on the QDs binds to
siglecs receptors to immune cells and increases circulation time and slowly enter in organs.*®

while, Q-2 and Q-3 cleared from the bloodstream much faster in both the models.

4.4 Biodistribution and sequestration study

Next, we investigated the biodistribution of QDs in the various organs. QDs were
intraperitoneally injected into the zebrafish and mouse model and after 1, 3 and 24 h, fishes and
mice were sacrificed and dissected for different organs (liver, kidney, lung, heart, brain and
spleen, fig 3). In the mouse model, Q-4 rapidly cleared from the blood and sequestered in liver
and kidney after 1h, due to asialoglycoprotein receptors.*® ICP-MS analysis after 3h revealed the

substantial amount of Q-4 accumulation in the liver compared to other organs. These results are
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consistent with previous galactose-QDs results in the mouse model.*” In case of zebrafish model,
similar biodistribution mechanism was observed after 1 h and 3 h respectively, and after 24 h, Q-
4 was completely cleared from most of the organs. Sialylated-QDs have longer blood circulation
half-life compared to Q-4, found to be sequestered in several organs. Among them, a(2-6)
conjugated QDs (Q-1) showed significantly broad biodistribution compared to Q-2 and Q-3 (fig.
3). The probable reason behind the wide biodistribution is may be due to the stability of comp 1
in the blood stream. In the zebrafish model, similar trend was seen, although it was less
pronounced compared to the mouse model. Q-1 treated zebrafish showed the nearly 1.5-fold
maximum QDs sequestration after 3 h compared to that of 1 h. While, in the mice model, nearly
2-fold increase in the Q-1 sequestration was observed at different organs after 3 h. After 24 h, Q-
1 sequestration was found in liver and traces of QDs were in other organs. In contrast, Q-2 was
readily uptake by the liver and the kidney, compared to other organs and slowly cleared by both
the system. While Q-3 was bio-distributed in the kidney and traces of it was found in other
organs. The sequestration of the sialylated-QDs in the spleen is correlated to the binding affinity
of QDs with blood components, as spleen is considered to be a reservoir for blood compositions.
While the sequestration in liver illustrates the stability of Sia on QDs to form galactose residue
which binds to asialoglycoprotein receptor in hepatocyte cells in the liver. The least sequestration
of Sialylated-QDs in heart and lungs demonstrated the absence of specific Sia receptors. The
slow and steady brain sequestration of Q-1 and Q-2 illustrated the potential property of Sias to
penetrate the blood-brain barrier (BBB) compared to Q-3 and Q-4.°°°2 Similar our result, more
authors referred comp 1 conjugated biomolecules displayed broad biodistribution compared to
comp 55 conjugated system in mice model. Tanak et al. tested the Gd(IIT) complexes of a(2-6)
and o(2-3) sialylated N-glycans. They found the multivalency and o(2-6) exhibited broad
biodistribution.”® By using sialyl-lewis* conjugated QDs, Ohyanagi et al. showed that a(2-3)
sialylated-nanoparticles appeared to be broad biodistribution at initial hours and later sequestered
in the liver.>* Thus, the majority of the mice results seem to be comparable to literature results,

and the zebrafish results can be considered a suitable alternative to the mice model.
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4.50 Confocal imaging of distributed sialylated quantum dots
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Figure 4. Confocal images of QD sequestration at different organs of (a) mouse and (b) zebrafish model.

After quantitatively analyzing glyco-QDs biodistribution in both models, it was qualitatively
supported by confocal images of the tissue sections. We performed paraffin embedded tissue
sectioning and QDs sequestration Q-1 and Q-2, as they have distinct biodistribution after 3 h in
both the models (fig. 4). The inherent optical property of QDs was used to visualize the
sequestration in the tissue section. As seen in fig. 4, the Q-1 was widely sequestered in the
cardiac muscle tissues in the heart, hepatocyte and vacuoles of the liver region, pulmonary
fibrosis tissue of lung region, the periarteriolar lymphoid sheath of spleen region, glomerulus
structure of kidney region and cortex of brain region respectively. While, Q-2 sequestration was
observed in liver, brain and kidney regions, which further support the ICP-MS data. Further, all
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these results clearly support that the zebrafish can be used as an efficient in vivo model to study

the carbohydrate-mediated interactions.
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Figure 5. Changes in the body weight of the zebrafish (a) and mice (b) after i.p. administration of Q-1 and Q-2
at 2.5 nmol/kg for 20 days; Serological test results obtained from the zebrafish (c) and mice (d) injected with
QDs after 20 days. Results are expressed as mean =SD (h = 5). *p < 0.05 versus control.

Based on the in vivo screening experiments, we examined the long-term toxicity of QDs by
measuring the fluctuating body weight in the mice and zebrafish model. QDs (2.5 nmol/kg) were
i.p. Injected and the fluctuation in the body weight was monitor over a period of 20 days (fig. 5a
& 5b). The body weight of the control and QDs injected mice were approximately identical,
illustrating that the QDs had no side effect on the mice model at low concentration. Further, the
serological test of kidney function by measuring the alanine aminotransferase (ALT) and

aspartate aminotransferase level (AST)>>®

after 20 days displayed partly variation in the
enzymatic activity when compared to the control in zebrafish model, suggesting toxicity of QDs

at the lower concentration very high in zebrafish compared to mice (fig. 5¢ & 5d). Overall, the
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comparative studies displayed, the zebrafish as a potential in vivo model for glyco-

nanotechnology research.

4.6 Conclusion

In this study, for the first time, we have reported the head-to-head comparison of two
distinct sialylated-QDs toxicity, biodistribution, and sequestration in mouse and zebrafish
model. The serum analysis of the a(2-6) sialic acid-conjugated QD showed long-term
blood circulation in both the models compared to other glyco-QDs. Biodistribution results
of both the model systems revealed that most of the QDs were sequestered in the liver,
with quick clearance was observed in zebrafish compared to that of the mouse model.
Furthermore, Q-1 and Q-2 was able to pass the BBB and sequestered in the brain in both
the model. These results advocate zebrafish as an ideal simple in vivo system for
preliminary screening carbohydrate-mediated interactions and thus opening up the
immense possibility for the successful application of carbohydrate-based drug delivery

and imaging studies in a quick time intervals.

4.70 Materials and methods

4.7.1 Synthesis of Q-1 to Q-4 : Glyco-conjugation of QD has been done via peptide
coupling method, following Thermo Fisher Scientific procedure.?® In brief, carboxylic
acid-quantum dots (0.1 uM) was dissolved in borate buffer (50 mM, pH- 7.4, 0.5 ml). To
this solution EDC (10 pM) and N-hydroxyl succinimide (12 pM) was added and stirred at
RT for 2 h, followed by the addition of oligosaccharides (1, 49, 55, 56) (10 uM) at RT.
The reaction mixture was stirred overnight and quenched with ethanolamine, followed by
dialysis of the mixture with 10,000 cut-off membranes in water. Finally, the product was
lyophilized and diluted to desired concentration. The concentration of the QDs was
established using a previously published procedure.*® QDs were dissolved in phosphate

buffer (50 mM at pH 7.4) and used as such for further biological experiments.

4.7.2 Estimation of the concentration of sialic acid per QDs
Sugar capped QDs (20 nmol) was dissolved in 100 pL of doubled distilled water. To this
solution, resorcinol reagent (100 uL) was added and heated to 80 °C on a water bath for 15min.*
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The reaction mixture was extracted with n-butyl acetate and n-butanol (85:15) mixture. The
organic layer separated and the absorbance at 580 nm was measured by UV-spectrometer. The
concentration of sugar was determined by plotting a calibration curve of commercial sialic acid-
resorcinol derivatives obtained by the same method. The number of sugar molecules per QD was
calculated from the ratio of the concentration of sugar and Conc of the QD. Q-1 to Q-3 showed
53, 47 and 56 sialic acid residues per each particle respectively. In case of Q-4, the concentration
of galactose was determined by the phenol-sulfuric acid method.** Q-4 showed 78 galactose
residue per each particle.

4.7.3 Characterization of glyco-QDs

UV-visible measurements were performed with Evolution 300 UV-visible spectrophotometer
(Thermo Fisher Scientific, USA). Fluorescence spectra were recorded in the FluoroMax-4
spectrofluorometer (Horiba Scientific, U.S.A.).Transmission electron microscopy (TEM)
observation was carried out on CM 200, operated voltage 100 kV resolution 2.4 Ao.We used a
zeta potential analyzer to measure the surface potential of glyco-QDs. In the measurement, we
applied unit field strength (1 Volt per meter) to the QD solution. We measured zeta potential of

different sugar conjugated QDs in water.

4.7.4 Mouse model

All animal experiments were performed in accordance with local animal ethical committee
regulation. Male and female C57BL mice (3-4 weeks old) were collected from Reliance life
science, Bombay. Prior to the experiment, the mice were maintained in the animal house for 48h
in 12h/12h light/dark cycle, with proper food and water. The surgical procedures were performed
in accordance with Institutional Animal Ethical Committee regulation, set up by CPCSEA, Govt.

of India. All experiments were carried out in INTOX quality toxicological services, Pune.

4.7.5 Zebrafish model
Local wild-type zebrafish strain weighing approximately 500-600 mg (2-3 months old) were
maintained under standard laboratory conditions at 28°C under 14:10 h light/dark cycle

conductivity of 350 uS of the water maintained at pH 7.2 — 7.4.
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4.7.6 Acute toxicity determination

Mice were anesthetized with ketamine and QDs were injected at different concentration via i. p.
injection. The number of mice in each experimental and control group was 4 male and 4 female
(P = 0.018 compared to control). The highest dose of QDs used was 20 nmol/kg. LD50 value
was calculated according to the equation.

LDso = lg™ {Xmm-i x £p-0.5} -1

where X, is the logarithm of the maximal dose, i represents the difference between the logarithm
values of two adjacent doses, and P is the mortality of each group.

In case of zebrafish, fishes were anesthetized with 2-phenoxyethanol and QDs were injected. The
number of zebrafish in each experimental and control group was 5 male and 5 female (P =

0.0129 compared to control).

4.7.7 Blood sample analysis

Mice were anesthetized with ketamine and received 7 nmol/Kg of quantum dots (Q-1 to Q-4).
The number of mice for each experimental and control group was 3 male and 3 female (P =
0.033 compared to control). After 0, 30, 60, 90, 120 and 180 mins. Mice were sacrificed, and 0.5
ml of blood was drawn. Collected blood samples were digested with 500 pl of 70% nitric acid,
followed by heating at 90°C for 30 min. Then each digested samples were diluted to 6 ml with
Millipore water. The concentration of QDs in the blood samples was determined by ICP-MS
(Thermo-Fisher Scientific, Germany) by quantifying the cadmium concentration. Finally, the
concentration of cadmium was converted into pg/mg.

Zebrafish were anesthetized with 2-phenoxyethanol and injected 7 nmol/Kg (Q-1 to Q-4) via
intraperitoneal using catheter implantation tubing attached to a cut 22-G needle tip at one end
and another end was attached to Hamilton syringe. The number of fish for each experiment was
3 male and 3 female (p = 0.031 compared to control). After 0, 30, 60, 90, 120 and 180 mins
zebrafish were sacrificed and its tail was cut to collect the blood sample (~0.1ml). Collected
blood samples were digested with 500 ul of 70% nitric acid followed by heating at 90°C for 30
min. Then each digested samples were diluted to 6 ml with Millipore water. The concentration of
QDs was determined by ICP-MS (Thermo-Fisher Scientific, Germany) by quantifying the

cadmium concentration. Finally, the concentration of cadmium was converted into pg/mg.
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4.7.8 Mouse dissection

Mice were received 7 nmol/Kg of quantum dots (Q-1 to Q-4) via i.p injection. The number of
mice for each experiment was 3 male and 3 female (P = 0.021). After 1h, 3h and 24 h mice were
sacrificed to the collection of organs. Before dissection, mice were anesthetized using ketamine,
followed by pinning down with belly facing up and washed with ethanol. Then dissection was
done along the ventral midline starting from the groin up to the chin to expose the organs.
Different organs liver, spleen, lung, kidney, heart and brain were collected and washed with PBS
buffer (100 mM, pH 7.4) followed by fixation in formalin (5%) solution. These samples were
taken as such for further analysis (ICP-MS and confocal imaging).

4.7.9 ICP-MS analysis

Organs were dried and weighed before digesting it in 3 ml of 70% nitric acid and heating the
solution at 90 °C for 3 h. The samples were further diluted with 6 milliQ water and filture
through the membrane filtered before subjected to ICP-MS analysis.

4.8 Confocal imaging

In case of confocal imaging studies, organs were subjected gradient dehydration with increasing
concentration of ethanol (75%, 95%, 100%) for 30 min each. Finally washed with 100% xylene
for 1 h and then fixed in paraplast. Blocks are stored in -10 °C for 12 h before proceeding to
sections. Sectioning of blocks was done using Leica microtome instrument and sections were
collected on PLL-coated glass plates. Before imaging excess paraplast was washed with xylene.
Sequestration of glyco-QDs in different organs was analyzed by confocal fluorescence
microscopy using a CLSM (Zeiss LSM 710) microscope. The excitation wavelength was 480
nm, emission wavelength was 680 nm. 25X objective was used to image organs.

4.9 Zebrafish dissection

For dissection of organs, zebrafish were anesthetized with 2-phenoxy ethanol in water (1 : 2000).
The number of mice for each experiment was 3 male and 3 female (P = 0.018). Both head and
tail of the fish were fixed using needles and body wall was cut at the abdomen and cut until the
operculum to expose all internal organs. Different organs such as heart, brain, liver and spleen
were collected. All organs were washed with Millipore water, dried and weighed before

following the above procedure for ICP-MS and confocal slides preparation.
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4.9.1 Long-term toxicity evaluation

After i.p. administration of Q-1 and Q-2 at 2.5 nmol/kg, the long-term toxicity test was
performed based on body weight of the male mice and zebrafish. The number of mice and
zebrafish used for each experiment and control is 5. Body weights of the mice and zebrafish
weight in both groups were recorded for next 20 days. In a separate experiment, blood samples
from control and QDs injected mice and zebrafish and were collected after 20 days and two
important hepatic damage indicators, alanine aminotransferase and aspartate aminotransferase
level were measured.

4.9.2 Statistical analysis

Statistical comparisons were done using the Student t test or one-way ANOVA. The p < 0.05 is

considered to be statistical significance.

Mouse Zebrafish

-
. WY o TN

Dissection

P

Spleen  Kidney Lung Spleen

Kidney

Figure 6. Mouse and zebrafish dissection and collection of different organs.
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4.9.3 Synthetic procedure and Spectroscopic details
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Scheme 2. Reagents and conditions: (a) 2,2-dimethoxy benzaldehyde/pTSA/acetonitrile/RT;
BzCI/DMAP/pyridine/0°C to RT; (b) 2,2-dimethoxy propane/pTSA/acetone/RT; BzClI/DMAP/Pyridine/0°C
to RT; (c) 2-azidoethoxyethanol /NIS/TfOH,-40°'C, DCM; (d) PhBCI,/Et;SiH/-78°C,DCM; (e)
TFA/H,0/AcOH, 60 °C; (f) Hy/Pd(OH),,MeOH:H,0(1:1),12h; (g) NIS/TfOH, DCM, -40°C; (h)
NaHCOs/Ac,0/H,0/RT; H,/Pd(OH),, MeOH:H,0(1:1), 12h;

* Synthetic procedure and spectroscopic details of compound 12B, 12A and 12 have

provided in chapter 2
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Compound 51: To a solution of 52 (550 mg, 1.02 mmol, 1.0 equiv), azido-ethoxyethanol (1.23
mmol, 1.2 equiv), and activated 4A powdered molecular sieves (1.5gm) in anhydrous
dichloromethane (10 mL), NIS (276mg, 1.23 mmol, 1.2 equiv) and TfOH ( 9.02 xL, 0.102 mmol,
0.1 equiv) were added at - 40 °C. The reaction mixture was stirred at - 40°C for 3 h until the
disappearance of the donor on TLC, then quenched with triethylamine (80uL, 0.81 mmol, 0.75
equiv) and warmed to room temperature. The reaction mixture was diluted with
dichloromethane, filtered through celite, washed with 20% aqueous Na,S,03 solution, dried over
anhydrous Na,SOy, and concentrated under reduced pressure. The crude product was purified by
column chromatography (silica gel, pet ether/ EtOAc 3:1) to afford the compound 51(400mg,
72%)."H- NMR (400 MHz, CDCl3) & 8.15 — 8.00 (m, 4H), 7.68 — 7.55 (m, 2H), 7.53 — 7.42 (m,
4H), 5.30 (dd, J = 8.0, 7.5 Hz, 1H), 4.69 (m, 2H), 4.65 (d, J=8.4 Hz ,1H) , 4.42 (dd, J =7.3,5.4
Hz, 1H), 4.34 (dd, J = 5.4, 2.2 Hz, 1H), 4.24 (ddd, J = 7.2, 5.1, 2.2 Hz, 1H), 4.04 — 3.93 (m, 1H),
3.74 (ddd, J = 11.2, 7.4, 3.6 Hz, 1H), 3.66 — 3.53 (m, 2H), 3.48-3.45 (m, 2H), 3.17 — 2.98 (m,
2H), 1.66 (s, 3H), 1.39 (s, 3H). *C-NMR (400 MHz, CDCl3) & 166.32, 165.33, 133.20, 133.12,
129.96, 129.91, 129.79, 129.75, 129.76, 129.74, 129.66, 128.46, 128.33, 125.34, 110.90, 100.80,
77.09, 73.70, 73.52, 71.11, 70.46, 70.06, 69.13, 63.75, 50.59, 27.68, 26.34. HRMS m/z calc’d for
C27H31N3OgNa (M+Na®). 541.2060; found: 541.1957.

OH OBz
Hogé/o\/\o/\/"‘s
OBz
Compound 50: The compound 51 (350mg, 0.646 mmol) was dissolved in chloroform and TFA
mixture (10:1; 10ml) at room temperature. After 1 h, the reaction mixture was quenched with
triethylamine, evaporated, concentrated and purified on flash column chromatography (silica gel,
pet ether/ EtOAc 1:1) to afford compound 50 (280 mg, 86%).'H NMR (400 MHz, CDCl5) § 8.12
—8.01 (m, 4H), 7.64 — 7.54 (m, 2H), 7.52 — 7.40 (m, 4H), 5.28 (dd, J = 9.6, 8.0 Hz, 1H), 4.71(d,J
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=8 Hz, 1H), 4.70-4.57 (m, 2H), 4.08 (d, J = 3.1 Hz, 1H), 4.00 (dt, J = 11.3, 3.8 Hz, 1H), 3.92 (t,
J=6.8 Hz, 1H), 3.88 (dd , J =9.7,3.5 Hz ,1H), 3.78 (ddd, J = 10.8, 6.4, 4.2 Hz, 1H), 3.71 (dd, J
=5.4, 4.6 Hz, 1H), 3.65 — 3.59 (m, 2H), 3.49 (m, 2H), 3.45 — 3.41 (m, 1H), 3.18 — 3.05 (m, 2H).
3C NMR (400 MHz, CDCls) & 167.05, 166.57, 133.42, 133.35, 129.92, 129.74, 129.70 129.63,
129.62, 129.60, 129.54, 128.49, 128.44, 128.42, 101.17, 74.05, 72.59, 72.34, 70.43, 70.02, 69.13,
68.78, 62.98, 50.58. HRMS m/z calc’d for C24H27N3OgNa (M+Na'*). 516.1645; found: 516.1642.
General glycosylation procedure A

A solution of donor 11 (200 mg, 0.35 mmol, 1.0 equiv), acceptor (1.2 equiv), and activated 4 A
powdered molecular sieves(216 mg, 2 gm) in anhydrous dichloromethane was stirred at RT
overnight and then cooled to -40°C followed by addition of NIS (172 mg, 0.26 mmol, 2.4 equiv)
and TfOH (9.5 L, 0.11 mmol, 1.0 equiv). The reaction mixture was stirred at -40°C for 20 min
to 2 h until the disappearance of the donor on TLC, then quenched with triethylamine (22.6 pL,
0.16 mmol, 1.5 equiv) and warmed to room temperature. The mixture was diluted with
dichloromethane, filtered through celite, washed with 20% aqueous Na,S,03 solution, dried over
anhydrous Na,SO,4, and concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel, Pet ether/ THF 1:1) to afford the sialic acid disachharide.

* Comp 8 Spectroscopic details have already given in chapter 2.

MeOOC Oy
AcO OAc OBz
AcO : —0] ° o
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OBz \—
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Compound 53: General procedure A with donor 11(200mg, 0.35mmol) and acceptor 50(212mg,
0.422moml) to afford 53(220mg ,65%) ."H-NMR (400 MHz, CDCls) & 8.12 (dd, J = 39.7, 7.9
Hz, 4H), 7.60 (t, J = 7.3 Hz, 2H), 7.48 (m, 4H), 5.56 (m, 1H), 5.52 (t, J = 9.4 Hz, 1H), 5.43(m,
1H), 4.79 (d, J = 7.9 Hz, 1H), 4.68 (dd, J = 11.3, 6.2 Hz, 1H), 4.57 (m, 3H), 4.44 (dd, J = 12.2,
2.0 Hz, 1H), 4.02 — 3.93 (m, 3H), 3.88 — 3.82 (m, 1H), 3.81 — 3.75 (m, 2H), 3.74 (s, 3H), 3.57
(m, 3H), 3.43 (t, J = 5.1 Hz, 2H), 3.10 — 2.95 (m, 2H), 2.86 (dd, J = 12.0, 3.2 Hz, 1H), 2.77 (s,
1H), 2.45 (s, 3H), 2.14 (dd, J = 11.2, 2.0 Hz, 1H), 2.07 (s, 3H), 2.06 (s, 3H), 1.56 (s, 3H). **C-
NMR (400 MHz, CDCl3) 6 171.77, 170.78, 170.37, 169.96, 168.70, 166.17, 165.27, 153.35,
133.26, 133.24, 130.19, 130.14, 129.98, 129.93, 129.63, 129.60, 128.72, 128.69, 128.51, 128.44,
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101.33, 97.36, 75.28, 74.05, 71.67, 71.43, 70.58, 70.24, 69.92, 69.16, 68.26, 66.96, 63.50, 63.07,
58.76, 53.21, 50.50, 36.02, 29.69, 24.55, 21.10, 20.79, 20.22. HRMS m/z calc’d for CagHsoN4Ox:
(M+Na). 981.2859; found 981.2851.

c COOMe

AcO :QA o
N (o) (o N \/\N3
\"r o
(o]

o]

Compound 54: General procedure A with donor 11 (200 mg, 0.35 mmol) and 2-
azidoethoxyethanol (55 mg, 0.42 mmol) to afford 54 (190 mg , 91%)."H-NMR (400 MHz,
CDCl3) 6 5.55 (dd, J = 8.1, 1.7 Hz, 1H), 5.41 (ddd, J = 8.1, 7.2, 2.9 Hz, 1H), 4.60 (dd, J = 9.3,
1.7 Hz, 1H), 4.37 (dd, J = 12.2, 2.9 Hz, 1H), 4.05 — 4.01 (m, 1H), 4.01 — 3.97 (m, 1H), 3.96 —
3.90 (m, 2H), 3.79 (s, 4H), 3.71 (g, J = 2.0 Hz, 1H), 3.66 (m, 2H), 3.47 (ddd, J = 10.6, 5.8, 3.6
Hz, 1H), 3.39 — 3.34 (m, 2H), 2.88 (dd, J = 12.0, 3.5 Hz, 1H), 2.47 (s, 3H), 2.13 (s, 3H), 2.12 (s,
3H), 2.11 (t, J = 12.1, 13.5 Hz, 1H) 2.01 (s, 3H). *C-NMR (400 MHz, CDCls) § 172.11, 170.77,
170.36, 170.14, 168.75, 153.76, 99.31, 75.58, 75.09, 71.88, 70.12, 70.02, 69.05, 65.08, 63.24,
59.08, 53.11, 50.69, 36.53, 24.79, 21.24, 20.99, 20.85. HRMS m/z calc’d for Cy3H3N4O14
(M+Na). 611.1813; found:611.1811.

General deprotection procedure B

To a solution of oligosaccharide (1 eq) in ethanol: water mixture (3:1, 5 ml), LiOH (30 eq) was
added and stirred at 80°C for 12h. The reaction mixture was cooled to room temperature and
carefully neutralized by IR-120H" resin to pH-7, diluted with methanol, filtered and
concentrated. The crude residue was dissolved in water and NaHCOj3 (15eq) mixture and acetic-
anhydride (10eq) at 0 °C. After 3 h, LiOH (10eq) was added and stirred for another 5-6h at RT.
Then reaction mixture carefully neutralized by IR-120H"resin to pH-7, diluted concentrated and
purified by reverse-phase column chromatography (Bond Elu-C18).The Pd(OH), (10 mmole %)
was added to the above residue in methanol : water mixture (4 ml, 1:1) and H, gas was purged
into the reaction mixture. After 12 h, the reaction mixture was filtered and further purified by
reverse phase column chromatography (Bond Elu-C18) yielded deprotected sialic acid analogs.
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* Compound 1 spectroscopic details are provided in chapter 2.

HoOC Oy
HO OH OH
HO . —of © o
HN HO OH 0\/\
\\é O™ \_NH,

Compound 55: General deprotection procedure B of comp 53 yielded 42 mg (42%) of 55. *H-
NMR (400 MHz, D,0) 6 4.41 (d, J = 7.9 Hz, 1H), 4.02 — 3.96 (m, 2H), 3.84 (d, J = 3.1 Hz, 1H),
3.79-3.73 (m, 3H), 3.72 — 3.69 (m, 2H), 3.67 (dd, J = 8.9, 4.5 Hz, 2H), 3.64 (d, J = 4.0 Hz, 1H),
3.58 (dd, J = 4.6, 2.2 Hz, 1H), 3.57 — 3.55 (m, 3H), 3.54 (d, J = 1.4 Hz, 2H), 3.51 (m, 2H), 3.49 —
3.46 (m, 3H), 2.66 (q, J = 4.4 Hz,1H),1.93(s, 3H), 1.69 (t, J = 12.1 Hz, 1H). *C NMR (400
MHz, D,0) 6 175.11, 173.80, 102.56, 102.56, 75.92, 75.03, 72.92, 71.84, 70.20, 69.18, 68.77,
68.31, 67.92, 67.57, 66.38, 62.67, 61.02, 51.75, 39.73, 39.15, 22.08. HRMS m/z calc’d for
C21H3sN2015 (M+H). 559.235; found: 559.2352.

HO COOH

Ho_ | OH
: o
AcHN 9/ 0" "~""NH,

HO
Compound 56: General deprotection procedure B of comp 54 yielded comp 56 60 mg (45%).
'H-NMR (400 MHz,CD30D) & 3.94 — 3.86 (m, 1H), 3.82 (ddd, J = 7.8, 9.4, 2.5 Hz, 2H), 3.69 —
3.52 (m, 9H), 3.47 (dd, J = 8.9, 1.7 Hz, 1H), 2.87 — 2.77 (m, 4H), 1.99 (s, 3H), 1.56 (t, J = 11.7
Hz, 1H). ®C-NMR (400 MHz, CD;0OD) & 174.25, 172.92, 100.50, 73.01, 72.16, 71.66, 70.09,
69.57, 68.99, 68.13, 63.17, 52.89, 50.43, 41.27, 21.28. HRMS m/z calc’d for CisH2sN2019
(M+H). 397.1822; found: 397.1826.

OH

OH
0]
Ho&/o\/\o/\/ NH,

OH

Compound 49: To a solution of compound 50 (250 mg) in dry methanol sodium
methoxide 3eq were added and stirred the reaction mixture for 12h at room temperature

followed careful neutralization by IR-120H" resin to pH-7. Filtered the solution and then
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allowed to hydrogenation in presence of Pd (OH), for another 12h . Finally filtered the
reaction mixture and concentrated. Purification with reverse phase column yielded 49 as
white solid 90mg (65%). *H NMR (400 MHz, D,0) & 4.29 (d, J = 7.9 Hz, 1H), 3.94 (m,
1H), 3.78 (d, J = 3.3 Hz, 1H), 3.70 (m, 1H), 3.59 (m, 7H), 3.51 (dd, J = 9.9, 3.4 Hz, 1H),
3.39 (dd, J = 9.9, 7.9 Hz, 1H), 2.99 (m, 1H), 2.87 (m, 1H). **C NMR (400 MHz, D,0) &
102.88, 75.20, 72.77, 70.76, 69.63, 68.66, 67.83, 61.01, 47.20, 39.25. HRMS m/z calc’d
for C10H21:NO7 (M+Na). 290.1216; found: 290.1534.
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