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Abstract

Every mammalian cell surface is decorated with 30 nm thickness of carbohydrates, namely
glycans from the plasma membrane. These glycans are expressed either in conjugated
systems (glycoproteins, proteoglycans, and glycolipids) or without conjugation
(glycosaminoglycans such as hyaluronan). These glycans play a fundamental role in cell
biology, such as cell-cell interactions that govern many normal and pathological processes.
Consequently, a better understanding of structure-activity relationships of glycan will provide
new insights into the specific biological process. In my thesis, | have investigated how the
conformation plasticity of uronic acid, glycosidic linkage with galactosamine, and sulfation
pattern on chondroitin sulfate (CS) regulate specific biological functions.

Chapter 1 summarizes various factors influencing the structure-activity relation of
carbohydrates and thereby significances in biological activities. More specifically, we address
basic structures and functions of glycocalyx. Followed by multivalent probes to study
carbohydrate-protein interactions. Finally, we talk about the sulfation patterns of GAGs,
particularly HS influence the carbohydrate-protein interactions.

Chapter 2 describes a systematic investigation of preferential binding and therapeutic
potential of two crucial non-sulfated and sulfated hexuronic acid derivatives
(GlcA and IdoA) abundantly found in the glycosaminoglycan (GAG) family. We discovered
2,4-disulfated glucuronic acid (Di-S-GIcA) residue as a potential ligand for T. gondii
recognition. The multivalent display of Di-S-GIcA significantly inhibited the interaction of
the parasite with the host cell leading to decreased invasion of host cells. This finding paves
the way for future use of Di-S-GIcA in therapeutic studies of T. gondii infection in invivo
model.

Chapter 3 reports inverted cell culture technique to study glyconanoparticles selectivity.
Briefly, glyco-nanoparticles are indispensable tool to target specific cell lines using the
receptor-mediated exchange. However, nanoparticles have tendency to undergo
sedimentation with increasing time and resulting in false biological results, including
cytotoxicity and cellular internalization process. Here, provides a rational platform to
improve the specificity, selectivity, and avoid results from sedimentation of NPs. Validated
by a series of cytotoxicity assay and in vitro uptake studies, we showed that the inverted cell
culture method could rapidly improve our knowledge of cell specificity. This simplicity and
effectiveness of the system underscore its potential to accelerate nanoparticles research in

biology.



Chapter 4 deals with the late and preoxidized disaccharides building block approach for
synthesizing chondroitin sulfate oligosaccharides. Regioselective benzylidine group opening
or deprotection and sulfation yielded oligo-CS-E/A/C analogs in moderate overall yields.
Later, the disaccharide CS analogs were functionalized on gold nanoparticles via tripodal
conjugation to targeting cancer and glioblastoma cells. We found that the specific sulfation
code regulate CD44 mediated uptake in MDA-MB-231 and U87 glioblastoma cell lines,

showing the nanomedical application of these glyco-nanostructures.

vii
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Chapter-1

Driving Force Behind Specific
Carbohydrate-Protein Interactions




Abstract:

Carbohydrate-protein interactions play an important role in living cells due to its involvement
in all kind of regulation, recognition and signal transduction processes. It requires that
proteins bind to specific epitope of carbohydrates on the cell surface. Chapter 1 briefly
summary of the literature study on glycocalyx and how the multivalent probes modulate

specific-carbohydrate protein interaction and theirby influenc specific biological event.



1. 1 Introduction:

All mammalian cells and viruses are densely covered with carbohydrates on their surface.
These carbohydrates bind to proteins or cell surface receptors to regulate several
physiological and pathological processes. However, carbohydrate structures are highly
heterogeneous and complex in nature. Deciphering carbohydrate signature essential to
activity specific proteins/receptor is crucial for drug discovery and biomedical applications.>®
Many research groups synthesized cell surface carbohydrate with various modifications to
understand structure-function relationship. Detailed studies of these carbohydrate structures
suggested several key factors for modulating carbohydrate-mediated interactions.® This
chapter pays special attention to the carbohydrate-based structural variation that shows
unique binding specificity with isoforms proteins. We first present a systematic overview of
different types of carbohydrates structures on mammalian cell surfaces, followed by the
importance structural modification to improve the carbohydrate-protein and development of
inhibitors. More specifically, we check the role of multivalency and sulfation patterns in

altering the molecular recognition (Figure 1).
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Figure 1. Mammalian cell surface

1.2 Glycocalyx:

Cell surface of human body are densely covered by sugar molecules, commonly called
glycocalyx. These sugars are conjugated in various linkages forming glycan, which are

expressed as free form or protein/lipid conjugate resulting glycoproteins and



glycosphingolipids. The glycocalyx is known to regulate various fundamental cellular events,
such as cell proliferation, differentiation and multiplications. Given the importance of the
glycocalyx in all human body functions, understating the structure-activity relation is
important for drug designing. Glycocalyx classified in to various types according to their

monosaccharides, oligosaccharide or polysaccharide structures.'®**

1.3 N-glycan and O-glycan:

Glycoconjugation of protein is the most abundant post-translation modification, which
modulate the functions of proteins, including cellular localization, protein quality and 3D-
structure of protein. There are two major glycoconjugation observed in pro-translation
modification. N-glycans are attached to the sequence of Asn-Xaa-Ser/Thr (where Xaa is any
amino acid except proline).** Whereas, O-glycans are attached to the OH groups of serine and
threonine residue. The N-glycans takes place in endoplasmic reticulum where, a block of
sugar (GlcsMangGIcNAC;), which get attached to the protein. In contrast, O-glycans initiated
by attachment of N-acetyl glucosamine or galactosamine attachment to serine and threonine

residue, followed by the extension of the glycan structure in step-by-stem manner.

1.4 Glycosaminoglycans:

Glycosaminoglycans are a family of liner, highly sulfated polysaccharides. GAGs on
glycocalyx has been broadly classified into Non-sulfated GAGs such as hyaluronic acid (HA)
and sulphated GAGs include heparan sulfate(HS), chondroitin sulfate (CS), dermatan sulfate
(DS) and keratan sulfate (KS). All GAGs contain disaccharide repeating units of uronic acid
(I-iduronic acid or D-glucuronic acid) and amino sugar (Glucosamine or galactosamine). 23%°

Heparin (HP) and heparan sulfate (HS) have a common structural base of (1-4) glycosidic
linkage of uronic acid and GIcNAc residue but differ in the percentage of uronic acid
composition. In HP, the ratio between GIcA vs IdoA is 1:9, whereas in HS, GIcA
composition is predominant over IdoA and the amount of GIcA is ranged from 10% to 90%.
In addition, HS is low sulfated compared to HP; on average, HS contains a single sulphate
group per disaccharides, whereas HP has 2-3 sulfate groups per disaccharides. In general, the
glucosamine moiety is O-sulfated at C2, C3 or C6 and N-sulfated and the uronic acid residue
is O-sulfated at C2 position. Due to their structure heterogeneity, HS/HP binds to a wide
range of plasma proteins, which modulate various biological activities. For example, HS/HP
binds to growth factors and triggers proteolytic degradation, resulting in angiogenesis.

Similarly, growth factors-HS/HP interaction regulates cell adhesion, tumor development, and



metastasis. ®*°

Chondrotin sulfate (CS) or dermatan sulfate (DS) are the third most abundant GAG
molecules, which has B(1-3) GalNAc and uronic acid disaccharide units. CS has been
classified into five groups depending on their sulfation patterns and uronic acid compositions.
CS displayed O-sulfation patterns at C4 and C6 of GaINAc and C2 and C3 of uronic acid.
CS-B is an old name of DS, which has IdoA as a uronic acid component. Similar to HS/HP,
sulfation patterns of CS modulate various biological functions by interacting with growth

factors, cytokines and cell adhesion molecules.?*?

Table 1. Repeating disaccharide units of various glycosaminoglycans

Glycosaminoglycan Disaccharide units Featuras

Hyaluronic acid H OH Malecular weight 4-8000 kDa

Non-sulphated non-covalently attached to proteins
in the ECM; also found in bacteria

Usually found in synowial fluid, vitreous humour,
NHCOCHJH ECM of lonse connective tissue

Excellent lubricators and shock absorbers
Molecular weight 5-50 kDa

Most abundant GAG in the body
Found in cartilage, tendon, ligament, aorta

Chondroitin sulphate

H Bind to proteins (like collagen] to form
B OH NHCOCH, proteoglycan aggregates

D-GleA-f(1— 3)-D-GalNAc4S-(1— 4)

Dermatan sulphate 0503- QOH Molecular weight 15-40 kDa

H
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L-IdoA-ai 1 — 3)-D-GalNAc4S-f(1— 4)

Found in skin, blood vessels, heart valves

Keratan sulphates | and Il OH Molecular weight 4-19 kDa
HO Most heterogeneous GAG
H K5 | is found in the comea
KS Il is found in cartilage aggregated with CS
(0]
// H

D-Gal-B(1— 4)-D-GalNAc6S-5(1— 3)

Keratan sulfate is the last family of GAGs, which was identified in 1939 by Suzuki while
extracting cornea. Structurally, KS contains f(1-3) linkage of Gal-GalNAc unit. Unlike other

GAGs, KS replaced uronic acid unit by Galactose and the polymeric chain length is much


https://onlinelibrary.wiley.com/cms/asset/4d58e719-bbc6-412e-b44f-5a9788bf7161/cbdd_741_t2.gif

shorter than other GAGs.?**

Hyaluronic acid (HA) exists as a glycoconjugation free GAGs, containing long chain B(1-3)
of GIcA-GIcNAc units. HA play important roles in the tissue homeostatsis, embryogenesis,
inflammation, inflammation etc. HA is important of skin smoothness and wound healing and
repairing. It is even used in moisturizers and eye drops to treat dry skin. HA is important for
tumor growth and inhibition. Hence, it is one of the key ligand for tumor therapy.?®*’

Overall, Heparan sulfate (HS), chondroitin sulfate (CS) and keratan sulfate (KS),
carbohydrate polymer accompanied by a broad range of biological activities, is undisputedly
the most complex polysaccharide present in living systems (Table 1). Despite decades of
research investigating on these glycosaminoglycans (GAGS) structure-activity relationship,
our current understanding is limited by its extensive microheterogeneity. Identification of the
structural epitopes of HS, CS and KS that are responsible for orchestrating various cellular
processes could enable us to fine-tune the interactions among those processes that modulate
biological activities. Inspired by this, we have synthesized a combinatorial library of HS
oligosaccharides and HS mimics to investigated their structural relationships with proteins.?®
31

Discovery of Rare Sulfated N-Unsubstituted Glucosamine Based Heparan Sulfate

Analogs Selectively Activating Chemokines.
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Figure 2. Structures of heparan sulfate tetrasaccharide analogs.



Chemokines are endogenous signaling peptides essential for immuno-surveillance,
homeostasis, inflammation, infection and tissue repair.**3® Chemokines and their receptor
activities depend on how they bind and oligomerize in the presence of glycosaminoglycans
(GAGs).**! Humans express 47 chemokines and 20 receptors, and most of the chemokines
are highly basic proteins. It has been therefore hypothesized elsewhere that chemokine-GAG
binding is non-specific. However, after the discovery of acidic CCL3 and CCL4 chemokines
binding to GAGs, it had become clearer that their interaction proceeds in a sequence-
dependent manner.*>** Moreover, chemokines have shown different interaction strengths
with various GAGs, including heparan sulfate, chondroitin sulfate and dermatan sulfate,
illustrating that microheterogeneity in GAG structures can modulate binding patterns, for
example through uronic acid composition, sulfation patterns and oligosaccharide length.**
This has prompted us to investigate HS oligosaccharides-chemokine interaction. However,
HS is highly heterogeneous in its structure and the majority of the HS libraries that have
been used for chemokine studies are composed of N-sulfated and N-acetylated (NA)
glucosamine domains. Native HS also expresses an N-unsubstituted (NU) domain, but this
region has not been fully investigated in existing studies. To address this gap, and to
decipher the sulfation code of chemokine heparin binding, we have synthesized 13 new HS
ligands, displaying different sulfate/phosphate patterns with NU/NA glucosamine residue
(Figure 2). The binding interactions between HS ligands and chemokines on microarray
platform displayed several cryptic binding pockets for sulfation patterns with NU domain,
which was not identified with previous HS synthetic ligands. Among them, HT-3,6S-NH
ligand displayed a marked selectivity and sensitivity to CCL2 chemokine. The biological
relevance of such structural binding studies was illustrated by incubating HT-3,6S-NH ligand
with cancer cells: the HS ligand inhibited cancer cells proliferation, migration and invasion.
Thus, NU domain is important to regulate specific chemokine biological activities, thereby
demonstrating potential novel therapeutic applications of HS ligands. To the best of our
knowledge, we have identified CCL2 and CCL5 chemokines as only the fourth and fifth
proteins currently known to recognize NU-domain HS ligands with different sulfation
patterns.*®

Binding was tested at 3 serial dilutions, then detected with the relevant biotinylated secondary
antibody (1 ug/ml) followed by Cy3-strepavidin (1.5 pg/ml). Arrays were scanned, relative
fluorescent units (RFU) were obtained, and maximum RFU determined was set as 100%
binding. Then rank binding (per printed glycan per concentration, per each growth factor
dilution, per printed block) was determined. Since each glycans was printed at 2
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Figure 3. Growth Factors glycan microarray binding assay.

concentrations, 100% binding was set separately for each concentration. Then, binding to all
the other glycans at the same concentration was ranked in comparison to the maximal
binding, and the average rank binding and SEM for each glycan across the two glycan
concentrations and three examined dilutions of each growth factor was calculated (n=6, 2
glycan concentrations across 3 growth factors dilutions). This analysis allowed comparing the
glycan binding profiles of the different growth factors and dissecting their binding
preferences. The mean rank is shown as a heat map of all the examined binding assays
together (red highest, blue lowest and white 50" percentile of ranking).*®*°

Many growth factors, bind to the extracellular matrix of target tissues by interaction with HS
oligosaccharides. Identifying minimum HS epitope required to binding these growth factors
can be used as drug molecules to modulate its activity.>*® However, a systematic study of
HS analogs with growth factors, particularly with rare N-unsubstituted (NU) domain and N-
acetate domain HS ligands are not reported. We report the discovery of a potential heparan
sulfate (HS) ligand to target several growth factors using 13 unique HS tetrasaccharide
ligands.>*®* By employing an HS microarray (Figure 3) and SPR, we deciphered the crucial
structure-binding relationship of these glycans with the growth factors amphiregulin, BMP2,
VEGFi65, HB-EGF, and FGF2. Notably, amphiregulin showed high affinity and selective
binding to GIcNH(3-0OS03)-1doA(2-0-S0O3) (HT-2,3S-NH) ligand, whereas, GICNHACc(6-O-
SO3)-1doA(2-0-S0O3) (HT-2,65-NACc) tetrasaccharide showed strong binding with VEGFs5
growth factor. Active binding between VEGF¢5 and its native receptor VEGFR-2 is known
to trigger several cellular events, including vascular cell proliferation, cell migration and
angiogenesis (Figure 4). These results clearly showed that 2,6-disulfated HS ligands are

potential ligands for targeting VEGF1g5.>
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1.5 Discovery of Antiviral Heparan Sulfate Mimics:

Coronavirus is a major public health concern of 20™ century, resulting in worldwide social
and economic downfall and unsustainable health care challenges. This includes the
development of effective vaccine and therapeutic drug molecules. The virulent activity of
Severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2) is principally mediated by
the receptor-binding domain (RBD) of the spike protein (S1) and its binding to cell surface
ACE?2 receptor to transmit RNA to the host cells, causing series of pathological processes.®®
% Recently, Prof. Esko showed that SARS-CoV-2 spike protein interacts with both cellular
heparan sulfate (HS) and angiotensin-converting enzyme 2 (ACE2) through its receptor-
binding domain (RBD). Docking studies showed a heparin/heparan sulfate-binding site
adjacent to the ACE2-binding site.®®®® Both ACE2 and heparin can bind independently to
spike protein.6 The binding of heparin to SARS-CoV-2 S protein shifts the structure to favor
the RBD open conformation that binds ACEZ2, suggesting that HS or HS mimics with self-

assembly nature could be a potential inhibitor. To achieve self-assembly in HS mimics, we
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have incorporated cholestenol moiety at the reducing end of the sulfated oligo-L-iduronic
acid and L-Idose and synthesized a library of HS-amphiphiles (Figure 4). We then performed
inhibition studies SARS-CoV-2 infection of Vero Cells in the presence of HS mimics
amphiphiles. As expected, all HS amphiphiles exhibited strong inhibition of SARS-CoV-2
infection. However, among the L-iduronic acid series, we observed 1AC-2 displayed poor
inhibition, whereas 1AC-3 displayed strong inhibition of 69 uM as compared to IAC-4 89
MM. In contrast, L-idose analogs showed nearly the same range of SARS-CoV-2 inhibition
(60-70 uM). Among them, IDC-3 displayed strong inhibition at ~ 57 pM, in comparison to
IDC-4 of 69 uM. These results are comparable to PG545 of 66 uM. These results confirmed
that the trisaccharide scaffold is optimal sugar length essential to inhibit the SARS-CoV-2
infection. Motivated by these results, we are now synthesizing IDC-3 analogs with different
sulfation and phosphate patter to fine-tune the binding affinity and antiviral activity (Figure
6).

0,50 050,

IDC-2

Figure 5. Chemical structures of heparin sulfate (HS) amphiphiles.
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Figure 6. HS amphiphiles inhibits attachment and invasion of Vero cells by live SARS-CoV-2
virus isolates.



1.6 Carbohydrate-protein interactions:

Carbohydrate-protein interactions (CPIs) are essential in many biological processes.

However, interactions between monomeric ligand and single binding site of protein has uM

to mM range weak binding. Hence, many biological system choose multivalent probes to

increase the binding avidity. In addition to multivancy, carbohydrate oritentation, spacing is

also important to enhance the glycoside cluster effect or multivalent effect to improve the

binding (Figure 7). Inspired by the nature, several multivalent probes have been synthesized

to modulate the carbohydrate-protein interactions, which include, glycodendrimers,

glycopolymers , glycolipids and glyconanoparticles (Figure 8).69%

1;&2 "

Figure 7. Schematic represtation of monovalent vs multivalent carbohydrate protein interactions.

Gedeies”

a
Figure 8. Carbohydrate based multivalent probes: (a) glyco-polymers; (b) glyco-dendrimers; (c) glyco-
peptides; (d) glyco-liposomes; (e) glyco gold-nanoparticles.
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1.7 Glyconanoparticles:

Nanoparticles are usually referred to the particles size of between 1 and 100 nm in diameter.
At this tiny size, particles start behaving differently from that of bulk materials. Researchers
have exploited the nanoparticles inherent optical, electronic, magnetic properties to generate
imaging and biomedical applications.?®® Several types of nanoparticles have been
synthesized to target carbohydrate-mediated biological interaction.5®® Among them, iron
oxide nanoparticles are the most predominant one, due to its inherent magnetic resonance
imaging (MRI) contrast agent to develop the real-time imaging of carbohydrate-mediated
interactions.**** These magnetic nanoparticles have several advantages over Gadolinium
based contrast agent such as Gd-DTPA, which has a low T1 relaxivity. The development of
iron oxide nanoparticles-based MRI imaging displayed high T2 relaxivity, essential to
visualize deep neural networks and tissues. Previously, Ben Davis et al. and Seeberger et al.
employed sialyl lewisx conjugated silica iron oxide nanoparticles to study neural
inflammation in the ischemic stroke mice model.***” MRI imaging of the brain demonstrated
the feasibility of imaging endothelial activation in vivo after acute stroke. However, the
surgical procedure to develop a stroke model enhances P-selectin expression, and therefore
the exact level of P-selectin expression is difficult to interpret. Furthermore, the T2 relativity
of iron oxide nanoparticles that produce dark MRI images induces a high background
interface. Hence, IONPs are taken off the market and looking for an alternative NPs based
contrast agent. Recently, ultra small iron oxide nanoparticles (USIONPS) of size <4 nm were
used as a positive T1 relativity MRI contrast agent, as they offer bright MRI imaging and
high-resolution, resulting in easy detection of the target.***** Recently, Rao et al. reported the
synthesis of quinic acid (QA)-coated USIONPs to target P-selectin overexpressed aggressive
cancer cells. Working under the same notion, Liu et al. reported the synthesis of USIONPs-
PEG-SLex nanoparticles to assess in vivo E-selectin expression level in nasopharyngeal
carcinoma (NPC) metastasis.®> On considering of the inherent magnetic properties of

USIONPs, this is a valuable tool for MRI imaging of ischemic stroke.

1.8 Glycopolymers:

Polymers are powerful multivalent probes, as they offer a wide range of molecular weight,
cheaper, biocompatible and readily scalable materials. There are two types of polymeric
systems readily used in selectin-mediated studies.'®*% In the first set of carbohydrate
appended polymers were functionalized on acrylate or dopamine residue and employed

polymerization strategy to obtain desired polymeric nanoparticles. However, the functional
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groups such as carboxylic acid and hydroxy groups quench the free radical polymerization,
resulting in low efficacy and high polydispersity. Alternatively, polymeric nanoparticles were
formulated by the emulsion-solvent evaporation method encapsulated with drug molecules
and selectin binding ligands. This method offers several advantages including the mild
condition to formulate biocompatible and biodegradable nanoparticles without compromising
the activity of drug. Moreover, the nanoparticles prepared by this method offer control
delivery of drug molecules. Nguyen and co-workers reported the synthesis of drug
(dexamethasone) and fluorescent tag (6-coumarin dye) and glycoprotein 1b (GPIb; p-selectin
binding ligand)-loaded poly(lactide-co-glycolide) nanoparticles to target P-selectin
overexpressed endothelial cells and drug delivery.’” Similarly, Ran and co-workers
synthesized polymeric nanoparticles composed of photothermal agents such as nanocarbons,
doxorubicin and perfluropentane encapsulated polymeric nanoparticles coated with platelet
membrane.'® Overall, these results all show the huge potential of polymer-based

nanoparticles in real-time applications of cancer therapy.***1®

1.9 Liposomes:

Liposomes are one of the attractive nanocarriers for controlled cargo delivery, composed of
lipid bilayers in a discrete aqueous environment. They can host both hydrophilic drug
molecules in the aqueous centre and hydrophobic molecules between the lipid bilayers and
display a large surface area to functionalize biological ligands, including carbohydrates,
peptides, and proteins.**”*? Liposomes are extensively used to design carbohydrate-mediated
drug delivery and imaging system to target various diseases. Matsumura et al. synthesized
sialyl lewis X-modified doxo-liposomes to target injured vessel walls to prevent stenosis after

angioplasty.*?

While, Zalipsky et al. reported silyl lewis X liposomes to develop anti-
adhesion molecules.’?* Azab et al., prepared bone marrow microenvironment destructing
inhibitor modified P-selectin glycoprotein ligand-1 conjugated liposome to target multiple
myeloma-associated endothelium. However, single-ligands often fail to target the dynamic
microenvironment of the tumor, particularly metastasis cancer cells. To improve the accuracy
in targeting metastasis cancer cells, multi-ligand embedded liposomal nanoparticles have
been synthesized. Here, P-selectin-specific ligands, integrin-targeting peptides, fibronectin
targeting peptides, and epidermal growth factor receptor (EGFR) targeting peptides were
assembled on a single liposome to target more than one receptor overexpressed on cancer
cells. By employing such multi-ligand strategies, highly sensitive and precise imaging of

early-stage cancer cells metastasis was achieved. Overall, selectin-ligands conjugated
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liposomes have shown enormous potential in theranostics. However, the poor cost-

effectiveness of liposome-based drug-delivery limited its clinical translation.

1.10 Conclusion.

Glycocalyx is highly heterogeneous and multifunctional natural substrate. GAGs are
important component of glycocalyx composed of heparan sulfate and chondroin sulfate
ligands. These molecules utilize selective sulfation patterns, uronic acid composition and the
nature of glycosidic linakge to modulate the biological activity. Further more, when these
molecules are expressed on multivalent systems such as nanoparticles, polymers and

liposomes enabled their application in the areas of biosensing, imaging, and therapeutics.
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Chapter-2

Demystifying a Hexuronic Acid Ligand
that Recognizes Toxoplasma Gondii and
Blocks its Invasion Into Host Cells
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Abstract:

Toxoplasma gondii is a ubiquitous eukaryotic pathogen responsible for toxoplasmosis in
humans and animals. This parasite is an obligate intracellular pathogen and actively invades
susceptible host cells, a process which is mediated by specific receptor—ligand interactions.
Here, we have identified an unnatural 2,4-disulfated D-glucuronic acid (Di-S-GIcA), a
hexuronic acid composed of heparin/heparansulfate, as a potential carbohydrate ligand that
can selectively bind to T. gondii parasites. More importantly, the gelatin conjugated Di-S-
GlcA multivalent probe displayed strong inhibition of parasite entry into host cells. These
results open perspective for the future use of Di-S-GIcA epitopes in biomedical applications

against toxoplasmosis.
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2.1 Introduction:

Cell surface carbohydrates play a prominent role in cell—cell interaction, especially in
the case of host—pathogen interaction, to modulate biological functions via specific
interactions.”® Recent progress in identifying specific carbohydrate epitopes involved in
these processes has enabled the development of structure—function relationships of
carbohydrates in cell-cell and host—pathogen interactions, which ultimately aid in designing
next-generation innovative bioactive materials for clinical applications.”*® For example,
selective recognition of FimH receptors by mannose saccharide resulted in the development
of various high-mannose multivalent scaffolds designed as biosensors and therapeutic
molecules for Escherichia coli mediated urinary tract infections.***° Similarly, the strong
binding preference of PIM-2 receptors expressed on Pseudomonas aeruginosa for L-fucose
saccharide, and the hemagglutinin protein of influenza virus for sialic acid glycans resulted in
the development of various biomaterials for targeting and preventing host invasion by
bacterial/viral pathogens.?>** Toxoplasma gondii (T. gondii) is a ubiquitous pathogen capable
of infecting all warm blooded animals.?®?® Human T. gondii infection is widespread, and
while infection in healthy adults is asymptomatic, infection of newborn and
immunocompromised persons can result in lethal toxoplasmosis. The T. gondii cell-surface
proteins are known to interact with host cells by recognizing and binding to
glycosaminoglycans (GAGs) such as heparin/heparin sulfate (HS) present on the host cells.?”
%1 Hence, identifying the key HS epitope(s) that selectively recognize the parasite is
extremely important for developing therapeutic applications. Seeberger et al. employed a
synthetic heparin/HS microarray to identify the crucial HS structural preference of SAG1,
ROP, GRA2 proteins (present in the secretory organelles rhoptries and dense granules),
which are highly expressed on the cell surface of tachyzoite stage T. gondii. Interestingly, it
was observed that unnatural 2,4-disulfated iduronic acid (Di-S-1doA) showed remarkable

32 Moreover, the

binding preference to recombinant-SAG1, ROP2 and ROP4 proteins.
observed fluorescence intensity of Di-S-1doA was comparable to HS hexasaccharide binding
with T. gondii surface proteins. Taken together, we wondered whether a minimal sulfated-
hexuronic acid derived epitope can preferentially recognize T. gondii parasites. Further, we
also wanted to find out whether the multivalent display of such a carbohydrate residue can
have some therapeutic value. Herein, we performed a systematic investigation of preferential
binding and therapeutic potential of two crucial nonsulfated and sulphated hexuronic acid

derivatives (GIcA andldoA) abundantly found in the glycosaminoglycan (GAG)family. We
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discovered 2,4-disulfated glucuronic acid (Di-S-GIcA) residue as a potential ligand for T.
gondii recognition. The multivalent display of Di-S-GIcA significantly inhibited the
interaction of the parasite with the host cells, leading to thedecreased invasion of the host
cells. This observation highlights the therapeutic value of Di-S-GIcA in toxoplasmosis.

2.2 Results and discussion:
2.2.1 Synthesis of D-glucuronic acid derivatives:

To investigate the binding of hexuronic acid to tachyzoite stageT. gondii, we first
synthesized sulfated and non-sulfated glucuronic and iduronic acid derivatives using different

forms of D-glucose building blocks employing standard protection/deprotectionstrategies.
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Scheme 1: Synthesis of D-glucuronic acid derivatives (G-1 & Di-S-GIcA). Reagents and conditions: (a)
Ref. 33-35; (b) NIS, TfOH, DCM, 4 A MS, —20 °C, (2-azidoethoxy)ethanol, 61%; (c) PTSA, DCM : MeOH
(2:1), RT, 1h, 65%; (d) TEMPO, BAIB, DCM : H,0 (2 : 1), RT, 6 h; BnBr, NaHCO3;, DMF, 0 °C-RT, 12
h, 71%; (e) LiOH, THF:H,O (2: 1), 80 °C, 12 h, 63%; (f ) SO3-TEA, 60 °C, 3 d, 53%); (g) Pd(OH),, MeOH,
H.. RT. 24 h 57%.

Briefly, D-glucuronic acid derivatives (G-1and Di-S-GIcA) were synthesized from D-
glucose, which was converted into thiotoluene donor 2 using six straight forward chemical
reactions.®** Then, 2 was glycosylated with a (2-azidoethoxy)ethanol linker in the presence
of NIS (N-iodosuccinamide) and TfOH (trifluoromethanesulphonicacid) promoters to yield
61% of compound 3. Benzylidene protection in the presence of PTSA (p-toluene sulfonic
acid), followed by one-pot TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxylfree radical)
mediated oxidation and benzyl esterificationof compound 3 yielded 71% of 5. Finally,
lithium hydroxidemediated hydrolysis, followed by hydrogenolysis yielded G-1, whereas
hydrolysis of 5, and subsequent sulfation, in the presence of a sulfur trioxide triethylamine
complex and hydrogenation yielded Di-S-GIcA (Scheme 1).
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2.2.2 Synthesis of L-iduronic acid derivatives:
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Scheme. 2: Synthesis of L-iduronic acid derivatives (I-1 & Di-S-1doA). Reagents and conditions: (a) Ref.
36; (b) NIS, TfOH, DCM, 4 A MS, —20 °C, (2-azidoethoxy)ethanol, 78%; (c) LiOH, THF : H20 (2 : 1),

80 °C, 12 h, 70%; (d) SO3-TEA, 60 °C, 3 d, 88%; (¢) Pd(OH)2, MeOH, H2, RT, 24 h, 57%.

L-lduronic acid derivatives (I-1 and Di-S-1doA) were synthesized from 1,2:5,6-Di-O-

isopropylidene-a-D-glucofuranose (7) starting material. 7 was converted to the iduronic acid

donor (10) through straightforward eight-step reactions with 36% of total yield.*® 10 was

glycosylated with the (2-azidoethoxy) ethanol linker, followed by hydrolysis, sulfation and

hydrogenolysis to yield Di-S-1doA. While hydrogenolysis ofcompound 10 yielded 50% of I-

1 (Scheme 2).

2.2.3 Functionalization of Hexuronic Acids on Glass slides:

[
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Figure. 1 Schematic rep'resentation of hexuronic acid coated glass slides.
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Next, we prepared robust monolayers of hexuronic acid derivatives by attaching G-1, Di-S-
GIcA, 1-1 and Di-S-1doA toepoxide-functionalized glass slides.*” This was done by first
washing glass slides (approx. 1 x 1 cm in size) with piranhasolution. These activated slides
were dipped in a toluene solution of GOPTMS [(3-glycidyloxypropyl)trimethoxysilane] and
heating at 85 °C for 2 days in a pressure tube. After rinsingthoroughly with toluene, the slides
were dipped in 0.02 M water solutions of the different sugars for 24 h. Hexuronic acid

derivative coated glass slides were rinsed with water and dried (Figure 1).

2.2.4 XPS analysis:

XPS analysis of hexuronic acid coated slides showedrelative abundance of carbon 1s,
oxygen 1s, nitrogen 1s, sulphur 2p and sodium 1s atoms at 288.54 eV, 286.73 eV, 535.74
eV,157.38eV and 1074.88 eV peaks,® which confirmed the immobilizationof sulphated
analogs (Fig. S1, S2, S3 and S47). In contrast, the absence of sulfate and sodium peaks in G-
1 and I-1 coated glass slides confirmed the presence of non-sulfated hexuronic acid

derivatives (Figure 2-5).
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Figure 2. XPS spectra for 1-1 coated glass slide.
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Figure 5. XPS spectra for Di-S-1doAcoated glass slide.

The number of sugar molecules onglass slides was quantified by using a phenol-sulfuric acid
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method. As expected, the sulphated hexuronic acid modified slides displayed an almost equal
concentration of sugarligands (Table 1).

Table 1. The estimated concentration of sugar on 1 X 1 cm? glass slides.

G-1 I-1 Di-S-1doA Di-S-GIcA

0.39+0.01 pM 0.61+0.01 pM 0.33+0.02 yM 0.28 £ 0.04 pM

The glass slides modified with hexuronic acid derivatives were used for T. gondii binding
studies. Our first experiment was to establish the ability of different hexuronic acid
derivatives to bind tachyzoite stage T. gondii. In this experiment, we incubated the parasites
expressing a fluorescent protein on glass slides coated with hexuronic acid derivatives. Poly-
lysine (PLL) coated glass slides and untreated glass slides were used as positive and negative
controls respectively. After 1 h incubation of the slides with host cell-free extracellular
parasites, the glass slides were rinsed with PBS buffer and bound parasites were fixed with
paraformaldehyde solution and imaged. Non-sulfatediduronic acid coated glass coverslips
showed (I-1) significantly lower binding by the parasites compared to glucuronic acid G-1.
Among sulfated-hexuronic acid analogs, Di-S-GIcA showed strong binding to parasites
(Figure 6). We observed nearly 2- fold better binding with Di-S-GIcA when compared to Di-

S-idoA. These results were reproduced in multiple experiments (n = 3).

(a)

_—
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8

)

B

per microscpic field

Avarage no. of parasites
(=)

Figure 6.(a) Representative images of T. gondi adhesion on different hexuronic acid derivatives coated on glass
slides (1) Empty, (2) PLL, (3) IdoA, (4) Di-S-ldoA, (5) GIcA and (6) Di-S-GIcA; (b) Statistical analysis of
hexuronic acid derivativesbinding with T. gondii.

In order to demonstrate that the interaction between Di-S-GIcA and T. gondii is indeed
heparin/HS associated binding, the binding experiments were performed in the presence and
absence of heparin/HS. For this, extracellular parasites were first incubated with heparin/HS

at 1 mg ml—1 concentration in the culture medium. After 1 h, parasites were washed free of
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excess heparin/HS and allowed to bind to Di-S-GIcA coated glass slides. After 2 h
incubation, the glass slides were rinsed with PBS and fixed with paraformaldehyde before
microscopy imaging. We observed that heparin treated T. gondii showed decreased binding to
Di-S-GIcA coated slides. This confirmed that the interaction between Di-S-GIcA and T.

gondii is heparin/HS mediated carbohydrate—protein interaction (Figure 7).
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Figure 7.(a)Representative images of T. gondii adhesion in the absence and presence of heparin/HS on Di-
S-GIcA coated glass slides (1) Di-S-GIcA without HS (2) Di-S-GlcA with HS; (b) Statistical analysisof T.
gondii binding with and without HS.

To demonstrate the potential biomedical applications of the Di-S-GIcA ligand, a gelatin-
based Di-S-GIcA multivalent system® was assembled. Gelatin is a biocompatible,
multivalent and commercially available multivalent probe. It has been extensively used to
decorate ligands such as acrylate, thioligands to generate hydrogel materials.*>*? Hence, it
was of interest to synthesize a Di-S-GlcA—gelatin conjugate to study the multivalent effect of
Di-S-GIcA in host—parasite interactions. The glyco—gelatin conjugate was synthesized*® by
mixing a 1: 13 ratio of Di-S-GIcA and the DSS linker (disuccinimidylsuberate) in DMSO for
1 h to obtain mono-substitution of the Di-S-GIcA-DSS (11) linker (Figure 8a).
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Figure 8. (a) Synthesis of gelatin conjugated Di-S-GIcA,; (b) Statistical analysis of inhibition of parasites with
different concentration of various gelatin conjugated Di-S-GIcA (G-Di-S-GIcA), unconjugated Di-S-
GlcAand HS. In the case of G-Di-S-GIcA, the numbers within the brackets indicate the estimated amount of
Di-S-GIcA in the given amounts of G-Di-S-GIcA.

Compound 11 was extracted and characterized by high-resolution mass spectroscopy
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(HRMS, Figure 11). Finally, compound 11 was mixed with the gelatin substrate in PBS
buffer for 24 h and purified by dialysis against a 10-12 kDa cut-off membrane.
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Figure 9. IR spectra of gelatin and gelatin conjugated Di-S-GIcA

FT-IR peaks observed at 1380 and 1220 cm—1 correspond to the S—O bond symmetric and

asymmetric stretching of the sulfate group of Di-S-GIcA, which confirmed glyco-conjugation

(Figure 9).* Similarly, the '"H-NMR peak at & 4.84 corresponds to the anomeric proton of the

Di-S-GlcA ligand (Figure 10).
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Figure 10. NMR spectra of Di-S-GIcA, gelatin and gelatin conjugated Di-S-GIcA

Using *H-NMR, we also quantified the degree of Di-S-GIcA substitution. It was observed
that 1 mg of gelatin contains approximately 120 pg of Di-S-GIcA. The gelatin conjugated Di-
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S-GIcA was then used to test its ability to inhibit host cell invasion by T. gondii. Host cell
invasion assays were performed after incubating T. gondii with 2 mg, 1 mg and 0.5 mg each

of Di-S-GIcA conjugated gelatin, Di-S-GIcA ligand and heparin (HS), respectively.
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Figure 11. Mass spectra of DSS-Di-S-GIcA Conjugate

After 1 h incubation, the parasites were washed free of excess conjugated molecules
by centrifugation and allowed to invade host HFF cells grown in 96-well culture plates. After
allowing the parasites to invade and replicate within the host cells for 24 h, the infected
monolayer was examined for the number of parasites that were able to enter the host cells and
establish a productive infection. This was achieved by counting the number of
parasitophorous vacuoles in infected cells with actively replicating parasites (Figure 12. for a
representative microscopy image). Since only parasites that have invaded the host cells can
replicate, this will help in determining the ability of the gelatin-based Di-S-GIcA multivalent
system to inhibit parasite invasion of host cells. It was observed that the G-Di-S-GIcA
substrate induced strong inhibition of parasite invasion compared to monovalent Di-S-GIcA
and heparin, respectively, highlighting the multivalent effect of G-Di-S-GIcA. We observed
that the G-Di-S-GIcA substrate was approximately 10-12 times more potent in inhibiting
host cell invasion by the parasite in comparison with the monovalent Di-S-GIcA ligand
(Figure 8b). These results demonstrate the therapeutic potential of Di-S-GIcA, with respect to

toxoplasmaosis.
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Figure 12. Microscopic image showing DAPI stained T. gondii infected host cell monolayers imaged for
the invasion assays (See Figure 6b in main text). This is a representative image shown for control in which
untreated parasites were allowed to invade the host cells and replicate for 24 h before fixing and imaging
the infected cells. The detailed description of the experiment and imaging method is given in the
Experimental Section of the main text. The microscopic image shows fluorescent DAPI staining in both
host cell nuclei (which are bigger in size) and parasite nuclei (which are smaller in size and clustered
together depending on the number of parasites within a single parasitophorous vacuole). The inset shows an
expanded view of the host and parasite nuclei. The images were collected from glass bottom 96 well plates
using a 63X water emulsion objective fitted to the Operetta CLS High-Content Analysis System.

2.3 Conclusions:

We have identified Di-S-GIcA as a potential carbohydrate scaffold that can recognize and
bind to surface exposed proteins on the virulent tachyzoite stage of T. gondii parasites. The
interaction between the parasites and carbohydrate moiety is heparin-mediated carbohydrate—
protein interaction. The multivalent display of Di-S-GIcA on gelatin scaffolds demonstrated
effective inhibition of host—parasite invasion. The possibility of using Di-S-GIcA multivalent

scaffolds in the therapeutic management of toxoplasmosis is currently under study.

2.4 Experimental section:
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 a FlukaKieselgel 60 (230-400 mesh). 1H and 13C NMR spectra
were recorded on a Jeol 400 MHz spectrometer, with a cryoprobe using residual solvents
signals as an internal reference (CDCl; 6H, 7.26 ppm, 6C 77.3 ppm, CD30OD 6H 3.31 ppm,
dC 49.0 ppm and D,O S6H 4.79 ppm). The chemical shifts (8) are reported in ppm and
coupling constants (J) in Hz. XPS experiments were performed on a VG Micro Tech
ESCA3000 instrument at a pressure of < 1 x 10—9 Torr. The overall resolution was limited to

the bandwidth of the X-ray source (~1 eV). The spectra were recorded with monochromatic
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Al Ka radiation at a pass energy of 50 eV and an electron take off angle of 60°.

Synthesis_of compound 3: Compound 2 (1.5 g, 2.64 mmol) and (2-azidoethoxy)ethanol
(0.34 g, 2.64 mmol) were dissolved in anhydrous DCM and cooled to —20 °C. To this
solution, NIS (0.65 g, 2.90 mmol) and TMSOTT (0.095 mL, 0.52 mmol) were added and

stirred for 1 h. After the completion of the reaction, the reaction mixture was quenched with

triethylamine, filtered on a Celite bed and the solvent was evaporated. The crude mixture was
purified by column chromatography (EtOAc/hexane = 0.5/1) to afford 3 (0.92 g, 61%) as a
white solid. *H NMR (400 MHz, CDCls) & 8.07-8.04 (m, 2H), 7.66—7.61 (m, 1H), 7.57-7.39
(m, 7H), 7.21-7.11 (m, 5H), 5.65 (s, 1H), 5.34 (t, J = 8.4 Hz, 1H), 4.87 (d, J = 12.1 Hz, 1H),
4.76-4.73 (m, 2H), 4.43 (dd, J = 10.5, 5.0 Hz, 1H), 4.01-3.96 (m, 1H), 3.94-3.86 (m, 3H),
3.77 (m, 1H), 3.63-3.53 (m, 3H), 3.49-3.44 (m, 2H), 3.15-3.01 (m, 2H). *C NMR (100
MHz, CDCl3) & 165.18, 137.95, 137.33, 133.31, 129.94, 129.16, 128.50, 128.40, 128.29,
128.16, 127.67, 126.14, 101.99, 101.39, 81.79, 77.94, 74.14, 73.52, 70.46, 70.17, 69.64,
68.80, 66.40, 50.62. IR (cm™, CH,Cl,), 2875, 2103, 1727, 1602. HRMS m/z calculated for
Ca4H29N307: 471.2006; found: 471.2054.

Synthesis of compound 4: Compound 3 (0.9 g, 1.56 mmol) and p-toluenesulfonic acid (0.35
g, 1.87 mmol) were dissolved in DCM/MeOH [1/1 (v/v), 70 mL] and stirred at room

temperature for 1 h. After the completion of the reaction, the mixture was quenched with

triethylamine. The mixture was extracted with DCM and washed with NaHCO3 and brine
solution, dried over Na,SO, and the solvent was evaporated under reduced pressure. The
residue was washed with hexane and filtered to afford 4 (0.5 g, 65%) as a white solid. *H
NMR (400 MHz, CDCls) 6 8.10-8.07 (m, 2H), 7.64-7.60 (m, 1H), 7.52-7.47 (m, 2H), 7.25—
7.21 (m, 5H), 5.27 (dd, J = 9.3, 7.9 Hz, 1H), 4.78-4.64 (m, 3H), 4.00-3.93 (m, 2H), 3.87—
3.71 (m, 4H), 3.63-3.54 (m, 2H), 3.50-3.45 (m, 3H), 3.17-3.02 (m, 2H), 2.07 (bs, 1H). **C
NMR (100 MHz, CDCl3) 8 165.29, 137.90, 133.38, 129.91, 129.85, 128.58, 128.11, 128.03,
101.48, 82.37, 75.44, 74.67, 73.73, 70.52, 70.49, 70.13, 69.48, 62.40, 50.62. HRMS m/z
calculated for C17H25N307: 383.1693; found: 383.1604.

Synthesis of compound 5: Compound 4 (0.5 g, 1.02 mmol) is dissolved in water and DCM
[1/2 (v/v), 15 mL] and the 2,2,6,6-tetramethyl-1-piperidinyloxyl free radical (TEMPO, 32

mg, 0.2 mmol) and bis(acetoxy)iodobenzene (BAIB, 0.82 g, 2.56 mmol) were added at room

temperature and stirred for 6 h. After the completion of the reaction, the mixture was
quenched with saturated NH4Cl solution and extracted with DCM. The organic layer was
dried over Na,SO,, filtered, and the solvent was evaporated under reduced pressure. The
residue was taken as such for the next step without further purification. The crude mixture
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was dissolved in DMF (10 mL) and NaHCO3 (0.51 g, 2.99 mmol) was added. The reaction
mixture was cooled to 0 °C and then benzyl bromide (0.35 mL, 2.99 mmol) was added. After
stirring for 12 h, the reaction mixture was diluted with ethyl acetate and washed with brine
solution, dried over Na,SO,4 and the solvent was evaporated under reduced pressure. The
residue was purified by column chromatography (EtOAc/hexane = 1/5) to afford 5 (0.42 g,
71%) as a white solid. *H NMR (400 MHz, CDCl3) & 8.05-8.03 (m, 2H), 7.64-7.59 (m, 1H),
7.50-7.43 (m, 2H), 7.44-7.34 (m, 5H), 7.23-7.16 (m, 5H), 5.33-5.26 (m, 3H), 4.77 (d, J =
2.8 Hz, 2H), 4.72 (d, J = 7.8 Hz, 1H), 4.10 (ddd, J = 9.7, 8.8, 2.7 Hz, 1H), 4.02-3.93 (m, 2H),
3.79-3.70 (m, 2H), 3.64-3.51 (m, 2H), 3.44 (t, J = 5.1 Hz, 2H), 3.13-3.07 (m, 1H), 3.06-2.97
(m, 1H). C NMR (100 MHz, CDCls) & 169.06, 165.15, 137.85, 135.03, 133.33, 129.88,
129.84, 128.78, 128.70, 128.51, 128.43, 128.14, 127.84, 101.73, 80.82, 74.62, 74.45, 73.02,
72.09, 70.46, 70.10, 69.65, 67.61, 50.63. IR (cm™, CH,Cl,) 3428, 2877, 2104, 1724, 1601.
HRMS m/z calculated for Co4H29N3Og: 487.1955; found: 487.1969.

Synthesis of compound G-1: Compound 5 (0.11 g, 0.18 mmol) and lithium hydroxide (0.42

g, 3.72 mmol) were dissolved in a mixture of THF and water [2/1 (v/v), 6 mL] and refluxed
at 80 °C for 12 h. After the reaction completion, the mixture was cooled to room temperature
and neutralized with Amberlite® IR 120 resin, filtered, and the solvent was evaporated under
reduced pressure. The residue was purified by bond elution using water and then lyophilized
to afford the crude product (0.13 g, 80%) as a white solid. The crude product was subjected to
hydrogenolysis using Pd(OH), on charcoal with hydrogen gas in methanol (3 mL). After 12
h, the mixture was filtered on Whatman 42 filter paper. The residue was purified by bond
elution using water and then Iyophilized to afford G-1 (37 mg, 63%) as a white solid. *H
NMR (400 MHz, D,0) & 4.44 (d, J = 7.9 Hz, 1H), 4.03-3.98 (m, 1H), 3.82-3.77 (m, 1H),
3.74-3.63 (m, 5H), 3.47-3.41 (m, 2H), 3.31-3.24 (m, 1H), 3.17-3.09 (m, 2H). *C NMR
(100 MHz, D,0) 6 175.79, 102.13, 76.03, 75.54, 72.90, 71.75, 69.53, 68.99, 66.74, 39.16.
HRMS m/z calculated for C1oH1gNOg: 281.1111; found: 281.1084.

Synthesis of compound 6: Compound 5 (0.24 g, 0.4 mmol) and lithium hydroxide (0.42 g,

1.01 mmol) were dissolved in the mixture of THF and water [2/1 (v/v), 6 mL] and refluxed at
80 °C for 12 h. After the reaction completion, the mixture was cooled to room temperature
and neutralized with Amberlite® IR 120 resin, filtered, and the solvent was evaporated under
reduced pressure. The residue was purified by bond elution using water and then lyophilized
to afford (0.13 g, 80%) as a white solid. The crude product was subjected to the next step
without purification. The crude product (0.12 g, 0.3 mmol) was dissolved in DMF (30 mL)
and the SO3-TEA complex (1.09 g, 6.04 mmol) was added. The reaction mixture was
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refluxed at 60 °C for 48 h. The solvent was evaporated and purified by column
chromatography and lyophilized to afford 6 (0.09 g, 53%) as a white solid. *H NMR (400
MHz, D,0) § 7.52-7.43 (m, 2H), 7.41-7.33 (m, 3H), 5.17 (s, 1H), 4.85 (d, J = 9.1 Hz, 1H),
473 (s, 1H), 4.69-4.62 (m, 2H), 4.32 (dd, J = 9.2, 4.6 Hz, 1H), 4.24 (d, J = 4.7 Hz, 1H),
3.87-3.78 (m, 1H), 3.70-3.58 (m, 5H), 3.37-3.30 (m, 2H). *C NMR (100 MHz, D;0) &
174.62, 137.05, 128.87, 128.62, 128.33, 106.94, 82.38, 80.76, 79.36, 74.49, 72.79, 69.41,
67.78, 50.16. IR (cm™, CH,Cl,) 2884, 2108, 1726, 1601, 1496. HRMS m/z calculated for
C17H21N3Na,014S,: 601.0260; found: 601.0383.

Synthesis of compound Di-S-GIcA: Compound 6 (60 mg, 0.10 mmol) and 10% Pd(OH), on

charcoal (5 mg) were dissolved in methanol (3 mL) and stirred at room temperature for 12 h

in the presence of hydrogen gas. After hydrogenolysis, the mixture was filtered on Whatman
42 filter paper. The residue was purified by bond elution using water and then lyophilized to
afford Di-S-GIcA (27 mg, 57%) as a white solid. *H NMR (400 MHz, D,0) & 5.20 (s, 1H),
4.76 (d, J = 7.5 Hz, 1H), 4.60 (s, 1H), 4.44-4.38 (m, 2H), 3.91-3.84 (m, 1H), 3.74-3.67 (m,
5H), 3.21-3.12 (m, 2H). **C NMR (100 MHz, D;0) & 174.63, 106.48, 85.20, 82.42, 76.17,
73.04, 69.57, 67.64, 66.31, 39.20, 22.42. HRMS m/z calculated for CjoH37NNa;O14S;:
484.9886; found: 484.9871.

Synthesis_of compound 9: Compound 8 (1.07 g, 1.87 mmol) and (2-azidoethoxy)ethanol
(0.29 g, 2.25 mmol) were dissolved in anhydrous DCM (20 mL) with freshly dried 4 A MS
and stirred at room temperature for 1 h. NIS (0.63 g, 2.81 mmol) and TMSOTTf (0.067
ml,0.375 mmol) were added at —5 °C and stirred for 30 min. Afterthe completion of the

reaction, the reaction mixture wasquenched with triethylamine and filtered through Celite.
Theorganic layer was washed with Na,S;03 and brine solution, dried over Na,SO,, filtered
and then the solvent was evaporatedunder reduced pressure. The residue was purified by
column chromatography (EtOAc/hexane = 1/4) to afford 9 (0.86 g, 78%) as a white sticky
solid. *H NMR (400 MHz, CDCls) & 8.00 (dd, J = 8.3, 1.4 Hz, 2H), 7.62-7.57 (m, 1H),7.48—
7.43 (m, 2H), 7.40-7.28 (m, 10H), 5.32 (d, J = 12.3 Hz,1H), 5.27-5.26 (m, 1H), 5.24 (d, J =
12.3 Hz, 1H), 5.17 (s, 1H),5.02 (d, J = 1.7 Hz, 1H), 4.84 (d, J = 11.6 Hz, 1H), 4.65 (d, J =11.6
Hz, 1H), 4.16-4.12 (m, 1H), 3.98-3.93 (m, 1H), 3.89 (td, J =3.0, 1.3 Hz, 1H), 3.76-3.67 (m,
3H), 3.63-3.53 (m, 2H), 3.19 (t,J = 5.0 Hz, 2H), 2.80 (d, J = 11.6 Hz, 1H). **C NMR (100
MHz,CDCls) 6 169.54, 165.11, 137.70, 135.49, 133.84, 129.89, 129.14,128.77, 128.73,
128.55, 128.52, 128.44, 128.02, 127.88, 99.00,74.75, 72.16, 70.33, 70.25, 68.48, 68.29,
67.96, 67.47, 67.17,50.83. IR (Cm'l, CH,CI,) 2875, 2104, 1722, 1607. HRMS m/z calculated
for C31H33N3OgNa: 614.2214; found: 614.2120.
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Synthesis_of compound 10: Compound 5 (0.11 g, 0.18 mmol) was dissolved in the
mixtureof THF and water [2/1 (v/v), 6 mL] and lithium hydroxide (0.42 g, 3.72 mmol) was

added and then refluxed at 80 °C. After stirring for 12 h the mixture was cooled to room
temperature and neutralized with Amberlite® IR 120 resin, filtered andthe solvent was
evaporated under reduced pressure and then purified through a Sephadex C-18 column to
afford compound 10 (0.05 g, 70%). *H NMR (400 MHz, CD30D) & 7.41-7.25 (m,5H), 4.75—
4.71 (m, 2H), 4.65-4.60 (m, 1H), 4.08 (s, 1H),3.93-3.87 (m, 1H), 3.81-3.80 (m, 1H), 3.71—
3.66 (m, 5H),3.64-3.56 (m, 1H), 3.23 (t, J = 4.9 Hz, 2H). *C NMR (100 MHz,CD;0D) &
173.88, 139.69, 129.32, 128.86, 128.67, 102.77, 78.04,72.92, 71.28, 71.21, 69.92, 69.67,
69.24, 68.10, 51.75. IR (cm™, CH,Cl,) 3427, 2875, 2104, 1724, 1604. HRMS m/z calculated
for C17H23N30g: 397.1485; found: 397.1389.

Synthesis of compound 1-1: Compound 9 (0.200 g, 0.34 mmol) was dissolved in THF(2

mL) and water (2 mL). Lithium hydroxide (1 M solution in water, 1 mL, 1.35 mmol) was
added at room temperature. Afterl6 h, the reaction was neutralized by adding
DOWEX50WX-200 H+ resin and filtered and the solvent was evaporatedunder reduced
pressure and then the crude product proceededfurther without purification. The crude product
was dissolvedin anhydrous methanol (2 mL), and 20% Pd(OH), on carbon(0.017 g, 0.125
mmol) was added under a hydrogen atmosphere,and then the mixture was stirred at room
temperaturefor 24 h. The mixture was filtered and the solvent was evaporatedunder reduced
pressure and purified through a SephadexC-18 column using water and then lyophilized to
afford 1-1 (0.031 g, 88%). 'H NMR (400 MHz, D,0) & 4.86 (d, J = 4.2 Hz,1H), 4.62 (d, J =
3.6 Hz, 1H), 3.91-3.86 (m, 2H), 3.74 (dd, J =6.9, 5.1 Hz, 2H), 3.71-3.68 (m, 4H), 3.51 (dd, J
= 6.4, 4.2 Hz,1H), 3.14 (t, J = 5.1 Hz, 2H). *C NMR (100 MHz, D,0) & 173.78,101.00,
71.07, 70.15, 69.96, 69.85, 69.67, 67.92, 66.34, 39.08.HRMS m/z calculated for C;oH19NOs:
281.1111; found:281.1108.

Synthesis of compound Di-S-1doA: Compound 10 (0.12 g, 0.3 mmol) was dissolved in
DMF (30 mL)and the SO3;-TEA complex (1.09 g, 6.04 mmol) was added. Thereaction
mixture was refluxed at 60 °C for 48 h. After the completionof the reaction, the solvent was

evaporated and it proceededfurther. The sulfated product was dissolved in methanol (3 mL)
and Pd(OH), on charcoal was added under hydrogen atmosphere. After 12 h the mixture was
filtered on Whatman 42 filter paper. The residue was purified by bondelution using water and
then lyophilized to afford Di-S-1doA (27 mg, 57%) as a white solid. *H NMR (400 MHz,
D,0) & 5.14(s, 1H), 4.59 (d, J = 2.0 Hz, 1H), 4.57 (d, ] = 2.8 Hz, 1H), 4.48 (dt,J =2.8, 1.4 Hz,
1H), 4.21 (dt, J = 2.5, 1.2 Hz, 1H), 3.84 (ddd, J =13.9, 8.6, 4.4 Hz, 2H), 3.73 (q, J = 4.7, 4.2
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Hz, 4H), 3.20-3.18 (m,2H). *C NMR (100 MHz, D,0) & 174.88, 98.67, 74.60, 73.28,69.86,
67.51, 66.46, 66.37, 66.26, 39.18. HRMS m/z calculated for C1oH17NNa,O14S,: 484.9886;
found: 484.9873.

2.4.2 Immobilization of hexuronic acids on glass slides:

Glass slides (approx. 1 x 1 cm in dimension) were washed withpiranha solution (Caution:
Use carefully as piranha solutionreacts violently) and immediately dipped in a 0.1 M solution
of GOPTMS [(3-glycidyloxypropyDtrimethoxysilane] in toluene (2 mL). The substrates were
heated at 85 °C for 2 days in apressure tube, cooled to room temperature and rinsed
withtoluene to remove excess of GOPTMS. The coated glass slideswere dipped in 0.02 M
water solutions of compounds G-1, 1-1,Di-S-GIcA and Di-S-1doA for 12 hours followed by

rinsing withwater to remove excess of sugars and to block free epoxidegroups.

2.4.3 XPS analysis:

The XPS technique was used to confirm the binding of molecules G-1, I-1, Di-S-GIcA and
Di-S-1doA on the glass slides. Thespectra of molecule G-1 contain the following peaks:
carbon 1s— 288.74 eV, and 290.51 eV; nitrogen 1s — 402.87 eV; oxygen 1s— 533.49 eV (Fig.
S1+). Similarly, for molecule I-1: carbon 1s —284.66 eV and 288.73; nitrogen 1s — 403.89 eV;
oxygen 1s —532.54 ¢V (Fig. S21). The spectra of molecule Di-S-GIcA containthe following
peaks: carbon 1s — 288.54 eV and 290.02 eV;nitrogen 1s — 286.73 eV; oxygen 1s — 535.74
eV; sulfur 2p —157.38 eV; sodium 1s — 1074.88 eV (Fig. S37t). Similarly, for molecule Di-S-
IdoA: carbon 1s — 288.74 eV and 290.41 eV;nitrogen 1s — 403.6 eV; oxygen 1s — 535.95 eV;
sulfur 2p — 158.0eV; sodium 1s — 1075.5 eV (Fig. S4}). These data indicate clearly that
molecules G-1, I-1, Di-S-GIcA and Di-S-1doA are bound on the glass slides.

2.4.4 Quantification of sugar on glass slides:

The concentration of hexuronic acid derivatives on the glassslide was determined by the
phenol-sulfuric acid method. Hexuronic acid derivative coated glass slides were dipped in
concentrated sulfuric acid (750 puL, 100%) and aqueous phenolsolution (5% w/v, 100 puL) in a
pressure tube and heated to 80 °C for 10 min. The glass slides were removed and the
absorbancecoefficient at 490 nm was measured. Blank slides andepoxide slides were used as
a control. The hexuronic acid derivative concentration was estimated by comparing
theabsorption of the sample with a standard curve. The quantifiedvalues are given in Table
S1.t
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2.4.5 Gelatin conjugation:

The DSS linker (19.7 mg, 56.6 pumol) was dissolved in dimethylsulfoxide (DMSO, 1 mL) and
15 pL of triethylamine was added. Di-S-GIcA (2 mg, 4.12 umol) was added dropwise which
wasdissolved in 0.5 mL of DMSO. The mixture was stirred at roomtemperature for 90 min
and PBS buffer was added, which waswashed with chloroform (3x) and then centrifuged at
3000g.The PBS buffer layer was stirred at room temperature and gelatin was added. The
reaction mixture was stirred for 12 h and the PBS buffer was transferred to a 10-12 kDa
dialysis membrane, and then dialyzed in water for three days.

2.4.6 Toxoplasma gondii culture protocol:

Tachyzoite stage T. gondii parasites (RH strain), expressing thecytoplasmic yellow
fluorescent protein (YFP), were used in allexperiments. RH-YFP parasites were cultured as
previouslyreported.* Briefly, confluent monolayers of human foreskinfibroblast (HFF) cells
(obtained from ATCC, USA) were used topropagate parasites in DMEM supplemented with
1% heat inactivated fetal bovine serum (FBS), 2 mMglutaMAX and50 pg ml—1 gentamicin.
Parasites were harvested after 48 h ofintracellular replication by scrapping the host cell
monolayerand passing the infected cell suspension through a 25-gaugeneedle to mechanically
disrupt the HFF cells to release theparasites. The lysed cell suspension was filtered through
a3 puMnucleopore membrane (Whatman, GE Healthcare, USA)to obtain an intact parasite
suspension devoid of host celldebris. The purified parasites were further used in

differentexperiments.

2.4.7 Binding assays with T. gondii:

Empty (uncoated) and coated (polylysine (PLL), 1doA, Di-S-1doA, GIcA and Di-S-GIcA)
glass coverslips were preparedand placed in 6 well plates, in duplicate. RH-YFP
parasiteswere harvested, counted and suspended in culture mediumto obtain 106 parasites per
ml. To each glass coverslip, 100 ul of the parasite suspension was added and the parasites
wereallowed to bind to the glass coverslips for 2 h in a 37 °Chumidified incubator
maintaining 5% CO,. In assays whereheparin was used to compete for binding, the parasite
suspensionwas divided into two equal portions and to oneportion heparin was added to a final
concentration of 1 mgml—1. The parasite suspensions were then incubated for 1 hbefore
adding to the glass coverslips as described above. After incubation, the glass coverslips were
washed, fixed andmounted on glass slides, and YFP fluorescence was imagedusing the EVOS

Cell Imaging System (Thermo FisherScientific, USA).
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2.4.8 Invasion assays:

Extracellular T. Gondii tachyzoites were incubated with 2 mg,1 mg and 0.5 mg of Di-S-GIcA
conjugated gelatin, heparin and monovalent Di-S-GIcA ligands respectively for 1 h
underoptimal conditions. Following incubation, the parasites were washed and added to 96-
well black (flat glass bottom) tissueculture plates (Corning, USA), containing confluent
HFFcells. In each well, 1000 parasites were added and allowed toinvade and replicate within
the HFF host cells for 24 h under optimal growth conditions. In parallel, as a positive control
for invasion and replication, 1000 untreated parasites werealso allowed to invade and
replicate within the host cells inthe same plate. After 24 h, the culture plate was washed
oncewith DMEM and the infected monolayer was fixed with 4%paraformaldehyde. The
parasites were identified using the fluorescent dye 4',6-diamidino-2-phenylindole (DAPI)
whichspecifically stains nuclear DNA within the cell. The plate wasthen imaged using a 63%
water emulsion objective fitted tothe Operetta CLS High-Content Analysis
System(PerkinElmer, USA) available at the PerkinElmer Center of Excellence facility,
[ISER-Pune. Analysis of microscopy images In assays where the parasites were allowed to
bind to glass coverslips coated with the sulfated and non-sulfated hexuronic acids, the
coverslips were imaged using a 100x oil immersionobjective and the number of parasites
bound to the glass coverslipsin each microscopic field was quantified. At least10 microscopic
fields were imaged per coverslip and anaverage parasite count was determined. This value,
along withits standard deviation, was used for statistical analysis andplotting. For the
invasion assays, at least 50 microscopic fieldswere imaged per well of the 96-well plate. In
each microscopicfield, the number of vacuoles with actively replicating parasiteswas
quantified. For each treatment, data obtained from 4 replicatewells were used to derive the
average and standard deviation values, which were further used for statistical analysis and

plotting.
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Chapter-3

A Cell-Culture Technique to Encode
Glyco-Nanoparticles Selectivity
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Abstract:

Nanoparticles (NPs) embedded with bioactive ligands such as carbohydrates, peptides, and
nucleic acid have emerged as a potential tool to target biological processes. Traditional in
vitro assays performed under statistic conditions may result in non-specific outcome
sometimes, mainly because of the sedimentation and selfassembly nature of NPs. Inverted
cell-culture assay allows for flexible and accurate detection of the receptor-mediated uptake
and cytotoxicity of NPs. By combining this technique with glyco-gold nanoparticles, cellular
internalization and cytotoxicity were investigated. Regioselective glycosylation patterns and
shapes of the NPs could tune the receptors’ binding affinity, resulting in precise cellular
uptake of gold nanoparticles (AuNPs). Two cell lines HepG2 and HelLa were probed with
galactosamine-embedded fluorescent AuNPs, revealing significant differences in cytotoxicity
and uptake mechanism in upright and invert in vitro cell-culture assay, high-specificity
toward uptake, and allowing for a rapid screening and optimization technique.
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3.1 Introduction:

Carbohydrates represent the most abundant biopolymers, and they are ubiquitously
found as a part of every mammalian cell surface, the so-called glycocalyx. Recent studies
have confirmed that the glycocalyx plays a vital role in a plethora of biological processes,
such as cell-cell interaction, immune responses, viral and bacterial infection, and
inflammation.™ All these events are regulated by specific carbohydrate-protein interactions
(CPIs), in which the inherent structural complexity of carbohydrates synergistically modulate
the specificity of CPIs; characteristics that affect CPIs are as follows (a) the nature of the
glycosidic linkage, (b) the H-bonding network and (c) the conformation plasticity of sugars.®”
% However, the carbohydrate- protein binding affinity is weak (in the mili- to micromolar
range), resulting in low specificity.® To improve the avidity and specificity of this binding
event, carbohydrates are decorated on multivalent probes such as nanoparticles (NPs),
polymers, dendrimers, bacteriophages and liposomes.***® These probes offer a multivalent
spatial assembly of sugar units to enhance avidity. Among them, glyco-NPs are indispensable
tools for developing biosensors, biomarkers, and drug delivery probes.'*? They offer optical,
magnetic and electrochemical modes of detecting biological events and have become a
standard tool in discovering receptor-mediated targeting of cell lines.?* By applying this tool,
various cell surface events have already been successfully monitored over the last several
years.

Since many CPIs govern cellular mechanisms and endocytosis pathways,
investigating such interactions represents a basic research in the field. However, NPs can
undergo self assembly and sediment on the cell surfaces, which increases the concentration of
NPs, and results in inaccurate output in cytotoxicity and cellular internalization process.?*?
To avoid such aggregation, NPs have been modified with inert substrates such as
polyethylene glycol (PEG) to increase solubility and mono-dispersity.*?® This method
provides good qualitative results regarding specificity and selectivity, although PEGylation of
NPs results in unfavorable physicochemical properties.® Alternatively, in vitro analysis
under flow conditions can provide nanotoxicity in more realistic biological conditions.®*3!
However, this approach usually requires a special setup and a trained person to perform this
assay. Given the limitations to the approaches mentioned above, a promising strategy is to
generate a static cell-culture assay in which cells only react with well-dispersed NPs. This
should allow rapid and accurate in vitro data. Here, we present a facile inverted in vitro assay,

using glyco-gold NPs to establish specific CPIs. Since our approach does not require any
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special setup, it offers a rapid and flexible way to conduct nanotechnologyresearch.

3.2 Results and Discussion:

Alpha and beta N-acetyl D-galactosamine-linker (10a and 10b)was synthesized from D-
galactose using standard protection and deportation strategies as reported in the literature
withsome modifications.?**® Briefly, galactose 1 was converted to 2-azidogalactose
derivative by peracetylated galactose 2 followed by subsequent anomeric bromination, and
zinc-dust based dehydrobromination to obtain galactal derivative 3. Percetylated galactal 3
upon treatment with ceric ammonium nitrate (CAN), sodium azide (NaN3), and sodium
acetate (NaOAc) furnished 2-azido-2-deoxy-D-peracetylated galactose 5. Compound 5 was
converted to trichloroacetimidate donor 6, whichon glycosylation with amphiphilic-PEG
linker 7 afforded thecorresponding 1:0.6 mixtures of o/pf-anomer 8. The azide group of
compound 8 was then reduced by using Zn/AcOH, followedby N-acetylation and O-
deacetylation by using sodium methoxide (NaOMe) resulted in the desired final a/p-glycosyl

10a and 10b as a mixtures of anomers (Scheme 1).

0A
HOEE%H @ Acog:{j (b) & (c) A“‘@“ (d) Aco&ﬁof
HO T AcO -
OH oM c oALOAC AcON__ AcO N, "ONO,
1 2 3 4
AcO _OAc AcO _OAc AcO _OAc
(e) g&y ms@ Og& cci, () g&
C
A0\, "one . Ny 0’\kNH A0 N ot Ol s
3 8
AcO _OAc HO _OH
(M 0 @ o]
— AcO — gﬁ
2 aehN "ot U sac Ho AcHNG £~ O) s
9 102 |
HO _OH
Ho TPk snc Hog&/OMOMBVSH
7 AcHN
10b
Scheme 1: Synthesis of a/B-GalNAcanomers Reagents and condition: (a) Ac,O, Py, 0 °C - RT, 24 h,
92%; (b) HBr in AcOH, DCM, 0 °C, 4 h; (c) Zn dust, H,NaPO,, Acetone, 0 °C, 6 h, over two steps 71%;
(d) CAN, NaNg, -20 °C, 6 h, 57%; (e) NaOAc, AcOH, 100 °C, 2 h, 76%; (f) DMAPA, DCM, 0 °C, 2 h; (g)
Trichloroaectonirile, DBU, 0 °C, 2h, over two steps 54%; (h) 7, TMSOTf, DCM, 4A MS, -20 °C 30 min
619%; (i) Zinc-dust, THF:AcOH:Ac,0 (v/viv, 3:2:1), RT, 12h, 68%; (j) NaOMe, MeOH, RT, 2 h, 73%.

Finally, two anomers were separated by preparative thinlayer chromatography and
characterized by nuclear magneticresonance (NMR) spectroscopy. The *H NMR spectra of

compound 10a exhibited doublet 4.73 ppm with couple constant of J = 3.7 Hz. Whereas, 10b
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showed doublet 4.36 ppm with J = 8.4 Hz, which are consistent with the vicinal coupling of
adjucance proton of anomeric group. Synthesis of Fluorescent linker (F-1) was done as per

the reported procedure (Scheme 2).%
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Figure 1. (i) Schematic representation of GaINAc functionalized AuNPs; (ii) SEM images of Nanoparticles
a.R-1; b. R-2;c. S-1; d. S-2.

These ligands were functionalized on AuNPs of two different shapes [spherical
AUNPs (17.78+1.2 nm), and rod AuNPs (57.54+3.2 X 12.05+1.3 nm)] using previously
publishedprotocol.**% The size and shape of the AUNPs were confirmed by scanning electron
microscopy (SEM, Figure 1) and UV-visible spectra.

Table 1. Physicochemical properties of a. and B galctosamine functionalized AuNPSs of
different shapes.
- . g-potential (mV) Concentration
Pariticle Diameter(s) (nm) Amax (nm) Water (mg/ml)
57.54+3.2 X
Rod 1205413 985 337215
Sphere 17.77+1.2 521 -20.2+0.9
58.96+2.8 X
R-1 1914419 989 -125+1.2 0.22+0.11
57.87+3.1 X
R-2 1391419 987 -14.4+0.3 0.27 £0.12
S-1 17.88+1.5 522 231+1.1 0.22+0.51
S-2 18.22+0.7 524 -21.2+0.8 0.20£0.20
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Notably, sphere shaped AuNPs showed a localized surface plasmon resonance (LSPR) peak
at 521 nm. The rod shaped AuNPs displayed absorption at near infrared (NIR) region 985 nm
(Figure 4). These AuNPs were then treated with F-1 and 10a or 10b ligand in ratio 1:5
(Figure 1). Theconjugation of fluorescent tag was confirmed by fluorescents pectroscopy
(Figure 5) and quantification of N-acetyl galactosamine was done using and the phenol-
sulfuric acid method, respectively. (Table 1)

Next, we investigated the cytotoxicity of these AuNPs in HepG2 cells using a standard in
vitro viability assay (methylthiazolyldiphenyl-tetrazolium bromide or MTT assay).
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Figure 2. (a.) HepG2 cell viability assay involving o and B GalNAc functionalized AuNPs upright uptake in
concentration dependent manner using MTT assay; (b.) HepG2 cell viability assay involving o and
GalNAc functionalized AuNPs inverted uptake in concentration dependent manner using MTT assay.

HepG2cells are a well-established cell line for galactosamine-basedNPs cytotoxicity, uptake,
and specificity because they ubiquitously express asialoglycoprotein receptor (ASGP-R) on
theircell surfaces.®”* We performed a direct comparison ofcytotoxicity with static upright
and inverted conditions. HepG2cells were grown on coverslips in a 26-well plate for 24 h.
Then,coverslips were placed either in an upright position or invertedsetup and cells were
exposed to different concentrations of glyco-AuNPs. After 24 h, MTT assay was performed
and cell viability quantified. All glyco-AuNPs showed some degree of toxicity in upright
conditions with increasing concentrations of glyco-AuNPs (Figure 2a). While in inverted

setup, we did not see any toxicity even at a concentration of 50 ug/ml (Figure 2b).

These results revealed that sedimentation of the nanoparticles on the cell surface is one of the

likely cause for the discrepancy between upright and inverted cytotoxicity assays.*?
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Figure 3.(a.) Hierarchical clustering analysis (HCA) for cellular internalization of a and B GalNAc
functionalized AuNPs by HepG2 cell lines in upright and inverted manner and HelLa cells 4 and 24 h
interval based on ICPMS data (Uptake of R-2 at 24h considered as 100%); (b.) Confocal microscopy
images for uptake of a and  GalNAc functionalized AuNPs by HepG2 cell lines in upright and inverted
manner and HeLa cells at 24 h (Scale bar 26 um).

It has generally been shown that toxicity is dependent on NPs amount on the cell surface and
exposure time. Under inverted conditions, the NPs exposed to cell are only those that are well
dispersed in cell culture media and effectively interact with the cell-surface receptors. To
investigate cellular interaction and uptake, we collected the cell pellet after 4 h and 24 h time
intervals of exposure to AuNPs (0.1 pg/ml) in static upright and inverted conditions. Then,
we quantified the amount of AuNPs per cellby using inductively coupled plasma mass
spectrometry (ICP-MS). We used HelLa cells as a negative control, as they did not express
galactosamine-specific ASGP-R receptors. Based on the ICP-MS data (Table 3), we



developed a hierarchical clustering analysis (HCA) Figure 3a). The HCA showed several
cryptic binding pockets. The shape and glycosidic linkage displayed disparities in cellular
internalization and specificity in both the upright and inverted condition. Figure 3 confirms
that HeLa cells did not show any specific uptake of galactosamine coated AuNPs in either
condition, Indicating that the AuNPs displayed specific carbohydrate protein interaction.
Among two different shapes, rod-shaped AuNPs showed higher uptake than spherical
nanostructures after 4 h of exposure to HepG2 cells. This trend continued even after 24 h.
Betweenglycosidic linkages, B-glycoside (R-2) displayed strong uptake compared with o-
glycoside (R-1). However, in upright condition the difference between R-1 and R-2 was
~30% after 4 h of exposure and this difference was reduced to 20-30% after 24 h of
exposure. In contast, S-1 and S-2 showed moderate to poor uptake (10-30%) in both upright
and inverted condition and this trend continues even after 24 h. One possible explanation for
this is that, rod shaped AuNPs may be sedimented on the cell surface with time under upright

conditions, possibly resulting in false signals as AuNPs exposure time increases.****

3.3 Conclusions:

In summary, this work reported a systematic investigation of glyco-gold nanoparticles
cytotoxicity and cellular uptake under static upright and inverted conditions. Using a and f-
GalNAc appended fluorescent glycoAuNPs of two different shapes, we demonstrated how
sedimentation of nanoparticles modulate the receptor-mediated and nanoparticles shape-
dependent cellular internalization and toxicity and how simple and readily usable inverted
static cell-culture technique is advantageous in such circumstance. Overall, this platform may
be useful in various other applications, in which static up-right conditions give false results

and sensitive receptor-mediated cellular internationalization needs to be established.

3.4 General Instructions:

All chemicals were reagent grade and used as supplied except where noted. Analytical thin
layerchromatography (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
solutionfollowed by heating. Column chromatography was carried out using force flow of the
indicatedsolvent on FlukaKieselgel 60 (230-400 mesh). *H and **C NMR spectra were
recorded on Jeol400 MHz, using residual solvents signals as an internal reference CDCI; 6H,
7.23 ppm, and CD30D 6H 3.31 ppm, 6C 49.0 ppm). The chemical shifts (3) are reported in
ppm and couplingconstants (J) in Hz. UV-visible measurements were performed with
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Evolution 300 UV-visiblespectrophotometer (Thermo Fisher Scientific, USA). Fluorescence
spectra were recorded inFluoroMax-4 spectrofluorimeter (Horiba Scientific, U.S.A.).

3.4.1 Synthesis procedure of o and p-GalNAc:

Synthesis_of compound 2: D-Galactose (5 g, 27.77 mmol) was dissolved in pyridine (30

mL),and acetic anhydride (26.25 mL, 277.77 mmol) dropwise. After stirring 24 h at room
temperaturethe mixture was concentrated in high vacuum and co-evaporated with toluene
(3x). The residuewas extracted with ethyl acetate and washed with HCI (1 M). The organic
phase was dried over Na,SOy, filtered, and concentrated. The crude residue recrystallized by
diethyl ether to afford 2 as a white solid, which was directly used for next reaction without

further purification.

Synthesis of compound 3: Compound 2 (10 g, 25.64 mmol) was dissolved in DCM (60 mL),
and 33% HBr in acetic acid solution (7.41 mL, 128.2 mmol) mixture. After stirring 2 h, the

reactionmixture was extracted with DCM and washed ice-cold water. The organic layer was
dried overNa,SO,, filtered, and concentrated to afford galactopyranosyl bromide as colorless
liquid, whichwas directly used for next reaction without further purification. The
galactopyranosyl bromide was dissolved in acetone (50 mL) and satd. NaH,PO,4 (100 mL),
Zinc dust (20.96 g, 320.5 mmol) were added at 0 °C. After stirring for 6 h the zinc dust was
filtered off on celite bed and resulting filtrate diluted with EtOAc and washed with 10%
NaHCOs, brine and dried over Na,SO,, filteredand concentrated. The crude residue was
purified by column chromatography (EtOAc/Hexane,1/2) to afford 3 (5 g, 71%) as a colorless
syrup. *H NMR (400 MHz, CDCls)  6.47 (dd, ] = 6.3,1.8 Hz, 1H), 5.57 — 5.55 (m, 1H), 5.44
—5.42 (m, 1H), 4.73 (ddd, J = 6.3, 2.7, 1.5 Hz, 1H), 4.35 —4.31 (m, 1H), 4.30 — 4.20 (m, 2H),
2.13 (s, 3H), 2.09 (s, 3H), 2.03 (s, 3H). *C NMR (100 MHz,CDCl3) § 170.55, 170.27,
170.13, 145.40, 98.84, 72.79, 63.89, 63.75, 61.92, 20.80, 20.75, 20.65.HRMS (ESI) m/z:
calc’d for C1,H1607: 272.0896; Found: 272.0872.

Synthesis of compound 4: Compound 3 (5 g, 18.38 mmol) was dissolved in acetonitrile (35
mL)and stirred at -20 °C with 4A molecular sieves (1.0 g) for 30 min. Later NaN3 (1.79 g,

27.57mmol) and ceric ammonium nitrate (20.15 g, 36.76 mmol) were added. The reaction
mixture wasstirred at -20°C for 6 h. The mixture was filtered on celite, diluted with ethyl
acetate, and washed with water and brine. The organic layer was dried over Na,SO,, filtered
and concentrated. Theresidue was purified by column chromatography (EtOAc/hexane, 1:1)

to afford 4 (3.95 g, 57 %) as a mixture of a, B and talo-stereoisomers in the ratio of 1:0.7:0.2

65



(as determined by 1H NMRspectroscopy). a-isomer *H NMR (400 MHz, CDCls)  6.36 (d, J
= 4.1 Hz, 1H), 5.52 (dd, J =3.3, 1.3 Hz, 1H), 5.27 (dd, J = 11.4, 3.2 Hz, 1H), 4.40 — 4.36 (m,
1H), 4.16 — 4.13 (m, 3H), 2.19(s, 3H), 2.09 (s, 3H), 2.05 (d, J = 0.9 Hz, 3H). *C NMR (100
MHz, CDCl3) & 170.29 -169.18(C=0, acyl), 96.87, 69.49, 68.58, 66.62, 60.91, 55.93, 20.58 —
20.36 (3x CH3). p-isomer *H NMR (400 MHz, CDCl3) & 5.60 (d, J = 8.8 Hz, 1H), 5.41 (dd, J
= 3.3, 1.1 Hz, 1H), 4.98 (dd, J =10.6, 3.3 Hz, 1H), 4.13 — 4.09 (m, 2H), 4.10 — 4.05 (m, 1H),
3.84 (dd, J = 10.6, 8.8 Hz, 1H), 2.19(s, 3zH), 2.10 (s, 3H), 2.06 (s, 3H). *C NMR (100 MHz,
CDCl3) & 170.29 — 169.18 (C=0, acyl),98.08, 71.87, 71.71, 65.82, 60.83, 57.49, 20.58 —
20.36 (3x CHB3). Talo-isomer *H NMR (400MHz, CDCls) 6 6.23 (d, J = 1.5 Hz, 1H), 5.47—
5.45 (m, 1H), 5.33 — 5.30 (m, 1H), 4.23 — 4.20(m, 3H), 4.01 — 3.98 (m, 1H), 2.23 (s, 3H),
2.12 (s, 3H), 2.06 (s, 3H). *C NMR (100 MHz,CDCls) § 170.29 — 169.18 (C=0, acyl). **C
NMR (100 MHz, CDCls) § 97.74, 69.51, 67.20,64.81, 61.14, 55.27, 20.58 — 20.36 (3x CH3).
HRMS (ESI) m/z: calc’d for C1oH1N4010:376.0866; Found: 376.0839.

Synthesis of compound 5: A mixtures compound 4 (17.77 g, 47.6 mmol) and NaOAc (7.53
9,94.52 mmol) in AcOH (130 mL) was refluxed at 100 °C. After 1 h the mixture allowed
cool toroom temperature, which was diluted with DCM, washed with water, sat. NaHCOj3 (50

mL), and brine respectively. The combined organic layer was dried over Na,SO,, filtered,
andconcentrated. The crude product was purified by column chromatography (EtOAc-
hexane, 1:2)to afford 5 (13.6 g, 76%) as a white solid as a mixture of o and 3 anomers (a/fp
1:0.5 as determined by *H NMR spectroscopy). The individual isomer was not isolated from
crude but NMR data for each is reported separately. a- isomer ‘H NMR (400 MHz, CDCl3) &
6.34 (d, J =3.6 Hz, 1H), 5.49 (dd, J = 3.2, 1.2 Hz, 1H), 5.33 (dd, J = 11.2, 3.2 Hz, 1H), 4.33 -
4.28 (m, 1H),4.12 — 4.06 (m, 2H), 3.95 (dd, J = 11.0, 3.6 Hz, 1H), 2.19 (s, 3H), 2.18 (s, 3H),
2.09 (s, 3H), 2.05(s, 3H). *C NMR (100 MHz, CDCl3) § 170.32 — 168.52 (C=0, acyl), 90.41,
68.74, 68.66, 66.85,61.08, 56.83, 20.91 — 20.55 (3x CH3). B-isomer *H NMR (400 MHz,
CDCls) 6 5.56 (d, J = 8.6Hz, 1H), 5.39 (dd, J = 3.2, 0.8 Hz, 1H), 491 (dd, J = 10.8, 3.4 Hz,
1H), 4.16 — 4.12 (m, 2H), 4.04— 4.00 (m, 1H), 3.86 (dd, J = 10.8, 8.4 Hz, 1H), 2.22 (s, 3H),
2.18 (s, 3H), 2.08 (s, 3H), 2.05 (s5,3H). *C NMR (100 MHz, CDCl3) & 170.32 — 168.52 (C=0,
acyl), 92.86, 71.72, 71.29, 66.16,60.93, 59.65, 20.91 — 20.55 (3x CH3). HRMS (ESI) m/z:
calc’d for [M+Na]+ C14H19N30gNa:396.1019; Found: 396.1010.

Synthesis of compound 6: The mixtures compound 5 (1.0 g 2.68 mmol) and DMAPA (5

equiv,1.68 mL, 13.40 mmol) were dissolved in THF (15 mL) and stirred at room temperature
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tillcomplete disappearance of starting material on TLC. The reaction mixture was diluted in
DCM and washed with 1M hydrochloric acid and brine respectively. The organic layer was
dried overNa,SO,, filtered, and concentrated to afford hemiacetal. The hemiacetal was
directly used fornext reaction without further purification. Hemiacetal (0.88 g, 2.65 mmol)
was dissolved in dry DCM (15 mL) and were added trichloroacetonitrile (2.66 mL, 26.58
mmol) and DBU (0.16 mL,1.06 mmol). After stirring 2 h, the reaction mixture was
concentrated and purified by column chromatography (EtOAc-hexane, 0.4/1) to afford 6
(0.65 g, 54%) with trace amount of P isomer(o/p 1:0.2 as determined by 'H NMR
spectroscopy) as a white foam. *H NMR (400 MHz,CDCls) & 8.81 (s, 1H), 6.50 (d, J = 3.5
Hz, 1H), 5.53 (dd, J = 3.4, 1.5 Hz, 1H), 5.36 (dd, J = 11.1,3.0 Hz, 1H), 4.41 (t, J = 6.6 Hz,
1H), 4.14 (m, 1H), 4.04 (m, 2H), 2.16 (s, 3H), 2.06 (s, 3H), 1.99(s, 3H). *C NMR (100 MHz,
CDCl3) 8 170.39, 170.03, 169.80, 160.78, 94.55, 69.18, 68.77,66.99, 61.28, 57.10, 20.71.
HRMS (ESI) m/z: calc’d for [M+Na]+ C14H;7CIsN4OgNa: 497.0010,Found: 497.0015.

Synthesis_of compound 7: Compound 7 was synthesized by following synthetic reported

protocol.*

'H NMR (400 MHz, CDCl) 5 3.77 — 3.73 (m, 2H), 3.72 — 3.66 (m, 6H), 3.66 — 3.59 (m,
4H),3.47 (t, J = 6.8 Hz, 2H), 2.88 (t, J = 7.3 Hz, 2H), 2.34 (s, 3H), 1.63 — 1.53 (M, 4H), 1.33 —
1.28(s, 14H). 3C NMR (100 MHz, CDCly) § 196.10, 72.52, 71.59, 70.62, 70.37, 70.02,
61.78, 30.65,29.58, 29.55, 29.50, 29.45, 29.16, 29.11, 28.81, 26.06. HRMS (ESI) m/z: calc’d
for [M+H]+ C1gHz0sS: 379.2518, Found: 379.2526.

Synthesis of compound 8: The compound 6 (0.5 g, 1.05 mmol) and 8 (0.47 g, 1.26 mmol)

were kept in under vacuum overnight and dissolved in dry DCM and added 4A MS. The
mixture was stirred at room temperature for 1 h and cooled at -20 °C then added TMSOTf
(0.038 mL, 0.21mmol). After 1 h the reaction mixture was quenched with triethylamine and
concentrated. Thecrude was purified by column chromatography (EtOAc/Hexane, 0.5/1) to
afford 8 (0.45 g, 61%) with mixture of o and f anomers (o/p 1:0.6 as determined by *H NMR
spectroscopy) as awhite foam. The individual isomer was not isolated from the crude. H
NMR (400 MHz, CDCl3) & 5.49 — 5.33 (m, 2H), 4.78 (dd, J = 10.9, 3.2 Hz, 1H), 4.50 (d, J =
8.0 Hz, 1H), 4.17 — 4.10 (m,2H), 4.10 — 4.02 (m, 1H), 3.88 — 3.82 (m, 2H), 3.78 — 3.73 (m,
2H), 3.71 — 3.64 (m, 6H), 3.64 -3.57 (m, 2H), 3.46 (t, J = 6.8 Hz, 2H), 2.87 (t, J = 7.3 Hz,
2H), 2.33 (s, 3H), 2.16 (s, 3H), 2.06 (s,6H), 1.61 — 1.53 (m, 4H), 1.43 — 1.27 (m, 14H). °C
NMR (100 MHz, CDCl3) & 196.08, 170.37,170.09, 170.07, 169.82, 102.52, 98.25, 71.55,
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70.99, 70.72, 70.64, 70.61, 70.40, 70.08, 70.04,69.41, 68.17, 67.74, 67.64, 66.57, 66.38,
61.59, 61.28, 60.72, 57.41, 30.64, 29.62, 29.55, 29.50,29.47, 29.45, 29.16, 29.11, 28.81,
26.08, 20.68, 20.63. IR (cm™, CH,Cl,) 2925, 2854, 2111, 1747, 1690. HRMS (ESI) m/z:
calc’d for [M+H]+CaHs3N301,S: 692.3383; Found: 692.3432.

Synthesis_of compound 9: The mixture of anomers 8 (0.4 g, 0.57 mmol) were dissolved
inmixture of THF:AcOH:Ac,0 [v/vlv, (3:2:1), 14 mL] and added Zn dust (0.7 g, 10.7 mmol).
The mixture was stirred for overnight. The zinc dust was filtered off on celite bed and the

filtrate wasdiluted with DCM then washed with sat NaHCO3 solution. The combined organic
layer wasdried over Na,SO,, filtered and concentrated. The crude was purified by column
chromatography(EtOAc/Hexane, 0.7/1) to afford 9 (0.28 g, 68%) with mixture of a and P
anomers (/B 1:0.6 as determined by *H NMR spectroscopy) as a white foam. The individual
isomer was not isolatedfrom the crude. *H NMR (400 MHz, CDCls) & 6.63 (d, J = 9.5 Hz,
1H), 5.33 (d, J = 2.8 Hz, 1H),4.98 (dd, J = 11.2, 3.4 Hz, 1H), 4.81 (d, J = 8.6 Hz, 1H), 4.33 —
4.03 (m, 3H), 3.95 - 3.80 (m,2H), 3.78 — 3.55 (m, 10H), 3.46 — 3.40 (m, 2H), 2.87 (t, J=7.4
Hz, 2H), 2.33 (s, 3H), 2.17 (s,3H). **C NMR (100 MHz, CDCls) § 196.08, 170.82, 170.77,
170.48, 170.47, 170.45, 170.41,170.38, 102.40, 98.07, 71.74, 71.56, 71.42, 71.23, 70.67,
70.56, 70.54, 70.51, 70.44, 70.01,69.91, 69.89, 68.55, 67.39, 67.35, 66.73, 66.65, 61.91,
61.63, 50.38, 47.53, 30.64, 29.58, 29.56,29.54, 29.49, 29.46, 29.44, 29.14, 29.10, 28.80,
26.06, 26.05, 23.18, 23.16, 20.77, 20.72. IR (cm™, CH.Cl,) 3305, 2925, 2854, 1745, 1688.
HRMS(ESI) m/z: calc’d for [M+H]+ C33Hs;NO43S: 708.3629; Found: 708.3619.

Synthesis_of compound 10a and 10b: The mixture of anomers 9 (0.2 g, 0.28 mmol)

wasdissolved in methanol (10 mL) and NaOMe (61 mg, 1.13 mmol) was added. After string
2 h atroom temperature the reaction mixture neutralized with Amberlite® IR-120H resin and
filtered,concentrated to afford mixture of 10a and 10b (0.11 g, 73%), which was purified by
preparative TLC to separate the anomers (using 8:2 of DCM:MeOH). a-isomer 10a '"H NMR
(400 MHz,D,0) 6 4.73 (d, J = 3.7 Hz, 1H), 4.04 (dd, J = 10.9, 3.7 Hz, 1H), 3.83 (d, ] =2.9
Hz, 1H), 3.81 -3.73 (m, 2H), 3.72 — 3.66 (m, 1H), 3.62 — 3.56 (m, 4H), 3.56 — 3.49 (m, 7H),
3.48 - 3.44 (m,2H), 3.33 (t, J = 6.6 Hz, 2H), 2.36 (t, J = 7.1 Hz, 2H), 1.89 (s, 3H), 1.50 — 1.43
(m, 4H), 1.26 —1.17(s, 14H). *C NMR (100 MHz, D,0) & 173.95, 97.40, 71.18, 71.05, 69.94,
69.86, 69.81,69.74, 68.53, 67.97, 66.50, 61.19, 49.86, 34.15, 29.92, 29.88, 29.72, 29.46,
29.39, 28.59, 26.14,24.39, 22.18.HRMS (ESI) m/z: calc’d for CisHi9NOgSNa: 562.3026,
Found: 562.3026. B-isomer *H NMR (400 MHz, D,0) & 4.36 (d, J = 8.4 Hz, 1H), 3.88 — 3.84
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(m, 1H), 3.81 — 3.73(m, 2H), 3.66 — 3.59 (m, 4H), 3.55 — 3.50 (m, 9H), 3.51 — 3.46 (m, 2H),
3.33 (t, J = 6.8 Hz, 2H),2.37 (t, J = 7.1 Hz, 2H), 1.89 (s, 3H), 1.51 — 1.44 (m, 4H), 1.26 — 1.18
(m, 14H). *C NMR (100MHz, D,0) & 174.18, 101.60, 75.12, 71.22, 71.18, 69.94, 69.86,
69.72, 68.74, 67.82, 60.93,52.44, 34.14, 29.93, 29.89, 29.87, 29.72, 29.47, 29.39, 28.59,

26.15, 24.41,

562.3040.

22.47. HRMS (ESDm/z: calc’d for CzsHagNOgSNa: 562.3026, Found:

3.4.2 Synthesis of Fluorescein modified linker:
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Scheme 2. Synthesis of fluorescein linker.

Fluorescein modified linker was synthesized by following synthetic reported protocol.*®
3.4.3 Synthesis of fluorescein functionalized glyco-AuNPs (S-1, S-2, R-1 and R-2):

To the respective 0.5 ml gold nanoparticle solution in PBS buffer pH 7.4 (1 mL, 0.1 M), 0.5

mg of 10a/10b and 0.1 mg of F-1 linker were added simultaneously. The resulting solution

was kept at room temperature for 12 h with constant shaking. Then the solution was

centrifuged, and the pellet was washed three times with Mili Q water to remove the unbound

sugar molecules as well as linker to get final fluorescent glyco-AuNPs. S-3 and R-3 were

synthesized by using same protocol without sugar unit.
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3.4.4 UV profile of a and § GalNAc functionalized AuNPs:
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Figure 4: UV profile of glyco-gold nanoparticles (S-1, S-2, R-1&R-2) and control (S-3 and R-3).

3.4.5 Fluorescence spectra of fluorescein functionalized glyco-AuNPs:
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Figure 5: Fluorescence spectra of (S-1, S-2, R-1 & R-2) and control (S-3 and R-3).
Table 2. Aspect ratio of AUNPs:

Aspect Volume

Particle ratio (hm°)
Rod 3.6:1 4179 + 454
Sphere 1:1 3945 + 564

Aspect ratio of rod and sphere shape nanoparticles calculated by the ratio of major axis to the
minor axis.*’

3.4.6 Zeta potential studies:

The electrostatic potential on the gold nanoparticles was measured by applying 1 Volt per
meter to the AuNP solution.

3.4.7 Phenol-sulfuric acid method to quantify sugars on AuNPs:

The concentration of GalNAc sugars on AuNPs were determined by the phenol-sulfuric acid

method. Briefly, 100 puL sugar functionalized-AuNPs were mixed with concentrated sulfuric
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acid (750 pL, 100%) and aqueous phenol solution (5% w/v, 100 puL) in the test tube and
heated to 80°C. After 5 min, solution was cooled to room temperature and the absorbance
coefficient at 490 nm was measured. The sugar concentration was estimated by comparing
the absorption of the sample with a standard curve.
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£ 08
2
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] 0.1 0.2 04 0.8 1.6
Concentration of GalNAc (mg/ml)

Figure 6: GalNAc standard curve

3.4.8 Cytotoxicity assay:

MTT assay was used to measure cytotoxicity in upright as well as inverted conditions.

3.4.8.1 Upright condition: HepG2 cells (1 x 106 per well) were plated in 24 well plate in
DMEM medium and incubated overnight for adhering followed by treatment with different
concentration of AuNPs and further incubation for 24 h. Afterward 50 pl of MTT reagent was
added to each well and incubated plates further for 4h at 37 °C. Purple precipitate formed was
dissolved by adding 100 ul of DMSO and plate was read at 570 nm.

3.4.8.2 Inverted condition: Same protocol was used only cells were grown on coverslip then
coverslip was kept inverted on support of two pegs in DMEM media containing AuNPs.
After 24 h incubation coverslip transfer in fresh well and MTT reagent was added and further
plate incubated for 4h at 37 °C. Purple precipitate formed was dissolved by adding 100 ul of
DMSO and plate was read at 570 nm.

3.4.9 Upright cell uptake studies using ICP-MS:

HelLa and HepG2 cells (2 x 104 cells per plate) were plated on coverslips and allowed to
adhereovernight. Cells were then treated with the rod and sphere AuNPs (5 x 108
nanoparticles) for 4hand 24 h at 37 °C. The medium was removed, and the cells were washed
with PBS (3 times),then trypsinized and centrifuged. Cell pellets were digested at 85 °C with
200 pl of fresh aquaregia for 4 h. Then each digested sample was diluted to 6 ml with
Millipore water. Theconcentration of gold, determined by ICP-MS (Thermo-Fisher Scientific,

Germany), wasconverted into the number of AuNPs per cell.
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3.4.10 Inverted uptake Studies using ICP-MS:

Table 3. ICP-MS data for AuNPs cellular internalization (Average of triplicate).

Concentration of AUNPs in ppb

4h 24 h
Sr. HepG2 HepG2
N Compound HelLa HelLa
0.
i Upright : Upright
Upright  Inverted Upright  Inverted
uptake uptake
uptake uptake uptake uptake
1 R-1 90.604 13.151 10.438 130.185  39.288 40.076
2 R-2 130.935 109.531  20.963 180.562  120.933 60.823
3 R-3 18.876 10.656 9.976 35.915 12.245 20.313
4 S-1 15.589 11.487 12.052  30.698 7.752 11.683
5 S-2 72.623 12.778 7.806 65.082 15.259 10.426
6 S-3 10.692 8.427 9.649 12.076 8.652 13.626

This experiment was performed using the reported procedure.*® Briefly, In a 24 well tissue
cultureplate, HepG2 cells were seeded (20,000 cells per well) on coverslips and incubated
overnight foradhering. The coverslips were washed with the PBS buffer and placed inverted
on the two equalsize (Imm) glass pegs and media was added until the coverslip will deep.
Next, sphere or rodAuNPs (5 x 108 nanoparticles) were added and incubated for 4 h and 24
h. coverslips werewashed with PBS then cells were trypsinized and centrifuged. Cell pellets
were digested at 85 °Cwith 200 ul of fresh aqua regia for 4 h. Then each digested sample was
diluted to 6 ml withMillipore water. The concentration of gold, determined by ICP-MS

(Thermo-Fisher Scientific,Germany), was converted into the number of AuNPs per cell.

3.4.11 Confocal microscopy studies:

HepG2 cells (2 x 104 cells/well) were seeded on coverslips in 24 well plates and incubated
overnight for adhering. For upright experiment, AuNPs were added to wells as such, while in
case of inverted conditions, coverslips were kept inverted on the support of two glass pegs
and the AuNPs were added and incubated for 24h at 37 °C. Finally, coverslips were washed
with PBS and cells were fixed with paraformaldehyde solution followed by mounting on

slides in the presence of mounting media for confocal microscopy.

72



3.5 References:

N o v A w N oRE

10.
11.

12.

13.

14.

15.

16.

17
18

L. Mockl, Front Cell Dev Biol., 2020, 8, 253.

A. Buffone, V. M. Weaver, J. Cell Biol., 2020, 219, e201910070.

N. Sharon, Sci. Am., 1980, 243, 90-116.

N. Sharon, H. Lis, Sci. Am., 1993, 268, 82-89.

H. Lis, N. Sharon, Chem. Rev., 1998, 98, 637-674.

Sharma, M. Vijayan, Glycobiology, 2011, 21, 23-33.

A. S. Norgren, M. Geitmann, U. H. Danielson, P. I. Arvidsson, J. Mol. Recognit.,
2007, 20, 132-138.

C. D. Shanthamurthy, S. Leviatan Ben-Arye, N. V. Kumar, S. Yehuda, R. Amon, R. J.
Woods, V. Padler-Karavani, R. Kikkeri, J. Med. Chem. 2021, 64, 3367-3380.

A. Geissner, A. Reinhardt, C. Rademacher, T. Johannssen, J. Monteiro, B. Lepenies,
M. Thépaut, F. Fieschi, J. Mrazkova, M. Wimmerova, F. Schuhmacher, S. Goétze, D.
Grinstein, X. Guo, H. S. Hahm, J. Kandasamy, D. Leonori, C. E. Martin, S. G.
Parameswarappa, S. Pasari, M. K.Schlegel, H.Tanaka, G.Xiao, Y.Yang, C. L.Pereira,
C.Anish, P. H.Seeberger. Proc. Natl. Acad. Sci. USA., 2019, 116, 1958-1967.

T. K. Dam, R. Roy, D. Pagé, C. F. Brewer, Biochemistry, 2002, 41, 1359-63.

P. M. Chaudhary, S. Toraskar, R. Yadav, A. Hande, R. A. Yellin, R. Kikkeri, Chem.
Asian J., 2019, 14, 1344-1355.

M. Delbianco, P. Bharate, S. Varela-Aramburu, P. H. Seeberger, Chem. Rev. 2016,
116, 1693-752.

M. Gade, C. Alex, S. Leviatan Ben-Arye, J. T. Monteiro, S. Yehuda, B, Lepenies, V.
Padler-Karavani, R. Kikkeri, Chembiochem., 2018, 19, 1170-1177.

S. Toraskar, M. Gade, S. Sangabathuni, H. V. Thulasiram, R. Kikkeri,
ChemMedChem., 2017, 12, 1116-1124.

P. Kumar, P. Kanjilal, R. Das, T. K.Dash, M.Mohanan, T.-N. LecN. V.Rao, B.
Mukhopadhyay, R. Shunmugam,Carbohydr. Res., 2021, 508, 108397.

M. Sojitra, S. Sarkar, J. Maghera, E. Rodrigues, E. J. Carpenter, S. Seth, D. V. Ferrer,
N. J. Bennett, R. Reddy, A. Khalil, X. Xue, M. R. Bell, R. B. Zheng, P. Zhang, C.
Nycholat, J. J. Bailey, C. C. Ling, T. L. Lowary, J. C. Paulson, M. S. Macauley, R.
Derda, Nat. Chem. Biol., 2021, 17, 806-816.

.Z. Lyu, L. Ding, A. Tintaru, L. Peng Acc. Chem. Res. 2020, 53, 2936-2949.

. L. L. Kiessling, J. C. Grim, Chem. Soc. Rev. 2013, 42, 4476—4491.

73



19
20
21
22
23

24.
25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37
38
39

. D. Kim, N. Rahhal, C. Rademacher, Front. Chem., 2021, 9, 669969.

. R. Das, B. Mukhopadhyay, Carbohydr. Res., 2021, 108394.

. P. J. Hernando, S, Dedola, M. J. Marin, R. A. Field, Front. Chem., 2021, 9, 668509.

. O. B. Adewale, H. Davids, L. Cairncross, S. Roux, Int. J. Toxicol. 2019, 38, 357-384.
.M. S. Park, J. Park, S. K. Jeon, T. H. Yoon, Nanosci. Nanotechnol. 2013, 13, 7264-
70.

J. Manson, D. Kumar, B. J. Meenan, D. Dixon, Gold. Bull., 2011, 44, 99-105.

P. M. Valencia, M. H. Hanewich-Hollatz, W. Gao, F. Karim, R. Langer, R. Karnik, O.
C. Farokhzad, Biomaterials, 2011, 32, 6226-6233.

C. M. Yeh, M. C. Chen, T. C. Wu, J. W. Chen, C. H. Lai, Chem Asian J. 2021, doi:
10.1002/asia.202100865.

Y. H. Tang, H. C. Lin, C. L. Lai, P. Y. Chen, C. H. Lai, Biosens Bioelectron., 2018,
116, 100-107.

H. Y. Li, H. C. Lin, B. J. Huang, A. Z. Kai Lo, S. Saidin, C. H. Lai, Langmuir, 2020,
36, 11374-11382.

L. Shi, J. Zhang, M. Zhao, S. Tang, X. Cheng, W. Zhang, W. Li, X. Liu, H. Peng, Q.
Wang, Nanoscale, 2021, 13, 10748-10764.

M. Ostermann, A. Sauter, Y. Xue, E. Birkeland, J. Schoelermann, B. Holst, M. R.
Cimpan. Sci. Rep., 2020, 10, 142.

S. C. McCormick, F. H. Kriel, A. lvask, Z. Tong, E. Lombi, N. H. VVoelcker, C. Priest,
Micromachines, 2017, 8, 124.

J. Kalikanda, Z. Li, J. Org. Chem., 2011, 76, 5207-5218.

A. L. Parry, N. A. Clemson, J. Ellis, S. S. Bernhard, B. G. Davis, N. R.Cameron,J.
Am. Chem. Soc., 2013, 135, 9362-9365.

S. Sangabathuni, R. V. Murthy, P. M. Chaudhary, B, Subramani, S. Toraskar, R.
Kikkeri, Sci. Rep., 2017, 7, 4239.

S. Sangabathuni, R.V. Murthy, P. M. Chaudhary, M. Surve, A. Banerjee, R. Kikkeri,
Nanoscale, 2016, 8, 12729-12735.

P. M. Chaudhary, S. Sangabathuni, R. V. Murthy, A. Paul, H. V. Thulasiram, R.
Kikkeri, Chem. Commun., 2015, 51, 15669-15672.

. Y. Li, G, Huang, J. Diakur, L. I. Wiebe, Curr. Drug. Deliv., 2008, 5, 299-302.

.J. Wu, M. H. Nantz, M. A. Zern. Front. Biosci., 2002, 7, 717-725.

.M. M. Janas, M. K. Schlegel, C. E. Harbison, V. O. Yilmaz, Y. Jiang, R. Parmar, 1.

74



40.

41.

42.

43.

44,
45,

46.

47.

48.

Zlatev, A. Castoreno, H. Xu, S. Shulga-Morskaya, K. G. Rajeev, M. Manoharan, N.
D. Keirstead, M. A. Maier, V. Jadhav, Nat. Commun., 2018, 9, 723.

C. A. Sanhueza, M. M. Baksh, B. Thuma, M. D. Roy, S. Dutta, C. Préville, B. A.
Chrunyk, K. Beaumont, R. Dullea, M. Ammirati, S. Liu, D. Gebhard, J. E. Finley, C.
T. Salatto, A. King-Ahmad, I. Stock, K. Atkinson, B. Reidich, W. Lin, R. Kumar, M.
Tu, E. Menhaji-Klotz, D. A. Price, S. Liras, M. G. Finn, V. Mascitti, J. Am. Chem.
Soc., 2017, 139, 3528-3536.

D. B. Rozema, D. L. Lewis, D. H. Wakefield, S. C. Wong, J. J. Klein, P. L. Roesch,S.
L. Bertin, T. W. Reppen, Q. Chu, A. V. Blokhin, J. E. Hagstrom, J. A. Wolff, Proc.
Natl. Acad. Sci. U.S.A., 2007, 104, 12982-12987.

M. S. Park, J. Park, S. K. Jeon, T. H.Yoon, J. Nanosci. Nanotechnol., 2013, 13, 7264-
7270.

R. Agarwal, V. Singh, P. Jurney, L. Shi, S. V. Sreenivasan, K. Roy, Proc. Natl. Acad.
Sci., 2013, 110, 17247-17252.

E. C. Cho, Q. Zhang, Y. Xia, Nat. Nanotechnol. 2011, 6, 385-391.

G. Bellapadrona, A. B. Tesler, D. Grunstein, L. H. Hossain, R. Kikkeri, P. H.
Seeberger, A. Vaskevich and I. Rubinstein, Anal. Chem., 2012, 84, 232-240.

S. Sangabathuni, R. V. Murthy, P. M. Chaudhary, B. Subramani, S. Toraskar and
R. Kikkeri, Sci. Rep., 2017, 7, 4239.

P. M. Chaudhary, S. Sangabathuni, R. V. Murthy, A. Paul, H. V. Thulasiram and
R. Kikkeri, Chem. Commun., 2015, 51, 15669.

R.Agarwal, V. Singh, P.Jurney, L. Shi, S. V. Sreenivasan, and K. Roy, Proc. Natl.
Acad. Sci. USA, 2013, 110, 17247.

75



3.6 NMR Spectra
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Chapter-4a

Synthesis of Chondroitin Sulfate
Analogs
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Abstract:

Chondroitin sulfate (CS) exhibits exceptional multifunctional properties by its polymeric nature
and sulfation patterns. Recent developments in the synthesis of CS oligosaccharides shed light
on the structure-activity relationship (SAR) and its potential in biological relevance. Hence, it is
essential to synthesize CS oligosaccharides with different sulfation patterns. This chapter
summarizes the successful synthesis of CS di and tetra with varying sulfation patterns. In

addition, we also reported all failed reactions toward hexasaccharide analogs.
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4a.1 Introduction:

Structurally defined cell surface glycans are integral to modern medicine, vaccines and are
routinely used as biomarkers for several diseases.™ Nonetheless, the synthesis of such
oligosaccharides in gram scales drives advancements in theranostics, imaging and biosensing
applications.>® Significantly much progress has recently been made in developing automated
carbohydrate synthesis and chemoenzymatic strategies to synthesize a large pool of
oligosaccharides and enhance our understanding of the key mechanisms of actions associated
with oligosaccharide structures oligosaccharide chain length, glycosidic linkage,
conformation plasticity of sugars in biological systems.®*?

Cell surface composed a wide range of carbohydrate structures, including O-glycans, N-
glycans, glycosphingolipids, glycosaminoglycans (GAGs). These glycostructures play an
important role in cell signaling and cell-cell interaction.***® Among them, glycosaminoglycan
are highly negatively charged polymers consists of disaccharide repeating units with
heterogenous sulfation patterns, interact with positively charges biomolecules, including,
growth factors, chemokines, plasma proteins and modulate physiological prorpeties of
cells.**® The glycosaminoglycans are classified into four different groups based on the
repeating disaccharides units. Namely: (a) Heparan sulfate/heparin: composed of D-
glucosamine and uronic acid (L-iduronic acid or D-glucuronic acid). (b) Chondroitin sulfate
(CS)/dermatan sulfate (DS): D-N-acetyl-galactosamine and D-glucuronic acid. (c¢) Keratan
sulfate: D-galactose and D-N-acetyl-glucosamine. (d) Hyaluronan (HA): D-glucoruonic acid
and D-N-acetyl-glucosamine.**%

Among these GAGs, CS is perhaps one of the second most important glycosaminoglycans
after heparan sulfate (HS), ubiquitously found at the cell surface and extracellular matrix of
many connective tissues, including cartilage, bone, skin, ligaments and central nervous
system (CNS).?Y%® CS has been used in medical applications for decades before its structure
was established. In 1914, Levena and Forge first confirmed the presence of sulfate and
carboxylic acid groups and named Chondroitin Sulfuric acid.?® Later Davidson et al.
identified the structure of CS and its analogs such as CS-A and CS-C with different sulfation
patterns.”” The major breakthrough of CS medical relevance came when they were used
alongside glucosamine to treat osteoarthritis (OA).? In 2004, FDA approved CS as a dietary
supplement to treat Osteoarthritis (OA).?® Currently, CS, collagen, glucosamine containing
capsule such as Renovar are extensively used for osteoarthritis. CS inhibits various

inflammatory intermediates, including nitric oxide synthase, cyclooxygenase (COX)-2, and
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prostaglandin E2. However, some question remains about the molecular-level mechanism of
these actions.*

The use of chemoenzymatic strategies and automated synthesis has enabled the synthesis of
wide range of CS analogs to elucidate the structure-function relationship. This is exemplified
of fucosylated-CS-E and its applications anti-coagulation activity.**® In addition, the
discovery of low sulfate CS interaction to placental malaria and CS-E binding the neural growth
factors were a major boost to CS-based research, as they emerged as an important component of
treatment for neural diseases and anti-malarial activity.***® But, there is no active drug molecule

currently available in the market as the synthesis CS oligosaccharides are difficult.

4a.2 Synthesis of Chondroitin sulfate:

Several methods have been proposed to synthesize structurally well-defined CS
oligosaccharides.**>* However, most of these methods failed to yield a well-defined CS
oligosaccharides library. Here, we reported the synthesis of CS oligosaccharides using a
divergent strategy. Our synthetic strategy is based on a suitable protocol for synthesizing
disaccharide donor and acceptor and performing [2+2] glycosylation. In the present study, we
employed galactosamine donor 8 and the glucose acceptor 18 as important precurosrs to
synthesize disaccharide moieties.

4a.3 Synthesis of galactosamine building block:

Commercially available D-galactosamine was used to prepare the required building block 8 in
7 steps. In the first step all the hydroxyl groups were protected with a labile acetyl group, and
amine was protected with base sensitive TCA group in a one-pot strategy. The obtained
compound 2 was dissolved in DCM and thioglycosylated with thiotoulene and BF3.Et,0O to
obtain a semi solid compound. The compound was purified by column chromatography.
Then, the acetate group was deprotected in sodium methoxide, followed by benzylidene
protection of 4 and 6-OH group of 4. The 3-OH group of 5 was protected with levulinic acid
group. The donor 6 was converted to a trichloroacetamidate donor. By deprotection of
thiotoluene using NIS and TfOH, The compound 7 was dissolved in dry DCM, and CsCO3; &
CCI3CN were subsequently added to the reaction flask. The clear solution will turn into a
blackish liquid indicating the reaction completion. Excess solvents were evaporated and
purified on silica column chromatography which EtsN basified.
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4a.4 Synthesis of Galactosamine building block

HO _OH (@) AcO OAc AcO _OAc © HO _OH (d)
Hogo& ” 2 LA Og&/sw Ho XL -STel
OH AcO OAc c
NH, TCAHN TCAHN TCAHN
1 2 3 4
Ph Ph Ph Ph
0 o o
o (e) o (f) (o] (9) (o]
—_— > 0 —_—
HO STol LevO STol LevO LevO o
TCAHN TCAHN ° OH & )/CC'3
TCAHN TCAHN
5 6 HN

Schemel. (a) TCA, NaOMe, MeOH, 0 °C - RT, 1 h; Ac,0, Py, 0 °C - RT, 24 h 91 % (b) p-Thiocresol, BF;.OEt,
DCM, 0 °C - RT 12 h, 76 %; (c) NaOMe, MeOH, RT, 2 h, 74 %; (d) Ph(OMe),, PTSA, ACN, RT, 12 h, 76 %; (e)
Lev-OH, DCC, DCM, DMAP, 1 h, 80 %; (f) NIS, TfOH, DCM:H,0O (10:1) RT, 30 min, 84 %; (Q)
Trichloroacetonitrile, DCM, CsCO3, RT, 12 h, 65%.

4a.5 Synthesis of Glucose building block:

We synthesized D-glucose-based building block in 9 steps using some standard reported
procedures. Briefly, all the hydroxyl groups of glucose were protected with base labile acetyl
group using pyridine as both solvent & base for proton abstraction and acetic anhydride as a
reagent. The compound was then dissolved in dry DCM, and p-thiocresol was added to the
solution and stirred at 0 °C. Subsequently, mild Lewis acid BF3.Et,O was added dropwise to
the reaction mixture. The reaction mixture was quenched and extracted with NaHCO3; and
purified by column chromatography to vyield compound 11as a white solid. The
compound 11 was dissolved in methanol and basified with sodium methoxide to remove all
acetate protecting groups. The selective 4 and 6-OH group protection using benzylidene and
3-OH by benzyl group was carried out as reported in standard butyl tin reaction, followed by
benzyl bromide treatment in the presence of CsF. Finally, 2-OH of 14 was protected with
benzoyl group, resulted fully protected glucose building block 15 in moderate to good yield.
The compound 15 was later subjected to benzylidene deprotection and selective 6-OH
chloroacetate protected and yielded desired glucose building block 17 one the acceptor for
further CS synthesis. Compound 11 was glycosylated with azidoethanol linker glycosylation

yielded desired another glucose 18 acceptor for further CS synthesis
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Scheme 2. () Ac,0, Py 0 °C - RT 24 h, 95 %; (b) p-Thiocresol, BF;.OEt, DCM, 0 °C - RT 12 h, 72 %; (c) NaOMe
MeOH, RT, 2 h, 84%; (d) Ph(OMe), PTSA, ACN, RT 8 h, 69 %; (e) Bu,SnO, Bn-Br, CsF, Toluene, 120 °C, 18 h,
65 %; (f) Bz-Cl, DMAP, DCM:Py (4:1) 0 °C - RT 4 h, 81 %; (g) PTSA, DCM:MeOH (2:1) RT, 8 , 82 %,; (h)
(CIACO),0, DCM:Py(4:1) -40 °C, 1 h, 78%; (i) Azidoethanol, NIS, TMSOTf, DCM, 4A MS -20 °C, 68 %.

4a.6 Synthesis of chondroitin sulfate disaccharide analogs:

The CS disaccharide analogs have been synthesized from the previously synthesized building
blocks 6, and 18. As shown in scheme 3, we first glycosylate the galactosamine
donor 6 with glucose acceptor 18 using NIS and TMSOTf promotor at -40 °C yielded
regioselective beta-glycosylated 81% of disaccharide precursor 19. The compound 19 was
subjected to selective chloroacetate deprotection using thiourea to convert glucose to
glucuronic acid moiety. Then, oxidation of primary alcohol with a catalytic 2,2,6,6-
tetramethyl-1-piperidinyloxyl free radical (TEMPO) and [bis(acetoxy)iodo]benzene (BAIB)
and methyl esterification yielded CS disaccharide precursor 21. The compound 21 was
subjected to benzylidene deprotection in the presence of PTSA vyielded 4-and 6-OH free CS
derivative 22. The stoichiometric mixing of 22and sulfation reagent sulfur
trioxide:triethylamine complex in DMF and heating at 40 °C for several hours resulted in the
final desired sulfation patterns (CS-46S, CS-6S and CS-0S). Finally, global deprotection and
hydrogenolysis yielded desired disaccharide sulfation patterns. The CS-3S was synthesized
by selective lev deprotection of 21 in the presence of hydrazine, followed by sulfation,

global deprotection and hydrogenolysis.
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Scheme 3: (a) NIS, TMSOTf, DCM, 4A MS 0 °C, 81 %; (b) Thiourea, Py:MeOH (1:1) 80 °C, 2 h, 88 %; (c) (1).
TEMPO, BAIB , DCM:'BUOH:H,0O, (4: 1:1 ), RT, 6 h; (2) Mel, K,CO; DMF, RT, 12 h, 82 %: (d) PTSA,
DCM:MeOH (2:1), RT, 6 h, 88 %; () SOs. TEA, DMF, 60 °C, 72 h, (f) 1. LiOH.H,0, THF:H,0 (2:1), 80 °C, 12 h;
2. Ac,0, TEA, MeOH, 0 °C - RT, 12 h; (g) Pd(OH),, H,, MeOH, RT, 24 h; (h) AcOH:NH,NH,.H,0 (2.5:1),
THF:MeOH (10:1), RT, 1 h, 80%.

4a.7 Synthesis of CS. Tetrasaccharide analog:

The synthesis of the CS tetrasaccharides has been achieved using 26 acceptor and new
disaccharide donor prepared from galactosamine 20a and glucose 18 building block
respectively. The glycosylation between 20a and 18 was performed by using AgOTf as
promotor at room temperature to obtain moderate to good yield of CS disaccharide donor.
The lev deprotected CS disaccharide acceptor 26 was glycosylated with 27 was dissolved in
DCM solvent and activated by using NIS and TfOH yieded CS tetrasaccharide precursor in a
regieselective manner. The selective benzylidene deprotection and sulfation, followed by
global deprotection including hydrogenolysis yielded final CS-T-46S compounds in moderate

yield. The final compound was characterized by *H, **C-NMRs and masspectrometry. .

93



Ph Ph

o OCA (a) %0 OCA
o =,
BnO (o] o
Levo 07]/CC|3 OBz LevO . STol LevO o5 STol
TCAHN 15 TCAHN 0Bz TCAHN
8 27
Ph o0 Ph o0 Ph" 0
(c) MeO,C (d) Me02C MeO,C (e)
Levo X O%SW LevO /m
ev BnO ev BnO BnO
TCAHN 0Bz TCAHN Bz  TCAHN
o ! HOOH 0s0;"
MeO,C MeO,C 0,501 MeOZC 0580 Meozc ©
LevO ) o 0 or 9
ev BnO BnO BnO
TCAHN OBz z TCAHN
31
0,50 °

03;S0
X &W e L ool 080T o
OR
Bnm Bno Bnm Bn&wwwz

AcHN AcHN

R= 3{0\/\

CSs T-46$

Scheme 4. (a) AgOTf, DCM, 4A MS, RT, 67 %,; (b) Thiourea, Py:MeOH (1:1) 80 °C, 2 h, 80 %; (c) 1. TEMPO,
BAIB, DCM:H,0, (2:1) RT, 6 h; 2. Mel, K,COs, DMF, RT, 12 h, 69 %; (d) 25, NIS, TMSOTf, DCM, 4A MS,
RT, 57 %; (¢) PTSA, DCM:MeOH (2:1) RT, 1 h, 67 %; (f) SO5, TEA, DMF, 60 °C, 72 h, 59 % ; (g) 1. LiOH.H,0,
THF:H,0 (2:1) 80 °C, 12h; 2. Ac,0, TEA, MeOH 0 °C - RT , 12 h, (h) Pd(OH),, H,, MeOH, RT, 24 h, 37 %(over

three steps).

4a.8 Synthesis of CS Hexasaccharide analog:

The synthesis of CS hexasaccharide was carried out using various CS disaccharide donors
and acceptor. As shown in Table 1, we tried different donors and promotor reagent
conditions to synthesize CS hexasaccharide. Unfortunately, we didn’t find a suitable
condition to get the hexasaccharides. Currently, we are modifying the protecting group
strategy to synthesize the hexasaccharide. Alternatively, we have also tried synthesizing
oligosaccharides using a non-oxidized glucose building block. As shown in scheme 5, we
successfully got the final hexasaccharide. However, oxidation of hexasaccharide didn’t go in
the presence of TEMPO and BIAB. Currently, we are testing other oxidation reagents to

obtain the final compound.
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Scheme 5. (a) NIS, TfOH, DCM:H,0 (10:1) RT, 30 min; (b) CIN(Ph)CCF3;, DCM, CsCOs, RT, 12 h, 66 %; (c)

Trichloroacetonitrile, DCM, CsCOs, RT, 12 h, 69 %;
84 %.

(d) ACOH:NH,NH,.

Table 1. Reagents and conditions to synthesize CS hexasaccharide.

H,0 (2.5:1), THF:MeOH (10:1), RT, 1 h,

SILNo  Donor Reagent Yield and remarks
1 ph/VOO coutne NIS, TMSOTf or Free hydroxyl
Levogé/gm STol TfOH, 4AOMS, donor formation and
TCAHN OBz DCM -40 "C -RT Trace amount of

29 product
2 PR \.O TMSOTT, or TfOH Free hydroxyl donor

0 CO,Me or
LevO 2 B?\MO CF;
OBz \Nf AgOTf, 4A MS,

TCAHN R
37 Ph bcm-78°C RT

3 PR GO TMSOTf, or TfOH
COzme or
LevO Bnmo\rcms
TCAHN OBz NI AgOTf, 4A MS,
Ph bem-20°C -RT
4 Ph NIS, TMSOTf or
o7 OCA TfOH, 4A MS,
(o) (o) 40 °c -
Levo&/&g&/snﬂ DCM -40 "C -RT
TCAHN OBz

27

formation

Free hydroxyl
donor formation and
Trace amount of
product

Free hydroxyl donor
formation and Trace

amount of product
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Scheme 6: (a) NIS, TMSOTF, DCM, 4A MS, -40 °C, 78 %; (b) 6, NIS, TMSOTf, DCM, 4A MS, -40 °C, 76 %: (c)
ACOH:NH,NH,.H,0 (2.5:1), THF:MeOH (10:1), RT, 1 h, 74 %: (d) 27, NIS, TMSOTf, DCM, 4A MS, RT, 69 %;
() 27, NIS, TMSOTf, DCM, 4A MS, RT, 61 %.

4a. 9. Conclusion.

we reported the synthesis of chondroitin sulfate precursor using late oxidized and pre-oxidied
of glucose building block. A systematic screening of beta-glycosylation of GalNAc and
GIuA building blocks using different promotors ensured good-reactivity and high-yield
disaccharides building blocks to synthesize CS oligosaccharides using [2+2] strategy.
Oxidation, selective deprotection and sulfation of such precursor provided high-yield, reliable
and comprehensive strategies to synthesize CS di and tetrasaccharide analogs. However, we
failed to obtain hexa-saccharide analog using this strategy. Currently, we are investigating

other strategies to synthesize higher oligosaccharides.

4a.10 Experimental section:

4a.10.1 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
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solution followed by heating. Column chromatography was carried out using force flow of
the indicated solvent on a FlukaKieselgel 60 (230-400 mesh). 1H and 13C NMR spectra
were recorded on a Jeol 400 MHz spectrometer, with a cryoprobe using residual solvents
signals as an internal reference (CDCl; 6H, 7.26 ppm, 6C 77.3 ppm, CD30D 6H 3.31 ppm,
o0C 49.0 ppm and D,O 6H 4.79 ppm). The chemical shifts (6) are reported in ppm and
coupling constants (J) in Hz.

Synthesis of compound 2: D-Galactosamine 1 (15 g, 69.76 mmol) was dissolved in MeOH
(100 mL), NaOMe (5.6 g, 104.65 mmol) and Chloroacetic anhydride (15.29 mL, 83.72

mmol) were added at 0 °C drop wise. After 1 h the reaction mixture was neutralized with

Amberlite® IR-120H resin and filtered, concentrated under reduced pressure. The crude
product was (22.5 g, 55.55 mmol) was dissolved in pyridine (80 mL) and acetic anhydride
(52.67 mL, 557.27 mmol) added at 0 °C. The reaction mixture allows stirring at room
temperature for 24h and concentrated under reduced pressure. The residue was extracted with
EtOAc and washed with 2 N HCI (3x). The combined organic layer was dried over Na,SQOy,
filtered, and concentrated. The crude product was purified by column chromatography
(EtOAc/Hexane, 1/2) to afford as mixture of a and B diastereomers (o:f3 = 1:4) 2 (31.8 g, 91
%) as pale yellow viscous liquid. *H NMR (400 MHz, CDCls) & 6.67 (d, J = 8.7 Hz, 1H),
6.31 (d, J = 3.7 Hz, 1H), 5.45 (dd, J = 3.2, 1.1 Hz, 1H), 5.33 (dd, J = 11.4, 3.2 Hz, 1H), 4.61
~4.55 (m, 1H), 4.27 — 4.24 (m, 1H), 4.13 — 4.04 (m, 2H), 2.18 (s, 3H), 2.16 (s, 3H), 2.02 (s,
3H), 2.01 (s, 3H). *C NMR (100 MHz, CDCl3) & 171.12, 170.34, 170.04, 168.51, 162.07,
91.93, 90.29, 68.79, 67.57, 66.54, 61.15, 49.35, 20.78, 20.65, 20.64, 20.62. HRMS (ESI) m/z:
calc’d for [M+H]" CysH2:Cl3010NS: 492.0231; Found: 492.0235.

Synthesis_of compound 3: Compound 2 (20 g, 40.73 mmol) was dissolved in anhydrous

DCM (100 mL) and p-thiocresol (7.58 g, 61.09 mmol) was added under nitrogen atmospheric
condition. Borontrifluoride.diethyletherate (15.08 mL, 122.19 mmol) was added drop wise at
0 °C. After string 12 h the reaction mixture was quenched by triethylamine, and extracted
with DCM (3x). The combined organic layer washed with NaHCO3 and brine solution, dried
over Na,SO, and concentrated under reduced pressure. The crude product was purified by
column chromatography (EtOAc/Hexane, 1/2) to afford 3 (17.2 g, 76 %) as white solid. *H
NMR (400 MHz, CDCl3) & 7.46 — 7.43 (m, 2H), 7.18 — 7.13 (m, 2H), 6.81 (d, J = 9.0 Hz,
1H), 5.42 (dd, J = 3.3, 1.1 Hz, 1H), 5.31 (dd, J = 10.8, 3.3 Hz, 1H), 4.91 (d, J = 10.3 Hz, 1H),
4.24 — 4.11 (m, 3H), 3.99 — 3.95 (m, 1H), 2.37 (s, 3H), 2.15 (s, 3H), 2.07 (s, 3H), 2.00 (s,
3H). *C NMR (100 MHz, CDCls) § 170.56, 170.47, 170.22, 161.83, 138.83, 133.46, 129.84,
128.37, 92.35, 87.11, 74.69, 70.69, 66.93, 61.73, 51.41, 21.29, 20.79, 20.74, 20.63. HRMS
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(ESI) m/z: calc’d for [M+Na]" C,;H,4Cl30gNSNa: 578.0186; Found: 578.0182.

Synthesis of compound 4: Compound 3 (15.5 g, 27.92 mmol) was dissolved in methanol
(150 mL) and NaOMe (4.52 g, 83.78 mmol) was added at RT. After string 2 h the reaction
mixture was neutralized with Amberlite® IR-120H resin and filtered, concentrated under

reduced pressure. The crude product was purified by column chromatography (MeOH/DCM,
1/8) to afford 4 (8.9 g, 74 %) as white solid. *H NMR (400 MHz, CDs;OD) & 7.39 — 7.37 (m,
2H), 7.08 (d, J = 8.1 Hz, 2H), 4.80 (d, J = 10.4 Hz, 1H), 4.03 (t, J = 10.3 Hz, 1H), 3.87 (d, J
= 3.0 Hz, 1H), 3.78 — 3.68 (m, 3H), 3.53 — 3.50 (m, 1H), 2.27 (s, 3H). *C NMR (100 MHz,
CDs0D) ¢ 162.87, 137.36, 131.71, 130.83, 129.25, 87.76, 79.42, 72.05, 68.53, 61.25, 53.45,
19.77. HRMS (ESI) m/z: calc’d for [M+Na]® CysHigClsOsNSNa: 451.9869; Found:
451.9871.

Synthesis of compound 5: Compound 4 (8.3 g, 19.34 mmol) was dissolved in acetonitrile

(100 mL) and benzaldehyde dimethoxyacetal (4.35 mL, 29.02 mmol) and p-Toluenesulfonic
acid (0.73 g, 3.86 mmol) were added at RT. After string 12 h, the reaction mixture was
quenched by triethylamine (up to P™ ~ 7) and concentrated under reduced pressure. The crude
product was purified by column chromatography (EtOAc/Hexane, 1/1) to afford 5 (7.6 g, 76
%) as white solid. '"H NMR (400 MHz, CDCls) & 7.56 — 7.53 (m, 2H), 7.43 — 7.34 (m, 5H),
7.10 (d, J = 7.9 Hz, 1H), 6.78 (d, J = 7.6 Hz, 1H), 5.53 (s, 1H), 5.04 (d, J = 10.0 Hz, 1H),
4.39 (dd, J = 12.5, 1.5 Hz, 1H), 4.23 — 4.22 (m, 1H), 4.19 — 4.09 (m, 1H), 4.04 (dd, J = 12.5,
1.6 Hz, 1H), 3.72 — 3.65 (m, 1H), 3.60 — 3.58 (m, 1H), 2.64 (d, J = 10.4 Hz, 1H), 2.35 (s,
3H). *C NMR (100 MHz, CDCls) § 161.95, 138.86, 137.45, 134.48, 129.85, 129.43, 128.24,
126.67, 126.55, 101.32, 92.46, 83.66, 74.98, 70.44, 70.09, 69.28, 54.15, 21.31. HRMS (ESI)
m/z: calc’d for [M+H]" CyH»3Cls05NS: 518.0363; Found: 518.0358.

Synthesis of compound 6: Compound 5 (9.5 g, 18.37 mmol) was dissolved in anhydrous
DCM (80 mL). The reaction misture was cooled to 0 °C and DCC (6.82 mL, 45.45 mmol)
and DMAP (1.93 g, 11.36 mmol) and Levulinic acid (2.25 mL, 22.05 mmol) were added at

the same temperature. After string 1 h, the reaction mixture was filtered on celite bed and

concentrated under reduced pressure. The crude product was purified by column
chromatography (EtOAc/Hexane, 1/1) to afford 6 (9.1 g, 80 %) as white solid. *H NMR (400
MHz, CDCl3) & 7.56 — 7.53 (m, 2H), 7.43 — 7.34 (m, 5H), 7.10 (d, J = 7.9 Hz, 1H), 6.78 (d, J
=7.6 Hz, 1H), 5.53 (s, 1H), 5.04 (d, J = 10.0 Hz, 1H), 4.39 (dd, J = 12.5, 1.5 Hz, 1H), 4.23 -
4.22 (m, 1H), 4.19 — 4.09 (m, 1H), 4.04 (dd, J = 12.5, 1.6 Hz, 1H), 3.72 — 3.65 (m, 1H), 3.60
— 3.58 (m, 1H), 2.64 (d, J = 10.4 Hz, 1H), 2.35 (s, 3H). **C NMR (100 MHz, CDCls) &
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161.95, 138.86, 137.45, 134.48, 129.85, 129.43, 128.24, 126.67, 126.55, 101.32, 92.46,
83.66, 74.98, 70.44, 70.09, 69.28, 54.15, 21.31. HRMS (ESI) m/z: calc’d for [M+H]"
C27H29Cl30;NS: 616.0730; Found: 616.0732.

Synthesis of compound 7: Compound 6 (5 g, 8.13 mmol ) was dissolved in mixture of
DCM/H20 [(15/1), (v/v), 70 mL] and NIS (2.19 g, 9.75 mmol) and TfOH (0.14 mL, 1.62

mmol) were added at RT. After 15 min the reaction mixture was quenched with triethylamine

and washed with sodium thiosulfate solution (2x). The combined organic layer was dried
over Na,SO,, filtered and concentrated under reduced pressure. The crude product was
purified by column chromatography (EtOAc/Hexane, 1/1) to afford 7 (3.5 g, 84 %) as white
foam. 'H NMR (400 MHz, CDCl3) § 7.47 — 7.44 (m, 2H), 7.33 — 7.28 (m, 3H), 6.94 (d, J =
9.3 Hz, 1H), 5.47 (s, 1H), 5.39 (t, J = 3.6 Hz, 1H), 5.27 (dd, J = 11.2, 3.3 Hz, 1H), 4.57 (td, J
=11.2,10.5, 3.4 Hz, 1H), 4.20 — 4.14 (m, 2H), 4.02 — 3.96 (m, 2H), 3.87 (s, 2H), 2.73 — 2.59
(m, 2H), 2.56 — 2.47 (m, 2H), 2.25 (s, 1H), 2.00 (s, 3H). **C NMR (100 MHz, CDCls) 5
206.83, 172.83, 162.11, 137.39, 129.79, 129.18, 128.54, 128.26, 126.23, 100.75, 92.32,
91.85, 73.50, 69.25, 68.84, 62.54, 49.91, 37.75, 29.75, 29.72, 28.21. HRMS (ESI) m/z: calc’d
for [M+Na]" C,0H2,Cl;0gNSNa: 532.0309; Found: 532.0311.

Synthesis of compound 8: Compound 7 (3.5 g, 6.87 mmol ) was dissolved in anhydrous
DCM (70 mL) and Cesium carbonate (0.89 g, 2.75 mmol) and trichloroacetonitrile (5.51 mL,
55 mmol) were added at RT. After 12 h the reaction mixture was concentrated under reduced

pressure. The crude product was purified by column chromatography (EtOAc/Hexane, 1/3) to
afford 8 (2.9 g, 65 %) as white solid. *H NMR (400 MHz, CDCl3) & 8.77 (s, 1H), 7.54 — 7.52
(m, 2H), 7.41 — 7.35 (m, 3H), 6.95 (d, J = 8.6 Hz, 1H), 6.62 (d, J = 3.3 Hz, 1H), 5.58 (s, 1H),
5.45 (dd, J = 11.4, 3.2 Hz, 1H), 4.87 (ddd, J = 11.7, 8.7, 3.4 Hz, 1H), 4.44 (d, J = 3.0 Hz,
1H), 4.33 (dd, J = 12.7, 1.4 Hz, 1H), 4.07 (dd, J = 12.7, 1.4 Hz, 1H), 3.94 (s, 1H), 2.73 — 2.65
(m, 2H), 2.62 — 2.57 (m, 2H), 2.08 (s, 3H). **C NMR (100 MHz, CDCls) & 206.30, 173.38,
162.04, 160.13, 137.16, 129.29, 128.30, 126.33, 100.98, 95.32, 92.03, 90.81, 73.08, 68.81,
68.42, 65.16, 49.76, 37.72, 29.70, 28.10. HRMS (ESI) m/z: calc’d for [M+Na]®
C2H2,ClgOgN,SNa: 674.9405; Found: 674.9400.

Synthesis of compound 10: D-glucose 9 (50 g, 277.7 mmol) was dissolved in pyridine (200
mL) and cooled the reaction at 0 °C. Ac,0 (262 mL, 2777.7 mmol) was added to the reaction

mixture dropwise and slowly allowed to room temperature. After 24 h stirring, the solvent

concentrated. The mixture was diluted with EtOAc and washed with 1 N HCI solution (3x).
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The organic layer dried over Na,SO,, filtered and concentrated under reduced pressure. The
crude product was purified by column chromatography (EtOAc/Hexane, 1/3) to afford 10
(103.4 g, 95 %) as a white solid. *H NMR (400 MHz, CDCls) & 6.34 (d, J = 3.7 Hz, 1H), 5.51
—5.46 (m, 1H), 5.20 — 5.07 (m, 2H), 4.33 — 4.23 (m, 1H), 4.18 — 4.06 (m, 2H), 2.19 (s, 3H),
2.10 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H). *C NMR (100 MHz, CDCls) & 170.61,
170.61, 170.21, 169.64, 169.38, 168.74, 89.05, 69.81, 69.18, 67.88, 61.45, 20.87, 20.69,
20.66, 20.56, 20.44. HRMS (ESI) m/z: calc’d for [M+Na]® CyH2,011Na: 413.1060; Found:
413.1059.

Synthesis of compound 11: Compound 10 (30 g, 76.9 mmol) was dissolved in anhydrous
DCM (150 mL) and p-thiocresol (11.4 g, 92.3 mmol) was added then cooled the reaction at 0
°C. BF3.0Et (28.4 mL, 230 mmol) was added to the reaction mixture dropwise and allowed

to room temperature. After 12 h stirring, the reaction mixture was washed with ag. NaHCO3
solution (2x). The combined organic layer dried over Na SOy, filtered and concentrated under
reduced pressure. The crude product was purified by column chromatography
(EtOAc/Hexane, 1/3) to afford 11 (25.3 g, 72 %) as a white solid."H NMR (400 MHz,
CDCl3) 6 7.38 (dd, J = 8.2, 2.0 Hz, 2H), 7.11 (d, J = 8.0 Hz, 2H), 5.20 (t, J = 9.4 Hz, 1H),
5.01 (t, J =9.8 Hz, 1H), 4.92 (t, J = 9.7 Hz, 1H), 4.63 (d, J = 10.1 Hz, 1H), 4.24 — 4.13 (m,
2H), 3.69 (ddt, J = 9.0, 4.2, 2.0 Hz, 1H), 2.34 (s, 3H), 2.08 (s, 3H), 2.07 (s, 3H), 2.00 (s, 3H),
1.97 (zs, 3H). *C NMR (100 MHz, CDCls) & 170.51, 170.50, 170.13, 170.11, 169.35,
169.19, 138.74, 133.80, 129.65, 127.51, 85.74, 75.71, 73.99, 69.89, 68.17, 62.09, 21.17,
20.74, 20.71, 20.57, 20.55. HRMS (ESI) m/z: calc’d for [MJrNa]+ Cy1H2609SNa: 413.1195;
Found: 477.1195.

Synthesis of compound 12: Compound 11 (26 g, 57.2 mmol) was dissolved in MeOH (250

mL) and NaOMe (12.3 g, 229.0 mmol) was added at room temperature. After 2 h stirring, the
reaction mixture was quenched with amberlite™ IR-120(H) resin. The resin was filtered and
the solvent was concentrated under reduced pressure. The crude product was purified by
column chromatography (MeOH/DCM, 1/9) to afford 12 (13.9 g, 84 %) as a white solid.*H
NMR (400 MHz, CD30D) § 7.53 — 7.42 (m, 2H), 7.20 — 7.07 (m, 2H), 4.53 (d, J = 9.7 Hz,
1H), 3.87 (dd, J = 12.1, 1.7 Hz, 1H), 3.72 — 3.64 (m, 1H), 3.38 (d, J = 9.3 Hz, 1H), 3.30 (ddd,
J=55,3.9, 2.1 Hz, 2H), 3.20 (dd, J = 9.7, 8.7 Hz, 1H), 2.33 (s, 3H). **C NMR (100 MHz,
CD3;0D) 6 141.30, 136.05, 133.71, 133.08, 92.18, 84.54, 82.19, 76.21, 73.89, 65.43, 23.66.
HRMS (ESI) m/z: calc’d for [M+Na]" C13H1s0sSNa: 309.0773; Found: 309.0777.

Synthesis of compound 13: Compound 12 (20 g, 69.9 mmol) was dissolved in ACN (150
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mL) and benzylidene dimethyl acetal (15.7 mL, 104.8 mmol) and PTSA (2.6 g, 13.9 mmol)
were added at room temperature. After 8 h stirring, the reaction mixture was quenched with
Et; and washed with ag. NaHCOg3 solution (2x). The combined organic layer dried over
Na,SOy, filtered and concentrated under reduced pressure. The crude product was purified by
column chromatography (MeOH/DCM, 1/9.5) to afford 13 (18.2 g, 69 %) as a white solid.*H
NMR (400 MHz, CDCl3) 6 7.53 — 7.41 (m, 4H), 7.42 — 7.34 (m, 3H), 7.20 — 7.13 (m, 2H),
5.52 (s, 1H), 4.55 (d, J = 9.7 Hz, 1H), 4.37 (dd, J = 10.5, 4.3 Hz, 1H), 3.86 — 3.69 (m, 2H),
3.55 — 3.37 (m, 3H), 3.21 (d, J = 2.3 Hz, 1H), 2.97 (d, J = 2.6 Hz, 1H), 2.38 (s, 3H). *C
NMR (100 MHz, CDCls) 6 138.82, 136.90, 133.65, 129.90, 129.34, 128.38, 127.36, 126.33,
101.91, 88.68, 80.22, 74.51, 72.51, 70.49, 68.58, 21.21. HRMS (ESI) m/z: calc’d for
[M+Na]" CH2205SNa: 397.1086; Found: 397.1085.

Synthesis of compound 14: Compound 13 (15 g, 40.1 mmol) was dissolved in toluene (150

mL) and dibutyltinoxide (10.9 g, 44.1 mmol) was added at room temperature then reflex at
120 °C. After 6 h stirring, the reaction mixture was cooled to ambient temperature and
concentrated under reduced pressure. The crude product was kept in high vacuum for 2h and
dissolved in DMF:Toluene (v/v 1/1, 200ml ). Benzyl bromide (5.2 mL, 44.1 mmol) and CsF
(6.7 g, 44.1 mmol) were added at room temperature then reflex at 120 °C. After 12 h reflex
the reaction mixture was cooled to ambient temperature. The solvents were evaporated then
diluted with EtOAc and washed with brine solution (3x). The organic layer dried over
Na,SOq, filtered and concentrated under reduced pressure. The crude product was purified by
column chromatography (EtOAc/Hexane, 1/5) to afford 14 (12.1 g, 65 %) as a white solid. *H
NMR (400 MHz, CDCl3) & 7.52 — 7.41 (m, 4H), 7.41 — 7.26 (m, 8H), 7.13 (d, J = 8.0 Hz,
2H), 5.56 (s, 1H), 4.94 (d, J = 11.5 Hz, 1H), 4.79 (d, J = 11.5 Hz, 1H), 4.56 (d, J = 9.6 Hz,
1H), 4.38 (dd, J = 10.5, 4.9 Hz, 1H), 3.78 (t, J = 10.3 Hz, 1H), 3.73 — 3.58 (m, 2H), 3.49 (td,
J =97, 4.8 Hz, 2H), 2.62 (bs, 1H), 2.34 (s, 3H). **C NMR (100 MHz, CDCls) & 138.86,
138.29, 137.29, 133.93, 129.94, 129.13, 128.58, 128.38, 128.24, 128.00, 127.30, 126.11,
101.32, 88.66, 81.71, 81.22, 74.93, 72.20, 70.80, 68.73, 21.30. HRMS (ESI) m/z: calc’d for
[M+H]" C27H2905S: 465.1736; Found: 465.1735.

Synthesis of compound 15: Compound 14 (10 g, 21.5 mmol) was dissolved in mixture of
DCM:Pyridine (4/2, viv, 100 mL) and cooled the reaction mixture at 0 °C. Dimethyl

aminopyridine (DMAP) (0.52 g, 4.3 mmol) and benzoyl chloride (7.5 mL, 64.6 mmol) were

added at the same room temperature. After 4 h stirring, the reaction mixture was washed with
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agq. NaHCOj3 solution (2x) and 1 N HCI solution (3x). The combined organic layer dried over
Na,SOq, filtered and concentrated under reduced pressure. The crude product was purified by
column chromatography (EtOAc/Hexane, 1/5) to afford 15 (9.9 g, 81 %) as a white solid. *H
NMR (400 MHz, CDCls) & 8.07 — 7.97 (m, 2H), 7.66 — 7.55 (m, 1H), 7.54 — 7.42 (m, 4H),
7.45 —7.34 (m, 5H), 7.15 — 7.02 (m, 7H), 5.60 (s, 1H), 5.26 (dd, J = 9.9, 8.7 Hz, 1H), 4.82 —
4.75 (m, 2H), 4.66 (d, J = 11.9 Hz, 1H), 4.41 (dd, J = 10.5, 5.0 Hz, 1H), 3.93 — 3.73 (m, 3H),
3.55 (td, J = 9.7, 5.0 Hz, 1H), 2.32 (s, 1H). *C NMR (100 MHz, CDCl3) & 165.13, 138.65,
137.77, 137.25, 133.77, 133.32, 130.03, 129.91, 129.77, 129.16, 128.50, 128.40, 128.26,
128.18, 127.68, 126.10, 101.34, 87.26, 81.51, 79.42, 74.35, 72.08, 70.65, 68.70, 21.28.
HRMS (ESI) m/z: calc’d for [M+H]" CssH3306S: 569.1998; Found: 569.1998.

Synthesis of compound 16: Compound 15 (9.7 g, 17.0 mmol) was dissolved in mixture of
DCM:MeOH (2/1, viv, 90 mL) and PTSA (4.8 g, 25.6 mmol) was added at room

temperature. After 8 h stirring, the reaction mixture was quenched with EtzN then washed

with ag. NaHCO3 solution (2x). The combined organic layer dried over Na,SQO,, filtered and
concentrated under reduced pressure. The crude product was purified by column
chromatography (EtOAc/Hexane, 1/3) to afford 16 (6.7 g, 82 %) as a white solid. *H NMR
(400 MHz, CDCl3) 6 8.09 — 8.04 (m, 2H), 7.62 —7.58 (m, 1H), 7.50 — 7.44 (m, 2H), 7.34 —
7.29 (m, 2H), 7.21 -7.06 (m, 5H), 7.07 (d, J = 7.9 Hz, 2H), 5.25 — 5.19 (m, 1H), 4.80 — 4.52
(m, 3H), 3.92 (dd, J = 11.9, 3.3 Hz, 1H), 3.79 (dd, J = 12.0, 5.0 Hz, 1H), 3.74 — 3.66 (m, 2H),
3.46 — 3.42 (m, 1H), 2.80 (bs, OH), 2.30 (s, 3H). **C NMR (100 MHz, CDCls) & 165.24,
138.39, 137.69, 133.36, 133.14, 129.90, 129.76, 129.73, 128.68, 128.52, 128.05, 127.99,
86.65, 83.87, 79.44, 74.81, 72.40, 70.31, 62.56, 21.15. HRMS (ESI) m/z: calc’d for [M+Na]"
C27H2806SNa: 503.1504; Found: 503.1501.

Synthesis of compound 17: Compound 16 (5.6 g, 11.6 mmol) was dissolved in anhydrous
DCM (50 mL) and cooled the reaction mixture at -40 °C. Chloroacetic anhydride (1.79 g,

10.5 mmol) was added at the same room temperature. After 1 h stirring, the reaction mixture
was allowed to ambient temperature and washed with 1 N HCI solution (3x). The combined
organic layer dried over Na,SOy,, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography (EtOAc/Hexane, 1/5) to afford 17 (5.1 g, 78
%) as a white solid. *H NMR (400 MHz, CDCls) § 8.15 — 8.07 (m, 2H), 7.68 — 7.60 (m, 1H),
7.56 — 7.46 (m, 2H), 7.41 — 7.33 (m, 2H), 7.28 — 7.16 (m, 5H), 7.16 — 7.08 (m, 2H), 5.24 (dd,
J =10.0, 8.9 Hz, 1H), 4.79 — 4.58 (m, 3H), 4.57 (dd, J = 11.9, 1.7 Hz, 1H), 4.54 — 4.43 (m,
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1H), 4.13 — 4.08 (m, 10H), 3.76 — 3.65 (m, 1H), 3.69 — 3.58 (m, 2H), 2.62 (d, J = 2.2 Hz,
1H), 2.35 (s, 3H). *C NMR (100 MHz, CDCls) & 167.45, 165.18, 138.45, 137.52, 133.51,
133.41, 129.89, 129.72, 129.58, 128.59, 128.55, 128.43, 128.11, 128.10, 86.53, 83.73, 74.97,
72.15, 69.77, 64.78, 40.74, 21.17. HRMS (ESI) m/z: calc’d for [M+Na]® CygH,90;SNa:
579.1220; Found: 579.1218.

Synthesis of compound 18: Compound 17 (1.5 g, 2.69 mmol) and azidoethanol (0.35 g, 4.04

mmol) were dissolved in anhydrous DCM (20 mL) with 4A molecular sieves and stirred at
room temperature for 2 h. The reaction mixture cooled at -40 °C and NIS (0.72 g, 3.23 mmol)
and TMSOTTf (97 pL, 0.53 mmol) were added at the same room temperature. After 30 min,
the reaction mixture was quenched EtsN then allowed to ambient temperature and the
molecular sieves was filtered on celite bed. The reaction mixture was washed with aqg.
NayS;05; solution (2x). The combined organic layer dried over Na,SO,, filtered and
concentrated under reduced pressure. The crude product was purified by column
chromatography (EtOAc/Hexane, 1/5) to afford 18 (0.8 g, 57 %) as a white solid. *H NMR
(400 MHz, CDCl3) & 8.08 — 8.04 (m, 2H), 7.62 — 7.56 (m, 1H), 7.48 — 7.44 (m, 1H), 7.24 —
7.18 (m, 5H), 5.29 — 5.25 (m, 1H), 4.78 — 4.59 (m, 3H), 4.56 — 4.44 (m, 2H), 4.12 (s, 2H),
3.99 - 3.94 (m, 1H), 3.72 — 3.57 (m, 4H), 3.42 — 3.36 (m, 1H), 3.30 — 3.25 (m, 1H), 2.64 (bs,
1H). °C NMR (100 MHz, CDCl3) & 167.59, 165.17, 137.59, 133.29, 129.80, 129.71, 128.59,
128.46, 128.09, 101.21, 82.12, 74.75, 73.51, 73.20, 69.79, 68.10, 64.49, 50.67, 40.76. IR (cm’
! CH,Cl,) 2882, 2103, 1723, 1601, 1451. HRMS (ESI) m/z: calc’d for [M+Na]*
C4H2605CIN3SNa: 542.1306; Found: 542.1310.

Synthesis of compound 19: Compound (Glycosyl donor) 6 (1 g, 1.62 mmol) and (glycosyl

acceptor) 18 (0.75 g, 1.46 mmol) were dissolved in anhydrous DCM (20 mL) with freshly
dried 4 A MS and stirred at RT for 1 h. Cooled the reaction mixture at -40 °C and NIS (0.43
g, 1.95 mmol) and TMSOTT (58 uL, 0.32 mmol) were added at the same temperature. After
consumption of donor, the reaction mixture was quenched with EtsN and filtered on celite
bed and concentrated under reduced pressure. The crude product was purified by column
chromatography (EtOAc/Hexane, 1/1) to afford 19 (1.2 g, 81 %) as white foam. *H NMR
(400 MHz, CDCl3) 6 8.00 — 7.92 (m, 2H), 7.59 — 7.53 (m, 1H), 7.48 — 7.39 (m, 4H), 7.31 —
7.29 (m, 1H), 7.17 — 7.11 (m, 3H), 7.08 — 6.97 (m, 3H), 5.50 (s, 1H), 5.29 — 5.23 (m, 1H),
5.19 - 5.15 (m, 1H), 5.00 (d, J = 11.8 Hz, 1H), 4.84 (d, J = 8.2 Hz, 1H), 4.75 (d, J = 11.8 Hz,
1H), 4.62 (d, J = 7.7 Hz, 1H), 4.57 — 4.45 (m, 2H), 4.43 — .35 (m, 1H), 4.28 — 4.19 (m, 2H),
4.13 (d, J = 2.1 Hz, 2H), 4.02 (dd, J = 9.6, 8.2 Hz, 1H), 3.96 — 3.89 (m, 3H), 3.69 — 3.60 (m,
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2H), 3.39 — 3.32 (M, 2H), 3.29v — 3.23 (m, 1H), 2.73 — 2.66 (m, 2H), 2.58 — 2.54 (M, 1H),
2.07 (s, 3H). **C NMR (100 MHz, CDCl3) § 206.51, 172.60, 167.45, 165.14, 162.18, 138.14,
137.54, 133.12, 129.83, 129.74, 129.08, 128.45, 128.33, 128.23, 128.15, 128.04, 127.99,
127.93, 127.83, 127.27, 126.36, 126.33, 126.25, 100.93, 100.90, 100.60, 92.46, 80.51, 77.26,
74.64, 72.85, 72.82, 72.79, 70.38, 68.70, 68.12, 66.45, 63.98, 52.99, 50.61, 40.84, 37.76,
29.71, 28.11. IR (cm, CH,Cl,) 3341, 2917, 2104, 1716, 1524. HRMS (ESI) m/z: calc’d for
[M+H]" CasHa7015C1aN,: 1011.1792; Found: 1011.1787.

Synthesis of compound 20: Compound 19 (0.85 g, 0.84 mmol) was dissolved in mixture of
Pyridine:MeOH [(v/v), (1:1), 20 mL] and thiourea (0.12 g, 1.68 mmol) was added. The
reaction mixture was reflux at 80 °C for 2 h. The mixture was allow to ambient temperature
and diluated with EtOAc and washed with 1N HCI solution (3x) and brine solution (2x). The

combined organic layer dried over Na,SO,, filtered and concentrated under reduced pressure.
The crude product was purified by column chromatography (EtOAc/Hexane, 1/0.5) to afford
20 (0.69 g, 88 %) as a white solid. *H NMR (400 MHz, CDCls) & 8.01 — 7.94 (m, 2H), 7.60 —
7.54 (m, 1H), 7.48 — 7.40 (m, 5H), 7.33 — 7.26 (m, 3H), 7.17 — 7.12 (m, 2H), 7.05 — 7.00 (m,
1H), 6.93 (dd, J = 8.2, 6.8 Hz, 2H), 5.44 (s, 1H), 5.25 — 5.17 (m, 2H), 5.09 (d, J = 11.8 Hz,
1H), 4.95 (d, J = 8.4 Hz, 1H), 4.74 (d, J = 11.8 Hz, 1H), 4.60 (d, J = 7.9 Hz, 1H), 4.48 (dt, J
=11.3, 8.8 Hz, 1H), 4.28 — 4.10 (m, 3H), 3.97 — 3.81 (m, 5H), 3.63 (ddd, J = 10.8, 6.9, 3.9
Hz, 1H), 3.50 — 3.26 (m, 4H), 3.12 (s, 1H), 2.77 — 2.52 (m, 4H), 2.04 (s, 3H). **C NMR (100
MHz, CDCl3) & 206.46, 172.64, 165.44, 162.19, 138.38, 137.74, 133.13, 129.89, 129.80,
128.99, 128.33, 128.30, 128.10, 127.97, 127.16, 126.39, 101.11, 100.85, 100.74, 92.72,
80.32, 76.39, 75.22, 75.05, 73.03, 72.83, 70.84, 68.80, 68.07, 66.26, 60.73, 52.83, 50.71,
37.78, 29.70, 28.26. IR (cm™, CH,Cl,) 3331, 2924, 2104, 1711, 1527. HRMS (ESI) m/z:
calc’d for [M+H]" C4,H45014Cl3N4: 957.1896; Found: 957.1899.

Synthesis of compound 21: Compound 20 (0.65 g, 0.69 mmol) is dissolved in mixture of
DCM:'BuOH:H,0 [(4/1/1), (v/vIv), 20 mL] were added 2,2,6,6-tetramethyl-1-piperidinyloxyl
free radical (TEMPO, 89.9 mg, 0.17 mmol) and bis(acetoxy)iodobenzene (BAIB, 0.31 g, 1.39
mmol) at room temperature. After 6 h, the mixture was quenched with saturated NH,CI

solution and extracted with DCM. The organic layer was dried over Na,SO,, filtered, and
concentrated under reduced pressure. The residue was taken as such for next step without
further purification. The crude was dissolved in DMF (10 mL) and K,CO;3; (0.28 ¢, 2.08
mmol) methyl iodide (0.38 mL, 6.25 mmol) were added at the room temperature. After string

12 h, the reaction mixture diluted with ethyl acetate and washed with brine solution (3x), the
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combined organic layer was dried over Na,SO, filtered and concentrated under reduced
pressure. The crude product was purified by column chromatography (EtOAc/Hexane, 1/1)
to afford 21 (0.55 g, 82 %) as white solid. *H NMR (400 MHz, CDCls) § 7.97 — 7.92 (m, 2H),
7.59 — 7.54 (m, 1H), 7.50 — 7.39 (m, 4H), 7.30 — 7.28 (m, 2H), 7.20 — 7.15 (m, 2H), 7.07 —
6.93 (m, 4H), 5.52 (s, 1H), 5.23 (dd, J = 8.8, 6.8 Hz, 1H), 5.15 — 5.00 (m, 3H), 4.76 — 4.61
(m, 2H), 4.48 (dt, J = 11.2, 8.7 Hz, 1H), 4.35 — 4.18 (m, 3H), 4.08 — 3.86 (m, 4H), 3.84 (s,
3H), 3.67 (ddd, J = 11.0, 7.0, 4.2 Hz, 1H), 3.51 (q, J = 1.5 Hz, 1H), 3.42 — 3.26 (m, 2H), 2.83
— 2.55 (m, 4H), 2.05 (s, 3H). **C NMR (100 MHz, CDCls) & 206.43, 172.47, 170.06, 165.18,
161.97, 138.02, 137.68, 133.14, 129.83, 129.65, 129.02, 128.36, 128.33, 128.12, 128.00,
127.32, 126.41, 101.34, 100.95, 100.74, 92.64, 79.74, 78.56, 75.44, 74.17, 73.16, 72.96,
71.54, 68.66, 68.38, 66.70, 53.11, 52.40, 50.56, 37.73, 29.70, 28.20. IR (cm™, CH.CI,) 2916,
2104, 1715, 1525. HRMS (ESI) m/z: calc’d for [M+Na]® Cy3Has015CIsNsNa: 985.1845;
Found: 985.1841.

Synthesis of compound 25: Compound 21 (0.1 g, 0.1 mmol) was dissolved in mixture of
THF/MeOH [(v/v), (10/1), xx mL].  Hydrazine hydrate/acetic acid [(v/v), (2.5/1)] were
added in mixture THF:MeOH (5:1) [(v/v), (10/1)], the resulting solution was added to

reaction mixture at room temperature. After 1 h the reaction mixture was diluted with EtOAc

and washed with ag. NaHCO3 solution (3x) and brine solution (2x). The combined organic
layer was dried over Na,SO,, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography (EtOAc/Hexane, 1/0.7) to afford 25 (72 mg,
80 %) as white solid.*H NMR (400 MHz, CDCl3) & 7.99 — 7.91 (m, 2H), 7.61 — 7.50 (m, 1H),
7.50 - 7.36 (m, 5H), 7.34 — 7.24 (m, 3H), 7.19 (d, J = 6.6 Hz, 2H), 7.07 — 6.95 (m, 2H), 5.55
(s, 1H), 5.23 (dd, J = 8.8, 7.0 Hz, 1H), 5.09 (d, J = 11.4 Hz, 1H), 4.90 (d, J = 8.4 Hz, 1H),
472 — 4.61 (m, 2H), 4.28 — 4.15 (m, 4H), 4.08 — 3.90 (m, 4H), 3.89 — 3.79 (m, 4H), 3.80 —
3.74 (m, 1H), 3.74 — 3.61 (m, 1H), 3.48 (s, 1H), 3.38 — 3.27 (m, 2H), 2.77 (d, J = 10.6 Hz,
1H). *C NMR (100 MHz, CDCls) § 170.60, 165.30, 163.22, 138.05, 137.65, 133.30, 129.99,
129.91, 129.68, 129.29, 128.50, 128.46, 128.36, 128.32, 128.13, 127.50, 126.43, 126.37,
101.42, 101.30, 100.80, 92.81, 79.99, 79.02, 75.78, 74.91, 74.18, 73.25, 72.46, 68.77, 68.59,
66.98, 55.64, 53.28, 50.64. HRMS (ESI) m/z: calc’d for [M+H]" C3gH40013CIsN,: 865.1657;
Found: 865.1651.

Synthesis of compound 22: Compound 21 (0.5 g, 0.51 mmol) was dissolved in mixture of
DCM/MeOH [(2/1), (v/v), 12 mL] and p-Toluenesulfonic acid (PTSA, 0.14 g, 0.77 mmol)
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was added at RT. After 6 h stirring, the mixture was quenched by triethylamine (up to PH ~
7) and concentrated under reduced pressure. The crude product was purified by column
chromatography (EtOAc/Hexane, 1/0.5) to afford 22 (0.4 g, 88 %) as white solid. *H NMR
(400 MHz, CDCl3) & 8.04 — 7.92 (m, 2H), 7.62 — 7.54 (m, 1H), 7.50 — 7.40 (m, 2H), 7.27 —
7.10 (m, 5H), 7.03 (d, J = 9.0 Hz, 1H), 5.27 — 5.21 (m, 1H), 4.98 — 4.88 (m, 2H), 4.75 — 4.65
(m, 2H), 4.42 (dt, J = 11.0, 8.7 Hz, 1H), 4.28 (t, J = 8.9 Hz, 1H), 4.12 — 4.04 (m, 2H), 3.99
(ddt, J =10.7, 5.6, 3.5 Hz, 1H), 3.88 (d, J = 3.5 Hz, 1H), 3.85 (d, J = 3.5 Hz, 3H), 3.74 — 3.58
(m, 3H), 3.58 — 3.50 (m, 1H), 3.37 (qdd, J = 13.3, 6.3, 3.9 Hz, 2H), 3.14 (s, 1H), 2.85 - 2.71
(m, 2H), 2.67 — 2.52 (m, 2H), 2.22 (s, 3H). *C NMR (100 MHz, CDCls) & 207.86, 172.25,
169.72, 165.25, 162.17, 137.70, 133.26, 129.79, 129.55, 128.50, 128.41, 128.27, 128.24,
128.00, 127.95, 127.89, 127.76, 101.27, 100.58, 92.65, 79.66, 77.50, 75.42, 74.69, 74.12,
73.79, 72.94, 68.39, 67.12, 62.23, 60.42, 53.10, 52.43, 50.54, 38.04, 29.84, 28.14, 21.07,
14.20. IR (cm™, CH,Cly) 3337, 2925, 2104, 1714, 1526. HRMS (ESI) m/z: calc’d for [M+H]"
C36H41015CI3N,4: 897.1532; Found: 897.1533.

4a.10.2 General Procedure for sulfation reaction:

The respective compound (1 eq) was dissolved in DMF (2 mL) and added SO3. TEA complex
(10 eq. per OH group). The reaction mixture was refluxed at 60 °C for 48 h. The solvent was
evaporated and purified by column chromatography and lyophilized to afford corresponding

sulphated compound.

4a.10.3 General procedure for hydrolysis and hydrogenolysis reaction:

The respective compound (1 eq.) and lithium hydroxide (5 eq per ester) were dissolved in the
mixture of THF and water [2/1 (v/v), 6 mL] and refluxed at 80 °C for 12 h. After the reaction
completion, the mixture was cooled to room temperature and neutralized with amberlite® IR
120 resin, filtered, and concentrated under reduced pressure. The residue was purified by
bond elute using water then lyophilized to get corresponding hydrolysis compounds which
was proceeded for N-acetylation reaction. The crude product was dissolved in MeOH (3 mL)
and cooled at 0 °C. Triethylamine (10 eq per amine) and Ac,0 (10 eq per amine) were added.
After 12 h, solvent was concentrated and purified by bond elute using water then lyophilized
to get corresponding compounds which also proceeded for the hydrogenolysis, using
Pd(OH), on charcoal with hydrogen gas in H,O (3 mL). After 12 - 24 h (depend on
compounds), the mixture was filtered on Whatman 42 filter paper. The residue was purified

by bond elute using water then lyophilized to get corresponding compounds.
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Synthesis of compound 26: Compound 25 (40 mg, 0.04 mmol) followd the gerenral produre
for sulfation reaction to afford 26 (32 mg, 73%) as a white solid. *H NMR (400 MHz,
CD30D) & 7.99 — 7.94 (m, 2H), 7.62 (ddt, J = 8.8, 7.8, 1.3 Hz, 1H), 7.52 — 7.44 (m, 4H), 7.27
—7.18 (m, 3H), 7.17 — 7.12 (m, 2H), 7.04 — 6.98 (m, 1H), 6.93 — 6.88 (m, 2H), 5.66 (s, 1H),
5.18 — 5.09 (m, 2H), 4.98 (d, J = 8.2 Hz, 1H), 4.77 — 4.64 (m, 3H), 4.41 — 4.30 (m, 3H), 4.20
—4.11 (m, 2H), 4.00 — 3.90 (m, 2H), 3.86 (s, 3H), 3.75 — 3.62 (m, 2H), 3.35 (d, J = 3.5 Hz,
1H), 3.28 (ddd, J = 13.4, 5.6, 3.5 Hz, 1H). *C NMR (100 MHz, CD3;0D) & 169.21, 165.54,
163.22, 138.39, 138.24, 133.00, 129.89, 129.55, 128.35, 128.30, 128.16, 127.62, 127.54,
126.96, 126.26, 100.95, 100.77, 100.20, 80.07, 76.85, 75.03, 74.26, 73.75, 72.73, 68.62,
68.50, 66.77, 52.90, 52.23, 50.38, 48.55. HRMS (ESI) m/z: calc’d for [M+H]
C3gH39016CI3N,S: 944.1153; Found: 944.1157.

Synthesis of compound 23a: Compound 22 (35 mg, 0.03 mmol) followd the gerenral
produre for sulfation reaction to afford 23a (25 mg, 66 %) as a white solid. *H NMR (400
MHz, CDsOD) & 8.07 — 7.98 (m, 2H), 7.67 — 7.59 (m, 1H), 7.54 — 7.46 (m, 2H), 7.29 — 7.22
(m, 2H), 7.20 — 7.10 (m, 3H), 5.15 (t, J = 7.6 Hz, 1H), 5.10 (dd, J = 11.2, 3.2 Hz, 1H), 4.95 —
4.90 (m, 3H), 4.68 (d, J = 11.4 Hz, 1H), 4.40 (t, J = 7.6 Hz, 1H), 4.36 — 4.30 (m, 1H), 4.27 —
4.12 (m, 4H), 4.01 — 3.92 (m, 2H), 3.89 (ddd, J = 7.0, 5.8, 1.1 Hz, 1H), 3.83 (s, 3H), 3.69
(ddd, J = 11.0, 7.4, 3.6 Hz, 1H), 3.44 — 3.33 (m, 2H), 3.32 — 3.27 (m, 1H), 2.87 — 2.74 (m,
2H), 2.67 — 2.54 (m, 2H), 2.18 (s, 3H). *C NMR (100 MHz, CD;0D) & 208.05, 172.16,
169.19, 165.53, 162.97, 138.01, 132.96, 129.78, 129.53, 128.13, 127.99, 127.77, 127.70,
127.10, 100.52, 99.45, 92.69, 79.24, 76.05, 74.58, 73.78, 72.83, 72.78, 72.72, 68.36, 65.27,
64.89, 52.43, 52.10, 50.31, 37.14, 29.35, 28.36, 27.53. IR (cm™, CH.Cl,) 3354, 2919, 2849,
2354, 2106, 1719, 1659. HRMS (ESI) m/z: calc’d for [M+H] C3sHs1014CI3N,S: 954.1208;
Found: 954.1215.

Synthesis of compound 23b: Compound 22 (30 mg, 0.034 mmol) followd the gerenral
produre for sulfation reaction to afford 23b (29 mg, 82 %) as a white solid. *H NMR (400
MHz, CD;0D) & 8.06 — 7.99 (m, 2H), 7.67 — 7.59 (m, 1H), 7.54 — 7.47 (m, 2H), 7.28 — 7.22
(m, 2H), 7.17 — 7.09 (m, 3H), 5.18 (dd, J = 8.1, 3.3 Hz, 1H), 5.16 — 5.13 (m, 1H), 5.00 — 4.89
(m, 5H), 4.68 (d, J = 11.4 Hz, 1H), 4.48 — 4.40 (m, 2H), 4.31 — 4.19 (m, 3H), 4.11 — 4.05 (m,
1H), 4.03 — 3.92 (m, 2H), 3.83 (s, 3H), 3.73 — 3.66 (m, 2H), 3.41 — 3.35 (m, 2H), 3.32 — 3.25
(m, 1H), 2.91 — 2.70 (m, 2H), 2.62 (t, J = 6.5 Hz, 2H), 2.16 (s, 3H). *C NMR (100 MHz,
CDs0D) 6 208.32, 172.59, 169.12, 165.58, 162.93, 138.02, 132.98, 129.79, 129.51, 128.16,
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127.74, 127.00, 100.63, 99.11, 92.65, 79.23, 76.00, 74.49, 73.89, 72.76, 72.60, 71.42, 70.51,
68.38, 52.51, 52.13, 50.32, 37.14, 31.67, 29.50, 29.35, 29.07, 28.38, 27.72, 22.34, 13.05. IR
(cm™, CH,Cl,) 3452, 2991, 2105, 1715, 1636, 1539. HRMS (ESI) m/z: calc’d for [M]*
CasH3902:CIsN4S,: 516.0312; Found: 516.0317.

Synthesis of compound CS0S: Compound 23c (30 mg, 0.034 mmol) followd the general

procedure for hydrolysis and hydrogenolysis reactions to afford CS0S [7 mg, 46 %, (over all
three reaction)] as a white solid. *H NMR (400 MHz, D,0) & 4.46 (d, J = 7.9 Hz, 1H), 4.41
(d, J = 8.4 Hz, 1H), 4.00 (dt, J = 10.9, 5.2 Hz, 1H), 3.90 (t, J = 5.1 Hz, 1H), 3.86 — 3.83 (m,
1H), 3.82 — 3.78 (m, 1H), 3.75 — 3.69 (m, 3H), 3.66 — 3.60 (m, 2H), 3.57 (ddd, J = 8.8, 6.5,
2.2 Hz, 1H), 3.33 (dd, J = 9.4, 7.9 Hz, 1H), 3.18 (t, J = 5.2 Hz, 2H), 1.97 (s, 3H). *C NMR
(150 MHz, D,0) 5 174.97, 173.80, 102.09, 101.08, 79.46, 75.88, 75.21, 73.74, 72.48, 70.90,
67.69, 65.90, 61.02, 52.30, 39.36, 22.39. HRMS (ESI) m/z: calc’d for [M+H]" C16H29012N,:
441.1720; Found: 441.1723.

Synthesis_of compound CS3S: Compound 26 (30 mg, 0.031 mmol) followd the general

procedure for hydrolysis and hydrogenolysis reactions to afford CS3S [7 mg, 42 %, (over all
three reaction)] as a white solid. *H NMR (600 MHz, D,0) & 4.51 (d, J = 8.4 Hz, 1H), 4.43
(d, J=7.9 Hz, 1H), 4.31 — 4.27 (m, 1H), 4.14 (d, J = 3.1 Hz, 1H), 3.99 — 3.92 (m, 2H), 3.87
(ddd, J =11.7, 5.7, 4.0 Hz, 1H), 3.74 — 3.68 (m, 3H), 3.67 — 3.64 (m, 2H), 3.54 (t, J = 9.1 Hz,
1H), 3.31 (dd, J = 9.5, 7.9 Hz, 1H), 3.21 — 3.14 (m, 2H), 1.94 (s, 3H). **C NMR (150 MHz,
D,0) ¢ 174.81, 174.33, 102.10, 100.53, 79.51, 77.78, 76.36, 74.77, 73.76, 72.54, 66.18,
65.90, 60.92, 50.40, 39.40, 22.44. HRMS (ESI) m/z: calc’d for [M+H] CisH27015N,S:
519.1138; Found: 519.1142.

Synthesis of compound CS6S: Compound 23c (20 mg, 0.034 mmol) followd the general

procedure for hydrolysis and hydrogenolysis reactions to afford CS6S [6 mg, 50 %, (over all
three reaction)] as a white solid. *H NMR (400 MHz, D,0) & 4.44 (dd, J = 8.2, 6.2 Hz, 2H),
418 — 4.13 (m, 2H), 4.02 — 3.96 (m, 1H), 3.92 — 3.86 (m, 3H), 3.83 (dd, J = 10.9, 8.4 Hz,
1H), 3.68 — 3.63 (m, 3H), 3.55 (ddd, J = 8.9, 5.4, 3.2 Hz, 1H), 3.33 (dd, J = 9.4, 7.9 Hz, 1H),
3.17 (t, J = 5.1 Hz, 2H), 1.96 (s, 3H). *C NMR (150 MHz, D,0) & 174.96, 174.07, 102.03,
101.46, 80.78, 76.37, 73.86, 72.69, 72.47, 70.73, 67.37, 67.14, 65.80, 52.10, 39.38, 22.43.
HRMS (ESI) m/z: calc’d for [M+H]* C16H27015N,S: 519.1138; Found: 519.1136.

Synthesis of compound CS4,6S: Compound 23c (25 mg, 0.024 mmol) followd the general
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procedure for hydrolysis and hydrogenolysis reactions to afford CS4,6S [6 mg, 41 %, (over
all three reaction)] as a white solid. *H NMR (400 MHz, D,0) & 4.61 — 4.58 (m, 1H), 4.55 (d,
J = 8.0 Hz, 1H), 4.33 (dd, J = 11.3, 3.4 Hz, 1H), 4.29 — 4.24 (m, 1H), 4.15 — 4.06 (m, 2H),
4.01 —3.95 (m, 1H), 3.93 — 3.89 (m, 2H), 3.77 (d, J = 3.2 Hz, 2H), 3.66 (ddd, J = 8.8, 5.5, 3.0
Hz, 1H), 3.43 (dd, J = 9.4, 7.9 Hz, 2H), 3.26 (t, J = 5.1 Hz, 2H), 2.05 (s, 3H). **C NMR (150
MHz, D,0) & 174.95, 173.86, 101.99, 101.56, 81.38, 76.26, 75.32, 73.98, 72.41, 72.26,
69.76, 67.74, 65.78, 52.39, 39.38, 22.44. HRMS (ESI) m/z: calc’d for [M+H]*
C16H26018N,S,: 299.0317; Found: 299.0323.

Synthesis_of compound 27: Compound (Glycosyl donor) 8 (1.8 g, 2.76 mmol) and

(glycosyl acceptor) 15 (1.38 g, 2.48 mmol) were dissolved in anhydrous DCM (30 mL) with
freshly dried 4 A MS and stirred at RT for 1 h. AgOTf (3.55 g, 13.82 mmol) was added at the
same temperature. After consumption of donor, the reaction mixture was quenched with EtzN
and filtered on celite bed and the organic layer was washed with water (3x), the combined
organic layer was dried over Na,SOy,, filtered and concentrated under reduced pressure. The
crude product was purified by column chromatography (EtOAc/Hexane, 1/3) to afford 27
(1.76 g, 67 %) as white foam. *H NMR (400 MHz, CDCls) & 8.01 — 7.94 (m, 2H), 7.63 — 7.53
(m, 1H), 7.49 — 7.39 (m, 4H), 7.36 — 7.23 (m, 4H), 7.19 (dd, J = 9.1, 3.0 Hz, 1H), 7.16 — 7.04
(m, 4H), 7.05 - 6.92 (m, 2H), 5.50 (s, 1H), 5.25 — 5.14 (m, 2H), 5.02 (d, J = 11.7 Hz, 1H),
4.82 (d, J = 8.2 Hz, 1H), 4.70 (dd, J = 10.9, 3.8 Hz, 2H), 4.55 (dd, J = 11.9, 2.1 Hz, 1H), 4.50
—4.33 (m, 2H), 4.26 (d, J = 3.4 Hz, 1H), 4.20 (dd, J = 12.6, 1.5 Hz, 1H), 4.09 (s, 2H), 3.99 —
3.84 (m, 3H), 3.63 (ddd, J = 9.4, 4.8, 2.1 Hz, 1H), 3.37 (s, 1H), 2.76 — 2.66 (m, 1H), 2.59 —
2.54 (m, 1H), 2.32 (s, 3H), 2.05 (s, 3H). *C NMR (100 MHz, CDCl3) & 206.64, 172.69,
167.47, 165.19, 162.26, 138.56, 138.14, 137.61, 133.78, 133.28, 129.97, 129.87, 129.64,
129.16, 128.47, 128.23, 128.08, 128.01, 127.33, 126.42, 100.99, 100.71, 92.52, 86.28, 81.95,
76.64, 75.13, 72.90, 71.91, 70.42, 68.75, 66.54, 64.28, 53.07, 40.89, 37.83, 29.79, 28.19,
21.25. HRMS (ESI) m/z: calc’d for [M+H]" C49H50014CI4sNS: 1048.1706; Found: 1048.1706.

Synthesis of compound 28: Compound 27 (1.7 g, 1.62 mmol) was dissolved in mixture of
Pyridine:MeOH [(v/v), (1:1), 20 mL] and thiourea (0.24 g, 3,24 mmol) was added. The
reaction mixture was reflux at 80 °C for 2 h. The mixture was allow to ambient temperature
and diluated with EtOAc and washed with 1N HCI solution (3x) and brine solution (2x). The

combined organic layer dried over Na,SQO,, filtered and concentrated under reduced pressure.

The crude product was purified by column chromatography (EtOAc/Hexane, 1/0.5) to afford
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28 (0.69 g, 88 %) as a white solid. *H NMR (400 MHz, CDCl3) 5 8.01 — 7.94 (m, 2H), 7.63 —
7.54 (m, 1H), 7.53 — 7.40 (M, 5H), 7.33 — 7.22 (m, 4H), 7.16 — 7.02 (m, 4H), 7.05 — 6.86 (m,
3H), 5.45 (s, 1H), 5.26 — 5.16 (m, 2H), 5.09 (d, J = 11.7 Hz, 1H), 4.92 (d, J = 8.2 Hz, 1H),
4.72 (dd, J = 10.9, 7.7 Hz, 2H), 4.47 (dt, J = 11.1, 8.7 Hz, 1H), 4.23 (dd, J = 12.4, 1.5 Hz,
1H), 4.18 — 4.08 (m, 2H), 3.94 (d, J = 12.6 Hz, 1H), 3.91 — 3.79 (m, 3H), 3.48 — 3.35 (m,
2H), 2.91 (s, 1H), 2.79 — 2.58 (m, 2H), 2.56 (qd, J = 6.5, 4.7 Hz, 2H), 2.29 (s, 3H), 2.02 (s,
3H). ©*C NMR (100 MHz, CDCl3) & 206.73, 172.74, 165.54, 162.31, 138.50, 138.39, 137.79,
133.31, 133.17, 130.04, 129.87, 129.08, 128.84, 128.47, 128.43, 128.19, 128.03, 127.24,
126.48, 100.94, 100.84, 92.79, 87.05, 81.72, 79.22, 76.42, 75.36, 72.88, 72.22, 70.94, 68.84,
66.34, 61.05, 52.86, 37.86, 29.80, 28.35, 21.23. HRMS (ESI) m/z: calc’d for [M+Na]*
Ca7H15013CIsNSNa: 994.1810; Found: 994.1983.

Synthesis of compound 29: Compound 28 (1.2 g, 1.23 mmol) is dissolved in mixture of
DCM:'BUOH:H,0 [(4/1/1), (v/vIv), 20 mL] were added 2,2,6,6-tetramethyl-1-piperidinyloxyl
free radical (TEMPO, 159 mg, 0.30 mmol) and bis(acetoxy)iodobenzene (BAIB, 0.55 g, 2.47
mmol) at room temperature. After 6 h, the mixture was quenched with saturated NH,CI

solution and extracted with DCM. The organic layer was dried over Na,SO,, filtered, and
concentrated under reduced pressure. The residue was taken as such for next step without
further purification. The crude was dissolved in DMF (10 mL) and K,CO;3; (0.49 g, 3.56
mmol) methyl iodide (0.66 mL, 10.69 mmol) were added at the room temperature. After
string 12 h, the reaction mixture diluted with ethyl acetate and washed with brine solution
(3x), the combined organic layer was dried over Na,SO,, filtered and concentrated under
reduced pressure. The crude product was purified by column chromatography
(EtOACc/Hexane, 1/1) to afford 29 (0.82 g, 69 %) as white solid. *H NMR (400 MHz, CDCl5)
§ 8.00 — 7.94 (m, 2H), 7.60 — 7.55 (m, 1H), 7.49 — 7.41 (m, 4H), 7.35 — 7.32 (m, 2H), 7.28
(hept, J = 1.8 Hz, 2H), 7.16 — 7.05 (m, 4H), 7.01 — 6.88 (m, 4H), 5.51 (s, 1H), 5.19 (dd, J =
9.9, 9.0 Hz, 1H), 5.08 (dd, J = 11.3, 3.1 Hz, 2H), 4.98 (d, J = 8.4 Hz, 1H), 4.75 (d, J = 9.9 Hz,
1H), 4.64 (d, J = 11.4 Hz, 1H), 4.46 (dt, J = 11.1, 8.6 Hz, 1H), 4.30 — 4.16 (m, 3H), 4.02 —
3.95 (m, 2H), 3.84 (d, J = 5.4 Hz, 4H), 3.49 (q, J = 1.5 Hz, 1H), 2.80 — 2.63 (m, 2H), 2.60 —
2.56 (m, 2H), 2.31 (s, 3H), 2.04 (s, 3H). **C NMR (100 MHz, CDCls) & 206.47, 172.45,
169.57, 165.02, 162.00, 138.47, 137.90, 137.67, 133.35, 133.18, 129.88, 129.76, 129.66,
129.00, 128.44, 128.38, 128.33, 128.17, 128.10, 127.94, 127.28, 126.39, 100.94, 100.58,
92.62, 87.20, 81.39, 78.48, 75.76, 72.96, 71.57, 71.40, 68.62, 66.73, 53.18, 52.37, 37.73,
29.70, 28.20, 21.16.0. IR (cm™, CH,Cl,) 2919, 1716, 1512, 1452, 731, 628. HRMS (ESI)
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m/z: calc’d for [M+Na]" C43H4sCl3014NSNa: 1022.1759; Found: 1022.1771.

Synthesis_of compound 30: Compound (Glycosyl donor) 29 (0.5 g, 0.50 mmol) and

(glycosyl acceptor) 25 (0.3 g, 0.35 mmol) were dissolved in anhydrous DCM (20 mL) with
freshly dried 4 A MS and stirred at RT for 1 h. NIS (0.13 g, 0.6 mmol) and TMSOTf (18 pL,
0.32 mmol) were added at the same temperature. After consumption of donor, the reaction
mixture was quenched with Et;N and filtered on celite bed and concentrated under reduced
pressure. The crude product was purified by column chromatography (EtOAc/Hexane, 1/0.5)
to afford 30 (0.35 g, 57 %) as white foam. *H NMR (400 MHz, CDCls) & 7.94 (td, J = 8.6,
1.4 Hz, 4H), 7.56 — 7.52 (m, 2H), 7.44 (dd, J = 7.6, 1.9 Hz, 3H), 7.42 — 7.39 (m, 4H), 7.38 (s,
1H), 7.29 — 7.27 (m, 3H), 7.22 (d, J = 2.2 Hz, 1H), 7.20 — 7.19 (m, 2H), 7.12 — 7.09 (m, 2H),
7.09 — 6.98 (m, 5H), 6.96 — 6.91 (m, 3H), 6.66 (d, J = 9.0 Hz, 1H), 5.51 (s, 1H), 5.48 (s, 1H),
5.29 (t, J = 6.3 Hz, 1H), 5.23 (dd, J = 8.5, 7.0 Hz, 1H), 5.13 (d, J = 8.2 Hz, 1H), 5.04 (d, J =
6.0 Hz, 1H), 4.99 — 4.89 (m, 3H), 4.82 — 4.74 (m, 2H), 4.70 — 4.63 (m, 2H), 4.49 — 4.35 (m,
5H), 4.31 - 4.24 (m, 2H), 4.19 (dd, J = 5.2, 2.5 Hz, 2H), 4.16 — 4.08 (m, 3H), 4.01 — 3.94 (m,
4H), 3.92 (dd, J = 3.2, 1.8 Hz, 1H), 3.89 — 3.85 (m, 2H), 3.85 — 3.83 (m, 1H), 3.80 (s, 3H),
3.78 (s, 3H), 3.63 (ddd, J = 11.0, 7.4, 3.9 Hz, 1H), 3.44 (s, 1H), 3.39 — 3.25 (m, 3H), 3.24 —
3.21 (m, 1H), 2.79 — 2.62 (m, 2H), 2.60 — 2.54 (m, 2H), 2.17 (s, 2H), 2.04 (s, 3H). *C NMR
(100 MHz, CDCl3) 6 206.42, 172.37, 169.82, 169.31, 165.17, 165.09, 161.97, 161.76,
138.08, 137.99, 137.96, 137.54, 133.40, 133.08, 129.99, 129.81, 129.73, 129.49, 129.29,
129.00, 128.82, 128.43, 128.30, 128.17, 128.09, 128.06, 127.94, 127.40, 127.19, 126.34,
126.21, 101.20, 100.86, 100.66, 100.32, 99.94, 98.75, 92.56, 92.48, 80.51, 79.65, 78.19,
74.74, 74.50, 74.44, 74.35, 73.39, 72.84, 72.32, 71.39, 68.89, 68.64, 68.17, 66.74, 66.51,
60.42, 54.48, 53.05, 53.02, 52.29, 50.54, 37.69, 36.64, 33.71, 31.94, 31.44, 30.17, 29.37,
28.15, 26.71, 22.70, 21.06, 14.20, 14.13. IR (cm™, CH,Cl,) 3029, 2883, 2349, 2336, 2104,
1721, 1657. HRMS (ESI) m/z: calc’d for [M+Na]" C79H790,7N5SClgNa: 1762.2991; Found:
1762.3411.

Synthesis of compound 31: Compound 30 (0.25 g, 0.14 mmol) was dissolved in mixture of
DCM/MeOH [(2/1), (v/v), 12 mL] and p-Toluenesulfonic acid (PTSA, 41 mg, 0.21 mmol)
was added at RT. After 6 h stirring, the mixture was quenched by triethylamine (up to PH ~

7) and concentrated under reduced pressure. The crude product was purified by column
chromatography (EtOAc/Hexane, 1/0.5) to afford 31 (0.15 g, 67 %) as white solid. *H NMR
(400 MHz, CDCls3) 6 8.04 — 7.88 (m, 4H), 7.62 — 7.49 (m, 2H), 7.42 (p, J = 7.9, 7.4 Hz, 4H),
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7.21-7.01 (m, 10H), 5.19 — 5.13 (M, 1H), 4.99 — 4.79 (m, 5H), 4.67 — 4.56 (m, 2H), 4.49 (d,
J=11.1 Hz, 1H), 4.42 — 4.35 (m, 1H), 4.29 (q, J = 8.4 Hz, 1H), 4.19 — 4.14 (m, 1H), 4.09 —
4.01 (m, 2H), 3.96 — 3.92 (m, 1H), 3.85 — 3.79 (M, 2H), 3.79 — 3.70 (m, 6H), 3.64 (tdd, J =
15.0, 7.9, 4.1 Hz, 4H), 3.54 (dt, J = 12.4, 5.6 Hz, 2H), 3.35 (ddq, J = 14.5, 6.9, 3.3 Hz, 1H),
3.29 (g, J = 4.8, 4.0 Hz, 1H), 3.11 (s, 1H), 2.75 (t, J = 6.6 Hz, 2H), 2.65 — 2.51 (m, 2H), 2.18
(s, 3H). *C NMR (100 MHz, CDClg) § 208.11, 172.27, 169.64, 169.23, 165.49, 165.22,
162.38, 161.84, 137.67, 137.36, 133.57, 133.18, 130.09, 129.86, 129.78, 129.62, 129.17,
128.54, 128.36, 128.27, 128.24, 128.20, 128.11, 128.02, 127.99, 127.82, 127.57, 101.18,
100.97, 100.48, 92.66, 92.38, 79.57, 75.14, 75.02, 74.65, 74.36, 73.87, 73.65, 72.84, 68.24,
54.44, 53.40, 53.03, 52.38, 50.52, 38.05, 37.48, 29.85, 28.17, 28.10, 1.03, 0.01. IR (cm™,
CH,Cl,) 3352, 2955, 2917, 2850, 2105, 1721, 1527. HRMS (ESI) m/z: calc’d for [M+Na]*
CesH71027NsClgNa: 1586.2365; Found: 1586.2773.

Synthesis of compound 32: Compound 31 (35 mg, 0.02 mmol) followd the gerenral produre
for sulfation reaction to afford 32 (25 mg, 59 %) as a white solid. *"H NMR (400 MHz,
CD;0D) & 7.95 — 7.85 (m, 4H), 7.53 — 7.47 (m, 2H), 7.45 — 7.33 (m, 5H), 7.14 — 7.09 (m,
4H), 7.04 — 7.00 (m, 2H), 7.00 — 6.95 (m, 3H), 5.21 (t, J = 7.6 Hz, 1H), 5.06 (dd, J = 11.4, 3.3
Hz, 1H), 5.01 — 4.92 (m, 2H), 4.84 — 4.77 (m, 3H), 4.71 — 4.65 (m, 2H), 4.58 — 4.42 (m, 3H),
4.34 — 4.24 (m, 4H), 4.18 — 4.07 (m, 5H), 4.05 — 4.00 (m, 2H), 3.98 — 3.94 (m, 1H), 3.88 (t, J
= 6.1 Hz, 1H), 3.84 — 3.80 (m, 1H), 3.79 (d, J = 4.5 Hz, 3H), 3.73 (d, J = 6.5 Hz, 1H), 3.69
(d, J = 3.9 Hz, 3H), 3.57 — 3.52 (m, 1H), 3.45 (dd, J = 5.5, 2.2 Hz, 1H), 3.15 (ddd, J = 13.5,
5.7, 3.8 Hz, 1H), 2.77 — 2.60 (m, 2H), 2.51 (dd, J = 13.8, 7.3 Hz, 2H), 2.05 (d, J = 1.9 Hz,
3H). *C NMR (100 MHz, CDs;OD) & 208.44, 172.59, 169.80, 169.23, 166.30, 165.60,
163.00, 162.76, 137.97, 137.53, 132.95, 130.17, 129.52, 128.71, 128.24, 128.15, 127.90,
127.75, 127.70, 127.33, 126.96, 100.94, 100.49, 99.64, 99.30, 92.61, 92.57, 79.24, 79.13,
76.01, 75.55, 75.38, 75.25, 75.03, 74.53, 74.39, 73.79, 73.16, 73.15, 72.99, 72.85, 72.77,
72.77, 72.69, 71.29, 68.35, 66.92, 65.07, 63.88, 62.64, 53.74, 52.59, 52.05, 50.30, 37.16,
29.36, 28.39, 27.73. HRMS (ESI) m/z: calc’d for [M/z]4' CesHg7039N5CleS: 470.2605;
Found: 470.2602.

Synthesis of compound CS-T-4,6S: Compound 32 (20 mg, 0.01 mmol) followd the general

procedure for hydrolysis and hydrogenolysis reactions to afford CS-T-4,6S [4.5 mg, 37 %,
(over all three reaction)] as a white solid. *H NMR (400 MHz, D,0) & 4.80 (d, J = 10.1 Hz,
1H), 4.66 — 4.64 (m, 1H), 4.61 (s, 1H), 4.52 (d, J = 7.5 Hz, 1H), 4.49 — 4.37 (m, 3H), 4.25 —
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4.13 (m, 4H), 4.07 — 3.95 (m, 5H), 3.94 — 3.81 (m, 3H), 3.71 — 3.65 (m, 3H), 3.61 — 3.55 (m,
2H), 3.54 — 3.49 (m, 1H), 3.38 — 3.33 (m, 1H), 3.32 — 3.26 (m, 1H), 3.20 — 3.15 (m, 2H), 1.98
(s, 3H), 1.96 (s, 3H). HRMS (ESI) m/z: calc’d for [M/z]4' CaoH45035N3S: 283.7685; Found:
283.7680.

Synthesis of compound 34: Compound 30 (0.15 g, 0.086 mmol) was dissolved in mixture of
THF/MeOH [(v/v), (10/1), xx mL].  Hydrazine hydrate/acetic acid [(v/v), (2.5/1)] were
added in mixture THF:MeOH (5:1) [(v/v), (10/1)], the resulting solution was added to
reaction mixture at room temperature. After 1 h the reaction mixture was diluted with EtOAc

and washed with ag. NaHCO3 solution (3x) and brine solution (2x). The combined organic
layer was dried over Na,SQ,, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography (EtOAc/Hexane, 1/0.7) to afford 34 (120
mg, 84 %) as white solid. *H NMR (400 MHz, CDCls) § 7.94 (ddd, J = 8.1, 6.4, 1.3 Hz, 4H),
7.59 — 7.52 (m, 2H), 7.46 — 7.37 (m, 8H), 7.33 — 7.28 (m, 3H), 7.23 — 7.19 (m, 3H), 7.12 —
7.09 (m, 2H), 7.08 — 7.02 (m, 3H), 7.02 — 6.91 (m, 5H), 5.52 (d, J = 10.8 Hz, 2H), 5.31 - 5.20
(m, 2H), 5.15 (d, J = 8.2 Hz, 1H), 5.03 (d, J = 6.2 Hz, 1H), 4.96 (d, J = 11.5 Hz, 2H), 4.74 —
4.63 (m, 4H), 4.47 — 4.38 (m, 3H), 4.36 — 4.26 (m, 2H), 4.19 — 4.07 (m, 5H), 3.99 (d, J = 8.8
Hz, 2H), 3.96 — 3.89 (m, 3H), 3.87 — 3.82 (m, 2H), 3.80 (s, 6H), 3.63 (ddd, J = 10.9, 7.3, 4.0
Hz, 2H), 3.45 (s, 1H), 3.34 (dd, J = 7.4, 3.9 Hz, 1H), 3.31 - 3.23 (m, 2H), 2.78 (d, J = 11.0
Hz, 1H). *C NMR (100 MHz, CDCls) & 170.23, 169.38, 165.27, 165.22, 163.18, 161.86,
138.15, 138.06, 137.97, 137.51, 133.51, 133.19, 130.07, 129.89, 129.79, 129.38, 129.29,
128.82, 128.53, 128.39, 128.30, 128.24, 128.16, 128.13, 128.02, 127.54, 127.28, 126.37,
126.29, 101.28, 100.68, 100.45, 100.10, 98.71, 92.72, 92.54, 80.60, 79.73, 78.56, 77.32,
76.70, 74.91, 74.85, 74.83, 74.57, 74.53, 73.49, 72.90, 72.57, 72.23, 68.97, 68.75, 68.27,
66.84, 66.78, 60.50, 55.61, 54.59, 50.61, 36.71, 29.79, 24.77, 21.14, 14.28. HRMS (ESI) m/z:
calc’d for [M+Na]" C74H73ClgNsO25Na: 1664.2623; Found: 1664.2643.

Synthesis of compound 36: Compound 29 (0.2 g, 0.2 mmol ) was dissolved in mixture of
DCM/H20 [(15/1), (v/v), 10 mL] and NIS (54 mg, 0.24 mmol) and TfOH (3.5 pL, 0.04
mmol) were added at RT. After 15 min the reaction mixture was quenched with triethylamine

and washed with sodium thiosulfate solution (2x). The combined organic layer was dried
over Na,SO,, filtered and concentrated under reduced pressure. The crude product was
purified by column chromatography (EtOAc/Hexane, 1/1) to afford 36 (0.13 g, 77 %) as
white foam. *H NMR (400 MHz, CDCl3) & 8.00 — 7.94 (m, 2H), 7.62 — 7.47 (m, 3H), 7.46 —
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7.37 (m, 2H), 7.35 — 7.28 (m, 3H), 7.24 (d, J = 1.7 Hz, 1H), 7.10 — 6.97 (m, 4H), 5.56 (d, J =
3.6 Hz, 1H), 5.52 (d, J = 1.8 Hz, 1H), 5.21 — 4.98 (m, 4H), 4.73 (d, J = 11.1 Hz, 1H), 4.57 —
4.41 (m, 2H), 4.32 — 4.15 (m, 4H), 4.03 — 3.88 (m, 1H), 3.82 (s, 3H), 3.58 — 3.41 (m, 2H),
2.81 — 2.63 (m, 2H), 2.62 — 2.53 (m, 2H), 2.04 (s, 3H). *C NMR (100 MHz, CDCls) &
206.71, 172.50, 170.95, 165.95, 162.18, 138.29, 137.78, 133.41, 130.03, 129.94, 129.48,
129.09, 128.53, 128.38, 128.19, 128.15, 127.46, 126.51, 126.48, 101.02, 100.73, 96.05,
92.69, 90.37, 78.90, 76.04, 73.04, 72.56, 71.69, 70.10, 68.70, 66.83, 60.53, 53.14, 52.46,
37.81, 29.78, 28.28, 21.15, 14.28. HRMS (ESI) m/z: calc’d for [M+H]" C41Hs3015NCls:
894.1698; Found: 894.1671.

Synthesis of compound 37: Compound 36 (0.12 g, 0.13 mmol ) was dissolved in anhydrous
DCM (10 mL) and Cesium carbonate (48 mg, 2.75 mmol) and 2,2,2-Trifluoro-N-
phenylacetimidoyl chloride (43 pL, 0.26 mmol) were added at RT. After 12 h the reaction

mixture was concentrated under reduced pressure. The crude product was purified by column
chromatography (EtOAc/Hexane, 1/3) to afford 37 (95 mg, 66 %) as white solid. *H NMR
(400 MHz, CDCl3) & 8.00 — 7.91 (m, 2H), 7.67 — 7.59 (m, 1H), 7.55 — 7.43 (m, 4H), 7.32 (dd,
J=5.1, 1.9 Hz, 3H), 7.26 — 7.22 (m, 2H), 7.17 — 6.98 (m, 7H), 6.42 (d, J = 7.7 Hz, 1H), 5.55
(s, 1H), 5.32 (dd, J = 9.8, 3.5 Hz, 1H), 5.20 (d, J = 11.3 Hz, 1H), 5.13 (dd, J = 11.2, 3.4 Hz,
1H), 5.01 (d, J = 8.4 Hz, 1H), 4.75 (d, J = 11.3 Hz, 1H), 4.54 — 4.41 (m, 2H), 4.34 — 4.16 (m,
4H), 4.00 (dd, J = 12.6, 1.8 Hz, 1H), 3.88 (s, 3H), 3.51 (q, J = 1.4 Hz, 1H), 2.82 — 2.65 (m,
2H), 2.62 — 2.56 (m, 2H), 2.05 (s, 3H). *C NMR (100 MHz, CDCls) & 206.57, 172.51,
169.78, 165.35, 162.19, 142.84, 138.09, 137.72, 133.67, 129.95, 129.14, 129.01, 128.69,
128.34, 128.21, 127.54, 126.50, 124.45, 119.11, 101.06, 100.54, 92.67, 92.08, 78.15, 76.18,
73.03, 72.17, 71.50, 70.88, 68.72, 66.92, 53.45, 52.52, 37.83, 29.79, 28.28. HRMS (ESI) m/z:
calc’d for [M+Na]" CaoHa015N,Cl3F3Na: 1087.1814; Found: 1087.1819.

Synthesis of compound 38: Compound 36 (0.15 g, 0.16 mmol ) was dissolved in anhydrous
DCM (10 mL) and Cesium carbonate (21 mg, 0.067 mmol) and trichloroacetonitrile (0.13

mL, 1.34 mmol) were added at RT. After 12 h the reaction mixture was concentrated under
reduced pressure. The crude product was purified by column chromatography
(EtOAc/Hexane, 1/3) to afford 38 (0.12 g, 69 %) as white solid. *H NMR (400 MHz, CDCls)
5 8.00 — 7.91 (m, 2H), 7.67 — 7.59 (m, 1H), 7.55 — 7.43 (m, 4H), 7.32 (dd, J = 5.1, 1.9 Hz,
3H), 7.26 — 7.22 (m, 2H), 7.17 — 6.98 (m, 7H), 6.42 (d, J = 7.7 Hz, 1H), 5.55 (s, 1H), 5.32
(dd, J=9.8, 3.5 Hz, 1H), 5.20 (d, J = 11.3 Hz, 1H), 5.13 (dd, J =11.2, 3.4 Hz, 1H), 5.01 (d, J
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= 8.4 Hz, 1H), 4.75 (d, J = 11.3 Hz, 1H), 4.54 — 4.41 (m, 2H), 4.34 — 4.16 (m, 4H), 4.00 (dd,
J=12.6, 1.8 Hz, 1H), 3.88 (s, 3H), 3.51 (q, J = 1.4 Hz, 1H), 2.82 — 2.65 (m, 2H), 2.62 — 2.56
(m, 2H), 2.05 (s, 3H). *C NMR (100 MHz, CDCls) & 206.57, 172.51, 169.78, 165.35,
162.19, 142.84, 138.09, 137.72, 133.67, 129.95, 129.14, 129.01, 128.69, 128.34, 128.21,
127.54, 126.50, 124.45, 119.11, 101.06, 100.54, 92.67, 92.08, 78.15, 76.18, 73.03, 72.17,
71.50, 70.88, 68.72, 66.92, 53.45, 52.52, 37.83, 29.79, 28.28. HRMS (ESI) m/z: calc’d for
[M+Na]* C43H42015N2ClgNa: 1059.0614; Found: 1059.0618.

Synthesis of compound 39: Compound (Glycosyl donor) 17 (1.07 g, 1.87 mmol) and

(glycosyl acceptor) benzyl(3-hydroxypropyl)carbamate (0.29 g, 2.25 mmol) were dissolved
in anhydrous DCM (20 mL) with freshly dried 4 A MS and stirred at RT for 1 h. Cooled the
reaction mixture at -40 °C and NIS and TMSOTTf (0.63 g, 2.81 mmol) were added at the same
temperature. After consumption of donor, the reaction mixture was quenched with EtzN and
filtered on celite bed and concentrated under reduced pressure. The crude product was
purified by column chromatography (EtOAc/Hexane, 1/3) to afford 39 (0.86 g, 78%) as
white foam. *H NMR (400 MHz, CDCls) 6 8.05 (d, J = 7.6 Hz, 2H), 7.60 (t, ] = 7.4 Hz, 1H),
7.46 (t,J = 7.6 Hz, 2H), 7.42 — 7.28 (m, 5H), 7.23 (q, J = 3.8, 3.2 Hz, 5H), 5.26 (t, J = 8.3 Hz,
1H), 5.07 (s, 3H), 4.80 — 4.62 (m, 2H), 4.60 — 4.43 (m, 3H), 4.09 (s, 2H), 3.96 — 3.84 (m, 1H),
3.76 — 3.52 (m, 4H), 3.17 (dh, J = 26.1, 6.5 Hz, 2H), 2.77 (s, 1H), 1.82 — 1.61 (m, 2H). °C
NMR (100 MHz, CDCl3) 6 167.64, 165.26, 156.46, 137.63, 136.76, 133.41, 129.75, 129.57,
128.57, 128.49, 128.08, 128.06, 128.03, 101.14, 82.04, 74.74, 73.45, 73.43, 69.87, 67.38,
66.46, 64.54, 40.73, 38.04, 29.71, 29.45. HRMS (ESI) m/z: calc’d for [M+H]*
Cs3H37010NCI: 642.2106; Found: 642.2101.

Synthesis of compound 40: Compound (Glycosyl donor) 6 (2 g, 3.25 mmol) and (glycosyl

acceptor) 39 (1.87 g, 2.92 mmol) were dissolved in anhydrous DCM (20 mL) with freshly
dried 4 A MS and stirred at RT for 1 h. Cooled the reaction mixture at -40 °C and NIS (0.87
g, 3.90 mmol) and TMSOTTf (117 pL, 0.65 mmol) were added at the same temperature. After
consumption of donor, the reaction mixture was quenched with EtzN and filtered on celite
bed and concentrated under reduced pressure. The crude product was purified by column
chromatography (EtOAc/Hexane, 1/1) to afford 40 (2.8 g, 76 %) as white foam. *H NMR
(400 MHz, CDCl3) 6 7.92 (d, J = 7.9 Hz, 2H), 7.55 — 7.43 (m, 4H), 7.40 — 7.36 (m, 2H), 7.33
—7.26 (m, 7H), 7.14 — 6.95 (m, 5H), 5.48 (s, 1H), 5.20 (t, J = 8.5 Hz, 2H), 5.10 — 5.02 (m,
4H), 4.86 — 4.84 (m, 1H), 4.75 (d, J = 11.9 Hz, 1H), 4.52 — 4.40 (m, 4H), 4.23 — 4.17 (m,
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2H), 4.11 — 3.97 (m, 3H), 3.91 — 3.79 (m, 3H), 3.63 (d, J = 8.4 Hz, 1H), 3.52 — 3.47 (m, 1H),
3.35 (s, 1H), 3.17 — 3.03 (m, 2H), 2.74 — 2.51 (m, 4H), 2.02 (s, 3H), 1.68 — 1.57 (m, 1H). °C
NMR (100 MHz, CDCly) § 206.83, 172.62, 167.64, 165.38, 162.37, 156.57, 138.33, 137.70,
136.85, 133.37, 129.87, 129.66, 129.16, 128.60, 128.54, 128.24, 128.12, 127.95, 127.35,
126.44, 100.94, 100.67, 92.67, 80.60, 74.85, 73.13, 72.83, 70.60, 68.80, 67.49, 66.49, 64.24,
52.96, 40.95, 38.15, 37.87, 29.81, 29.52, 28.29. HRMS (ESI) m/z: calc’d for [M+Na]®
Cs3Hss017N,ClyNa: 1155.2231; Found: 1155.2239.

Synthesis of compound 41: Compound 40 (2 g, 1.76 mmol) was dissolved in mixture of
THF/MeOH [(v/v), (10/1), xx mL].  Hydrazine hydrate/acetic acid [(v/v), (2.5/1)] were
added in mixture THF:MeOH (5:1) [(v/v), (10/1)], the resulting solution was added to
reaction mixture at room temperature. After 1 h the reaction mixture was diluted with EtOAc

and washed with ag. NaHCOj3 solution (3x) and brine solution (2x). The combined organic
layer was dried over Na,SQ,, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography (EtOAc/Hexane, 1/0.7) to afford 41 (1.35 g,
74 %) as white solid. *H NMR (400 MHz, CDCls) & 7.93 (d, J = 7.4 Hz, 2H), 7.54 (t, J = 7.4
Hz, 1H), 7.45 — 7.29 (m, 12H), 7.16 (d, J = 6.8 Hz, 2H), 7.06 — 7.01 (m, 3H), 5.53 (s, 1H),
5.21 (t, J = 8.3 Hz, 1H), 5.09 - 5.01 (m, 4H), 4.70 (d, J = 11.7 Hz, 1H), 4.62 (dd, J = 17.1,
6.0 Hz, 1H), 4.51 (d, J = 7.8 Hz, 1H), 4.41 (d, J = 11.7 Hz, 1H), 4.20 — 4.15 (m, 2H), 4.10 —
4.04 (m, 2H), 3.93 — 3.81 (m, 4H), 3.62 — 3.49 (m, 2H), 3.34 (s, 1H), 3.18 — 3.04 (m, 2H),
2.64 (d, J = 11.3 Hz, 1H), 1.71 — 1.65 (m, 2H). **C NMR (100 MHz, CDCls) & 167.85,
165.35, 162.85, 156.53, 138.20, 137.44, 136.79, 133.37, 129.85, 129.63, 129.42, 128.59,
128.54, 128.38, 128.15, 128.13, 128.03, 127.44, 126.43, 101.39, 100.97, 100.75, 92.60,
80.54, 74.96, 74.67, 73.05, 72.92, 70.20, 68.80, 67.40, 66.74, 66.53, 63.98, 56.17, 40.85,
38.08, 29.46. HRMS (ESI) m/z: calc’d for [M/z]4' CasHs50015N2Cl4Na: 1057.1863; Found:
1057.1871.

Synthesis _of compound 42: Compound (Glycosyl donor) 27 (1.6 g, 1.52 mmol) and

(glycosyl acceptor) 41 (1.26 g, 1.22 mmol) were dissolved in anhydrous DCM (20 mL) with
freshly dried 4 A MS and stirred at RT for 1 h. NIS (0.41 g, 1.83 mmol) and TMSOTf (55
ML, 0.30 mmol) were added at the same temperature. After consumption of donor, the
reaction mixture was quenched with Et;N and filtered on celite bed and concentrated under
reduced pressure. The crude product was purified by column chromatography
(EtOACc/Hexane, 1/1) to afford 42 (1.65 g, 69 %) as white foam. *H NMR (400 MHz, CDCl5)
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5 8.03 — 7.91 (m, 4H), 7.59 — 7.53 (m, 2H), 7.46 (d, J = 7.0 Hz, 2H), 7.42 — 7.29 (m, 12H),
7.24 —20 (m, 3H), 7.16 — 7.09 (m, 5H), 7.07 — 6.95 (m, 7H), 5.52 (s, 1H), 5.43 (s, 1H), 5.26 —
5.20 (m, 3H), 5.05 —4.94 (m, 7H), 4.86 (d, J = 11.4 Hz, 1H), 4.71 (dd, J = 11.8, 6.5 Hz, 2H),
4.60 (d, J = 11.0 Hz, 1H), 4.51 (d, J = 8.1 Hz, 1H), 4.41 — 4.18 (m, 8H), 4.14 — 3.78 (m,
13H), 3.70 — 3.51 (m, 3H), 3.40 — 3.08 (m, 4H), 2.74 — 70 (m, 2H), 2.61 — 2.58 (m, 2H), 2.10
(s, 3H), 1.72 — 1.67 (m, 2H). **C NMR (100 MHz, CDCls)  206.45, 172.62, 167.53, 167.03,
165.33, 165.21, 162.20, 162.11, 156.45, 138.24, 137.90, 137.67, 137.42, 136.79, 133.41,
133.16, 129.99, 129.75, 129.67, 129.24, 129.12, 128.66, 128.47, 128.42, 128.39, 128.16,
128.13, 128.08, 128.02, 127.97, 127.93, 127.85, 127.81, 127.75, 127.67, 127.38, 127.15,
126.59, 126.36, 126.28, 126.08, 100.90, 100.73, 100.51, 100.30, 99.79, 98.79, 92.56, 92.34,
80.62, 76.18, 74.71, 74.66, 74.61, 73.60, 73.06, 72.91, 72.83, 72.75, 71.43, 70.02, 68.79,
68.67, 67.27, 66.75, 66.49, 66.39, 64.29, 63.53, 54.31, 53.31, 41.00, 40.87, 38.09, 37.74,
29.71, 29.38, 28.05. HRMS (ESI) m/z: calc’d for [M+Na]+ CooHg1029N3ClgNa: 1982.3144;
Found: 1982.3529.

Synthesis of compound 43: Compound 42 (1.5 g, 0.76 mmol) was dissolved in mixture of
THF/MeOH [(v/v), (10/1), xx mL].  Hydrazine hydrate/acetic acid [(v/v), (2.5/1)] were
added in mixture THF:MeOH (5:1) [(v/v), (10/1)], the resulting solution was added to

reaction mixture at room temperature. After 1 h the reaction mixture was diluted with EtOAc

and washed with ag. NaHCOj3 solution (3x) and brine solution (2x). The combined organic
layer was dried over Na SOy, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography (EtOAc/Hexane, 1/0.7) to afford 43 (1.25 g,
84 %) as white solid. *H NMR (400 MHz, CDCl3) & 7.84 (t, J = 6.9 Hz, 4H), 7.49 — 7.44 (m,
2H), 7.37 — 7.21 (m, 14H), 7.15 — 7.09 (m, 3H), 7.07 — 7.02 (m, 5H), 6.99 — 6.85 (m, 7H),
5.47 (s, 1H), 5.33 (s, 1H), 5.17 — 5.10 (m, 2H), 4.95 — 4.84 (m, 6H), 4.78 — 4.70 (m, 2H), 4.59
(dd, J = 11.8, 4.8 Hz, 2H), 4.51 — 4.48 (m, 1H), 4.41 (d, J = 7.8 Hz, 1H), 4.35 — 4.26 (m, 3H),
4.19 — 3.73 (m, 20H), 3.59 — 3.39 (m, 3H), 3.28 (s, 1H), 3.18 (s, 1H), 3.09 — 2.99 (m, 1H),
2.63 — 2.37 (m, 2H), 1.62 — 1.54 (m, 2H). *C NMR (100 MHz, CDCls) § 167.60, 167.07,
165.35, 165.23, 162.67, 162.10, 156.44, 138.23, 137.89, 137.68, 137.26, 133.41, 133.18,
129.98, 129.75, 129.66, 129.36, 129.28, 128.65, 128.47, 128.43, 128.40, 128.29, 128.08,
128.02, 127.97, 127.94, 127.86, 127.80, 127.42, 127.16, 126.31, 126.07, 101.33, 100.74,
100.49, 100.00, 99.76, 98.91, 92.54, 92.44, 80.61, 80.60, 76.18, 74.79, 74.60, 73.67, 73.07,
72.90, 72.71, 71.62, 71.60, 69.37, 68.78, 68.72, 68.68, 67.27, 66.75, 66.39, 64.33, 63.58,
56.68, 54.36, 49.45, 49.15, 40.97, 40.86, 38.08, 29.71, 29.38. HRMS (ESI) m/z: calc’d for
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[M+Na]" CgsHgs027N3ClgNa: 1882.2776; Found: 1882.2780.

Synthesis_of compound 44: Compound (Glycosyl donor) 6 (0.5 g, 0.47 mmol) and

(glycosyl acceptor) 39 (0.71 g, 0.38 mmol) were dissolved in anhydrous DCM (20 mL) with
freshly dried 4 A MS and stirred at RT for 1 h. NIS (0.12 g, 0.57 mmol) and TMSOTf (17
ML, 0.095 mmol) were added at the same temperature. After consumption of donor, the
reaction mixture was quenched with EtsN and filtered on celite bed and concentrated under
reduced pressure. The crude product was purified by column chromatography
(EtOAc/Hexane, 1/1) to afford 44 (0.65 g, 61 %) as white foam. *H NMR (400 MHz, CDCl5)
5791 —7.86 (m, 5H), 7.55 — 7.49 (m, 4H), 7.44 — 7.42 (m, 2H), 7.38 — 7.35 (m, 5H), 7.33 —
7.30 (m, 7H), 7.28 — 7.27 (m, 3H), 7.21 — 7.16 (m, 4H), 7.12 — 7.07 (m, 9H), 7.05 — 6.97 (m,
8H), 6.94 — 6.89 (m, 3H), 5.49 (s, 1H), 5.41 (s, 1H), 5.35 (s, 1H), 5.23 — 5.12 (m, 5H), 5.07 —
5.01 (m, 4H), 4.98 — 4.85 (m, 8H), 4.67 (dd, J = 11.7, 6.7 Hz, 2H), 4.57 (d, J = 11.6 Hz, 2H),
4.46 (d, J = 8.0 Hz, 1H), 4.37 — 4.23 (m, 9H), 4.21 — 3.75 (m, 25H), 3.66 — 3.63 (m, 1H), 3.59
—3.55 (m, 2H), 3.50 — 3.45 (m, 1H), 3.29 — 3.24 (m, 2H), 3.15 — 3.04 (m, 2H), 2.71 — 2.67
(m, 2H), 2.57 — 2.52 (m, 2H), 2.06 (s, 3H), 1.68 — 1.60 (M, 2H). *C NMR (100 MHz, CDCl5)
3 206.40, 172.63, 167.50, 167.45, 167.00, 165.38, 165.31, 165.22, 162.20, 162.08, 156.43,
138.26, 137.91, 137.88, 137.63, 137.39, 133.31, 133.14, 129.97, 129.75, 129.31, 129.20,
128.67, 128.46, 128.43, 128.37, 128.29, 128.17, 128.11, 128.02, 127.95, 127.89, 127.85,
127.81, 127.56, 127.41, 127.25, 127.14, 126.27, 126.16, 126.06, 126.03, 100.90, 100.73,
100.56, 100.47, 100.26, 99.98, 99.44, 98.90, 98.43, 92.66, 92.50, 92.33, 80.58, 76.16, 75.44,
74.95, 74.76, 74.67, 74.66, 74.62, 74.08, 73.63, 73.05, 72.94, 72.84, 72.66, 69.90, 68.77,
68.74, 68.68, 67.26, 66.77, 66.49, 64.30, 53.39, 41.09, 40.99, 38.08, 37.73, 29.71, 29.38,
28.03, 1.04. HRMS (ESI) m/z: calc’d for [M+H]" C127H126041N4Cl1oNa: 2813.4036; Found:
2813.5869.
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Chapter-4b

Decoding Sulfation Patterns Dependant
Endocytosis of Glycosaminoglycan
Functionalized Gold Nanoparticles to
Rationalize Targeting Strategies
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Abstract:

Glycosaminoglycans (GAGSs) are highly complex and information-rich biomacromolecules
that bind to a wide range of proteins, including endocytosis cell surface receptors, in a
sequence-specific manner. Hence, delineating the relation between GAGs-proteins
interactions has a great potential for diagnostic and therapeutic applications. Here, we report
the first systematic profiling of synthetic GAGs nanoparticles targeting cancer and
glioblastoma cells. Our results showed that specific sulfation patterns on GAGs sequence
binds to CD44 and regulate nanoparticles delivery to MDA-MB-231 and U87 glioblastoma
cell lines. Further mechanism studies revealed that GAGs-nanostructures uptake is facilitated
by clathrin-dependent endocytosis. These results imply the potentials of GAGs-based

nanoprobes in nanomedicine.
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4b.1 Introduction:

The extracellular matrix is an endogenous component of cells that comprise proteoglycans,
collagen fibers and matrix proteins like laminin and fibronectin. An omnipresent component
of the extracellular matrix is proteoglycans, which encompass linear, anionic
glycosaminoglycans (GAGs) namely heparin/heparan sulfate (HS), chondroitin sulfate
(CS)/dermatan sulfate (DS), keratan sulfate (KS) and hyaluronic acid. These
glycosaminoglycans are composed of one amino sugar and either hexuronic acid or galactose
as a dimeric unit.*? Chondroitin sulfate plays inevitable biological events like cell division,
cell-cell communication angiogenesis, inflammatory processes, neural development and
spinal cord injury.>® These functions are regulated by binding interactions with specific
biomolecules such as cytokines, growth factors and cell adhesion molecules. CS is composed
of N-Acetyl galactosamine (GalNAc) and Uronic acids [D-Glucuronic acid(GIcA) and L-
Idouronic acid (IdoA)] as disaccharide repeating units. Divers sulfation at C4 and C2 on
GalNAc and C2 position of uronic acid make the molecule more complex and heterogeneous.
The definite sequence of CSPG is a potential molecule for a wide range of therapeutic
applications. Scrutiny towards chondroitin sulfate proteoglycan (CSPG) pays less attention
owing to its complexity and heterogenicity. The specific sequence and precise sulfation
pattern of CSPG is a challenging task. This motivates us to aim for a prompt synthetic
strategy for the preparation of chondroitin sulfate higher oligosaccharides for the structure-
function relationship and their potential therapeutic applications.>™ However, synthesizing
the precise sequences in CSPGs is a challenging task due to its complexity and
heterogenicity. So, in this work, we aim to achieve the precise CSPGs oligosaccharide
sequence with a specific sulfated microdomain to envision the structure-function

relationship.'?*°

At the structural level, Hyaluronic acid and CS form the macromolecular aggregates in PNNs
and the effects of PNNs on neural function can be attributed to the properties of the GAG
molecules. The development of PNNSs is directly promoted by neural activity and is known to
occur at least partly through changes in calcium and potassium conductance and the
activation of NMDA and calcium-permeable AMPA receptors for the glutamate
neurotransmitter.’®*" A key concept regarding PNNs is that they limit plasticity in neurons
once established, marking the end of the ‘critical period’ of development and that they can be
dispersed or degraded under special conditions to reinstate juvenile-like states of plasticity to

produce the sprouting of axons and regeneration of function in damaged areas of the brain.*®
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Notably, there are essential changes that occur in the sulfation patterns of CS chains during
the development of PNNSs. Particularly, 6-O-sulfation is found to be dominant in the juvenile
brain to produce CS-C during periods of enhanced plasticity, whereas 4-O-sulfation becomes
prominent in the adult brain to produce CS-A.**? The influence of sulfation patterns of CS
chains in regulating major events of plasticity has been overlooked in many previous studies,
and the ability of sulfation to selectively direct the binding preferences of the HS and CS
proteoglycans to cell surface receptors and other biomolecular entities in the ECM is not
completely understood. Hence, there is a strong requirement for molecular mimicries of
heterogeneously sulfated proteoglycans — in the form of sulfated synthetic GAG oligomers —
to study the binding activity of the proteoglycans and decode the structure-function
relationship of the various GAG domains which are actively involved in physiological
processes. We focused on synthesizing the disaccharides of CS and performed biological
assays to study the structure-function relationship and also the differential regulatory role of

the sulfation patterns.

The programmed release and accurate delivery of drugs/macromolecules for targeting
specific physiological areas is a key challenge for therapeutics.?! In the past, the modification
of gold nanoparticle (AuNP) surfaces with biomolecules of interest has been established as an
efficient mode of transport of biomacromolecules with minimal cytotoxicity, and provides a
biocompatible way to achieve specific targeting of regions without conjugation of additional
moieties.?? Glyco-AuNPs present multi-modal and versatile nanoplatforms to develop
carbohydrate-based technology for applications as biosensors, drug carriers, and effective
tools in the field of cancer and immunological research.?® In our study, we utilized spherical
AUNPs conjugated with a FAM fluorophore as carriers for laboratory synthesized oligomer
mimicries of our GAGs of interest. The glyco-AuNPs were used in cellular targeting and
molecular uptake studies in primary neuronal cell cultures and also secondary cell lines in
vitro. We also utilized antibodies and blockers for certain receptors or pathways to study the
mechanism of uptake/targeting which is utilized by different sulfated CS glycans in vitro.

CD44 is an integral membrane glycoprotein involved in intercellular interactions, cell
adhesion, and migration for multiple cell types, and it serves as the primary cell surface
receptor for Hyaluronic acid (HA) and as the recognition site for CSPGs. Researchers in the
past have shown that malignant cells synthesize increased levels of CD44-related CSPG as a
matrix receptor to mediate the invasion and migration of tumors.?* Further, a CSPG found on

the cell surfaces of melanomas contains a core protein that is recognized by CD44 antibodies,
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and helps in mediating cell motility and invasion of the melanoma into type I collagen gels.”

In non-malignant cells, studies have shown that a CD44-related CSPG cell surface matrix
receptor is capable of binding to fibrinogen/fibrin, in turn mediating the microvascular
endothelial cell migration of wounds on fibrinogen and invasion into a fibrin matrix.® The
various isoforms of CD44 are differentially modified by the GAGs and the assembly of these

macromolecules occurs at sites that have a serine unit followed by glycine (SG).

As described before, synthetic access to GAG molecules or mimetics of defined length and
sulfation pattern is very important for systematic investigations of SFR. Historically,
considerable attention has been focused on HS and its functions, while much less is known
about the CS class of GAGs. CS has been shown to inhibit the growth of axons in neural
networks; yet it is also found in developing, growth-permissive regions of the brain and also
in the recovering areas of the brain and spinal cord.?® Similarly, in-vitro studies have shown
that CS polysaccharides can both attenuate and stimulate the growth of primary neuronal

cells in culture.?®%

Overall, was aimed toward understanding the role of sulfation in regulating the binding,
uptake, and receptor interactions of the HS and CS GAGs and studying the functionality of
the CS-E mimetics in the paradigm of neural plasticity and modulation of neurite outgrowth.
Our study presents a novel attempt to characterize the targeting of secondary cell lines (U87
& SH-SY5Y) and primary murine cells of the olfactory bulb and the hippocampus by using
heterogeneously sulfated libraries of HS and CS mimetics functionalized to AuNPs. For our
research, we utilized pO/pl neonatal mice which are present in the critical period of
development of the CNS, for which the PNNSs surrounding the PV cells are not developed.*

Herein, we report the use of fluorescent glycosamino glycan conjugated AuNps for detection
of sulfation code in neural cell recognition. We have synthesized chondroitin sulphate
disaccharides with various sulfation patterns conjugated to tripod functionalized gold

nanoparticles.
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4b.2 Results and Discussion:

Further to assessed the efficacy of different sufation patteren in neural cell recognition we
functionalized CS/HS conjugated tripods on spherical shape AuNPs. Sphere AuNPs of 25 nm
were synthesized using previously reported procedure.

(a) OH

PFPO " o oL
o o
o o o °o HO Hgﬁﬁ; " NH,
PFPO O.__OPFP AcHN cgog
S o

o) o N \2 0
. HO,C
NH )
o o 0350 Hmo\/\NHz

O O _ AcHN cs3s ©OH
0S0;°
DMF, Et;N, RT, 5h HO HO.C
0 00 4
HN HN o Ho HO " NH,
0 AcHN Ccseés ©OH
° Sooso3-
3 HO,C
s s Hmo\/\NHz
5 s AcHN css,6s OH
(b) 0 H SH s*
o N/\/O\/\o/\/N\”/\/\/l\)
O H fo) S-CS0S-F
(o] &g": S$-CS3S-F
\:Eci?% { - S-CS6S-F
S-CS4,6S-F
{;ﬁ%@’ HO g o ‘ OH

Figure 1. (a) CS conjugation to tripod; (b) Schematic representation of CS-tripod functionalized fluorescent
AuNPs

CS and HS Tripod functionalization on AuNPs was carried out using simple ligand exchange
method by mixing tripod with AuNPs in PBS buffer at RT for 12h. AuNPs functionalization
was confirmed by shift in zeta potential value towards more negative side. Further these
tripod functionalized AuNPs were mixed with fluorescent linker F-1 in PBS buffer at RT for
12h to get fluorescent AuNPs (S-CS0S-F, S-CS3S-F, S-CS6S-F, S-CS4,6S-F). Physical
characterizations of all AuNPs were done using transmission electron microscopy (TEM),

UV-visible and fluorescence spectroscopy and zeta potential measurements.
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Figure 2: Physical characterization of fluorescent and CS functionalized AuNPs; (a) Fluorescent spectra; (b)
UV Spectra; (c) TEM imgae; (d) Zeta potential.

Further a cellular uptake assay was performed using different neural cell lines. We have
selected secondary neural cell lines U87 and SHSY-5Y, primary neural cell culture olfactory
bulb and hippocampal. Cells were seeded on coverslip and treated with AuNPs for 4h.
Among different AuNPs CS tripod functionalized AuNPs showed moderate to high uptake.
Non sulphated CS tripod was unable to uptaken by any cell line asserting the importance of
sulfation code for uptake mechanism. Compared to mono sulphate CS tripod the 4,6 disulfate
tripod AuNPs (S-CS4,6 S-F) exhibited maximum uptake in U87 cell lines. Similar trend of
uptake was observed in case of olfactory bulb culture and hippocampal culture. On contrary,
SHSY-5Y cells did not show uptake of CS tripod functionalized AuNPs, only S-CS4,6S-F
showed less uptake.

The expression level of CD44 receptor on cell surface was checked using immunostaining
using CD44-FITC antibody, it can be seen clearly that U87 and MDA-MD 231 as well as
olfactory bulb culture and hippocampal culture showed high level of CD44 expression.
While in case of SHSY-5Y CD44 receptor expression was absent, which is indicative of
AuNPs uptake might be CD44 receptor mediated. To prove CD44 depended uptake
mechanism cells were pre-treated with monoclonal CD44 antibody for 1 h followed by
treatment with S-CS4,6S-F. It was observed that there was no uptake of S-CS4,6S-F in case
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of pre-treated U87 and primary neural cultures.

S-CS0S-F S-CS3S-F S-CS6S-F S-CS4,6S-F

MDA-MB 231

U87

SHSYSY

Figure 3: Confocal microscopy images for uptake of CS functionalized AuNPs by SHSy5Y, U87 and MDA.-
MB 231 cell lines at 4 h.

To analyse the mechanism of cellular internalization, cellular uptake of S-CS4,6S-F was
evaluated in presence of different known inhibitors for dynamin, clathrin and caveolae
pathways. Cells pre-treated with sodium azide for 30 min showed strong decrease in the
uptake of S-CS4,6S-F indicating the active endocytosis in U87 cells. Further pre-treatment of
dynasore hydrate, a dynamin inhibitor resulted in reduced uptake of S-CS4,6S-F indicative of
conventional trend of a clathrin or caveolae pathway. Chloropromazin pre-treated cells
showed negligible reduction in uptake of S-CS4,6S-F while addition of B-methylated CD to
cells showed significant reduction in uptake of S-CS4,6S-F validated caveolae mediated

endocytosis mechanism.
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S-CS4.6S-F NaN;+ Dynasore + Chloropromazin + pB-Metylated CD + CD44 mAb +
S-CS4,6S-F S-CS4,68-F S-CS4,68-F S-CS4,6S-F S-CS4,6S-F

1000004
: 800004
60000+
40000+

20000+

Fluorescent Intensity

Figure 4: Confocal microscopy images for mechanism of cellular internalization of CS AuNPs using U87 cell

lines and respective fluorescence quantification.

4b.3 Synthesis of tripod:

Tripod-active pentafluorophenol ester was synthesized from tris-base utilizing a previously
reported procedure. Briefly, Michael addition of tris-base with acrylonitrile in the presence of
KOH. The nitrile functional group was hydrolyzed and ethyl esterified in the presence of
concentrated HCI and ethanol and coupling with 5-(Boc-amino)pentanoic acid and Boc
deprotection followed by another coupling with lipoic acid succinimide ester resulted in the

tripod-active pentafluorophenol ester.
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4b.4. Conclusion:

To understand CS's structural-functional relations of disaccharide heterogeneity, we have
synthesized tripodal-CS analogs and functionalized them on fluorescent gold nanoparticles.
Using secondary neuroblastoma cells such as U87 and SH-SY-5Y, showed for the first time
that specific carbohydrate-protein interactions, modulate selective delivery of nanoparticles to
the neuroblastoma cells. Our results showed that 4,6-O-disulfated-CS nanoprobe selectively
target CD44 overexpressed cell lines via caveolin-dependent endocytosis pathway. These
results imply new opportunities to utilize GAGs-nanoprobes in nanomedicine.

4b.5. Experimental procedure:
4b.5.1 General procedure for glycan conjugation on tripod:

Respective glycan (3.5 eq) and pentafluorophenol tripod (1 eq) were dissolved in anhydrous
DMF (400 pl) and triethylamine was added (3 eq per PFP active ester). The resulting mixture
was stirred at room temperature. After 5 h the reaction mixture was concentrated and purified
by bond elute column (water as eluent) followed by lyophilisation to afford corresponding
glycan conjugated tripod.

Synthesis_of CSOS tripod: The general procedure for glycan conjugation on tripod was
followed to afford CS0S (1.1 mg, 45 %) as a white solid. 'H NMR (400 MHz, D,0) § 4.52
(d, J=8.5Hz, 1H), 4.41 (t, J = 7.8 Hz, 2H), 4.27 (d, J = 3.2 Hz, 1H), 3.99 — 3.47 (m, 30H),
3.41 - 3.26 (m, 5H), 3.20 — 3.00 (M, 7H), 2.57 — 2.39 (m, 8H), 2.16 (q, J = 8.2, 7.8 Hz, 5H),
2.03 — 1.85 (m, 7H), 1.71 — 1.64 (M, 2H), 1.58 — 1.41 (m, 8H), 1.36 — 1.31 (m, 2H), 1.27 —
1.23 (m, 2H). HRMS (ESI) m/z: calc’d for [M+H]" C75H12404NgS;: 1906.5031; Found:
1906.5028.

Synthesis of CS3S tripod: The general procedure for glycan conjugation on tripod was
followed to afford CS3S (1.5 mg, 47 %) as a white solid. *H NMR (400 MHz, D,0) & 4.55
(d, J = 8.4 Hz, 1H), 4.45 — 4.37 (m, 2H), 4.35 — 4.26 (m, 2H), 4.19 (dd, J = 17.6, 3.2 Hz, 2H),
4.06 (dd, J = 11.0, 8.4 Hz, 1H), 3.99 — 3.92 (m, 2H), 3.87 — 3.83 (m, 2H), 3.80 — 3.48 (m,
18H), 3.38 — 3.26 (m, 4H), 3.19 — 3.06 (m, 4H), 2.55 (t, J = 5.9 Hz, 2H), 2.46 — 2.38 (m, 4H),
2.19 — 2.12 (m, 3H), 2.01 — 1.85 (m, 7H), 1.71 — 1.64 (m, 2H), 1.60 — 1.42 (m, 6H), 1.37 —
1.29 (m, 2H), 1.25 — 1.20 (m, 3H). HRMS (ESI) m/z: calc’d for [M]* Ci5H121053NgSs:
713.8546; Found: 713.8541.
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Synthesis_of CS6S tripod: The general procedure for glycan conjugation on tripod was
followed to afford CS6S (0.9 mg, 50 %) as a white solid. *H NMR (400 MHz, D,0) § 4.54
(d, J = 8.5 Hz, 1H), 4.46 (dd, J = 11.2, 8.2 Hz, 2H), 4.27 (d, J = 3.3 Hz, 1H), 4.16 (dd, J =
6.3, 3.1 Hz, 2H), 3.97 — 3.79 (m, 7H), 3.78 — 3.51 (m, 18H), 3.40 — 3.26 (m, 5H), 3.25 — 3.04
(m, 7H), 2.56 (t, J = 5.9 Hz, 3H), 2.47 — 2.38 (m, 4H), 2.19 — 2.11 (m, 4H), 2.02 — 1.86 (m,
7H), 1.71 — 1.64 (m, 2H), 1.59 — 1.52 (m, 3H), 1.46 (dt, J = 20.5, 8.1 Hz, 5H), 1.36 — 1.31 (m,
2H), 1.26 — 1.21 (m, 2H). HRMS (ESI) m/z: calc’d for [M]S' C75H121053NgSs: 713.8546;
Found: 713.8549.

Synthesis of CS4,6S tripod: The general procedure for glycan conjugation on tripod was
followed to afford CS4,6S (1.2 mg, 52 %) as a white solid. *H NMR (400 MHz, D,0) & 4.60
(d, J = 8.1 Hz, 1H), 4.47 (d, J = 8.1 Hz, 2H), 4.31 — 4.13 (m, 4H), 4.04 (d, J = 8.2 Hz, 1H),
3.99 — 3.80 (m, 5H), 3.77 — 3.56 (m, 13H), 3.31 (t, J = 18.8 Hz, 4H), 3.21 — 3.06 (m, 7H),
2.60 — 2.52 (m, 3H), 2.43 (dt, J = 12.7, 5.6 Hz, 4H), 2.16 (q, J = 7.6 Hz, 4H), 1.99 — 1.88 (m,
7H), 1.68 (s, 2H), 1.58 — 1.42 (m, 7H), 1.38 — 1.26 (m, 5H). HRMS (ESI) m/z: calc’d for
[M]® C75H115062NgSg: 396.4021; Found: 396.4027.
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4b.6 NMR Spectra
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