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Abstract

Heparan sulfate proteoglycans (HSPGs) are essential components of the extracellular matrix
and cell surfaces, playing pivotal roles in various biological processes. Composed of a core
protein with covalently attached heparan sulfate chains, HSPGs are crucial for cell-cell
interactions, signaling regulation, and the organization of the extracellular environment. The
synthesis of proteoglycan mimetics involves sophisticated chemical and biochemical strategies
aimed at replicating the intricate structures and functions of natural proteoglycans, such as
HSPGs. Li et al. employ synthetic organic chemistry to design molecules that mimic the
glycosaminoglycan (GAGS) chains (e.g., heparan sulfate (HS), chondroitin sulfate (CS)) and
the core proteins to which they attach. These mimetics are engineered to exhibit specific
biological activities, such as binding to growth factors, cytokines, or cell surface receptors,
similar to natural HSPGs. Bioconjugation techniques are crucial for linking synthetic
glycosaminoglycan chains to appropriate protein or peptide scaffolds, ensuring structural and
functional mimicry. The synthesis of proteoglycan mimetics holds significant promise for
applications in regenerative medicine, drug delivery systems, and biomaterial development,
where precise control over biological interactions is essential for therapeutic efficacy (Sugahara
etal., 2015).

Chapter 1 highlights that proteoglycans are vital components of the extracellular matrix and
plasma membrane, featuring core proteins linked to (GAGSs). These complexes store and
deliver growth factors, thereby regulating cellular processes. Current research is focused on
creating simplified proteoglycan mimics to influence biological activities, especially in areas
such as stem cell research, neural plasticity, viral inhibition, cancer biology, and biomarker

development.

Chapter 2 discusses the significance of synthesizing monodisperse, precise multivalent,
fluorescently labeled peptide backbones using cholesterol as a template for creating
proteoglycan mimetics (PGs). HSPGs play key roles in various biological functions due to their
complex structures, which include varying uronic acids and sulfation patterns. This complexity
necessitates the precise synthesis of proteoglycan mimetics to better understand their specific

biological functions.
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Chapter 3 explores how membrane-bound HSPGs act as receptors for growth factors and
influence endocytosis. The study highlights how specific sulfation and uronic acid
compositions in heparan sulfate impact cell dynamics and the internalization of HSPG
mimetics. For example, 3-O-sulfated iduronic acid (PG@ID-2) facilitates faster endocytosis

and affects cell migration and proliferation, underscoring the importance of sulfation patterns.

Chapter 4 explains the importance of developing stable membrane probes for studying cell
dynamics. The microheterogeneity of heparan sulfate on fluorescent peptide backbone
provides a new platform for probing cellular functions. Highly sulfated HS ligands with L-
iduronic acid (PG@ID-6) termed as NeoMProbe shows prolonged presence on the plasma
membrane, which is useful for mapping basement membranes and enhancing imaging

techniques.

Chapter 5 highlights the critical role of the extracellular matrix, particularly HS, in regulating
interactions with drugs and toxins. The structural diversity of HS influences how cisplatin binds
to it, with a preference for L-iduronic acid. A proteoglycan mimic containing IdoA (P-112)
demonstrates selective toxicity in cancer cells, thereby enhancing drug delivery and suggesting

potential applications in targeted therapies.

Chapter 6 discusses how voltage-gated ion channels are modulated by PG mimetics. The study
reveals that the sulfation of heparan sulfate and the sialic acid linkages on proteoglycan
mimetics affect glycocalyx remodeling and Kv2.1 channel behavior. High sulfation and
flexible sialylation lead to prolonged cell membrane persistence and altered ion channel

activity, offering insights for the development of therapeutic probes.
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Chapter -1
Introduction



Abstract

Proteoglycans are crucial components of the extracellular matrix (ECM) and plasma
membrane, characterized by core proteins to which glycosaminoglycans (GAGs) are attached
at serine or threonine residues via a tetrasaccharide linker. The biological functions of
proteoglycans are mediated through the synergy between core proteins and GAGs. GAGs
primarily act as reservoirs for growth factors (GFs), while the core proteins facilitate the
formation of GAG-GF complexes that interact with GF receptors to regulate various cellular
processes. As a result, there is increasing research interest in developing simplified
proteoglycan mimics to modulate biological activities at the interface of the cell membrane and
ECM. Our focus is on understanding mimics role in areas such as stem cell research, neural
plasticity, and viral inhibition. Additionally, I will explore the significance of proteoglycan

mimics in cancer biology, and their potential role as next-generation biomarkers.



1.1. Introduction

Proteoglycans are essential components of the ECM and plasma membrane, featuring core
proteins to which GAGs are glycosylated at serine/threonine residues via a tetrasaccharide
linker.! The biological activity of proteoglycan is harnessed by the combined actions of core
proteins and GAGs, where GAGs primarily serve as a reservoir for GF and core protein
articulate GAG-GF complexes to stimulate GF receptors to regulate cellular functions.?#
Consequently, there is growing research interest in mimicking the structures of proteoglycans
with simpler architectures to modulate biological activities at the junction of cell membrane
and ECM.3°878 proteoglycans at cellular, subcellular and intracellular components regulate
the major cellular events by activating growth factor and morphogen signalling.>%10.11.12.13
(Fig. 1) whereas, proteoglycans localized on plasma membrane and extracellular serves as a
receptor for viral and bacterial binding and infections. Hence, researcher emphasized great
effort to understand the individual component of PG and identified key biologically active
molecules. #3187 Structurally, proteoglycan composed of ‘core protein’ and
‘glycosaminoglycan’ synergies. Among them, GAGs accounts most established synergies,
playing a pivotal role in PG biological activities.>'®!°® However, ‘core protein’ biological
activity cannot be neglected, as they play critical role in increasing the life-time of the GAGs
expression on plasma membrane and actively participate in the PG biological activities.?>%2 |
will mainly highlight the raft polymer and polypeptide based heparin sulfate PGs and its

potential applications in stem cell, neurobiology and cancer research.
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Fig. 1 - PG architecture is composed of a core protein covalently decorated with GAG chains, with a common

tetrasaccharide (GlcA-Gal-Gal-Xyl) linker, followed by disaccharide repeating units. (rf 13)




1.2. Heparan Sulfate Proteoglycans (HSPGs)

GAGs are negatively charged polymeric entities with distinct expression patterns across
different tissue types. GAGs comprise four functional sulfated polysaccharides (HS, CS, DS
and KS) differentiated by their hexamine-uronic acid compositions and non-sulfated
hyaluronic acid polysaccharide.!?> Among them, HSPGs have been identified as structurally
highly diverse, resulting a wide range of biological activities. Approximately 17 proteoglycans
have been identified to have one or more HS polysaccharide scaffolds. These HSPGs are

ubiquitous in pericellular (basement membrane), cell surfaces, and intracellular domains in
tissues 23,24,25,26,9,27,5

In the basement membrane, the HSPGs include Perlecan, Agrin, and collagen XVIII
proteoglycans (Fig. 2).1,° These HSPGs are made up of 1-4 HS polysaccharide chains and are
usually associated with laminins and collagen type IV polymeric networks. These basement
membrane HSPGs enhance numerous cellular functions, including cell survival, division,
migration, and proliferation, through their binding with a range of growth factors, such as
VEGF, TGF-B, and FGF.2829:30.31
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Fig. 2- Pericellular proteoglycans, which comprise perlecan agrin, and collagens XV 111 and XV. (Adopted with

permission from the ref. 5)

Perlecan is located in both vascular and avascular tissues, interacting with a variety of protein

ligands to regulate cell adhesion, thrombosis, and cell death. In contrast, Agrin, containing HS
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both HS and CS GAGs sequences, is an extracellular proteoglycan highly expressed in nervous
tissues, acting as a co-receptor for neurite activities.®>*353* The HS in Agrin binds to FGF-2,
thrombospondin, beta-amyloid peptide, N-CAM, and protein tyrosine phosphatase. Collagen
XVIII is another HSPG containing a homotrimer of al chain of collagen protein. Collagen
XVIII is a negative regulator of angiogenesis and directly implicates in the generation of

adipose tissue and hyperlipidemia associated with visceral obesity and fatty liver.>

The transmembrane PGs consist of five HSPGs: syndecans, glypican, betaglycan, neuropilin-
1, and CD44 (Fig. 3).°> Syndecans is one of the most frequently occurring cell surface HSPGs,
found in almost all cells and tissues. There are four types of syndecans isomers in vertebrates
(syn-1to syn-4). Syndecans 1 to 3 are expressed in a tissue-specific fashion, whereas syndecan-
4 is ubiquitously distributed. Their structure includes a variable ectodomain and a highly
conserved cytoplasmic domain. The structural and functional diversity of syndecans is
influenced by the GAGs compositions and structures, which vary with tissue type and

species,535:3637.30
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Fig. 3 - Schematic representation of the cell surface proteoglycans, which comprise transmembrane type 1,
Proteoglycans (four syndecans, CSPG4/NG2, betaglycan and phosphacan) and six GPI-anchored proteoglycans,
glypicans 1-6. (Adopted with permission from the ref. 5)

Syndecan-1 and syndecan-3 feature additional CS chains that enhance their structural diversity.
Syndecans participate in various physiological and pathological processes, binding to
numerous ligands from a range of protein families, including growth factors, cytokines,
chemokines, fibrillin-1, fibronectin, collagen, tenascins, and vitronectin.33%4041 Additionally,

syndecans have a unique binding affinity for pathogens, such as HIV-1, HIV-2, herpes simplex
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virus, dengue virus, and hepatitis C virus. Several bacterial pathogens, particularly
Staphylococcus aureus, Pseudomonas aeruginosa, and Neisseria gonorrhoeae, also bind to

syndecans. 424344

Glypicans represent another family of transmembrane proteoglycans, usually expressed with
glycosyl phosphatidylinositol-linked (GPI-linked) proteoglycan chains. Literature reports
indicate that six glypicans (GPC-1 to GPC-6) are found on the mammalian cell surface, mainly
expressed during embryonic development. The lack of homology domains in glypican isoforms
suggests that these HSPGs serve unique functions. Glypicans consist of 1 to 5 HS chains per
proteoglycan, but GPC-5, produced by rhabdomyosarcoma cells, also features a CS domain.
Glypicans regulate various growth and survival factors during cell differentiation and
apoptosis. The abnormal expression of glypicans alters several signaling pathways, such as
Whnt and Hedgehog, and promotes tumor progression. Anti-glypicans are considered the next

generation of antibodies for cancer treatment,4°46:47.48:49.50

B-glycan is a cell surface proteoglycan that functions as a co-receptor for TGF-p and is also
named the TGF-p type III receptor. It is mainly involved in modulating reproduction and fetal
growth. The ectodomain of beta-glycans is composed of 1-2 HS GAGs sequences and binds to
all isoforms of TGF-p proteins, which include activins, inhibin, GDFs, and BMPs. Neuropilin-
1 (NRP1), a transmembrane protein and co-receptor for various proteins, such as semaphorins
and VEGFs, regulates endocytosis and transport to a number of cell surface receptors from the
cytoplasm to the cell surface and vice versa. All of these aforementioned biological events by
HSPGs highlight the important HS and core proteins of the PG. 51:52:53:54:55,52,56

In Summary, the HSPGs are extensively found on cell surfaces and within the pericellular
space. The structures of HS on (PGs vary by tissue and serve to regulate different biological
processes. For example, beta-glycan, with its distinct HS sequences, modulates the activity of
TGF-B, which is not present in basement membrane HSPGs. Likewise, proteoglycans such as
syndecans, glypicans, perlecan, and agrin likely share common HS domains that facilitate
binding to various growth factors. Neuropilin-1, featuring 3-O-sulfated HS, is crucial for
binding neurite growth factors. Consequently, understanding the subtle variations in HS

structures is essential for deciphering and controlling specific biological functions.

1.3. Polymer Based HSPG Mimetics and its Applications
Polymer based HSPG are distinguished by the presence of carbohydrate groups HS as side

chains in synthetic polymers, offering a more precise imitation of cell surface carbohydrates
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like proteoglycans. These molecules play crucial roles in biological processes such as cell-cell
interactions, adhesion, cancer metastasis, and pathogen infection, all mediated by protein-
saccharide interactions. Given the inherently weak nature of protein-carbohydrate interactions,

a multivalent system is necessary to significantly enhance these interactions.>”: 58 59 60

The focus on surface modification in glycopolymers development has enabled researchers to
investigate the effects of sugar presentation and the physicochemical properties of these
polymers over time. The first lactose-containing glycopolymer was synthesized in the 1980s,
while in the Whitesides group explored sialic acid-containing glycopolymers and their
multivalent interactions. These synthesized polymers exhibited various molecular weights and

significant multivalent effects, rendering them valuable for diverse studies. %62

1.3.1. Role of HSPG in Embryonic Stem Cells

As soluble multivalent ligands binding to cell-surface receptors and activating biological
processes, Godula et. al. proposed a cell-surface engineering strategy targeting GAG-mediated
growth factor signaling to influence stem cell differentiation. By remodeling the cell
glycocalyx with synthetic glycopolymers, the researchers aimed to mediate biological
processes with minimal membrane disruption. They utilized lipid-terminated chondroitin
sulfate GAGs and other synthetic glycopolymers to enhance signaling pathways such as nerve
growth factor and Erk1/2, promoting neural outgrowth and differentiation. Employing an
enzyme to depolymerize HS, they incorporated HS disaccharides into poly(acrylamide)
scaffolds (Fig.4)53046528687 These scaffolds efficiently bound FGF-2 and promoted neural
differentiation in mouse embryonic stem cells (MESCs). This method offers precise control
over cell surface remodeling, enabling sustained differentiation signals and promising broad

applications in stem cell biology and therapeutic differentiation.58:6%70.71
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Fig. 4- Glycocalyx remodeling strategy for influencing stem cell specification. HSPGs are required for FGF

signaling during development. (Adopted with permission from the ref 68)
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1.3.2. Role of HSPG in Neural Plasticity

HSPGs play a crucial role in neural plasticity by interacting with key molecules such as NCAM
and EGF, which are essential for synaptic formation and function. The specific sulfation
patterns of HSPGs are critical in regulating these interactions, and alterations in HSPG

expression or structure can lead to significant changes in CNS like 7228:30.73.74;
(i) Neural Development

HSPGs are intricately involved in neurogenesis, particularly in regions of the brain undergoing
active mitosis. Glypican-1, among other glypicans, is expressed in the ventricular zone during
central nervous system (CNS) development, whereas glypican-3 mutations are linked to
Simpson-Golabi-Behmel syndrome, which entails neuroblastoma risks. Syndecan-3's
expression peaks during glial differentiation and myelination. CSPGs like phosphacan,
neurocan, and neuroglycan C regulate neural stem cell proliferation and neurogenesis, playing
pivotal roles in embryonic CNS development and neural precursor proliferation through

mechanisms such as FGF-2 signaling. ">76:77:78,79.79.80
(ii) Neuronal Migration

PGs, especially CSPGs, are essential in mediating the ECM signals that guide neuronal
migration. In the CNS, CSPGs like RPTPB/phosphacan are found along radial glial fibres and
in migrating neurons, facilitating adhesion molecule interactions and neuronal movement.
CSPG expression inversely correlates with neural crest cell migration pathways, with specific
CSPGs like versican inhibiting attachment and migration. Highly sulfated CS motifs enhance

migration, underscoring the influence of GAG types and their sulfation on neural migration.
81,82,83,84,85

(iii)  Neurite Outgrowth

HSPGs and CSPGs are critical regulators of neurite outgrowth and axonal pathfinding. HSPGs
support neurite extension by binding to growth-enhancing molecules and interacting with
growth factors like FGF-2, influencing axonal targeting. CSPGs exhibit dual roles: while
generally known for inhibiting axonal growth in glial scar regions, they also facilitate growth
in other contexts. Specific CSPGs like phosphacan promote neurite outgrowth in certain
neuronal populations, with their inhibitory or stimulatory roles being governed by their

spatiotemporal expression and sulfation patterns. These interactions often converge on



pathways such as Rho/ROCK, which modulate cytoskeletal dynamics critical for neurite

extension,86.87.88,89,90
(iv)  CNS Plasticity

HSPGs significantly contribute to CNS plasticity by interacting with molecules like NCAM
and EGF, crucial for synaptic modulation and long-term potentiation (LTP). Alterations in
HSPG sulfation patterns influence synaptic plasticity and cognitive functions. For instance,
deficiencies in HSPG-modifying enzymes like Sulf-1 and Sulf-2 impair spatial learning and
synaptic plasticity. CSPGs also modulate plasticity through perineuronal net (PNN) formation,
which restricts synaptic flexibility at the end of the critical developmental period. Changes in
CSPG sulfation can restore plasticity in the mature CNS, demonstrating their role in synaptic

network stabilization and memory processes.&>81:91

1.3.3. Role of HSPG in various Viral Entry

HS and HSPGs play crucial roles in the lifecycle of many viruses. These molecules serve as
attachment receptors, mediators of entry, and facilitators of cell-to-cell spread. The interactions
between viral glycoproteins and HS/HSPGs are vital for successful infection, influencing viral
attachment, entry, and dissemination. Below, we discuss the role of HS and HSPGs in the

engagement of various viruses (Fig. 5)%293.94.%

(i) Herpesviruses
Herpesviruses are a group of DNA viruses, divided into a-, B-, and y-subfamilies, with varying
host ranges and replication cycles. These viruses can enter latency after primary infection,
leading to potential recurrent infections. HSPGs play critical roles in the lifecycle of each
herpesvirus subfamily.

Herpes Simplex Virus Type-1 (HSV-1)
HSV-1 is a neurotrophic virus that infects cells using various glycoproteins, primarily gB and
gC, which interact with HS on HSPGs. These interactions facilitate viral entry, where HS
binding is crucial for the virus to "surf" to entry receptors. HSV-1 also uses HS to promote cell-
to-cell fusion and spread, with 3-O-HS enhancing fusion, while heparan sulfate itself serves as
a negative regulator.

Herpes Simplex Virus Type-2 (HSV-2)



HSV-2, another a-herpesvirus, primarily relies on gB for binding to HS, unlike HSV-1 which
uses gC extensively. Differences in HS binding capacities and sensitivities to structural
differences in glycoproteins lead to variations in engagement with HS. HSV-2 shows a greater
dependence on gB for HS binding, and exhibits differences in sensitivity to heparan sulfate
modifications and inhibitors compared to HSV-1.

Human Cytomegalovirus (HCMV)
HCMV, a B-herpesvirus, uses HS for initial attachment. The viral glycoproteins gB and a gM-
gN complex mediate this interaction, which is essential for entry and spread. HCMV relies on
HS for initial binding, and disrupting these interactions with cationic peptides or heparin
significantly reduces infection rates in vitro and in vivo.

Varicella-Zoster Virus (VZV) and Human Herpesvirus 7 (HHV-7)
VZV and HHV-7 rely on HS for attachment and entry, VZV uses gB to bind HS, while HHV-
7's primary target cells are CD4+ T lymphocytes, where HS serves as a co-receptor for

infection.
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Fig. 5- Schematic representation of role of HSPG in HSV infection. (1) Virions attach to HSPGs including
syndecans on a host cell. (2) Capsid penetration occurs at the plasma membrane (via membrane fusion or

endocytosis). (3) The capsid is released into the cytoplasm, which reaches the nuclear membrane for docking and
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release of viral DNA in the nucleus for replication. (4) Sensing viral invasion, NF-kB translocates to the nucleus
and (5) signals HPSE overexpression. (6) New capsids containing viral genomes mature and bud out of the
nucleus. (7-8) Enveloped capsids with viral glycoproteins are exocytosed. The same vesicles are also suggested
to carry Pro-HPSE, which is eventually activated by cathepsin-L. (9) The enzymatically active HPSE then
translocates to the cell surface where it cleaves off heparan sulfate chains (10) to help release any surface bound
virions. (11) removal of heparan sulfate enables unrestricted release of HSV-1 virions. (Adopted with permission
from the ref 95)

(ii) Human Immunodeficiency Virus (HIV)
HIV relies on HS for initial attachment to host cells, particularly epithelial and CD4+ T cells.
The viral envelope protein gp120 interacts with HS, facilitating the attachment and subsequent
entry. HS on epithelial cells aids in the attachment of HIV, and the transcytosis through genital
epithelia involves syndecans, a type of HSPG. HS is also involved in the formation of a
complex with HIV gp120 and Toll-like receptors, activating immune pathways that disrupt

cellular barriers and facilitate viral dissemination®:°7:%,

(iii) Human Papillomavirus (HPV)
HPV, a non-enveloped DNA virus, uses HS as a primary receptor for attachment to basal
epithelial cells. This interaction is crucial for the virus's entry and subsequent infection of
proliferating cells. The viral capsid protein L1 binds to HS, triggering conformational changes
that facilitate entry. Inhibition of HS binding with heparin or heparinase reduces HPV infection

rates, indicating the importance of HS in viral entry®%,

(iv)  Hepatitis C Virus (HCV)
HCV engages HS for attachment and entry into hepatocytes. The viral E2 glycoprotein and
apolipoprotein E (ApoE) are involved in binding to HS, which is essential for the infection
process. Specific sulfation patterns of HS are critical for HCV binding, with N- and 6-O-

sulfation being particularly important for effective viral attachment and entry®21°L,

) Human Respiratory Syncytial Virus (RSV)
RSV, an enveloped RNA virus, uses HS for binding through its G and F proteins, which
mediate viral attachment and facilitate cell-to-cell spread. Blocking the interaction of RSV
proteins with HS using heparin or heparinase reduces infection rates, highlighting the role of
HS in RSV pathogenesis'®,
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(vi)  Dengue Virus (DENY)
DENV, an enveloped RNA virus, uses HS for binding to specific cell types, including epithelial

cells and fibroblasts. The viral protein NS1 interacts with HS, disrupting the endothelial
glycocalyx layer and facilitating viral entry and spread. NS1-induced shedding of syndecans

from the endothelial surface increases permeability, promoting inflammation and viral

dissemination (Fig. 6) 9210095,
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Fig. 6 - HSPG functions in epithelial barrier dysfunction during DENV infection. (1) DENV NS1 protein from an

infected cell binds to the surface of an uninfected human pulmonary microvascular endothelial cells (HPMEC)
and upregulates the expression and translocation of endothelial sialidases to the cell membrane. (2) DENV NS1
enhances the activity of cathepsin-L and the expression of pro-HPSE. (3) Cathepsin L. activity on pro-HPSE
converts it into an active form (4) which leads to the cleavage of heparan sulfate chains on the endothelial
glycocalyx layer (EGL) and results in (5) The shedding of Syndecan-1. (6) Puerta-Guardo et al suggest that,
together all these processes lead to EGL disruption on endothelial cell surface in-turn resulting in endothelial

barrier dysfunction and hyperpermeability that occurs in severe dengue disease. (Adopted with permission from

the ref 94)

(vii)  Ebola Virus (EBOYV)
EBOV, a severe hemorrhagic virus, uses HS for attachment to host cells, particularly targeting

the basolateral surfaces. HS-mediated attachment is crucial for viral entry and infection. The
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virus shows a preference for basolateral attachment, and disruption of HS interactions at this

site significantly reduces infection efficiency'®.

(viii)  Coronaviruses
Coronaviruses, including HCoV-NL63, SARS-CoV, and SARS-CoV-2, use HS as a co-
receptor for attachment and entry. The viral spike (S) protein interacts with HS to facilitate
binding to the primary receptor, ACE2, and initiate infection. Recent studies suggest that
SARS-CoV-2's spike protein binds to HS, and disrupting this interaction can reduce viral

adhesion and entry, offering potential therapeutic targets for COVID-19 treatment®21%4,

In summary HS and HSPGs are essential for the lifecycle of many viruses, including
herpesviruses, HIV, HPV, and coronaviruses. These molecules facilitate initial attachment,
mediate viral entry, and aid in cell-to-cell spread. Targeting HS interactions offers a potential

therapeutic approach to mitigate viral infections and their associated pathologies.

1.3.4. Role of HSPG in Cancer Biology

The provided paragraphs discuss the role of HS and HSPGs in cancer, focusing on various
aspects such as cellular features, extracellular matrix remodeling, intercellular communication,
and resistance to therapy (Fig 7)!3.

(i) Heparan Sulfate Changes in Cancer
Altered glycosylation, including changes in HS, is associated with cancer progression. HS
modulates cellular events like proliferation and signaling through interactions with growth
factors. Abnormal expression and activity of enzymes involved in HS biosynthesis contribute
to cancer development. Moreover, heparinase, an enzyme that cleaves HS, influences tumor
growth, metastasis, and resistance to therapy°>106.107,

(ii) Role of HS and HSPG in Cancer Cellular Features and ECM Remodelling
HS and HSPGs affect cancer cell behavior by influencing processes like migration, invasion,
and angiogenesis. They also regulate gene expression and signaling pathways, contributing to
tumor progression and metastasis. Furthermore, alterations in HS levels and structure impact

extracellular matrix stiffness and cell-matrix interactions, facilitating tumor invasion34108.109,
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Fig. 7- Role of the extracellular matrix and HSPG in driving progression of cancer through stages of the metastatic

cascade. (Adopted with permission from the ref 34)

(iii)

HS Roles in Cancer Intercellular Communication

HSPGs play a crucial role in cellular communication within the tumor microenvironment,

including the secretion and uptake of extracellular vesicles (EVs). EVs, containing bioactive

cargo, contribute to cancer progression, metastasis, and therapy resistance. HSPGs regulate EV

biogenesis, secretion, and uptake, influencing various aspects of cancer development!10-111.112,

(iv)

Impact of HS in Cancer Cell Resistance to Therapy

Altered expression of HSPGs and HPSE contributes to cancer cell resistance to chemotherapy

and

microenvironment,

radiotherapy. HSPGs can modulate drug sensitivity and affect the tumor
leading to therapy resistance and tumor recurrence. Additionally,

heparinase influences EV secretion and cargo, promoting metastasis and therapeutic

reSiStance113'114'15'115
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Overall, HS and HSPGs play multifaceted roles in cancer progression, including cellular
behavior, intercellular communication, and therapy resistance, making them potential targets

for cancer treatment strategies.

1.4. Conclusion

HSPGs has diverse role across various biological processes, including their involvement in
cellular functions, embryonic stem cell signaling, viral entry mechanisms, neural plasticity, and
cancer biology. HSPGs found in pericellular and intracellular region, participate in cell
survival, migration, and proliferation through interactions with growth factors and receptors.
Whereas, transmembrane HSPGs like syndecans and glypicans play crucial roles in
physiological and pathological processes, including viral infections and cancer progression.
Recently, HSPG structures have been mimicked by using raft glycopolymers to study protein-
carbohydrate interactions and cell-surface engineering. But in glycocalyx, HS ligands are not
polyvalent in proteoglycan backbone. Hence, we need a better mimic to replicate their activity.
In the following chapter, I will discuss a new class of proteoglycan mimics to study heparan
sulfate mediated biological activities.
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Chapter 2
Synthesis of Heparan Sulfate (HS)
Based Proteoglycan Mimetics
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Abstract

HSPGs are complex molecules found on cell surfaces and in the ECM. They play critical roles
in cellular communication and tissue organization by interacting with growth factors,
cytokines, and other signaling molecules. Their ability to modulate ligand-receptor interactions
regulates processes such as development, inflammation, and wound healing, highlighting their
essential biological significance. Heparan sulfate is complex due to presence two types of
uronic acid moieties, L-1doA and D-GIuA, with sulfate groups present on various O- and N-
moieties, including N-sulfation, N-acetate, and free amine, contributing to microheterogeneity.
To better understand which motif is important for each biological function on cell surface, we
are reporting for the first time peptide based multivalent system which is monodisperse, precise

multivalent, fluorescently labelled with cholesterol as a template for synthesizing PG mimetics.
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2.1 Introduction

HSPGs are a class of proteoglycans that play a pivotal role in cellular processes and
extracellular interactions. Structurally, HSPGs consist of a core protein to which several linear
HS GAGs chains are covalently attached. HS and heparin are negatively charged biomolecules
within the proteoglycan family, commonly found on cell surfaces and in the ECM. So far,
around 17 HSPGs have been identified, including both cell membrane-bound and secreted
types.! These proteins contain linear polysaccharides with repeating disaccharide units of
glucosamine and uronic acid. In these units, glucosamine is a-linked to uronic acid, which can
be N-acetylated or N-sulfated, with free amines being rare. Uronic acid composition varies,
with glucuronic acid, B-linked to glucosamine, making up about 50% of HS disaccharide

repeats, whereas iduronic acid, a-linked, is predominant in heparin.®

In addition to N-sulfation, these sugar moieties often have O-sulfate groups at specific
positions, increasing HS microheterogeneity. While HS and heparin are sometimes used
interchangeably, they are distinct. HS is synthesized by nearly all cells, whereas heparin is
produced exclusively by connective tissue-type mast cells. They also differ in size and sulfation
patterns, with heparin having a higher negative charge.*

These complex macromolecules are ubiquitously present on cell surfaces and within the
extracellular matrix. HSPGs are crucial in modulating cell signaling pathways by binding to a
variety of growth factors, cytokines, and morphogens, thereby influencing cellular
proliferation, differentiation, and migration. They also facilitate the formation of extracellular
matrix scaffolds, contributing to tissue structure and repair. Additionally, HSPGs act as co-
receptors that enhance the specificity and sensitivity of receptor-ligand interactions, playing a
significant role in developmental processes and in maintaining cellular homeostasis. Their
ability to interact with a wide array of biological molecules underscores their importance in
health and disease, including in cancer, where they can modulate tumor progression and

metastasis.>®

Several research groups have synthesized well-defined HSPGs mimetics using different
strategies to mimic the complex structure and function of HSPGs. Pioneer work is done by,
Linhardt et al. developed chemoenzymatic approaches, leveraging bacterial
glycosyltransferases and sulfotransferases to create structurally defined heparan sulfate
oligosaccharides. Meanwhile, Rosenberg et al. and Bertozzi et al. focused on synthesizing

HSPG mimetics through polymer-supported chemical synthesis, enabling precise control over
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sulfation patterns and chain lengths.®® These diverse methodologies underline the complexity

and versatility required to replicate the intricate nature of HSPGs.

Herein, we have developed a new modular system carrying amphiphilic group, fluorescent dye
and a precise number of HS ligands ranging from disaccharide to hexasaccharide to study the
HS mediated biological activity. The modular system is composed of three parts. (i) a classic
hydrophobic cholesterol moiety, serving as an anchoring module for the mimics on the cell
membrane; (ii) Cy5 dye serves as fluorescent probe to visualize cell membrane dynamics of
the mimics; (iii) multivalent lysine residue was modified with azide functional to conjugate HS

ligands. (Scheme 1)

Fluorescent tag — 1-+\" A ii
A

‘ fg—()/_fNH;O\
° O—HN—\_\O " Lysine Residue

NH, H

Hydrophobic Moiety —

Scheme 1: Schematic representation of Proteoglycans (PGs) mimetics
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2.2. Result and Discussion

2.2.1 Synthesis of NHAc and N-Sulfate Disaccharide Library

We achieved the synthesis of a regioselectively sulfate-modified HS-disaccharide analogue,
featuring N-acetylation and N-sulfation, utilizing disaccharides I11. The orthogonally protected
HS disaccharide served as a key element, allowing for the precise installation of the sulfate
group. The synthesis of the disaccharide involved the strategic use of glucosamine 1a, 1b and
modified IdoA (A) building blocks from previously known procedure,’%1212 following a
well-established protocol. Employing a streamlined [1+1] glycosylation method, we
successfully produced an a-1,4 linked disaccharides i and iii with an excellent yield. (scheme
2)

OTBDPS OTBDPS
o o
Bno/é&w * %ﬂgyﬁ cmoﬁ + HOT B
NAPO BzO NAPO z
N, STol |\0 N, STol o
1k A 15 A
’ l(l) ? J(lll)
OTBDPS

OTBDPS

o OTBDPS
BnO ) s 0AcO HO 0
—— nO
NAPO N NAPO
o o NAPO N, OBn Nl o
BnO |B\z() o O.__SPh BnO |B\zO

o

i=3 ii=4 iii=2

Scheme 2: (1) NIS, TMSOTTf, 4 A MS -78 °C to -20 °C, CH.Cl,, 30 min. (11) (&) Acz0, Cu(OTf),, rt, 12 h. (b)
TMSSPh, Znl,, CH,Cly, rt, 2 h. (111) () NIS, TMSOTf, 4 A MS -78 °C to -20 °C, CH,Cl,, 30 min., (b) Thiourea,
MeOH:Py, (1:1), 80 °C, 1 h.

Acetolysis was carried out on the reducing end iduronic acid (IdoA) of compound followed by
the transformation of the resulting product into thiophenol donor ii, achieved by employing
phenyl trimethylsulfide and Znl..

Subsequently, glycosylation of the (3-hydroxypropyl)carbamate linker was performed using
NIS and TMSOTT to obtain compound iv. The ensuing steps involved deacetylation followed
by oxidation of the primary hydroxyl using TEMPO and methyl esterification. Following this,
an acetolysis reaction was carried out on C-2 of IdoA to obtain compound v for the synthesis
of the NS derivative. Additionally, the azide moiety of the glucosamine was converted into
NHAc using Zn/CHsCOOH/Ac:0, yielding compound vi for the synthesis of the NHAc

derivative of the disaccharide.1%111213
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Scheme 3: (1) (a) Benzyl (3-hydroxypropyl)carbamate, NIS, TfOH, 4 A MS, -10 °C, CH,Cl,, 30 min. (b) NaOMe,
CH.Cl2:MeOH (1:1), rt, 12 h. (c) TEMPO, CH,Cl,:MeOH (1:1), rt, 12 h. (d) LiOH.H.0, H,O:THF (1:1), rt, 2 h.
(e) Mel, KoCO3, DMF, rt, 12 h. (II) (a) Ac,O, DMAP, DCM:py (1:1), 0 °C, 12 h. (b) Zn, THF/AcOH/Ac,0
(3:2:1), rt, 12 h. (111) Ac,O, DMAP, DCM:py (1:1), 0 °C, 12 h. (1V) (a) 70% HF.py, Py, 0°C, 12 h. (b) SOz NEts,
DMF, 80 °C, 3 days. (V) (a) DDQ, DCM:H,0 (18:1), rt, 2 h. (b) SO3NEts;, DMF, 80 °C, 3 days. (c) 70% HF.py,
Py, 0 °C, 12 h. (V1) (a) 70% HF.py, Py, 0 °C, 12 h. (b) SOsNEt;, DMF, 80 °C, 3 days. (c¢) LiOH.H.O, THF:H,0O
(1:1), rt, 12 h. (d) PMes. THF, THF, 0.1M NaOH, rt, 12 h. (e) SOzPy, MeOH, 0.1M NaOH, NEts, 0 °C, 36 h. (V1)
(a) DDQ, DCM:H,0 (18:1), rt, 2 h. (b) SOsNEt;, DMF, 80 °C, 3 days. (c) 70% HF.py, Py, 0
LiOH.H,0, THF:H,0 (1:1), rt, 12 h. (€) PMes. THF, THF, 0.1M NaOH, rt, 12 h. (f) SOzPy, MeOH, 0.1M NaOH,
0 °C, 12 h. (b) SOsNEt;, DMF, 80 °C, 3 days. (c) LiOH.H.0,
THF:H.0 (1:1), rt, 12 h. (d) PMes. THF, THF, 0.1M NaOH, rt, 12 h. (e) SOsPy, MeOH, 0.1M NaOH, NEts, 0 °C,

NEts, 0 °C, 36 h. (VIII) (a) 70% HF.py, Py,

Rl = %"NHCbz
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36 h. (V1) (a) DDQ, DCM:H,0 (18:1), rt, 2 h. (b) 70% HF.py, Py, 0 °C, 12 h. (c) SOsNEt;, DMF, 80 °C, 3 days.
(d) LiOH.H,0, THF:H,0 (1:1), rt, 12 h. (e) PMes;. THF, THF, 0.1M NaOH, rt, 12 h. (f) SOsPy, MeOH, 0.1M
NaOH, NEts, 0 °C, 36 h. (X) Global Deprotection

A divergent synthetic approach was employed to construct a comprehensive library of HS
disaccharides. Specifically, the silyl protecting group TBDPS was selectively removed using
70% HF.py for the 6-O-sulfate derivative precursors (vii). Similarly, NAP deprotection done
with DDQ vyielded 3-O-sulfated precursors in a moderate yield followed by TBDPS
deprotection (viii). Subsequently, introduction of sulfate groups on the backbone was
facilitated by SO3.NEts. For introducing N-sulfate on amine SO3.Py. was used, after

hydrolysis and reduction of azide using PMe3z. THF (ix, X, Xi, Xii).

Finally, a global deprotection process encompassing all sulfated derivatives, including non-
sulfated analogues with NHAc and N-sulfate, yielded the desired HS-disaccharides with the
amine linker at the reducing end. (scheme 3)

2.2.3 Synthesis of V- Sulfate derivative of Hexasaccharide

N-sulfated HS analogues with regioselective sulfate modifications were obtained from
hexasaccharide precursors. Orthogonal protection of the hexasaccharide allowed for the
selective installation of sulfate groups. The synthesis of the hexasaccharide was carried out
using disaccharide building blocks 3 and 4. Briefly, we adopted a [2+2+2] glycosylation
approach to obtain the hexasaccharide in good yield. To synthesize hexasaccharide 14, two
glycosylation reactions were performed on compound 3 with 4, utilizing NIS and trimethylsilyl
trifluoromethanesulfonate, followed by attachment of a linker to the thiophenol
hexasaccharide. The subsequent steps involved deacetylation, followed by that oxidation of the
primary hydroxyl using TEMPO and methyl esterification.

Subsequently, the silyl protecting group TBDPS was selectively removed using 70% HF-
pyridine, and the 6-O-sulfate derivative precursors were installed using SOs-NMes. For
introducing the N-sulfate on the amine, SOs-Py was used after hydrolysis and reduction of the
azide using PMez in THF to yield compound 16. Finally, a global deprotection process yielded

the desired HS-hexasaccharide with the amine linker at the reducing end.
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Scheme 3: (1) (a) NIS, TfOH, 4 A MS, -10 °C, CH.Cl,, 30 min. (b) Ac,0, Cu(OTf)y, rt, 12 h. (c) TMSSPh, Znl,
CH.Cly, rt, 2 h. (d) Benzyl (3-hydroxypropyl)carbamate, NIS, TMSOTf, 4 A MS, -10 °C, CH,Cl,, 30 min. (e)
NaOMe, CH2Cl2:MeOH (1:1), rt, 12 h. (f) TEMPO, CH:Cl>:MeOH (1:1), rt, 12 h. (g) LiOH.H20, H.O:THF (1:1),
rt, 2 h. (h) Mel, K.COs, DMF, rt, 12 h. (II) (a) 70% HF.py, Py, 0 °C, 12 h. (b) SOsNEts;, DMF, 80 °C, 3 days.
(1) (a) LiOH.H:0, THF:H20 (1:1), rt, 12 h. (b) PMes.THF, THF, 0.1M NaOH, rt, 12 h. (c) SOsPy, MeOH,
0.1M NaOH, NEts, 0 °C, 36 h. (IV) Global Deprotection

2.2.4 Synthesis of Proteoglycan Mimics

The synthesis of proteoglycan mimetics begins by modifying the side chain acid of Boc-Glu-
(OtBu)-OH (67) into an azide (71), followed by the synthesis of Cy-5 with the acid moiety
(75). A cholesterol-DBCO conjugated compound is then synthesized. Next, Fmoc chemistry

and solid-phase peptide chemistry were used to synthesize peptides of varying lengths. First,
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Fmoc-Glu-(N3z)-OH is conjugated to rink amide resin, followed by Fmoc deprotection and
conjugation of Fmoc-Lys-(OtBu)-OH. This process is repeated to attach 5-10 lysine moieties
to the resin, depending on the desired length (7- and 12-mers). Fmoc-Ala-OH is subsequently
conjugated to the peptide, and Cy-5 dye is attached on solid phase. The peptide is then cleaved

from the resin using a TFA, phenol, water, and TIPS cocktail.**

i G)) Rink (b) Rink N
,srgi]ge HFmoc ————> Amide Hy —— _Amide NH-A-Fmoc
€)] Rink i (c) Rink N . (a)
— \_Amide NH-A 2 ( Amide NH-A-(B),s-B-Fmoc ——»

T Repeat 5/10 times |

Rink (d) Rink @)
NH-A-BlgB —— Amide NH-A-(B)s/o-C-Fmoc  ——>
Rink (e) Rink N N ®
NH-A-(B)s10C — > \ Amide NH-A-(B)1-C-Cy5 ~ ——
0._OH 0. OH o o
FmocHN 3 FmocHN NHBoc FmocHN

Scheme 4: (a) (i) 20 % Piperidine in DMF 3 times 10 min each (b) A, HOBT, HBTU, DIPEA, NMP, 1 h (¢) B,
HOBT, HBTU, DIPEA, NMP, 1 h (d) C, HOBT, HBTU, DIPEA, NMP, 1 h (e) Cy-5, HOBT, HBTU, DIPEA,
NMP, 1 h (f) TFA:H20:Phenol: TIPS (18:1:1:0.5), 1 h

Subsequently, a click reaction with cholesterol-DBCO follows, converting lysine amine into
an azide using an azide linker. Finally, a carbohydrate moiety with DBCO is conjugated to the
peptide using click reaction to yield proteoglycan mimetics the completion of reaction was
monitored using MALDI/TOF and HRMS-ESI-MS which is showing conjugation of 10

molecules to on 12 -mer peptide and 5 molecules on 7-mer peptide.'*
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Scheme 5: (g) Schematic representation of peptide template and PG mimetics(i) Cholesterol-DBCO, rt, 12 h (ii)
Linker, rt, 12 — 16 h (h) Click reaction

2.3 Conclusion

We report here for the first time, a new class of peptide-based multivalent system by utilizing
this we had synthesized proteoglycan mimetics of varying lengths and monodisperse in nature.
These proteoglycan mimetics comprise four components: (i) cholesterol for hydrophobic
insertion, (ii) a peptide backbone, (iii) a fluorescent tag, and (iv) a carbohydrate moiety, which
can be easily modified. We have attached monosaccharides up to hexasaccharide of HS
moieties and also conjugated sialic acid trisaccharide’s, demonstrating the versatility of this

peptide based multivalent template.

2.4 Experimental Section

2.4.1 General Information

All chemicals were utilized in their reagent-grade form, without further purification, unless
specified otherwise. Analytical thin-layer chromatography (TLC) was executed on Merck
silica gel 60 F254 plates, with compound visualization achieved through either UV irradiation
or immersion in a CAM/ninhydrin solution followed by heating. Column chromatography
employed a force flow of the specified solvent on Fluka Kieselgel 60 (230-400 mesh). The 1H
and 13C NMR spectra for all compounds were recorded on Jeol 400 MHz and Bruker 600 MHz

with a cryo probe. Residual solvent signals served as an internal reference (CDCI3 6H, 7.26
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ppm, 6C 77.3 ppm, CD30D &H 3.31 ppm, 6C 49.0 ppm, and D20 6H 4.79 ppm). Chemical

shifts (d) are reported in ppm, and coupling constants (J) are expressed in Hz.

2.4.2 Synthesis of HS Disaccharide
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Reagents & Yield: (1) NIS, TMSOTT, 68 % (2) Thiourea, 90 % (3) (i) Ac20, Cu(OTf)2, 90 %, (ii) TMSSPh, Znl,,
87 % (4) Benzyl (3-hydroxypropyl)carbamate, NIS, TMSOTT, 85 % (5) (i) NaOMe, 90 %, (ii) TEMPO, BAIB,
87 %, (iii) LIOH.H20 (iv) Mel, K,CO3, 80 %, (6) Ac.0, 90 %, (7) Zn dust, THF:AcOH:Ac.0 (3:2:1), 82 %

4-Methylphenyl 2-azido-4-O-chloroacetyl-6-O-tert-butyldiphenylsilyl-3-O-(2-
naphthylmethyl)-2-deoxy-1-thio-a/#-D-glucopyranoside (1a)

ClAcO

OTBDPS  To a solution of compound 3-O-Nap and benzylidine protected
o
NAP:)%

glucosamine building block (1.5 g, 2.78 mmol) in CH2Cl> (5 mL) and
MeOH (10 mL) was added pTSA (0.95 g, 5.56 mmol) and stirred for 6

h. Upon completion, the reaction mixture was quenched using EtsN and extracted with ethyl

N3 STol

acetate and brine. The organic layer was collected, dried over Na>SOg, filtered, concentrated
and purified through flash silica gel column chromatography (ethyl acetate/ hexane= 1/1, v/v)
Next, the obtained compound (1 g, 2.21 mmol) was dissolved in CH2Cl, (10 mL) and stirred

at ice cold temperature under N2 atmosphere followed by the addition of imidazole (0.45 g,
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6.64 mmol) and DMAP (0.10 g, 0.88 mmol). Finally, TBDPS-CI was added dropwise and
reaction mixture was left for stirring. After 12 h, the reaction was quenched using MeOH and
extracted with brine. The combined organic layer was collected, dried over Na>SOg, filtered,
concentrated and purified through silica gel column chromatography (ethyl acetate/ hexane=
1/10, v/v). Further, the solution of 6-O-TBDPS compound (1 g, 1.45 mmol) in CH2Cl, (8 mL)
and pyridine (2 mL) was stirred at ice cold temperature for 15 minutes under N2 atmosphere
before the addition of chloroacetic anhydride (0.32 g, 1.85 mmol). Reaction completion was
monitored by TLC (approx. 20 min). After the completion of reaction, the mixture was washed
with 1 N HCI and brine. The organic layer was collected, dried over NaSOs, filtered,
concentrated and purified through silica gel column chromatography (ethyl acetate/ hexane=
1/20, vIv) to obtain compound 1a in 95 % vyield. *H NMR (400 MHz, Chloroform-d) (a
anomer) & 7.87 — 7.83 (m, 3H), 7.78 (s, 1H), 7.64 — 7.61 (m, 4H), 7.51 — 7.48 (m, 2H), 7.43 —
7.30 (m, 9H), 7.06 (d, J = 7.9 Hz, 2H), 5.59 (d, J = 5.4 Hz, 1H), 5.28 — 5.23 (m, 1H), 5.07 (d,
J=11.6 Hz, 1H), 4.80 (d, J = 11.6 Hz, 1H), 4.37 (ddd, J = 10.1, 4.2, 2.3 Hz, 1H), 4.03 (dd, J
=10.2, 5.4 Hz, 1H), 3.86 —3.81 (m, 1H), 3.67 (qd, J = 11.7, 3.3 Hz, 2H), 3.53 — 3.44 (m, 2H),
2.33 (s, 3H), 1.02 (s, 9H). 3C NMR (101 MHz, Chloroform-d) § 165.85, 138.06, 135.81,
135.67, 134.92, 134.89, 133.28, 133.12, 133.11, 132.96, 132.43, 130.01, 129.81, 129.72,
129.65, 128.47, 128.13, 127.79, 127.70, 127.17, 126.40, 126.31, 126.15, 87.46, 79.35, 75.46,
71.68, 71.56, 64.24, 62.35, 40.43, 26.77, 21.24, 19.28. (B anomer) 'H NMR (400 MHz,
Chloroform-d) & 7.87- 7.85 (m, 3H), 7.78 — 7.74 (m, 3H), 7.70 (dd, J = 7.7, 1.4 Hz, 2H), 7.57
(d, J=8.1Hz, 2H), 7.54 —7.51 (m, 2H), 7.47 — 7.41 (m, 7H), 7.09 (d, J = 8.0 Hz, 2H), 5.21 (t,
J=6.8 Hz, 1H), 5.03 (d, J=11.5 Hz, 1H), 4.80 (d, J = 11.6 Hz, 1H), 4.43 (d, J = 10.0 Hz, 1H),
3.80 (dd, J = 11.6, 1.9 Hz, 1H), 3.68 — 3.64 (m, 1H), 3.58 (dd, J = 13.2, 5.4 Hz, 1H), 3.51 -
3.45 (m, 4H), 2.36 (s, 3H), 1.10 (s, 9H). 3C NMR (101 MHz, Chloroform-d ) § 165.67, 139.07,
135.79, 135.78, 134.83, 134.54, 133.25, 133.12, 132.99, 132.92, 130.01, 129.90, 129.81,
128.48, 128.08, 127.83, 127.78, 127.25, 126.51, 126.40, 126.33, 126.16, 86.05, 82.60, 78.65,
75.49, 70.67, 64.75, 62.20, 26.80, 21.29, 19.26. HR-ESI-MS (m/z): [M+Na]* calcd for
C42H44CIN30O5SSiNa, 788.2357; found, 788.2358.

1,6-Anhydro-[2-azido-4-O-chloroacetyl-6-O-tert-butyldiphenylsilyl-3-O-(2-naphthyl
methyl)-2-deoxy-a-D-glucopyranosyl]-(1—4)-0-2-O-benzoyl-3-O-benzyl-f-L-
idopyranose (1)

37



CIAcO

NAP mmol) in CH>Cl, (20 mL) was stirred under N2 atmosphere in round

é&‘“’s A solution of donor 1a (1 g, 1.30 mmol) and acceptor (A) (0.41 g, 1.17
o~ .

BQ'O/EB?’(\) bottom flask containing freshly dried 4 A molecular sieves for 1 h. The
mixture solution was cooled down to -78 ° C followed by the addition of NIS (0.46 g, 2.08
mmol) and TMSOTTf (71 uL, 0.39 mmol). The temperature was gradually increased to -20 °C
and reaction mixture was left for stirring for another 15 minutes. After 15 minutes reaction
completion was monitored by TLC and quenched using few drops of EtsN. Molecular sieves
were filtered using celite and organic layer was washed with aqueous Na>S»>O3 and brine. The
collected organic layer was dried over NaxSOs, filtered, concentrated and purified through
silica gel column chromatography (ethyl acetate/ hexane= 1/12, v/v) to obtain compound 1 in
65 % yield. *H NMR (400 MHz, Chloroform-d) & 8.10 — 8.03 (m, 2H), 7.84 (m, 3H), 7.77 (d,
J=1.7 Hz, 1H), 7.63 (m, 4H), 7.63 — 7.56 (m, 1H), 7.53 — 7.44 (m, 4H), 7.47 — 7.34 (m, 9H),
7.27 (m, 2H), 7.28 — 7.20 (m, 3H), 5.55 (d, J = 1.8 Hz, 1H), 5.35 (d, J = 3.8 Hz, 1H), 5.18 —
5.06 (m, 2H), 5.05 (d, J = 11.5 Hz, 1H), 4.90 (d, J = 10.9 Hz, 1H), 4.80 (t, J = 11.3, 2H), 4.65
(t,J=4.5Hz, 1H), 4.19 (d, J = 7.6 Hz, 1H), 4.11 (t, J = 8.0 Hz, 1H), 4.10 — 3.95 (m, 2H), 3.79
—3.69 (m, 2H), 3.66 (M, 1H), 3.64 — 3.56 (m, 1H), 3.57 (d, J = 2.2 Hz, 2H), 3.55 — 3.44 (m,
2H), 1.05 (s, 9H). *C NMR (101 MHz, Chloroform-d) & 165.84, 165.80, 137.92, 135.73,
135.68, 134.87, 133.55, 133.28, 133.14, 132.86, 132.74, 129.97, 129.47, 128.60, 128.52,
128.50, 128.07, 127.93, 127.89, 127.87, 127.82, 127.01, 126.45, 126.34, 125.96, 99.48, 99.37,
79.51, 78.94, 75.07, 74.96, 74.24, 71.75, 71.41, 65.77, 63.36, 62.64, 40.41, 26.82, 19.22. HR-
ESI-MS (m/z): [M+Na]* calcd for CssHssCIN3O11SiNa, 1020.3270; found, 1020.3271.

1,6-Anhydro-[2-azido-6-O-tert-butyldiphenylsilyl-3-O-(2-naphthylmethyl)-2-deoxy-a-D-
glucopyranosyl]-(1—4)-0-2-0O-benzoyl-3-O-benzyl-#-L-idopyranose (2)

HO
NAP

OTBDPS To a solution of compound 1 (0.70 g, 0.7 mmol) in MeOH (5 mL) and
(:% pyridine (5 mL) was added thiourea (0.10 g, 1.4 mmol) and refluxed at
Bno B0 80 ° C. After 1 h, volatiles were evaporated and residue was extracted

with ethyl acetate, 1 N HCI and brine. The collected organic layer was

dried over NaSOs, filtered, concentrated and purified through silica gel column
chromatography (ethyl acetate/ hexane= 1/8, v/v) to obtain compound 2 in 90 % yield. *H NMR
(400 MHz, Chloroform-d) 6 8.07 — 8.04 (m, 2H), 7.89 — 7.83 (m, 5H), 7.69 — 7.65 (m, 52H),
7.59 - 754 (m, 2H), 7.52 — 7.46 (m, 3H), 7.46 — 7.42 (m, 4H), 7.42 — 7.36 (m, 5H), 7.26 —
7.19 (m, 4H), 5.53 (d, J = 1.8 Hz, 1H), 5.25 (d, J = 3.8 Hz, 1H), 5.11 (d, J = 11.4 Hz, 1H), 5.08
—5.01 (m, 2H), 4.89 (d, J = 10.8 Hz, 1H), 4.75 (d, J = 10.8 Hz, 1H), 4.55 (t, J = 4.6 Hz, 1H),
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4.17 — 4.04 (m, 2H), 4.00 (d, J = 4.3 Hz, 1H), 3.94 — 3.80 (m, 4H), 3.72 (m, 2H), 3.63 — 3.57
(m, 1H), 3.39 — 3.34 (m, 1H), 2.66 (d, J = 2.7 Hz, 1H), 1.08 — 1.05 (m, 9H). 1*C NMR (101
MHz, Chloroform-d) 6 165.83, 137.98, 135.69, 135.68, 135.45, 133.51, 133.42, 133.22,
132.83, 132.71, 130.14, 130.10, 129.98, 129.48, 128.62, 128.57, 128.47, 128.09, 127.98,
127.96, 127.85, 127.83, 127.07, 126.35, 126.22, 125.98, 99.76, 99.33, 79.50, 79.44, 78.90,
75.33, 75.05, 74.32, 72.61, 71.89, 65.75, 64.36, 62.96, 26.93, 19.27. HR-ESI-MS (m/z):
[M+Na]" calcd for Cs3HssN3010SiNa, 944.3555; found, 944.3540.

1,6-Anhydro-[2-azido-4-O-benzyl-6-O-tert-butyldiphenylsilyl-3-O-(2 naphthylmethyl)-2-
deoxy-a-D-glucopyranosyl]-(1—4)-0-2-0O-benzoyl-3-O-benzyl-#-L- idopyranose (3)

BnO

NAP g, 1.17 mmol) in CH2Cl, (20 mL) was stirred under N2 atmosphere in

OZB"PS To asolution of compound 1b donor (1g, 1.5 mmol) and acceptor A (0.41
BnO 50 round bottom flask containing freshly dried 4 A molecular sieves for 1
h. The mixture solution was cooled down to -78 ° C followed by the
addition of NIS (0.46 g, 2.08 mmol) and TMSOTf (71 pL, 0.39 mmol). The temperature was
gradually increased to -20 ° C and reaction mixture was left for stirring for another 15 minutes.
After 15 minutes reaction completion was monitored by TLC and quenched using few drops
of EtsN. Molecular sieves were filtered using celite and organic layer was washed with aqueous
NazS203 and brine. The collected organic layer was dried over Na,SOu, filtered, concentrated
and purified through silica gel column chromatography (ethyl acetate/ hexane= 1/12, v/v) to
obtain compound 3 in 65 % yield. *H NMR (400 MHz, Chloroform-d) & 8.08 — 8.04 (m, 2H),
7.83 (m, 4H), 7.70 — 7.67 (m, 4H), 7.62 — 7.54 (m, 2H), 7.51 — 7.42 (m, 7H), 7.42 — 7.35 (m,
5H), 7.31 - 7.27 (m, 3H), 7.24 — 7.18 (m, 3H), 7.17 — 7.13 (m, 2H), 5.52 (d, J = 1.8 Hz, 1H),
5.32 -5.29 (m, 1H), 5.12 — 5.06 (m, 3H), 4.89 (t, J = 10.4 Hz, 2H), 4.76 (d, J = 10.8 Hz, 1H),
4.66 — 4.57 (m, 2H), 4.14 (d, J = 7.7 Hz, 1H), 4.10 — 3.99 (m, 3H), 3.88 (d, J = 1.8 Hz, 2H),
3.75-3.65 (m, 3H), 3.45 (dd, J = 10.3, 3.8 Hz, 1H), 1.07 (s, 9H). *C NMR (101 MHz, CDCls)
0 165.8, 138.0, 137.5, 135.8, 135.7, 135.2, 133.4, 133.3, 133.2, 132.9, 129.9, 129.9, 129.8,
129.4,128.6,128.5,128.4,128.4,128.1,128.1,128.0, 127.9, 127.8, 127.7,127.0, 126.2, 126.1,
126.0, 99.7, 99.3, 80.0, 79.4, 78.9, 78.3, 77.4, 77.0, 76.7, 75.7, 75.5, 75.0, 74.2, 72.9, 65.7,
63.7, 62.6, 31.0, 26.9, 26.8, 25.3, 19.2. HR-ESI-MS (m/z): [M+Na]* calcd for
CeoHes1N3010SiNa, 1034.4024; found, 1034.4010.
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Phenyl-[2-azido-4-O-benzyl-6-O-tert-butyldiphenylsilyl-3-O-(2-naphthylmethyl)-2-
deoxy-a-D-glucopyranosyl]-(1—4)-0-2-O-benzoyl-3-O-benzyl-6-O-acetyl-1-thio-a-L-

idopyranoside (4)

OTBDPS A solution of compound 3 (1 g, 0.98 mmol) in AcO (10 mL) was
n O AcO
ﬁAOpoéNﬁ oB stirred at ice cold temperature for 15 minutes before the addition of

7 S cu(OTH), (0.035 g, 0.098 mmol). After 16 h, the reaction mixture
o was concentrated under reduced pressure and the residue was
extracted with ethyl acetate, NaHCO3 and washed with brine. The combined organic layer was
dried over Na»SOyg, filtered, concentrated and preceded further without any purification. Next,
the as obtained acetylated solution of compound (0.98 g, 0.88 mmol), Znl2 (0.59 g, 1.84 mmol)
and phenyl trimethylsilyl sulphide (0.50 g, 2.72 mmol) in CH2Cl> (15 mL) was stirred under
N2 atmosphere for 2 h. Upon completion, the reaction mixture was filtered through celite,
evaporated and purified through silica gel column chromatography (ethyl acetate/ hexane= 1/5,
v/v) to obtain compound 4 in 85 % yield. *H NMR (400 MHz, Chloroform-d) & 8.20 — 8.16 (m,
2H), 7.81 — 7.74 (m, 3H), 7.70 (d, J = 1.5 Hz, 1H), 7.68 — 7.66 (m, 2H), 7.65 (d, J = 1.5 Hz,
1H), 7.58 — 7.55 (m, 3H), 7.51 - 7.46 (m, 4H), 7.43 — 7.37 (m, 5H), 7.36 — 7.27 (m, 14H), 7.19
—7.16 (m, 2H), 5.62 (s, 1H), 5.40 (t, J = 2.5 Hz, 1H), 4.99 (d, J = 11.6 Hz, 1H), 4.90 - 4.88 (m,
1H), 4.82 — 4.68 (m, 3H), 4.63 (d, J