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Abstract: Heparan sulfate (HS) is a complex, polyanionic polysaccharide ubiquitously expressed

on cell surfaces and in the extracellular matrix. HS interacts with numerous proteins to mediate a

vast array of biological and pathological processes. Inhibition of HS-protein interactions is thus

an attractive approach for new therapeutic development for cancer and infectious diseases,
including COVID-19; however, synthesis of well-defined native HS oligosaccharides remains
challenging. This has aroused significant interest in the development of HS mimetics which are

more synthetically tractable and have fewer side effects, such as undesired anticoagulant activity.

This account provides a perspective on the design and synthesis of different classes of HS

mimetics with useful properties, and the development of various assays and molecular modelling

tools to progress our understanding of their interactions with HS-binding proteins.
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1. Introduction
1.1. Heparan Sulfate (HS)

Heparan sulfate (HS) is a highly sulfated linear polysaccharide
(a glycosaminoglycan, or GAG) found in the extracellular
matrix (ECM) and on the mammalian cell surface. It
typically occurs as a HS proteoglycan where two to three HS
chains are conjugated to a protein. HS interacts with a vast
array of extracellular proteins to regulate their biological

) These include proteins associated with normal

activity.”
physiological functions, e.g., growth and development, cell to
those that mediate

numerous pathological processes such as cancer, inflammation

cell communication etc, as well as

and viral infections. Structurally, HS is a repeating linear
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Figure 1. Structure of heparan sulfate and heparin.
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copolymer of D-glucosamine and a uronic acid (Figure 1),
either B-p-glucuronic acid (GIcA) or a-L-iduronic acid
(IdoA).”! HS chains are composed of highly sulfated “S”
domains made up of sulfated disaccharide sequences rich in
IdoA and spacer domains made up of the non-sulfated
disaccharide sequence. Short mixed sequences of low sulfation
also occur between these domains. HS is structurally related to
heparin, an anticoagulant drug in clinical use for decades.
Heparin contains a specific antithrombin (AT)-binding
pentasaccharide sequence that induces potent anticoagulant
activity via inhibition of FXa. Heparin is also more highly
sulfated and has a higher proportion of IdoA than HS, but the
latter has a more varied structure (Figure 1).

An important structural feature of HS and heparin is the
presence of IdoA. This monosaccharide is conformationally
flexible and exists in equilibrium between the 'C, and “C, chair
conformations and the %S, skew-boat conformation in solution
(Figure 2).P" The position of the conformational equilibrium is
influenced by 2-O-sulfation of IdoA and 3-O- and 6-O-
sulfation on neighbouring residues.”” The IdoA and IdoA2S
residues flip between these conformations to induce kinks or
bends in the HS chain to facilitate binding to their target
proteins. Due to their important roles in numerous biological
and pathological processes, there is great interest in unravelling
the molecular details of these HS-protein interactions to
develop new therapeutics.”” However, the structural hetero-
geneity of HS and the difficulty in accessing pure, chemically
well-defined HS oligosaccharides means that such structure-
activity relationships are poorly understood. Unfortunately,
IdoA and r-idose both have limited commercial availability.
The synthesis of defined HS oligosaccharides is, therefore, the
subject of intensive ongoing research (for recent reviews, see
refs.”)). Despite recent progress,” a major challenge in the
synthesis of HS oligosaccharides is the efficient gram-scale
preparation of IdoA building blocks and their incorporation
into HS oligosaccharides.

Compounds that mimic the essential structural features of
HS and are thus capable of blocking HS-protein interactions,
termed HS (or heparin) mimetics, represent a viable alternative
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Figure 2. Conformational equilibrium of IdoA2S.

to defined HS oligosaccharides for the development of
potential therapeutics."” HS mimetics typically do not contain
IdoA or other complex building blocks and so are easier to
synthesize than native HS oligosaccharides. There is strong
interest in HS/heparin mimetics as anticoagulants,"™ but
when targeting other diseases such anticoagulant activity is
often an unwanted side effect. However, HS mimetics are
often amenable to various modifications to minimize these side
effects and/or to improve other properties such as their
pharmacokinetics. This account describes our efforts to design
and synthesize HS mimetics of different classes for various
applications, highlighted by the discovery of amphiphilic HS
mimetics, exemplified by pixatimod (PG545), which possess
many useful properties. We also discuss new assay develop-
ment and molecular modelling tools we have developed to
study the interactions of HS/heparin and their mimetics with
target proteins.

Many of the compounds synthesized, including pixatimod,
have been targeted towards heparanase, an enzyme that
degrades HS and is intimately involved in cancer, inflamma-
tion and viral infections.

1.2. Heparanase

For a comprehensive overview of heparanase, the reader is
referred to the recently published Volume 1221 of Advances in
Experimental Medicine and Biology entitled “Heparanase: from
basic research to clinical applications.”""” Heparanase is an
endo-B-glucuronidase responsible for the degradation of HS. It
is also the only known mammalian endoglycosidase that can
cleave HS chains, whether they are attached to proteoglycans
or not. Since the discovery of heparanase in the mid 1970, it
has been associated with a multitude of cellular functions."”
Some of the functions dependent on heparanase enzymatic
activity include HS turnover, involvement in cell invasion,
involvement in the release of ECM-bound proteins and
functioning as the facilitator for the spread of HS-binding
viruses. Heparanase also has non-enzymatic functions includ-
ing acting as a cell adhesion molecule, functioning as a
promoter of signal transduction and as a transcription factor.
Heparanase is the sole endoglycosidase that degrades HS
and is expressed by malignant and normal cells, with activity
recognised in numerous tumours, platelets, and tissues.

Chem. Rec. 2021, 21, 3087-3101

© 2021 The Chemical Society of Japan & Wiley-VCH GmbH

s

OH ) NaO,C
-0 . mo\g
$—0 0" "0S0;Na

0SO3Na HO )
So

Degradation of HS by heparanase leads to metastasis, which is
the spread of cancer cells from the primary site of cancer to a
secondary site within the body through neoangiogenesis and
tumour cell invasion of the basement membrane and ECM.!"?
Heparanase is involved in the regulation and bioavailability of
HS-binding growth factors such as fibroblast growth factor
(FGF), vascular endothelial growth factor (VEGF), epidermal
growth factor (EGF), hepatocyte growth factor (HGF) and
cytokines which promote angiogenesis, a fundamental step in
tumour development by stimulating the growth of new blood
vessels from the pre-existing vasculature. The development of
heparanase inhibitors"® or HS mimetics"¥ that can block HS-
mediated growth factor activity leading to metastasis, tumour
growth and angiogenesis is thus an important strategy for
cancer treatment and for inflammatory diseases.

1.3. HS in Viral Infections

The role of HS as a major attachment co-receptor on the cell
surface for many viruses is well established, including herpes
simplex virus (HSV),""” respiratory syncytial virus (RSV),""!
dengue virus (DENV)," varicella zoster virus,™®
immunodeficiency virus (HIV),"” Epstein-Barr virus,
nia virus,”" hepatitis C virus”* and many others. Of particular
relevance during the current COVID-19 pandemic is the

human

20 vacci-

direct binding of HS proteoglycans together with co-receptor
Angiotensin-converting enzyme 2 (ACE2) to facilitate the
attachment of spike-bearing viral particles of SARS-CoV and
SARS-CoV-2 to the cell surface to promote viral entry.”
Molecular studies have shown that the receptor-binding
domain (RBD) in the S1 subunit of the spike glycoprotein
mediates binding of SARS-CoV-2 to cell surface HS (Fig-
ure 3).”%7 Heparin and other HS mimetics have been
extensively investigated and have been shown to block
infectivity and cell-to-cell spread in a multitude of different
viruses, including SARS-CoV-2 (see below).”

Along with HS, heparanase also plays a key role in viral
infections.” Heparanase expression is upregulated in many
viruses and drives the release of progeny virions by cleavage of
cell surface HS, although the precise details remain to be

elucidated.”**"
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Figure 3. SARS-CoV-2 entry mechanism (SARS-CoV-2 uses HS and ACE-2
receptor on the cell surface for entry into the cell).” Reproduced from
Ref. [23a] with permission from Cell Press.

2. Heparin/Heparan Sulfate Mimetics

The following sections are focussed on our efforts over the
years to design and synthesize HS mimetics of different
structural classes targeted at a variety of diseases. There have
been many contributions from various other labs to develop
heparin/HS mimetics of various types, including derivatives of
native.  HS sequences,”™ “unnatural” HS sequences,”
glycopolymers,®” and non-carbohydrate small molecules,"™ to
name a few. It is beyond the scope of this account to discuss
these in detail. Instead we direct the reader to some recent

[28-30 [10]

ertinent original contributions ! and reviews.
g

2.1. Mono- and Disaccharide Mimetics Targeted at
HS-Binding Growth Factors

As discussed above, HS is an important player in angiogenesis,
which is initiated by the formation of a ternary complex
between a growth factor, its receptor and HS. The interactions
of FGF-1 and FGF-2 with HS and their receptors have been
particularly well studied using X-ray crystallography.”"’ Analy-
sis of the bound oligosaccharides in the structures with these
growth factors revealed that disaccharide 1 (Figure 4) repre-
sents a minimal heparin/HS consensus sequence for FGF
binding.””
mimic the essential features of 1, namely the a(1—4) linkage
between the two monosaccharide units and the spatial
orientation of the two sulfate groups which make contacts
with the protein (i.e., GIcN2S and IdoA2S). The first series,””
exemplified by 2 and 3, also took advantage of the known

conformational flexibility of fully sulfated f-p-glucose or B-b-
[33]

We designed simple, non-HS disaccharides to

xylose,”” using these moieties as surrogates for the flexible
IdoA residue. A second series (e.g., 4, 5) utilized a 1,6-
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Figure 4. Structures of minimal HS disaccharide consensus sequence for
FGF binding (1) and synthetic disaccharide mimetics (2-5).

anhydrosugar to mimic the 'C; conformation of bound
IdoA."" Docking calculations showed that the predicted
locations of sulfate groups in the binding site of FGF-1 were
consistent with those observed for co-crystalized heparin
oligosaccharides and correlated with binding affinity (X))
values obtained from SPR binding assays (22 pM to 1.4 mM).

We have also investigated combinatorial approaches to
small molecule HS mimetics whereby the two key sulfate
groups are located on the same monosaccharide scaffold rather
than on adjacent monosaccharide moieties in a disaccharide.
For example, we utilized the four-component Ugi condensa-
tion to prepare mimetics based on a polysulfated mannose core
or two polysulfated mannoses linked by a spacer (e.g., 6-9,
Figure 5).B1

The sulfates serve to anchor the compound to the cationic
HS binding site, while the diverse array of functionality
introduced by the Ugi condensation probe for adjacent
favourable, non-ionic binding interactions. Similarly, an azide-
functionalized disulfated mannose template was diversified via
the Cu(I)-catalyzed Huisgen azide-alkyne cycloaddition reac-

R
OMe 7 Q
6 OMe
Q
NH o
< RO R
NH RO -
@] R R
R -Q
[o) N
R ~N
T

9
F3C
Qo S
H =", .OSO;Na
N\\&N “10SOsN
b ! 3Na
\ i
11 R" = 9-phenanthrenyl

12 R" = 9-anthracenyl
OMe 13 R' = 5-indolyl

Figure 5. Structures of HS mimetics. R=SO;Na.
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tion (e.g., 10), with further extension possible via a Swern
oxidation-Wittig reaction sequence.”

The above compounds bind to FGF-1, -2 and VEGF with
a range of K values from pM to mM, with some selectivity
observed for the different proteins depending on the type of
hydrophobic substitutions. We have also shown that non-
carbohydrate scaffolds can function as HS mimetics. For
example, a series of low molecular weight HS mimetics was
prepared which comprised a monocyclitol derivatized with a
cis-1,2-disulfate and various lipophilic and/or heterocyclic
groups (e.g., 11-13, Figure 5).57 The compounds were
screened against HSV, a virus that uses HS as an entry
receptor, and inhibited infectivity at concentrations approx-
imately 100 times lower than those toxic for cultured cells.
The compounds interfered with HSV-1 attachment to cells
and efficiently reduced the cell-to-cell spread of the virus.
Furthermore, the most potent compounds (11-13) also
inactivated the virus particles, perhaps due to their surfactant-
like properties.

2.2. Polyanionic Non-Carbohydrate HS Mimetics

We have also explored highly sulfated linked cyclitols as non-
carbohydrate HS mimetics. For example, a series of cyclitols
with the general structure 14 (Figure 6) were prepared which
consisted of two highly sulfated N-linked bis-cyclitols coupled
by linkers of variable chain length, flexibility, orientation and
hydrophobicity, with variations in sulfation also being intro-

¥ These compounds were tested

duced into some molecules.
against 10 functionally diverse HS-binding proteins. It was
found that there were significant differences in the binding/
inhibitory activity for each protein, depending on the nature
of the linker and thus the presentation of sulfates.

Another approach to new HS mimetics we have explored
recently utilizes reversible addition-fragmentation chain trans-
fer (RAFT) polymerization of commercially available, water-
soluble anionic monomers (Figure 6).%" The RAFT method-
ology was chosen because reactions can be performed in water

SOsNa

R i
RO, ROO OR HOzC\/\SJ\S copH
RO Q w—_linker |——y poly(SS)

OR
O/ SO;Na
" "0R

14 R = SO3Na
poly(SS-co-AA)

Figure 6. Non-carbohydrate HS mimetics based on sulfated linked cyclitols
and RAFT polymers.
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and because it offers control of predetermined molecular
weight with high monomer conversion and narrow dispersity
(P). Homopolymers were prepared of sulfonated monomers
sodium 4-styrene sulfonate (SS), sodium-2-acrylamido-2-
methyl-1-propane sulfonate (AMPS), potassium-3-sulfopropyl
acrylate  (SPA) and potassium-3-sulfopropyl methacrylate
(SPMA) with MW range from 5 kDa to 50 kDa. In addition,
random copolymers of varying molar ratios of two different

U9 or of a sulfonated monomer and

sulfonated monomers,
acrylic acid (AA) were also prepared,®” the latter to mimic
both types of anionic groups found in HS. Sulfonated homo-
and copolymers displayed significant anticoagulant activity in
APTT, TCT, and thrombin generation assays.

In addition, copolymers of SS and AA, ie., poly(SS-co-AA),
displayed unprecedented anti-factor Ila activity. The polymers
were subsequently investigated iz vitro for their capacities to
interfere with tumor cell metastasis.""’ The most promising
compounds were poly(SS) and poly(SS-co-AA, 1:1) (Figure 6),
which efficiently attenuated cancer cell-induced coagulation,
and thus platelet activation and degranulation, with similar or
slightly better potency than low molecular weight heparin
(LMWH), the drug typically used for antithrombotic treat-
ment of cancer patients. Furthermore, they potently inhibited
heparanase and bound P-selectin and the integrin VLA-4
similar to, or even better than heparin, and thus efficiently
blocked melanoma cell binding to endothelium under blood

flow conditions.™!

2.3. Polysulfated Oligosaccharides: PI-88 (Muparfostat)

Early efforts towards heparanase inhibitors were centred upon
the use of modified heparins and sulfated polysaccharides,"”
but due to their high anticoagulant activity they were
unsuitable inhibitors for clinical applications. Later, Parish and
co-workers evaluated a library of sulfated (non-HS) oligosac-
charides, which were weaker anticoagulants, for their hepar-
anase inhibition and antiangiogenic activity." Tt was discov-
ered that chain length and degree of sulfation is an important
factor for good inhibitory activity where oligosaccharides with
five or more monosaccharide units were found to be most
active. PI-88 (aka muparfostat) displayed antiangiogenic and
antimetastatic activity and was thus identified as a potential
antitumor drug.*? PI-88
inhibitors to progress to
evaluated in phase III
hepatocellular carcinoma, however, it did not meet its primary
endpoint and was not approved for use.“” The other three
clinical heparanase inhibitors are pixatimod (PG545, see
below) and the chemically modified heparin derivatives

roneparstat (SST0001) and necuparanib (M402) (for recent
13,141y

was the first of four heparanase

45]

the clinic®® and eventually was

clinical trials for post-resection

reviews see refs.|
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Figure 7. A. Depiction of structures of PI-88 mixture (15) and the major components, pentasaccharide 16 and tetrasaccharide 17. B. More complete depiction of

the structure of PI-88 (18) including the presence of minor isomers.

PI-88 is a complex mixture of monophosphorylated
polysulfated mannose oligosaccharides, represented in most
publications as 15 (Figure 7A), and is prepared by exhaustive
sulfation of the oligosaccharide phosphate fraction produced
by diploid yeast Pichia holstii NRRL Y-2448."" The major
components of PI-88 are the a-(1—3)/ a-(1—2)-linked penta-
16 (-60%) and tetrasaccharide 17 (30%)."¥! More recent,
detailed NMR structural studies of PI-88 revealed the presence
of minor amounts of all a-(1—3)-linked mannoses with
terminal o-(1—3)-linkages, together with terminal a-(1—2)-
linked residues and the presence of only a-(1—3)-linked
disaccharide."” Thus, the structure of PI-88 is best presented
as 18 (Figure 7B).

The synthesis of individual PI-88-related oligosaccharides
(19-22, Figure 8) was achieved by isolation/purification of
dephosphorylated o-(1—3)/a-(1—2)-linked manno-oligosac-
charides followed by sulfation. Evaluation of their angiogenic
growth factor binding showed that the replacement of the
phosphate group with sulfate did not alter the activity.”™”
Subsequently these oligosaccharides were synthesized from
monosaccharide building blocks using a “1417 iterative
strategy.”") The tetra- and pentasaccharides (21, 22) proved to
be potent heparanase inhibitors, whereas tri- or disaccharides
only displayed partial inhibition.

PI-88 was evaluated in many preclinical studies to support
its progression through the clinic as an anticancer agent (for

RO [o) n
RO— & n RO~ &
RO 0 RO 0
RO RO
OR OR!
19n=0 23n=3,R"=Bn
20n=1 24n=3,R" = (CHp);CH3
i; n: g 25n =2, R" = (CHp);CHs

26 n = 2, R' = (CH,)3NHC(=0)(CH,)16CH3
27n=3,R'= 3p-cholestanyl

Figure 8. Structures of synthetic oligomannosides containing the a-(1—3)/
a-(1—2)-linked pentasaccharide backbone of the major component of PI-88.
R=SO;Na.

Chem. Rec. 2021, 21, 3087-3101

© 2021 The Chemical Society of Japan & Wiley-VCH GmbH

. 444
reviews see refs.[# %

)). PI-88 also displayed other interesting
biological activities associated with its mimicry of HS, e.g.,
anti-inflammatory activity and antiviral activity against viruses
such as HSV.”

The discovery of PI-88 as a potent heparanase inhibitor
and its extensive evaluation in non-clinical and clinical studies
paved the way for discovering next-generation HS mimetics
and heparanase inhibitors with improved properties. A series
of fully sulfated PI-88 analogues (the “PG500” series) were
synthesized based on the pentamannoside backbone of PI-
88.5% Several modifications were made at the reducing end
with simple aglycones such as benzyl (23, PG500) and n-octyl
(24, PG501) to alter the pharmacokinetic properties but
maintaining the biological activity (Figure 8).

The syntheses were carried out via glycosylation of
acetylated pentasaccharide acquired from the PI-88 manufac-
turing process followed by deprotection and sulfation. Alter-
natively, the oligosaccharides could be synthesized from
monosaccharide building blocks via a “1417 iterative
strategy.””

These analogues bound to FGF-1, FGF-2, and VEGF in
similar manner to PI-88 but displayed improved pharmacoki-
netics. In addition, they were able to inhibit heparanase and
cell-to-cell spread of HSV-1 where 23 and 24 showed almost
equivalent ICs, values of ~1-2 uM to PI-88. In vivo mouse
studies of 23 and 24 along with PI-88 were carried out using
the AngioChamber and Angiosponge assays which showed
significant inhibition of in vive angiogenesis.ma] Subsequently,
further analogues were synthesized which introduced lipophilic
modifications at the reducing end of the oligosaccharide with
different sugar chain length.M Pentasaccharide 24 and its
tetrasaccharide homologue 25 (PG518) showed good anti-
tumor activity and reduced anticoagulant activity iz vive in a
B16 mouse melanoma model which is resistant to PI-88. In
addition, tetrasaccharide 25 displayed better pharmacokinetics
in rats in comparison to pentasaccharide 24.°%
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2.4. Discovery of Pixatimod (PG545)

The above modifications of sulfated oligosaccharides which
provided compounds with improved pharmacokinetic proper-
ties prompted further exploration of lipophilic group mod-
ifications. Replacement of small aglycones at the reducing end
with significantly more lipophilic groups such as stearamido-
propyl and cholestanol resulted in compounds which displayed
significantly more potent iz vitro and in vive antiangiogenic
and anticancer activity in comparison to the earlier compounds
(e.g., 26-27, Figure 8)."”! The carbohydrate backbone was
then modified from oligomannoside to oligoglucoside (e.g.,
28-30, Figure 9)“**" to take advantage of commercially
available and inexpensive maltotetraose as the starting material.

PG500 series compounds with large lipophilic groups also
showed reduced anticoagulant activity, a common side effect
of unmodified HS mimetics such as PI-88. This work
ultimately led to the discovery of the clinical candidate PG545
(28), a fully sulfated tetrasaccharide glycoside comprising
maltotetraose B-linked to cholestanol.®>**) PG545 has been
investigated in multiple preclinical studies and has shown
potent in vivo efficacy in angiogenesis, solid tumour and

metastasis models (for reviews see refs. 445,

These studies also showed that PG545 has a long half-life
compared to other HS mimetics, and thus requires less
frequent administration. In addition, it has been discovered
that PG545 has immunomodulatory activity®” which likely
contributes to its increased potency. Recently, the results of a
phase I study of PG545 for advanced solid tumors were
reported.”™ Data from this study support the proposed
mechanism of action. Further, its low toxicity made PG545 an
attractive candidate for combination clinical trials. PG545 is
currently in phase Ib clinical trials in patients with advanced
cancer/pancreatic adenocarcinoma in combination with the
immune checkpoint inhibitor nivolumab (Opdivo®).[58]

While originally developed for cancer, PG545 has also
demonstrated significant antiviral activity against a number of
viruses that use HS as an entry receptor with ECs, values
ranging from 0.06 to 14 pg/ml, and with low toxicity and
high selectivity indices. Activity has been displayed against
HSV-2,P HIV,™ RSV,® Ross River virus,®” Barmah Forest

OR
Q
RORO OR
RO o
%ko , R
RO Q
Oro R!
OR

28 (PG545) R' = O-A
29R'=B
30 R" = (CH2)3NHC(=0)(CH,)16CH3

Figure 9. Structures of selected PG500 series compounds with a maltote-
traose backbone, including PG545 (28). R=SO;Na.
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virus,® chikungunya virus (CHIKV), and DENV.® The
antiviral activity against DENV is noteworthy because PG545
inhibits both the Envelope (E) and non-structural protein 1
(NS1), representing the first identification of a dual targeting
drug against DENV infection and NS1 toxicity. The
inhibition of cell-to-cell spread by PG545 may be linked to its
potent inhibition of heparanase, which is known to promote
the escape and spread of progeny virions of HS-binding
#7239 Tn addition to blocking virus infectivity, PG545
has also been shown to possess virucidal activity, a unique
feature only found in this particular class of amphiphilic HS
mimetic. The virucidal activity is due to disruption of the viral
lipid envelope'® by the lipophilic steroid side chain of PG545.
In vivo efficacy has been demonstrated in a prophylactic mouse

HSV-2 genital infection model,' a prophylactic Ross River
L[()Z]

viruses.!

virus mouse mode and a therapeutic DENV mouse
model.”) More recently, PG545 has been shown to bind
directly to the SARS-CoV-2 spike protein receptor binding
domain (S1-RBD), altering its conformation and destabilizing

its structure.®

! Molecular modelling identified a binding site
overlapping with the ACE2 receptor site (see below). Assays
with four different clinical isolates of live SARS-CoV-2 virus
showed that PG545 potently inhibits infection of Vero cells at
doses well within its safe therapeutic dose range. In the
transgenic hACE2 mouse model, PG545-treated animals
showed a significant reduction in viral titers in nasal turbinates
and in the brain. This demonstration of potent anti-SARS-
CoV-2 activity establishes that synthetic HS mimetics can
target the HS-Spike protein-ACE2 axis. Taken together with
other known activities of PG545, these studies provide a
strong rationale for further investigation as a potential multi-
modal therapeutic to address the COVID-19 pandemic.'*”

3. Tools for Studying HS-Protein Interactions
3.1. Heparanase Assays

While heparanase has been a recognized therapeutic target
since the 1980’s, progress in heparanase research has been
relatively slow due to the lack of suitable assays for enzymatic
activity. These are largely exacerbated by the complex,
heterogeneous nature of the HS substrate. Much effort has
been expended over the years in developing a wide variety of
assays, however, despite the commercialization of some kits, no
single, preferred method has emerged.m One of the more
common, simpler assays utilizes fondaparinux 31 (Scheme 1),
a commercially available anticoagulant drug comprising the
methyl glycoside of the specific AT-binding pentasaccharide
sequence of heparin.”” Fondaparinux has a single point of
cleavage which upon heparanase treatment liberates disacchar-
ide 32. This process can be monitored by 'H-NMR** and
LC/MS,® and can be quantified through reaction with water-
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Scheme 1. Cleavage of fondaparinux (31) by heparanase.

soluble dyes which give UV- or fluorescence-detectable
products.[m]

These methods have made assaying heparanase simple and
robust, however, they are unsuitable for biological samples due

to the presence of endogenous interfering compounds. Thus,

OR

HO Q
HO
NaO3;SHN CO,Na R!
o) o]
HO o o~ ~o
OH R2

34R=R'=R?=H
35R=S03Na, R'=R?=H
36R=H,R'=R?=F

Figure 10. Structures of fluorogenic disaccharide substrates for heparanase.

OR
HO Q
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OR RHN
Ho 0 . o OR
HoO
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RAN L 0 Na0,C-NeseO OR

HO OH 4 o

OH “OH Ho

32R=SO,Na 33R=SO0;Na =HN

OMe

synthetic HS disaccharides with fluorogenic leaving groups
have been explored as heparanase substrates, e.g., 34 (Fig-
ure 10).7Y

Recently, we reported the synthesis of disaccharide 35 as a
672] This compound dis-
played high affinity for the enzyme but was turned over very
slowly, meaning that its usefulness for assaying tight-binding

inhibitors is limited. However, this slow turnover enabled, for

fluorogenic heparanase substrate.

the first time, the determination of an X-ray crystal structure
of the substrate bound in the active site with the GIcA residue
in an activated 'S; conformation (Figure 11). The structure
revealed previously unknown interactions involved in enzy-
matic processing and suggested using substrates with better
leaving groups, e.g., halogenated coumarins. Subsequently,

[73]

Cui and coworkers”” reported that difluorocoumarins such as

36 are more efficient aglycone leaving groups for heparanase
substrates, in line with our hypotheses.

Arg272  Lys274

Figure 11. Crystal structure of disaccharide substrate occupying the heparanase active site cleft with GlcA in a poised 'S; conformation. Reproduced from

Ref. [72] with permission from the Royal Society of Chemistry.
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3.2. Biosensor Assays

Determining the binding affinity (K}) of a HS mimetic for its
target protein is important for identifying compounds with the
potential to block disease processes mediated by that particular
protein. Surface plasmon resonance (SPR) spectroscopy is an
established method for quantifying such biomolecular inter-
actions and has been successfully used to study HS-protein
interactions.”” Typical SPR experiments involve the immobi-
lization of one of the binding partners onto a sensor chip
surface, and in the case of HS-protein interactions this is
commonly heparin” which is used as a proxy for HS.

This more closely mimics natural biological systems where
HS on the cell surface binds to target proteins as they flow
past. However, HS mimetics screening for drug discovery
applications requires a high throughput approach that avoids
immobilization of each ligand or of the protein of interest. We
developed such an assay whereby immobilised heparin is used
BO76 The principle of
this assay is that a solution, at equilibrium, of the protein and

to measure binding kinetics in solution.

a HS mimetic ligand is passed over the heparin-coated sensor
chip. As unbound protein binds to the heparin, an increase in
the SPR response is detected, and its concentration can thus be
determined.

A decrease in the free protein concentration as a function
of ligand concentration enables the calculation of the Kj.
Importantly, a decrease in binding of the protein to heparin is
observed only if the ligand binds to the protein in the HS
(heparin)-binding site. This assay has been used extensively to
study most of the HS mimetics discussed herein.

3.3. Quantification of HS

As discussed above, cell surface HS has important roles in
biology via interactions with many proteins. HS is also a
marker for a number of lysosomal storage diseases, namely the
family of mucopolysaccharidosis (MPS) disorders.”” MPS
disorders are caused by genetic defects in lysosomal HS-
degrading enzymes, which result in the accumulation of
undegraded HS. The undegraded HS is associated with
multiple pathologies in various organs, including the brain.”®

The quantification of HS in biological samples, e.g., urine,
cerebrospinal fluid, tissue samples etc, is thus of great
importance for the diagnosis and prognosis of MPS disorders
and for assessing the effectiveness of potential therapeutics
aimed at clearing the stored HS in the lysosomes. Quantifica-
tion of HS is complicated by its heterogeneity and high

molecular weight. However, acid-catalysed methanolysis”” or

butanolysis®™ results in desulfated disaccharide cleavage
products which can be detected by LC-MS/MS. Recently, we
synthesized a series of HS-derived disaccharides as standards

for both methanolysis® and butanolysis® of HS (e.g.,

Chem. Rec. 2021, 21, 3087-3101
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37-41, Figure 12). The disaccharides were prepared by the
stereoselective 1,2-cis glycosylation of suitable GlcA and IdoA
acceptors with a 2-deoxy-2-azido thioglucoside donor. The
standards enabled the identification of the major products
from the LC-MS/MS chromatograms from both methods.
Given the butanolysis method is ~70-fold more sensitive
than methanolysis, we prepared a deuterium-labelled version
of the major disaccharide butanolysis product 38, namely
disaccharide 39, as an internal standard for use in the
development of a fully quantitative LC-MS/MS assay. The
utility of this assay was demonstrated by its application to the
analysis of brain tissue samples from MPS and control mice
which revealed significant differences in the regional accumu-

lation of HS in the brains of affected mice.*?

3.4. Molecular Modelling

Homogeneous HS oligosaccharides with well-defined sequen-
ces cannot be obtained from natural sources, which limits the
molecular determination of HS-protein interactions using
experimental techniques such as X-ray crystallography or
NMR. Oligosaccharides derived from heparin are often used as
experimental proxies for HS, but these are limited in their size
and structural diversity and may not be representative of the
full variety of sequences found naturally in HS. As discussed
above, significant progress has been made in the total synthesis
of defined HS oligosaccharides, however, the time and
resources required is still a significant limitation. Under-
standing the 3D conformational properties of HS-derived
molecules is complicated by their inherent flexibility, which
hinders their crystallization. Furthermore, many protein
structures are obtained following crystallization under non-
physiological conditions such as low pH, and in the presence
of histidine tags and this could result in false positive or
multiple HS binding sites on the protein.*”
characterization by NMR has also proven challenging because
of the characteristic overlap of NMR resonances in the spectra
of oligosaccharides. Molecular modelling approaches, e.g.,

Structural

docking, molecular dynamics (MD) simulations etc, to study
HS-protein interactions are therefore of great importance.

OH OH

HO RO,C

H,N CO:R HoN

) 0 0 (OH
HO ™ O or!
OR! HO
37R=R1=Me 40R=R'=Me
38R=R"'=Bu 41 R=R'=Bu

39 R =Bu-dg, R' =Bu

Figure 12. Selected synthetic disaccharides derived from methanolysis and
butanolysis of HS.
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However, these too, have their own challenges due to the high
molecular weight, negative charge, flexibility of HS chains,
large number of torsional angles between glycosidic bonds,
lack of clearly defined pockets on the proteins and multivalent
binding to adjacent lattice members, and difficulty defining
the impact of solvation/desolvation on GAG/protein structure.
The latter are compounded by the conformational flexibility of
IdoA residues, as discussed above. The groups of Desai,
Imberty, Samsanov, Woods and Pisabarro, among others, have
developed and applied various modelling techniques to study
GAG-protein interactions, and these have been extensively
reviewed recently.®”

We have recently attempted to address some of these issues
by developing a new docking tool, GlycoTorch Vina
(GTV),” based on the carbohydrate docking program
VinaCarb. GTV contains parameters to model sugars in the
*So conformation while also supporting GAG specific glyco-
sidic linkages. GlycoTorch tools can be used to prepare input
files for molecular docking of GAGs and tutorials are also
provided for running and analysing docking results (htep://
ericboittier.pythonanywhere.com/Tutorials/).

The small molecule (rotatable bonds less than 10) docking
programs like AutoDock Vina and commercial docking
programs like Glide and GOLD are trained using a large
dataset of high-resolution protein-ligand complexes to repro-
duce poses that are within root mean square deviations of
<2.0A relative to the crystal structures. GAGs differ
substantially from small molecules. GAGs contain tens of
flexible dihedral torsions and have a limited dataset (only
12 crystal structures) that could be used for benchmarking a
program. GTV was able to produce pose predictions with
RMSD of 3.1 A from native, validated X-ray crystal structures
of proteins with bound HS oligosaccharides. Therefore, this
represents a statistically significant improvement when com-
pared to AutoDock Vina and Glide where the obtained
RMSD were 4.5 A and 5.9 A, respectively from the native
crystal structures.

Two docking programs, AutoDock Vina and GTV, have
been used to study the interaction between keratan sulfate
(KS) and its non-sulfated analogues with human adhesion/
growth-regulatory galectins present in the cornea.®™ The
results indicated that compared to AutoDock Vina, the
binding free energies from GTV were relatively low. To inhibit
virus entry into human cells, targeting the receptor recognition
motif of SARS-CoV-2 can be considered a compelling
approach (Figure 13A). Thus, we used sequence-based bio-
informatics analyses and molecular docking using GTV to
elucidate molecular details of binding of heparin oligosacchar-
ides with different lengths to spike SARS-CoV-2 RBD.”* We
have identified three binding sites on the spike RBD surface
(Figure 13B). The results for the docking revealed that the
heparin octasaccharide (consisting of GIcNS6S-IdoA2S  re-
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peats) has favourable affinity for site I (residues T345, R346,
N354, R355, K356, R357, 1358, S359, 1441, D442, K444,
N448, Y449, N450, R466 and R509) whereas the same
octasaccharide showed unfavourable preference for site III
(residues R403, R408, N409, T415, G416, K417, Y421,
N501 and Y505 adjacent to ACE2 interface). Docking of a
heparin hexasaccharide indicates that site III residues can
accommodate heparin fragments equal to or shorter than a
hexasaccharide. The obtained docking results confirmed that
the binding of heparin fragments to sites I, IT and III is length-
dependent. MD simulations of spike SARS-CoV-2 RBD in
the presence of oligosaccharides were also carried out to
monitor the conformational changes in the protein upon
binding of the heparin. The B-sheets maintain the most stable
regions of secondary structure, whereas the a- and 3, -helices,
turns and loops connecting the B-sheets undergo conforma-
tional change and thus prevent binding of the ACE2 receptor.
Our modelling data complements circular dichroism data
showing that heparin binding induces a conformational change
in RBD. We have also used GTV and cosolvent molecular
dynamics to identify novel heparin and HS binding capable of
bridging the N-terminal domain and furin cleavage site on the
heavily glycosylated spike SARS-CoV-2 trimer."*”!

In the absence of known ligand binding sites, we have
carried out blind docking (i.e., docking a ligand to the whole
surface of a protein) for prediction of interaction between
DENV NS1 and PG545 ligand using Swiss-dock and
PatchDock web-servers followed by molecular dynamics
simulations.™” It was not surprising that molecular dynamics
calculations predicted a PG545 binding site spanning multiple
NS1 domains. We have not rigorously tested the performance
of GTV for blind docking, thus the number of trials and
energy evaluations necessary for a blind docking job for
heparin or HS mimetics like PG545 remains unknown. We
carried out blind docking of PG545 on the whole surface of
SARS-CoV-2 RBD (PDB: 6LZG) using GTV parameters,
i.e., energy range=12, an exhaustiveness =80, chi_cutoff=1,
chi_coeff=2 and the number of modes=100. All sulfate and
hydroxyl groups, and glycosidic torsion angles of PG545 were
treated as flexible.”) The top ranked and most populated
docked poses predicted the tetrasaccharide of PG545 bound to
site I and III similar to heparin binding sites on the spike RBD
and the cholestanol occupying the hydrophobic patch on the
spike RBD (Figure 13C). The cholestanol binds at the receptor
binding motif and thus prevents binding of ACE2 receptor

from the host cells.”

4. Summary and Outlook

HS is a complex polysaccharide ubiquitously expressed on
mammalian cells that interacts with a wide variety of proteins
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SARS-CoV-2

Figure 13. (A) Three-dimensional structure of the SARS-CoV-2 RBD bound to ACE2 (shown in green ribbon). The SARS-CoV-2 RBD core is shown in blue
and the receptor binding motif is in red. (B) The binding poses of heparin (shown as ball and stick) at sites I, II and III identified by molecular docking using
GTV (protein shown in green). (C) The binding poses of PG545 (shown as ball and stick) at sites I and III as identified through blind molecular docking studies.
Molecular graphics were prepared with the Protein Imager™ and UCSF Chimera 1.14.% Not all residues are labelled for clarity.

to mediate numerous biological and pathological functions,
including many of significant biomedical importance, e.g.,
cancer, inflammation and viral infections. Blocking these HS-
protein interactions with HS/heparin mimetics is a valid
approach for developing new therapeutics because they are
generally easier to synthesize than native HS oligosaccharides.
These studies have been supported by efforts to develop new
assays and molecular modelling tools to study the interactions
of HS mimetics with their target proteins. A wide variety of
synthetic HS mimetics of different structural classes have been
synthesized. A unique feature of this approach is the ability to
alter the potency and binding selectivity towards specific
proteins involved in the disease of interest by making structural
modifications, often with non-anionic functional groups.
Interesting examples are the amphiphilic HS mimetics
exemplified by PG545 (pixatimod) which are sulfated
oligosaccharides with highly lipophilic side chains, e.g., a
steroid. The lipophilic functionality confers a range of unique
properties such as reduced anticoagulant activity, improved
pharmacokinetics and immunomodulatory activity. This useful

Chem. Rec. 2021, 21, 3087-3101
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combination of activities has supported the clinical develop-
ment of PG545 as an anticancer agent. HS mimetics also show
antiviral activity against a range of viruses that use HS as an
entry receptor, including SARS-CoV-2, and in the case of
amphiphilic HS mimetics many display virucidal activity due
to disruption of viral lipid envelopes by their large lipophilic
side chains. PG545, in particular, has shown promising in vitro
and in vivo activity against SARS-CoV-2 at therapeutically
relevant concentrations. Together with PG545’s other known
activities (e.g., anti-heparanase, anti-inflammatory), these

63.65] provide a strong rationale for its

recent antiviral data'
clinical investigation as a potential multimodal therapeutic to
address the COVID-19 pandemic and other coronavirus or

flavivirus infections.
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