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Abstract 

 

STUDY OF MOLECULAR INTERACTIONS OF GLYCOSAMINOGLYCANS (GAGS) AND 
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Glycosaminoglycans (GAGs) are complex linear chain carbohydrate molecules found on 

virtually all animal cell surfaces. Owing to their negatively charged nature, GAGs interact with a 

number of different proteins. Thus, although they have great potential as therapeutic agents, their 

apparent promiscuous interactions increase their side effect risk. GAG mimetics, including GAG 

oligosaccharides and non-saccharide GAG mimetics (NSGMs) are viable approaches to address 

this. This work discusses sulfated benzofuran thrombin inhibitors with submaximal protease 

inhibition, sulfated diflavonoid inhibitors of plasmin and GAG oligosaccharides with selectivity 

for human neutrophil elastase (HNE).  

Anticoagulants are very important for the treatment of thrombotic diseases. The adverse 

effects associated with current clinically used anticoagulants warrant the continuous search for 

new agents. Thrombin, being the central player in the coagulation cascade, remains a very 

important target for anticoagulant therapy, however drugs inhibiting its activity carry the risk of 

prolonged bleeding. Based on a previously identified sulfated benzofuran thrombin inhibitor, we 

have developed analogs with submaximal inhibition of the protease. These agents inhibit 

thrombin with efficacies approaching 50%, for both chromogenic and macromolecular 
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substrates, ensuring a basal level of thrombin activity even at saturating inhibitor concentrations. 

The most potent of these compounds had a potency of 1.8 µM, 2-3 fold better than the lead. 

Additionally, these compounds utilize an allosteric mechanism for thrombin inhibition. Further, 

studies have revealed structural features responsible for submaximal thrombin inhibition.  

Fibrinolysis is an important part of hemostasis and plasmin is the most important 

fibrinolytic enzyme. Anti-plasmin agents are thus important for conditions such as hemophilia; 

however, there are no clinically used direct plasmin inhibitors. By structural modifications of a 

previously identified sulfated diflavonoid plasmin inhibitor, we have achieved a compound with 

12-fold better potency (IC50 = 6.3 ± 0.4 µM), and a selectivity index of at least 22 over closely 

related serine proteases. We have shown that this compound inhibits plasmin mediated clot lysis, 

and further demonstrated that its activity is reversible using protamine sulfate, indicating its 

potential as a lead for the development of clinical anti-plasmin agents. 

HNE, a serine protease associated with inflammatory diseases is known to be inhibited by 

GAGs. However, the interactions at the molecular level have remained elusive. Using 

biochemical methods, and by studying the inhibitory potency of different GAGs and GAG 

oligosaccharides, we have shown that an octasaccharide may be the ideal GAG length for the 

achievement of potent HNE inhibition. Under our assay conditions, the inhibition of HNE by an 

octasaccharide species was only 5-fold less than that of unfractionated heparin, whereas the 

hexasaccharide species was 30-fold less active. The data also suggests that the inhibition of HNE 

by GAGs is via an allosteric mechanism and using molecular modeling, we have identified 

putative GAG binding sites on HNE and further identified GAG species with potential selectivity 

for anti-HNE activity
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1 INTRODUCTION  

1.1 Glycosaminoglycans  

Glycosaminoglycans (GAGs) are complex linear chain carbohydrate molecules with 

molecular weights of 10 – 100 kDa.1–3 They are found on animal tissues/cell surfaces, usually 

covalently associated with proteins as proteoglycans.3 GAGs are generally made up of repeating 

units of uronic acid (D-glucuronic/L-iduronic acid) and hexosamine (D-glucosamine/D-

galactosamine) residues.1 GAGs are highly charged molecules owing to negatively charged 

carboxylic acid units present in the uronic acid residues and sulfate groups present on most of the 

units. GAGs can be sulfated at various positions, which adds to their structural complexity and 

diversity.4 That said, GAGs may be different from one another in the type of monomeric units, 

linkages between these monomeric units, position of sulfate groups and degree of sulfation and 

these features are used in differentiating one GAG from another.3 The differences in GAGs arise 

from their biosynthesis and their complexity ensures that even a particular type/class of GAGs 

ends up as a complex heterogeneous mixtures of species having different molecular weights. 

Different groups have 

classified GAGs into a 

number of classes. One 

common classification is 

that there are four types of 

GAGs; namely: hyaluronic 

acid, chondroitin/dermatan sulfate, heparan sulfate/heparin and the keratan sulfate.5 The 

structures of hyaluronic acid and chondroitin sulfate are simpler in comparison to dermatan 

sulfate, heparin and heparan sulfate in terms of number of units, orderliness of arrangements and 

types of sequences.2 Hyaluronic acid is the only GAG that does not have sulfate moieties and 

A B C

D E F

Figure 1. Disaccharide units of GAGs (A) heparin; (B) heparan 

sulfate; (C) dermatan sulfate; (D) chondroitin sulfate; (E) keratin 

sulfate; (F) hyaluronic acid. 
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thus it owes its negative charge to carboxylate groups only.6 This makes it the least charged of 

the GAGs and also the GAG with the least structural complexity. Though somewhat similar, 

heparin and heparan sulfate have significant structural differences. For instance, they have their 

saccharide units being either D-glucuronic acid and L-iduronic acid as the uronic acid unit and 

glucosamine as the hexosamine unit.4 However, in heparin, l-iduronic acid is the predominant 

iduronic acid unit whereas D-glucuronic acid is the most abundant unit in heparan sulfate.7 In 

addition, heparin is significantly more sulfated than heparan sulfate. In fact, heparin is the most 

highly charged and most acidic biomolecule known.7  

Table 1. Properties of GAGs 

GAG  Properties  

Hyaluronic acid 4–8000 kDa 

 Completely non-sulfated 

 Not covalently bonded to proteins 

 Present in synovial fluid, vitreous humor and ECM 

 Lubricant properties 

Heparin 5–25 kDa 

 Most negatively charged bio macromolecule 

 Present in mast cells 

Heparan sulfate Expressed and present in most mammalian cells  

 Found on cells surfaces and ECM 

Chondroitin sulfate  5–50 kDa 

 Present in cartilage, tendons and ligaments 

 Most abundant GAG 

 Binds to proteins to form proteoglycan aggregates 

Dermatan sulfate 15–40 kDa 

 Present in skin, blood vessels and heart valves 

Keratan sulfate 4–19 kDa 

 Most heterogeneous GAG 

 Present in the cornea and cartilage  
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1.1.1 GAG Biosynthesis 

In nature, GAGs are synthesized enzymatically in a stepwise manner, initially with the 

assembly of monomeric sugar units sequentially from the non-reducing ends.8 This is followed 

by enzymatic transformations, including epimerization and sulfation, to yield the different GAG 

types.8 Most GAGs are produced and secreted covalently linked to proteins and are known as 

proteoglycans. Their saccharide units are linked to the protein via an intermediate trisaccharide 

unit made up of two galactose residues and a xylose residue, linked mostly to a serine residue of 

the protein using an O-

glycosidic bond.1 

Hyaluronic acid, the only 

GAG not produced linked 

to proteins, interacts non-

covalently with 

proteoglycans using 

hyaluronan binding motifs.3 

In the biosynthesis of 

heparan sulfate, for 

example (Fig. 29), the 

process begins with the 

attachment of a linkage 

region of four monosaccharides to the core protein.4 This is followed by the action of 

glycosyltransferases, which sequentially add disaccharide units composed of glucuronic acid and 

N-acetyl glucosamine.4 Subsequent modifications to the chain are made by a series of enzymes 

beginning with N-deacetylase-N-sulfotransferase resulting in N-sulfation of some glucosamine 

Figure 2. Biosynthesis of heparan sulfate.9 
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residues.4,10 The action of epimerase then leads to the conversion of some glucuronic acid 

residues to iduronic acid. Finally, the 2-O, 3-O and the 6-O sulfotransferases act,resulting in 

variously sulfated species.4,10 

1.1.2 Biological Functions of GAGs 

GAGs have been found to have a plethora of functions. One striking function, due to their 

structure, is their role in maintaining the structural integrity of tissues.2  In addition they are 

known to interact with a number of proteins and receptors, including cytokines, chemokines, 

growth factors, enzymes, and adhesion molecules,5 and modulate a host of processes including 

coagulation, growth, infection, inflammation, angiogenesis, tumor progression and metastasis 

among others.8,11–14 The use of GAGs for therapeutic purposes started with the use of heparin as 

an anticoagulant in 1935, following its discovery in 1916.15 Since then, GAGs have been studied 

for potential therapeutic use in a number of conditions including cancer, wound healing, lung 

diseases, to name a few.16–19  

Table 2. Therapeutic applications of GAGs 

GAG  (Potential) Therapeutic applications  

Hyaluronic acid Wound healing, cancer, vascular disease, arthritis 

Heparin Thrombosis, cancer, infection, inflammation 

Chondroitin sulfate  Osteoarthritis, cancer 

Dermatan sulfate Thrombosis, cancer  
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1.1.3 Interaction of GAGs and Their Binding Partners  

To date, hundreds of GAG binding proteins have been identified and studied.20 These 

include serine proteases, serine protease inhibitors (serpins), growth factors, lipolytic enzymes, 

extracellular matrix proteins, viral coat proteins and transcription factors.21 GAG binding 

proteins usually have clusters of basic amino acid residues on their surface, a feature that has 

commonly been employed in the prediction of GAG binding proteins and the GAG binding sites 

on these proteins.22 The clusters of the amino acids also determine the required GAG length for 

the interaction.22 The basic amino acid clusters may be interspaced by hydrophobic patches and 

this feature introduces differences in the topology of GAG binding sites from one GAG binding 

protein to another, resulting in specificity of GAG-protein interactions. For instance, a protein 

surface with widely spaced cationic residues may have better interaction with GAG with lower 

sulfation level, such as heparan sulfate, than with a highly sulfated GAG like heparin and vice 

versa.23 

Due to their highly charged nature, GAGs generally interact with a number of their 

binding partners using non-specific cooperating electrostatic binding, which is dependent on 

charge density of the GAGs.2  These interactions are between the highly acidic sulfate groups 

and basic side chains of arginine and lysine, which are exposed on the surface of the protein.23 In 

some instances, histidine residues are involved.23 Of these basic amino acid residues, the 

electrostatic interaction with arginine residues is the strongest, approximately 2.5-fold greater 

than that for lysine.24,25 

From studying GAG binding proteins and their interactions with GAGs, Cardin and 

Weintraub postulated the existence of a consensus sequence for GAG recognition in GAG 

binding proteins, further alluding to specificity of GAG-protein binding.26  Their work identified 

two patterns of amino acid sequences of protein binding sites, XBBBXXBX and XBBXBX, 
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where B and X are basic and non-basic amino acids respectively. 26 Subsequently Sobel et al. 

identified another consensus sequence, XBBBXXBBBXXBBX.27  Further, Margalit et al. 

suggested that a 20 Å separation between certain basic amino acid residues was important for the 

interaction of GAGs and their binding proteins.28 Consensus peptides from AT were 

subsequently shown to bind specifically to the AT binding pentasaccharide, while disrupted and 

rearranged sequences lacked this binding specificity.29 The contribution of these charged 

interactions to the overall binding energy of GAGs and their binding proteins varies greatly from 

one GAG-protein interaction to the other. For instance, in the binding of neutrophil elastase, a 

highly electropositive serine protease to GAGs, it has been shown that the interaction is 

significantly charge dependent with GAG species of higher charge density having better 

interactions.30–34 In some cases, the contribution of ionic interactions to the total binding energy 

of GAG-protein interactions has been found to be as high as 85%.35 It is however worth noting 

that other types of interactions including van der Waals forces, hydrogen bonding, and 

hydrophobic interactions also play a significant role in the interaction of GAGs with their 

binding partners.1 These interactions arise from associations of the GAG backbone with neutral 

and non-positively charged amino acid groups, such as aspartic acid and glutamic acid. In fact, 

one study suggests that aromatic residues, especially tryptophan, are important in the binding of 

GAGs to proteins.36 In certain instances, it has been shown that the binding contribution from 

these non-ionic interactions outweighs the contribution from ionic interactions by significant 

amounts, and are thus most important in binding of GAGs to some of their binding partners.1 A 

typical example is the binding of brain natriuretic peptide to heparin, where the ionic component 

of the interaction was found to be only 6% of the total binding energy.24 This however does not 

suggest that these GAG-protein interactions would be possible in the absence of the negatively 
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charged groups on the GAGs, as charge is important in steering the interactions. Overall, the 

variability in the contribution of various types of interactions to GAG-protein binding has 

contributed to our understanding of the specificity component of GAG protein interactions. 

Serine proteases and serpins are well studied binding partners of GAGs and their interactions 

shed more light on GAG-protein interactions.  

1.2 GAG Binding Proteins 

1.2.1 Serine Protease Inhibitors (Serpins) 

Serpins are the natural inhibitors of serine proteases and include the prototypical serpin, 

α1-antrypsin, antithrombin III (AT), heparin cofactor II (HCII) and protein C inhibitor (PCI) 

among many others.37 Serpins play a vital role in maintaining homeostasis in a number of very 

important physiological processes including inflammation, coagulation and digestion. The 

mechanism of inhibition utilized by serpins is unique in that it involves a significant change in 

conformation.38  Inhibition is initiated when the reactive site loop, a sequence of residues of the 

serpin, interacts with the active site serine of the protease, leading to a cleavage of the loop.39 A 

subsequent conformational change results in a significant movement of the protease to the other 

end of the serpin and insertion of the cleaved loop into the protease, thus resulting in its 

irreversible inhibition.38,39   

The serpin AT is a natural inhibitor of serine proteases of the coagulation cascade, 

including thrombin, factor Xa (FXa), factor IXa (FIXa), factor XIa (FXIa) and factor XIIa 

(FXIIa) and plasmin.21 GAGs, including heparin, exert their anticoagulant activity by activating 

serpins, and thus accelerating their inhibition of proteases. For instance, on its own AT inhibits 

thrombin and FXa slowly, however, this is accelerated by up to >2000-fold in the presence of 

heparin.40 Similarly the inhibition of thrombin by the thrombin-specific serpin HCII is also 
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accelerated in the presence of dermatan sulfate and heparin by >1000-fold.41 The inhibition of 

activated protein C (APC) by protein C inhibitor is also increased in the presence of heparin.42 

These observations indicated interactions between GAGs with serpins and/or serine proteases 

and further studies pointed to certain peculiarities. In the case of FXa, a short heparin sequence 

of only five saccharide units is sufficient to bring about acceleration of its inhibition by AT,43–45  

whereas in the case of thrombin a longer sequence of about 18 monosaccharide units is 

required.46 That this pentasaccharide does not accelerate the rate of thrombin inhibition by AT 

was vital in understanding the mechanism of inhibition. It was later shown that a bridging 

mechanism, where both AT and thrombin bind to the same heparin chain to facilitate the 

interaction, is required in the case in the case of thrombin, whereas in the case of FXa, the 

conformational change in the reactive center loop, which can be sufficiently induced by the 

pentasaccharide, is sufficient to accelerate the inhibition.40,47,48 

1.2.2 GAG-Serpin Interactions 

The most studied of GAG interactions is that of heparin and the serpin, AT.  

A key discovery in the understanding of the interaction with heparin was the identification of the 

pentasaccharide sequence, known as the heparin pentasaccharide, that bound with high affinity 

and specificity to AT and accelerates its inhibition of FXa.49–52 This finding was very important 

in establishing the specificity element of GAG-protein interactions.  

1.2.2.1 Antithrombin III (AT) 

Following several studies spanning a period of over a decade,53 the heparin binding site 

of AT was identified by Ersdal-Badju et al. using alanine scanning mutagenesis of basic residues 

previously shown to interact with heparin.54  Their work revealed that important residues for 

binding to heparin were Lys11, Arg13, Arg24, Arg47, Lys125, Arg129 and Arg145, which lined 
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a channel on the protein surface.54 Full length heparin was later shown to also engage the Lys136 

residue.55 Subsequently, a determination of the crystal structure of AT in complex with a variant 

of the heparin pentasaccharide, idraparinux, by Jin et al.,56 showed additional interactions with 

the basic residues Arg129 and Arg46 and the non-basic Asn35 and Glu113. The crystal structure 

of the pentasaccharide complex, obtained a decade later, showed similar interactions as 

idraparinux, implicating Arg46, Arg47, Lys114, Lys125, and Arg129, of which Lys114 was 

deemed the most vital for the interaction.47  

1.2.2.2 Heparin Cofactor II, Protein C Inhibitor and Plasminogen Activator Inhibitor 

The GAG binding sites of other serpins have also been identified using methods 

including site directed mutagenesis. In HCII, heparin has been shown to interact with Lys 173 

and Lys185,57,58 whereas dermatan sulfate interacts with both Lys185 and Arg189.57,59 Also, the 

heparin binding site in protein C inhibitor was found to span the residues 264 – 283 on the H-

helix which is distinct from the heparin binding sites in the related AT and HCII.60 Lys273, 

Arg269, Lys266 and Lys270, in order of decreasing importance, were found to be important, 

however, no single mutation severely affected heparin binding.61,62 In plasminogen activator 

inhibitor (PAI), Lys65, Lys68, Arg76, Lys80 and Lys88 have been shown to be vital for the 

interaction with heparin.63  
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Figure 3. Crystal structures of serine protease inhibitors showing GAG interacting residues (A) 

AT; (B) HCII; (C) PCI; (D)PAI. 
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1.2.3 Serine Proteases 

This family of enzymes derive their name from the nucleophilic serine residue present in 

the enzyme’s active site.64 Serine proteases account for over a third of known proteolytic 

enzymes, and are the most functionally diverse of this class of enzymes, having wide ranging 

presence among living organism.64,65. Serine proteases are grouped into thirteen clans which are 

further divided into a total of 52 families.66 Of these, the most abundant in nature are the 

chymotrypsin-like serine proteases, which can be found in a range of organisms including 

eukaryotes, prokaryotes and viruses.67  The functions of serine proteases include: digestion, 

hemostasis, immune response and apoptosis.65  

The nucleophilicity of the serine residue is usually dependent on the catalytic triad of 

Asp, His and Ser.64 Serine proteases with catalytic triads consisting of amino acid residues other 

than the typical Asp, His and Ser and even catalytic dyads have been discovered.64  In achieving 

hydrolysis of bonds, there is an attack on the carbonyl carbon of the peptide substrate by the 

Ser195 with the aid of the His57 residue, acting as a general base, resulting in the formation of a 

tetrahedral intermediate.68 The resulting protonated His57 is stabilized by Asp102 via a hydrogen 

bond interaction. The leaving group is subsequently expelled due to the collapse of the 

tetrahedral intermediate with the aid of the protonated His57, which assumes the role of a general 

acid, leading to formation of the acylenzyme intermediate.68 A water molecule enters the active 

site and attacks the acyl enzyme, assisted by His57 forming another tetrahedral intermediate. 

Finally, the intermediate collapses releasing Ser195 and the cleaved carboxylic acid product.68 
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Figure 4. Mechanism of serine protease hydrolysis. 

 

1.2.4 GAGs-Serine Protease Interactions 

GAGs have been shown to interact with a number of serine proteases including thrombin, 

FXa, FXIa, FIXa, neutrophil elastase. A key feature of these serine proteases is the presence of a 

positively charged exosite.69 It has been shown that the binding of GAGs at these exosites results 

in a conformational change at the active site.70  

1.2.4.1 Thrombin 

The heparin binding site of thrombin is the exosite II, which is located near the carboxy 

terminus.71 Gan et al. were the first to identify important basic residues necessary for the 

interaction of thrombin with heparin using site directed mutagenesis. They showed that 

mutations to Arg175, Arg233, Lys 236 and Lys240 significantly reduced the heparin catalyzed 

AT inhibition of thrombin.72 Sheehan et al. also confirmed that the interaction was at thrombin’s 

exosite II by showing that mutations of the basic exosite II residues to glutamic acid affected the 

heparin mediated inactivation of thrombin by AT, while doing the same to exosite I residues had 

no effect.71 Their work even indicated that not all basic exosite II residues were important in this 

interaction. Whereas decreases in the rate of inhibition and decreased affinity for a heparin 
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column were observed following mutations to Arg93, Arg233, Lys236 and Lys 240, those to Lys 

174 and Lys 247 had no effect.71These two studies concluded the most important amino acid 

residues for thrombin’s interaction with heparin are Arg233, Lys236 and Lys 240, and that 

thrombin binds to a groove formed by electropositive residues at the exosite II.71,72 Following a 

number of high resolution crystal structures involving heparin and thrombin, a clearer 

understanding of the interaction has been reached at atomic level.42, 48,73  

1.2.4.2 Factor Xa 

In the closely related FXa, the heparin binding site has been found to include the residues 

Arg93, Lys96, Arg125, Arg165, Lys169, Lys236, and Arg240, with Lys236 and Lys240 

contributing the most to the interaction.74 Since thrombin and FXa are closely related, it is not 

surprising that these exoste II residues are rather conserved in both enzymes. 

1.2.4.3 Factor IXa 

Based on the knowledge of the heparin binding sites of thrombin and FXa it was easy to 

predict that the heparin binding site of the related enzyme, FIXa, would be similarly located. 

Using homology modeling Rezaie et al. identified 8 basic residues with the potential of 

interacting with heparin.75 Subsequent mutagenesis of these residues, followed by rate and 

heparin binding experiments, led to the identification of five important residues, Arg233, 

Arg165, Lys230, Lys126 and Arg170, in order of decreasing contribution to binding, as being 

responsible for the interaction with heparin.75 Subsequently, using the crystal structure of the 

FIXa-heparin-AT ternary complex, Johnson et al. revealed that the important contacts, which 

include salt bridges and hydrogen bonding interactions between FIXa and the heparin 

pentasaccharide, involved the residues identified by Reziaie et al.76 In addition, residues 92, 101, 
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93, 236, 178, 179, 165, were seen to form salt bridges and/or hydrogen bonding interactions with 

the pentasaccharide.76 

1.2.4.4 Factor XIa 

FXIa is the only coagulation enzyme that exists as a homodimer, making it unique.77 

FXIa has been shown to have two different heparin binding sites, one located on the catalytic 

domain and the other on the Apple 3 (A3) domain.78–80 After screening for heparin binding on all 

four apple domains of FXIa, Ho et al. came to the conclusion that only the A3 domain contained 

a heparin binding consensus sequence, of which two residues, Lys252 and Lys253, participated 

greatly in heparin binding 79 This same Apple domain plays a role in the interaction of FXIa with 

platelets. 79 It was also later shown that in addition to the previously identified A3 domain 

residues, Lys255 is important for the interaction with heparin. Results, however, suggested the 

possibility of another heparin binding site on FXIa, and subsequently the heparin binding site on 

the catalytic domain was identified.80 The heparin binding region on the catalytic domain is 

described as a cysteine-constrained α-helix-containing loop,80  and is a significantly higher 

affinity binding site (>100-fold) than the A3 heparin binding site.80,81 The authors showed that 

Lys529, Arg530, Arg532, Lys535 (Chymotrypsin numbering: Lys170, Arg 171, Arg173, Lys 

175) on the catalytic domain, are part of the high affinity heparin binding site on FXIa.80 

1.2.4.5 Plasmin 

Because it is the major enzyme in the degradation of fibrin clots, plasmin is an important 

enzyme in the maintenance of hemostasis.82 AT inhibits plasmin activity, and in this case too, 

heparin has been shown to be an accelerant of the process.83–85 Binding of heparin to plasmin has 

been shown to be in the nanomolar range, albeit at non physiological conditions.86 The exact 
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heparin binding site on plasmin remains unknown, however, it is thought to be located on the 

catalytic domain.87  

1.2.4.6 Human Neutrophil Elastase 

Human neutrophil elastase (HNE) is a serine protease that has been identified to interact 

with heparin. A major difference of the interaction of GAG-neutrophil elastase from other 

heparin-serine protease interactions is that neutrophil elastase is inhibited directly by GAGs.31–34 

Although the binding of heparin to HNE has been shown, the exact binding site has not been 

established definitively.88 Using molecular modeling, Spencer et al. proposed that full length 

heparin binds along a stretch made up of arginine residues, leading to the occlusion of the active 

site.88 
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Figure 5. Crystal structures of serine proteases showing GAG interacting residues (A) thrombin; 

(B) FXa; (C) FIXa; (D) FXIa. 
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1.3 Glycosaminoglycan Mimetics 

As noted, GAGs are complex heterogeneous compounds which interact with a multitude 

of proteins. Of these many interactions, only few specific ones have been clearly elucidated to 

date.  Also, the source of most GAGs, which has been from animal sources, frequently adds to 

the variability of GAGs.89,90 In addition, there is the possibility of impurities, including other 

GAGs and viruses and this has proven to have dire consequences.91–95 These setbacks have thus 

necessitated the drive to derive GAGs from other sources including bacteria and mammalian 

cells.96,97  

That said, GAG mimetics have an immeasurable advantage of overcoming some of these 

major setbacks with naturally derived GAGs. In addition to being devoid of contaminants, there 

is the possibility of obtaining structurally defined species that can achieve selectivity and 

specificity for particular binding partners and thus minimize off target effects. In addition, 

preferred pharmacokinetic properties can be achieved by the incorporation of different chemical 

moieties, such as hydrophobic groups, into GAG mimetics and by so doing arrive at properties 

that cannot be achieved by GAGs alone.98,99  

Nonetheless, this is a challenging feat to achieve for a number of reasons. First, there is 

limited structural information on the interaction of GAGs with their protein targets.100 Also, the 

study of GAG-protein interactions is still in an infant stage and the wide variety in GAG 

sequences makes it difficult to identify particular GAG sequences that will elicit a desired 

interaction, and thus an effect.100  Researchers have utilized computational approaches in 

identifying GAG sequences that interact with proteins of interest and although this has achieved 

some level of success, there are still significant gaps that remain in the use of this approach.101–

105 The major factor that makes this approach tedious is the complexity of GAGs coupled with 

their flexibility.100 The chemical synthesis of saccharide based GAG mimetics too is particularly 
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difficult to achieve, requiring multiple chemical reaction steps, often with very low yields.106 In 

this regard, GAG mimetics not based on a saccharide scaffold, herein referred to as non-

saccharide GAG mimetics (NSGMs), offer significant advantages.107 

1.4 Non-Saccharide GAG Mimetics (NSGMs) 

NSGMs are compounds that have a non-sugar backbone and sulfates, sulfonates, 

carboxylates and phosphates as the negatively charged groups. In fact, the study and 

development of non-saccharide GAG mimetics is still in its early stages.107 However, this is a 

promising area for the development of compounds that regulate the activity of GAG binding 

proteins for a number of reasons. First, these molecules will be easier to synthesize and obtain as 

homogenous species in high yields and with high purity. Also, the synthetic ease will be helpful 

in developing structural analogs and hence chemical libraries that will aid in understanding the 

structure activity relationships of these compounds and their binding partners. Moreover, 

computational studies of these compounds will be easier to handle compared to GAGs as they 

have significantly fewer structural complexities and flexibilities. Another added advantage to 

these compounds has to do with their sites of interaction. Since GAGs bind to proteins at 

allosteric sites rather than the active sites, NSGMs are likely to possess this characteristic. 

Allostery presents a number of advantages over orthostery. Firstly, allosteric sites are less 

conserved than orthosteric sites, thus targeting allosteric sites is likely to result in more selective 

compounds.108–110 Secondly, in orthosteric inhibition, there is total loss of activity, whereas in 

allosteric inhibition there can be submaximal inhibitor efficacy. Consequently, allosteric 

inhibitors can regulate rather than totally inhibit activity. NSGMs have been designed to target 

the coagulation cascade, inflammatory processes, cancer and infection among others, yielding 

some success and improving the understanding in this field. The focus of the remainder of this 
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chapter will be on discovered/designed NSGMs and their biological importance. A few 

saccharide-NSGM hybrid compounds, containing both saccharide and non-saccharide portions, 

have been studied and their biological importance will also be discussed. 

1.4.1 NGSMs in Hemostasis 

Heparins and the vitamin K antagonist, warfarin, remained the mainstay of anticoagulant 

therapy for several decades after their discovery.111 These agents act via an indirect mechanism, 

including by activation cofactors such as AT or HCII, to bring about inhibition of a number of 

coagulation enzymes and thus coagulation. Their use remained beset with a number of side 

effects, including excessive bleeding risk and variability of patient response. In addition, 

constant monitoring was required, especially with warfarin, due to its narrow therapeutic 

window.112 It was thought that direct inhibitors of these coagulation enzymes, which do not 

require a cofactor such as AT, would be better anticoagulants as they would act more specifically 

by targeting individual enzymes of the coagulation cascade. However, these agents still pose 

some bleeding risk among patients.113 The search for new anticoagulants led to the search for 

different classes of compounds for use as anticoagulants.  Since heparin, the most studied GAG, 

is widely known and used as anticoagulant, it is not surprising that coagulation is the common 

area where NSGMs have been targeted. Typically, NSGMs are initially screened for 

anticoagulant activity and a number of these have been discovered and designed to target 

coagulation cascade proteins, including AT, thrombin, factor Xa, factor XIa and plasmin, and 

their properties reported.  
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1.4.1.1 Anticoagulant and Anti-Platelet Aggregation Effects of Sulfated Flavonoids 

Two naturally available sulfated flavonoids, quercetin 3-acetyl-7,3’,4’-trisulfate (1.1) and 

quercetin 3,7,3’,4’-tetrasulfate (1.2), isolated from Flaveria bidentis, were shown to possess 

anticoagulant activity, inferred from their significant prolongation of clotting in the activated 

partial thromboplastin time (APTT) assay at 1 mM concentration. 114 At the same concentration, 

their effect on prothrombin time (PT) was less, and there was no effect on thrombin time (TT).114 

The effect of quercetin 3,7,3’,4’-

tetrasulfate was significantly higher 

than that of the trisulfate and it was 

demonstrated that these compounds 

had no direct effect on the 

coagulation enzymes, but rather, 

exerted their anticoagulant effects 

by the activation of heparin co-factor II at rates comparable to dermatan sulfate.114 A subsequent 

study of the inhibition of platelet aggregation using both platelet rich plasma and washed human 

platelets, and a number of different platelet aggregation inducers revealed, that in addition to 

anticoagulant properties, quercetin 3-acetyl-7,3’,4’-trisulphate (1.1) and quercetin 3,7,3’,4’-

tetrasulphate (1.2) possessed antiplatelet aggregation properties in a dose dependent manner.114 

Again, the effects the tetrasulfate was better at inhibiting platelet aggregation than the 

trisulfate.114 

 Gunnarson et al. used a computational based study of the interaction of heparin with AT to 

design the first non-sugar based compounds that bind AT and accelerate its inhibition of  FXa.115 

Hydropathic Interactions (HINT) technique, a molecular modeling tool,116 was used to study the 

(1.1) (1.2) (1.3)

(1.4) (1.5) (1.6)

kACT /kUNCAT = 7.6  1.0 kACT /kUNCAT = 20.8  3.1 kACT /kUNCAT = 21.8  2.9 

Figure 6. Sulfated flavonoids with anticoagulant and 

antiplatelet aggregation effects. 
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molecular interactions of heparin and AT and deduce the contribution of specific ligand-protein 

interactions at the residue level to the overall binding energy. A pharmacophore, deduced from 

these interactions, led to the discovery of  (-)-epicatechin sulfate (ECS) (1.4), a sulfated 

flavonoid, as the first non-sugar small molecule activator of AT, with a 10-fold acceleration of  

AT activity.115 This was followed by the development of other sulfated flavanoids and flavonoids 

that bound AT and accelerated its inhibition of FXa at better rates than the parent compound. 

Using computational  studies and competition studies, it was demonstrated that these compounds 

interacted at the extended heparin binding site of AT.117–119  

1.4.1.2 Anticoagulant Effects of Flavonoids with an Oligopolysulfated Moiety 

Having established that sulfated flavonoids possess anticoagulant activity via activation of HCII 

and/or AT, Corriea-da-Silva et al. generated a chemical library containing 5 sulfated hybrid 

flavonoid-saccharide compounds as a potential new class of anticoagulants.120 Four of these 

compounds showed anticoagulant activity in a dose dependent manner in the APTT assay with 

compound 1.10 being the most potent, requiring a concentration of 66 µM to double the clotting 

time. Clotting time in the PT assay required higher concentrations to achieve and again 

compound 1.10 was the most potent. 120 In the TT assay only two compounds, 1.9 and 1.10, 

significantly extended the clotting time. 120  The authors concluded, based on their results, that 

there was a positive correlation between the number of sulfates and anticoagulant properties. 

Although none of the compounds had any direct or AT mediated indirect inhibitory effect on 

thrombin, compounds 1.9 and 1.10 directly inhibited FXa, while compounds 1.7 and 1.8 behaved 

similarly to heparin, inhibiting FXa in the presence of AT. 120. Compounds 1.7 and 1.10 retained 

in vivo anticoagulant activity following intraperitoneal administration to mice and assessment of 

clotting using the APTT, PT and TT tests.120. Results from thromboelastography showed that 
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these compounds hindered both clot initiation and formation and also indicated an effect on 

platelets.120. In addition, preliminary toxicity studies based on the assessment of liver enzyme 

levels following the intraperitoneal administration of compounds 1.7 and 1.10 gave favorable 

results.120  

 

Figure 7. Hybrid saccharide-NSGM compounds with anticoagulant properties. 

 

Following their initial study,120  Correia-Da-Silva et al. studied another small library of sulfated 

saccharide-hybrid componds and discovered that they showed anticoagulant effects in a dose 

dependent manner.120  Trans-Resveratrol 3-ß-D-glucopyranoside persulfate (1.11) proved to be 

the most potent compound in the APTT, PT and TT assays, requring 0.146, 1.770 and 1.947 µM 

to double the clotting times respectively.120 Although  4-methyl 7-hydroxycoumarin 7-ß-D-

glucopyranoside persulfate (1.12), esculin persulfate (1.13), ascorbic acid persulfate (1.14) and 

salicin persulfate (1.15) prolonged clotting in APTT assay (1.175, 0.309, 0.315, 0.899 µM 

respectively), they required greater than 5 µM to double clotting time in the PT assay and 

showed no effect on the TT at 5 µM.120 Interestingly, none of these compounds exerted any 

inhibitory activity, direct or indirect, on thrombin and FXa, suggesting an alternative pathway for 

2X APTT = 0.066 mM

2X PT = 0.649 mM

2X TT = 0.877 mM

(1.10)

2X APTT = 0.145 mM

2X PT = 0.835 mM

2X TT = 0.867 mM

(1.9)

2X APTT = 0.435 mM

2X PT = 2.234mM

2X TT = > 5 mM

(1.7)

2X APTT = 0.413 mM

2X PT = 3.615 mM

2X TT = > NA

(1.8)

2X APTT = 0.146 mM

2X PT = > 1.770 mM

2X TT = 1.947 mM

(1.11)

2X APTT = 1.175 mM

2X PT = > 5 mM

2X TT = NA

(1.12)

2X APTT = 0.309 mM

2X PT = > 5 mM

2X TT = NA

(1.13)

2X APTT = 0.315 mM

2X PT = > 5 mM

2X TT = NA

(1.14)

2X APTT = 0.899 mM

2X PT = > 5 mM

2X TT = NA

(1.15)

R= SO3
-
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their anticoagulant properties. A study on the effects on the protein C pathway revealed the 

possibility of interference of this pathway by compounds 1.9, 1.10 and 1.11, which decreased the 

levels of activated protein C to 40-60% at 1 µM concentrations, in addition to a significant 

reduction in prothrombin levels.120 Thromboelastography and platelet aggreagation studies 

indicated that compounds 1.7-1.11 affected platelet function and thus possess both anticoagulant 

and antiplatelet activity. 120 

1.4.1.3 Linear Polyacrylic Acids Activate AT 

Further work in the development of non-saccharide AT activators led to the discovery of linear 

poly(acrylic acid)s as AT activators, with AT rates of  

up to 284-fold for FXa inhibition and up to 1000-fold 

for thrombin inhibition. 121,122  Not surprisingly, AT 

activation was found to be significantly dependent on 

the chain length of the poly(acrylic acid)s, which was 

thought to lead to enhanced interactions.  

 

 

  

n

MR

(kDa)

Monomers kACT /kUNCAT

1.16 0.8 ͠   12 118

1.17 1.5 ͠   21 114

1.18 2.3 ͠   32 259

1.19 3.5 ͠   48 579

1.20 6.2 ͠   87 1109

Figure 8. General structure of 
linear polyacrylic acids 

Table 3. AT activation by linear 

polyacrylic acids 
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1.4.1.4 Sulfated Low Molecular Weight Lignins Inhibit Coagulation Enzymes by a novel 

Direct Allosteric Inhibitory Mechanism  

The earlier success achieved with the design of sulfated flavones as AT activators115,117–119 drove 

the search for sulfated species with considerable 

hydrophobic character. A combination of these two 

characteristics was thought to be ideal for bringing 

about direct inhibition of coagulation enzymes. This 

resulted in the development of sulfated low molecular 

weight lignins (LMWLs), primarily because the lignin scaffold was hydrophobic in nature and 

also possessed hydroxyl groups that could be easily sulfated. These lignins, synthesized via 

chemo-enzymatic coupling of three 4-hydroxycinnamic acids, caffeic acid, ferulic acid, and 

sinapic acid employing horse-radish peroxidase, followed by a sulfation reaction, were named 

CDSO3 (1.21), FDSO3 (1.22) and SDSO3 (1.23) respectively.123 An analysis of these 

compounds using SEC-HPLC revealed that they were heterogeneous polymers of about 4-15 

monomer units having distinct differences based on the starting cinnamic acid. While CDSO3 

and SDSO3 were found to be more heterogeneous with similar molecular weight distribution of 

about 3300 - 3500, FDSO3 had a higher molecular weight of about 4100 and was significantly 

less heterogeneous. 123,124 The level of sulfation for these compounds was calculated to be one 

sulfate group per 2-3 monomeric units. 123  

 The sulfated LMWLs demonstrated similar potency to low molecular weight heparin in two 

plasma coagulation assays, the APTT and PTT assays. The unsulfated precursors also possessed 

anticoagulant activities, although with much lower potency. 123 Further studies revealed that 

these compounds directly target thrombin and FXa to bring about anticoagulation. The 

unsulfated precursors directly inhibited FXa at about 0.12 – 0.90 µM and thrombin at 0.06 – 0.32 

(1.21) CDSO3 R = OH; R' = H  MR = 3,320 Da 

(1.22) FDSO3 R =  OMe = OH; R' = H  MR = 4,120 Da 

(1.23) SDSO3 R = OMe = OH; R' = OMe  MR = 3,550 Da

Figure 9. Sulfated LMWLs. 
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µM whereas the sulfated species inhibited FXa at 0.03 – 0.25 µM and thrombin at 0.02 – 0.10 

µM. 123 This difference in the inhibitory potencies of the sulfated and unsulfated species supports 

the hypothesis that both charged groups and hydrophobic groups are essential for inhibition of 

coagulation enzymes. Although there was only a slight selectivity for thrombin over FXa in 

comparison to FIXa and FVIIa nevertheless, the selectivity for thrombin was markedly high with 

17-300 fold difference in potency over the two coagulation enzymes,124 supporting the 

hypothesis that structural differences in the exosites of coagulation enzymes can be exploited in 

achieving selectivity. Mechanistic studies revealed that the sulfated lignins utilize a non-

competitive allosteric mechanism for thrombin inhibition. Using known thrombin exosite I and 

exosite II binders and thrombin mutants, the sulfated LMWLs were shown to interact at or near 

thrombin’s exosite II and interact with Arg93, Arg175, Arg165, Lys169, Arg173 and Arg233, 

with Arg93 and Arg175 having a higher contribution.124,125 This very interesting result further 

emphasizes the role of hydrophobic groups present in the sulfated lignins, since the binding of 

heparin to exosite II of thrombin does not result in direct inhibition of enzymatic activity. 

Interestingly, the inhibitory activity of these compounds was totally reversed using protamine 

sulfate, an arginine-rich species employed as an antidote for heparin, further stressing that both 

hydrophobic and anionic interactions are vital.126  

1.4.1.5 Sulfated Low Molecular Weight Lignins Bind to AT Primarily by Non-Ionic 

Interactions 

A study of the AT mediated indirect inhibition of thrombin and FXa by sulfated LMWLs 

revealed a possible interaction of these compounds with AT, with a specific sulfated lignin 

showing a preference for this mechanism.126 Consequently, the sulfated lignins were found to 

bind with high affinity to AT with close to 90% of the binding energy resulting from non-anionic 
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interactions, as determined by salt dependent studies.126 Again, the binding site of the sulfated 

lignins was determined to include the pentasaccharide binding and extended heparin binding 

sites of AT showing the importance of the negatively charged moieties. 126.   

1.4.1.6 Sulfated Low Molecular Weight Lignins are Potent Inhibitors of Plasmin Also 

Heparin is known to interact with plasmin; however this interaction also does not result in the 

direct inhibition of enzymatic activity.84,127 The sulfated lignins inhibited human plasmin with 

high nanomolar to low micromolar potencies. As in the case of thrombin and FXa, this inhibitory 

activity does not require AT, suggesting to a direct allosteric inhibition of the protease, which 

was confirmed using Michaelis-Menten kinetics.128   

1.4.1.7 Sulfated Polyphenols Have Anticoagulant Properties 

An analysis of the anticoagulant properties of persulfated derivatives of lignins performed by 

Krylov et al. revealed that myo-inositol hexasulfate, 1.24, prolonged clotting time in the APTT  

assay, requiring a concentration of 23 mg/mL to double the clotting 

time. 129 The other compounds paled in comparison, requiring greater 

concentrations (> 120 mg/mL) to double the clotting time. 

Myoinositol hexasulfate was shown to exert its anticoagulant activity 

by activating AT, resulting in the inhibition of FXa..129   

 

1.4.1.8 Sulfated Benzofurans Display Interesting Inhibition Profiles for Thrombin and 

FXIa 

The core structure of the sulfated benzofuran molecules is based on CDSO3,130 the most potent 

sulfated lignin against thrombin and FXa, which also demonstrated good anticoagulant properties 

in plasma.123 Structurally, CDSO3 contains a variety of linkages, including the β-5 type, and the 

2X APTT = 23 mg/mL

(1.24)

Figure 10. Structure of 

myo-inositol hexasulfate. 
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sulfated benzofuran compounds were designed to mimic this particular linkage type. Initially an 

enzyme mediated oxidative coupling of catechol and ethylacetoacetate was employed,131 but 

later an oxidative Michael addition reaction was utilized.132 Though biochemical screening of 17 

sulfated benzofurans revealed only a weak inhibitory potency for both thrombin and FXa, the 

potential of developing more potent compounds based on this scaffold was thought to be high. 

The next generation of these compounds were a combination of dimers and monomers and 

displayed wide ranging inhibition for thrombin ranging from low to high µM IC50s using a non-

competitive allosteric mechanism. 133,134 The general observation was that sulfated benzofuran 

dimers were significantly more potent than monomers, which was not surprising considering that 

the parent compound, CDSO3, is oligomeric in nature. Also, the results point to the importance 

of both the charged group and the hydrophobic component of the molecules. Interestingly, these 

compounds lack any FXa inhibitory potential, which is a substantial deviation from the 

inhibitory profile of CDSO3. Prolongation of clotting time in the APTT and PT assays was also 

achieved with some of these compounds, albeit at high concentrations, indicating their potential 

as anticoagulants.133,134 Competitive studies utilizing the exosite I binding hirudin peptide and 

exosite II binding unfractionated heparin, heparin octasaccharide and γˈ-fibrinopeptide, point to 

the exosite of thrombin as the site of interaction. In studies using thrombin mutants, an 

interaction between a selected sulfated benzofuran dimer, 1.26, and the Arg173 residue of 

thrombin was observed to be vital for inhibition. 134 Studies of sulfated benzofuran trimers and 

tetramers were very interesting and show a very complex structure activity relationship. The 

potencies of these compounds were varied with one trimer, 1.27, having a submicromolar 

inhibitory potency of 670 nM for thrombin.135 Increasing the length to a tetramer led to a drastic 

loss in inhibitory activity. 135 h the most potent of the tetramers was shown to interact at the 
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heparin binding site, mutant studies showed an interaction with the Arg233 residue, a marked 

difference from the interaction of the 

sulfated dimers. 135. Further, a screen 

of a sulfated benozofuran compound 

library for FXIa discovered some 

inhibitors against this protease. An 

interesting discovery was allosteric 

inhibitors that did not compete with 

heparin for binding to thrombin, as 

observed with compound 1.28, 

indicating the interaction with residues not utilized by heparin for binding to FXIa.136  

1.4.1.9 SbO4L is a Selective and Potent Inhibitor of Thrombin and Inhibitor of Platelet 

Aggregation 

As a follow up to the sulfated LMWLs, SBO4L, 1.29, a synthetic polymeric compound, was 

synthesized to mimic the sulfated tyrosine sequence in glycoprotein1bα (GPIbα).137 Also 

polymeric and heterogeneous, SBO4L was fully chemically synthesized in only three steps, a 

marked advantage over the previously prepared sulfated LMWLs. In addition, it was a 

considerably more uniform species due to the presence of only one inter-monomer linkage type, 

the β−O4 linkage.137 The inhibitory potency of SBO4L was skewed greatly to thrombin (IC50 of 

0.17 µg/mL). With the exception of plasmin (IC50 of 0.38 µg/mL), the inhibitory potency for 

other serine proteases was weak. (> 81 µg/mL).137 This was seen as a significant improvement 

over the non-selective sulfated LMWLs. SBO4L also inhibits thrombin via a non-competitive 

allosteric mechanism. (> 81 µg/mL)137 and was found to compete with UFH and GPIbα. The use 

Anti-TH IC50 = 520  280 µM

2X APTT = 1250 µM
2X PT = 1200 µM

(1.25)

Anti-TH IC50 = 6.20  2.70 µM

2X APTT = 740 µM
2X PT = 2100 µM

(1.26)

Anti-FXIa IC50 = 0.82  0.02

2X APTT = ND

2X PT = ND

(1.28)

Anti-TH IC50 = 0.67  0.04 µM
2X APTT = 139 µM
2X PT = 568 µM

(1.27)

Figure 11. Sulfated benzofuran compounds with 

anticoagulant potential. 
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of thrombin mutants indicated that SBO4L engages the exosite II residues: Arg233, Lys235, and 

Lys236, utilized by thrombin in interacting with both UFH and 

GPIbα.137 As predicted, SBO4L functioned both as an anticoagulant 

and an anti-platelet agent, prolonging clotting time in the PT and 

APTT assays, and also impacting platelet aggregation and 

activation.137,138 The potential of SBO4L as an anticoagulant has 

been further emphasized using whole blood experiments and animal 

mouse models, where it impacted clotting in the TEG assay and was potently antithrombotic in a 

mouse arterial thrombosis model among others.138  

 

1.4.1.10 Sulfated Coumarins Submaximally Inhibit Thrombin Activity 

Following the studies on a chemical library of 36 singly and doubly sulfated coumarin monomers 

and dimers, Verespy et al. discovered that sulfated coumarins partially inhibited thrombin 

activity.139 Three monomeric compounds and eight dimers were found to inhibit thrombin with 

IC50s ranging from 0.2 to 50 µM, with the dimers having better inhibitory activity. An interesting 

finding was that 8 of these compounds had efficacies of less than 60% at saturating inhibitor 

concentrations.139 Although partial inhibitors are known for receptors, this is the first report 

showing this phenomenon in a monomeric protease. A number of these compounds inhibited the 

closely related factors Xa and XIa, albeit with decreased activities and higher efficacies, 

especially for factor XIa.139 Michaelis-Menten Kinetics of the most potent compound, 1.32, 

indicated that it was an allosteric inhibitor and competition with unfractionated heparin 

suggested binding at thrombin’s exosite II.139 Further, the potency was unchanged in the 

Y = H or SO3-

Anti-TH IC50 = 0.17  0.01 µg/mL

2X APTT = 20 µg/mL

2X PT = 64 µg/mL

(1.29)

Figure 12. Structure of 

SBO4L. 
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presence of AT, indicating a direct inhibition mechanism as the sole source of thrombin 

inhibition. 139 

Further, they 

showed that 

compared to a 

benzofuran trimer, 

1.27, an allosteric 

thrombin inhibitor 

with >80% efficacy of thrombin inhibition, the conformational change at the active site was 

much reduced.139 They concluded that partial inhibition is a result of restricted conformational 

change at the active site that permits small substrates to be cleaved by the protease. 

 

1.4.1.11 SPGG and Its Analogs Inhibit FXIa via an Allosteric Mechanism 

While most efforts toward the development of anticoagulants have focused on targeting thrombin 

and FXa, work on developing inhibitors for the intrinsic pathway enzyme, FXIa, has been 

minimal. Interestingly, new evidence suggests that FXIa inhibitors will have lower risk of 

bleeding complications, thus making FXIa an attractive target.140,141 This is supported by the 

observation that bleeding disorders resulting from FXIa deficiency are mild compared to 

deficiencies in other coagulation enzymes.142,143 In addition, elevated levels of FXIa increase the 

Anti-TH IC50 = 0.2  0.1 µM, ∆Y = 47  3 Anti-TH IC50 = 1.0  0.1 µM, ∆Y = 58  2 

Anti-TH IC50 = 7.2  2.0 µM, ∆Y = 22  4 Anti-TH IC50 = 35  1.0 µM, ∆Y = 35  1 

(1.30) (1.31)

(1.32) (1.33)

Figure 13. Sulfated coumarins with thrombin inhibitory potential. 
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risk of cardiovascular diseases in women.144 From a biochemical screen of a focused library of 

sulfated compounds, SPGG (1.34) was discovered to potently inhibit FXIa via a non-competitive 

allosteric mechanisms with an IC50 of 551 nM and over 200-fold selectivity over closely related 

coagulation enzymes.145 As an advantage, SPGG is easily synthesized via a three-step protocol in 

good yield, however the difficulty in achieving persulfation results in the final compound being a 

mixture and having between 7-12 sulfate groups per molecule.145 A study of variant species of 

SPGG showed that the inhibitory potency of SPGG, as well as selectivity, varied mildly with 

sulfation levels, with highly sulfated species having improved 

potencies for FXIa, along with moderate losses in selectivity.146 

Surprisingly, it was demonstrated that the non-ionic interactions 

account for close to 90% of the binding energy of SPGG and FXIa.146  

SPGG was shown to bind at the heparin binding site on the catalytic 

domain of FXIa and interact with Lys529, Arg530 and Arg532 

residues.147  Marked prolongation of clotting time in the APTT assay 

but not the PT assay by SPGG further supports the notion that SPGG 

will have a better side effect profile over inhibitors that target enzymes 

of the common coagulation pathway.145. Another advantage is that SPGG binds to FXI, the 

zymogen of FXIa, making its use as antidote possible. 146 Also, SPGG inhibitory activity of FXIa 

was reversed to about 30% by protamine and almost completely by polybrene.147  

1.4.1.12 Sulfated Quianazolinones Inhibit FXIa 

 Following previous reports that the hydrophobic groups on non-saccharide GAG 

mimetics were important players in the interaction with proteins, Karuturi et al. hypothesized 

that it would be possible to develop compounds that specifically target hydrophobic patches 

X = H or SO3-

Anti-TH IC50 = 551  32 nM

2X APTT = 96 µg/mL

2X PT = 298 µg/mL

(1.34)

Figure 14. Structure of 

SPGG. 
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surrounding the heparin binding sites of proteins. 148 A biochemical screen of a library of 26  

sulfated quinazolin-4(3F)-ones led to the discovery of direct allosteric FXIa inhibitors, with an 

interesting structure activity relationship.148 

 

Figure 15. Sulfated quinazolinones with FXIa inhibitory activity. 

 

These novel compounds, which were essentially sulfated quinazolin-4(3F)-one monomers and 

dimers, with inter-monomeric linkers of different lengths, had FXIa inhibitory potencies of 50 to 

>1000 µM and were selective over other coagulation cascade serine proteases.148  The SAR 

revealed that only dimers bearing exactly one sulfate at the para positon of each monomer were 

most active.148 The SAR also demonstrates an interesting influence of chain length on inhibitory 

activity, with longer linkers being favored. The anticoagulant potential of these compounds was 

also shown using plasma where the most active compounds prolonged clotting time both in the 

APPT assay and to a lesser extent the PT.148 FXIa mutants indicated that these compounds bound 

at the heparin binding site on the catalytic domain and interacted with Lys529, Arg530, and 

Arg532 residues.148 

Anti-FXIa IC50 = 159  2 µM

2X APTT = ND

2X PT = ND

(1.35)

Anti-FXIa IC50 = 82  1 µM

2X APTT = 979 µM

2X PT = 1119 µM

(1.36)

Anti-FXIa IC50 59  1 µM

2X APTT = 1062 µM

2X PT = 1684 µM

(1.37)

Anti-FXIa IC50 = 52  1 µM

2X APTT = 950 µM

2X PT = > 2000 µM

(1.38)
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1.4.1.13 Tetrahydroisoquinoline Compounds Activate AT for FXa inhibition 

Raghuraman et al. designed a novel class of AT activators on the tetrahydroisoquinoline scaffold 

of which the IAS5 (1.39) was shown to accelerate FXa 

inhibition by 30 fold.149  They utilized a three 

dimensional pharmacophore based approach by 

extracting known key interacting residues from the 

DEF trisaccharide, which subsequently revealed the 

tetrahydroisoquinoline scaffold as a suitable mimic.149  

Following this success, a focused virtual library based 

on IAS5 was designed. 150 The biochemical testing of 

synthesized compounds revealed a range of 7 to 80 fold 

acceleration of AT activation for FXa inhibition. 150 Three compounds activated the inhibition by 

rates 2-3 fold better than IAS5.150 

1.4.2 NSGMs as Anticancer Agents 

GAGs have been recognized as important players in cancer biology13 and there is a 

concerted effort aimed at developing GAGs as cancer therapeutic agents.19,151,152 Naturally, 

sulfated compounds have been documented to affect different targets involved in various stages 

of tumor growth and progression and a few of these are highlighted below. Using colon cancer 

cell lines, it was shown that two sulfated quercetin derivatives theograndin I (1.43) and II (1.44), 

inhibited two different colon cancer cell lines with IC50s from 125 – 205 µM.153 A high estrogen 

level is known to play a role in the development of some types of cancer, most notably breast 

and endometrial cancer,154 and antiestrogens have thus been useful in the treatment of hormone 

dependent breast cancer. Aromatase, a cytochrome p450 family enzyme involved in the synthesis 

kACT /kUNCAT = 30 kACT /kUNCAT = 53.2  9.3 

kACT /kUNCAT = 67.1  5.9 kACT /kUNCAT = 79.4  8.9 

(1.39) (1.40)

(1.41) (1.42)

Figure 16. Tetrahydroisoquinoline 

compounds with AT activation 

activity. 
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of estrogen was shown to be weakly inhibited by sulfated resveratrol derivatives.155  This was an 

important observation as anti-aromatase agents have been shown to be beneficial in breast 

cancer.156  Also, steroid sulfatases are enzymes that hydrolyze sulfated steroids to their steroids. 

Since they are involved in the generation of steroids, including estrogen, they play a role in 

cancer, and thus their inhibitors may have use as anticancer agents.157 Daidzein-4’-O-sulfate 

(1.45) and daidzein-7,4’-di-O-sulfate (1.46), two sulfoconjugates of the isoflavone, daidzein, 

were found to inhibit sterol sulfatase activity with IC50s of 6 and 1.5µM respectively.158 

Interestingly, Daidzein was found to be completely inactive against the enzyme, indicating the 

importance of sulfation for this activity.158 The phosphatidylinositol 3-kinase pathway, 

frequently activated in cancer, is vital for tumor progression and has also been shown to impact 

the development of resistance to anticancer agents.159 This pathway also controls a number of 

important cell functions including cell metabolism, growth and angiogenesis.160 The PI3-K 

pathway is thus an important target for cancer treatment with significant efforts applied in 

advancing PI3-K inhibitors for a number of different cancers including breast, endometrial, colon 

(1.43) (1.44) (1.45) (1.46) (1.47) (1.48)

(1.49) (1.50) (1.51) (1.52) (1.53)

(1.54) (1.55) (1.56)

R = H or SO3- R = SO3-

Figure 17. NSGMs with anticancer potential. 
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and even in multidrug resistant cases 161–163. Though flavonoids have been shown to possess 

inhibitory activity against PI3-K, their insolubility remains a critical limitation for their use. To 

improve this property, sulfation was performed on quercetin, yielding two derivatives, sodium 

quercetin-7-sulfate (1.47) and disodium quercetin-7,4’-disulfate (1.48). Biochemical studies 

indicated that  these two sulfated compounds inhibited the recombinant human PI3-K  p110β 

catalytic subunit in a dose dependent manner, with the monosulfated derivative having the better 

potency.164 The authors mention that that the 3’, 4’ hydroxyl groups are required for activity, 

hence, the weaker potency of the disulfated derivative.164  

Anti-angiogenic agents have been an important class of anticancer therapeutics for a 

number of decades. Data on the role of heparins in angiogenesis indicates that anti-angiogenic 

activity is dependent on size, with lower molecular weight heparins being inhibitors and longer 

chain heparins acting as promoters.165,166 Low molecular weight heparan sulfate has been 

previously shown to reduce angiogenesis in rat corneas.167 Additionally, it has been 

demonstrated that pro or anti-angiogenic properties of GAGs may be dependent on GAG 

sequence, that is very tedious to decipher.168 This problem may, however, be averted with small 

molecule GAG mimetics which do not present with heterogeneity issues. After screening a 

chemical library of 18 sulfated non-saccharide compounds of different scaffolds, in an in vitro 

assay measuring tumor-associated angiogenesis, Raman et al. discovered that five of these 

compounds, 1.49-1.53,  abolished the formation of tubules.169 Based on their results they 

reasoned that since the active compounds bore between 2 – 4 sulfate groups, activity required 2 

sulfate groups that were 5 – 10 Ǻ apart. 169 

A recent approach in cancer therapy is the targeting of cancer stem cells.170 Cancer 

stems cells are resistant to most current anti-tumor agents and have the ability to self-renew and 
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generate the entire tumor.171 Since GAGs, including heparan-sulfate and chondroitin sulfate, are 

regulators of stem cell proliferation, Patel et al. screened a 55 member diverse non-sugar sulfated 

compound library for anti-cancer stem cell activity using a dual screening strategy, which 

measured the ability of compounds to prevent self-renewal of colon cancer stem cells using two 

colon cancer lines HT-29 and HCT-116. 172 In this assay, the compounds that prevented growth 

under spheroid conditions and not monolayer conditions, and were able to inhibit this growth in 

both secondary and tertiary cultures, were deemed as possessing colon cancer stem cell 

inhibitory properties.172 Three of the compounds screened, 1.54-1.56,  were found to satisfy this 

dual screen and the most potent one, a per sulfated di-quercetin compound (1.54) with an IC50 of 

about 58 µM was further studied.172. This lead compound was shown to reduce the expression of 

cancer stem cell markers in an in vitro assay and study of the mechanisms revealed that it acts by 

weakening the ability of cancer stem cells to self-renew.172. Studies using analogs of these 

compounds showed a strong dependence of activity on the length of the linker separating the two 

monomeric units. 172 

It is worth noting that the role of sulfated quercetins in cancer is yet to be fully 

understood. A study found that while quercetin and quercetin-3-glucuronide inhibited 

angiogenesis, quercetin-3’-sulfate promoted endothelial cell proliferation and angiogenesis.173 
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1.4.3 NSGMs as Regulators of Inflammation  

Glycosaminoglycans are known to be very important in the inflammatory process.174,175 GAGs 

including hyaluronic acid, heparin, heparan sulfate, and chondroitin sulfate have been shown to 

reduce inflammation in a number of different cell types by interacting with chemokines, 

selectins, cytokines, and proteases.176–178 The benefits of this reduction in inflammation has also 

been demonstrated in conditions including asthma and ulcerative colitis.179  

The possibility of developing GAG mimetics to modulate the inflammatory process is thus 

feasible and a number of such compounds with anti-inflammatory potential have been identified 

and/or developed. The sulfated quercetin metabolite, quercetin 3’- sulfate (1.57), was shown to 

inhibit the expression of COX-2 in lymphocytes180 and also reduce the expression of COX-2 

mRNA in colon cancer (Caco2) cells.181 A study using chemically synthesized sulfated 

resveratrol derivatives showed that some of these compounds, including 1.58 and 1.59, were 

equipotent with resveratrol in the inhibition of COX-1. In addition, they possessed anti-COX-2 

activity albeit at weaker potencies than resveratrol.155 In another study, over 200 small molecules 

bearing charged groups including sulfonates and carboxylates were screened for their ability to 

bind to CCL5, a well-studied pro-inflammatory chemokine182 using an NMR-based screening 

approach.183 In addition to having charged moieties, many of the compounds contained aromatic 

groups to introduce some hydrophobicity. This work resulted in the first small molecule 1.60 

shown to inhibit the interaction of CCL5 with its receptor, and also with heparin, albeit at high to 

moderate potencies, respectively.183  This compound also impeded leucocyte recruitment in 

(1.57) (1.58) (1.59) (1.60)

Anti-COX1 IC50 = 3.6  0.8 µM

Anti-COX1 IC50 = 7.5  4.7 µM

Anti-COX1 IC50 = 5.6  1.7 µM

Anti-COX1 IC50 = 9.0  1.2 µM

Anti-Hep. IC50 = 320 µM

Anti-CCR1 IC50 =6.7 µM

Figure 18. NSGMs with anti-inflammatory properties. 
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mouse models. Based on the results of this initial screen, a number analogs were obtained. 

However none had significant superior properties compared to the lead compound.183 

Human neutrophil elastase, a hydrolytic enzyme produced by human neutrophils in response to 

infection and inflammation.184,185 has been implicated in a number of lung diseases.186–188. GAGs 

are known to interact with human neutrophil elastase resulting in inhibition of enzymatic 

activity.32, 34,88 The sulfated LMWLs described earlier strongly inhibit human neutrophil elastase 

with potencies ranging from 0.43 – 0.72 µM. Eddie-Hofstee plots for NE inhibition by a 

representative sulfated lignin point to a mixed inhibition mechanism.189 In addition to anti-HNE 

activity, the sulfated lignins show strong anti-oxidative and anti-inflammatory activities making 

them potential anti-emphysema agents.189 

1.4.4 NSGMs as Anti-Infective Agents 

GAGs have been shown be involved in the pathogenesis of infectious diseases via their direct 

interaction with viruses, bacteria, fungi and parasites.190,191 By interacting with these pathogens, 

GAGs facilitate invasion of cells as well as the spread of infection. Enveloped viruses in 

particular have been shown to attach to their target cells with the aid of heparan sulfate.192,193 

Other sulfated carbohydrates, including heparin, have been found to inhibit viruses including 

HSV and HIV due to their structural similarity to heparan sulfate.194,195 Nature presents a good 

number of sulfated steroids, the majority of them isolated from marine sponges, and there are a 

number of documented results of these compounds possessing inhibitory activity against viruses, 

fungi, and bacteria. For instance, two weinbersterol disulfates, 1.61 and 1.62, isolated from the 

marine sponge Petrosia weinbergi, were shown to have in vitro activity against feline leukemia 

virus and HIV.196 Sulfated steroids from the ophiuroid, Ophioplocus januarii, 1.63 and 1.64, 

were active in vitro against respiratory syncytial virus, polio virus and the Argentine 
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hemorrhagic fever-causing Junin virus. 197 Halistanol sulfate (24ε,25-dimethylcholestane-

2β,3α,6α-triyl trisodium sulfate (1.65) isolated from the Okinawan sponge Halichondria cf. 

moorei Bergquist also possesses antimicrobial properties against fungi and both gram negative 

and gram positive bacteria.198 These reports confirm the potential of chemically synthesized non-

saccharide GAG mimetics as potential anti-infective agents. In a bid to develop non-saccharide 

GAG mimetics, Raghuraman et al. discovered a biopolymer,that was confirmed to be a sulfated 

lignin, as possessing anti-HSV-1 activity.199 Further studies on these sulfated lignins showed that 

they inhibit cellular entry of both HSV-1 and 2 with IC50s of 0.017 – 1.45 µM and 0.32 – 5.0 

µM, respectively, and also inhibited HIV-1 and prevented HIV-1 mediated cell fusion in a dose 

dependent manner.200 A 

computational study indicated 

that some substructures in this 

polyomeric compound acted as 

heparan sulfate mimics, which 

could be their possible 

mechanism of viral inhibition. 

200  

  

(1.61) (1.62) (1.63)

(1.64) (1.65)

Figure 19. NSGMs with anti-infective properties 
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1.4.5 Summary of NSGMs  

Overall, sulfated NSGMs are an important class of compounds with great potential. Their direct 

allosteric inhibitory mechanism for a number of serine proteases make them particularly 

attractive. The marked topographical difference in allosteric sites can be useful in achieving 

selective compounds. The broad activity of the sulfated lignins is not surprising due to their 

polymeric and heterogeneous nature that ensures the presence of multiple diverse species. To 

arrive at compounds with specificity for particular GAG binding proteins, teasing out and testing 

of particular species from this mixture is necessary.  
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2 DESIGNING ALLOSTERIC THROMBIN INHIBITORS WITH SUBMAXIMAL 

INHIBITION OF THE PROTEASE  

2.1 Introduction 

2.1.1 The Coagulation Cascade 

Hemostasis, the balance between bleeding and thrombosis, is a highly regulated process 

in healthy individuals, with the balance in favor of the negative regulation of thrombus 

formation.201,202 This is maintained by a rigorous regulation of the coagulation cascade, an 

intricate system involving several factors.203 Numerous enzymes and co-factors play distinct and 

significant roles in the coagulation cascade. There are two related pathways that contribute to the 

regulation of coagulation. These are the intrinsic and extrinsic pathways, which converge into a 

common pathway.201  

Contact of blood with hydrophilic pathways triggers the activation of the intrinsic 

pathway.201 This sets up a cascade where coagulation enzymes are converted from their zymogen 

to active forms sequentially as shown in Figure 20. Specifically, FXII is converted to FXIIa, 

which in turn converts FXI to FXIa in the presence of calcium.201,204  FXIa then catalyzes the 

conversion of FIX to FIXa, also in the presence of calcium. At this juncture, the common 

pathway is reached where FXa is activated from FX by FIXa in the presence of calcium.201 FXa 

then, in combination with calcium and phosphatidylserine, catalyzes the conversion of 

prothrombin to thrombin, the central serine protease of the cascade.201 Thrombin converts 

fibrinogen to fibrin, which is a key component of blood clots.205 The extrinsic pathway on the 

other hand is initiated by vascular damage with the exposure of tissue factor to circulatory blood, 

and its subsequent binding to FVII.201 The tissue factor forms a complex with FVIIa, leading to 

the activation of FIX and FX to FIXa and FXa respectively, and thus the common pathway.201 It 

is important to note that the dissolution of the blood clot is an important part of hemostasis, and 
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the most important enzyme in this stage is plasmin.206

 

Figure 20. The coagulation cascade. 

 

2.1.2 Hemostatic disorders 

Deficiencies and/or mutations in one or more of the coagulation cascade enzymes result 

in bleeding disorders; however the severity depends on the specific enzyme affected, indicating 

that the involved enzymes do not contribute equally to maintaining hemostasis.207,208  

Hemophilia is a condition where the ability of blood to clot is impaired as a result of deficiencies 

in coagulation enzymes. The most common types of hemophilia, A and B, are X-linked genetic 

disorders occurring in 1:5000 and 1:30000 male births respectively.209 Hemophilia A is a result 

of a deficiency in FVIII whereas hemophilia B is due to FIX deficiency. Prothrombin deficiency 

Thrombin
(FIIa)

Prothrombin
(FII)

FXII FXIIa

FXI FXIa

FIX FIXa FX

FXa
FVIII FVIIIa

FV FVa

Fibrinogen Fibrin

FXIII

FXIIIa

Cross-linked 
Fibrin Clot

PAR-1/PAR-4

Activated Platelets

ATIII

FVIIa FVII

TF

Plasminogen Plasmin Clot 
Degradation

tPA

Protein C APC

Thrombomodulin

Intrinsic Pathway

Extrinsic Pathway

Release of TF from 
Injured Cells

Injury to Blood Vessels
HMWK, PK

TF



 

43 

on the other hand is very rare, occurring in 1 in 2,000,000.210 The importance of thrombin for 

survival is emphasized by the fact that no living patient with undetectable prothrombin has ever 

been recorded. 210 Clinically, hemophilia is managed using platelet transfusion, coagulation 

factor replacement and the administration of antifibrinolytics.211 

Hypercoagulable states, where the propensity of blood to clot is higher than normal, also 

exist, often resulting in a number of severe conditions. Thrombosis, which is the localized 

clotting of blood resulting in obstruction of blood flow, is the leading cause of death 

worldwide.212 The two types of thrombosis are arterial (myocardial infarction, stroke) and 

venous thrombosis (venous thromboembolism, and pulmonary embolism).213 The causes of 

thrombosis include genetic factors, medical conditions and medication. Congenital deficiencies 

in AT, protein C and protein S are known to be high risk factors for thrombotic events.214 Other 

risk factors for thrombosis include factor V Leiden, the Prothrombin 20210A mutation, and 

elevated FVIII levels. 214 In factor V Leiden, there is a guanine to adenine substitution at 

nucleotide 1691 in the factor V gene and this results in the substitution of Arg506 of FVa with 

glutamine. 215  Consequently, FVa is rendered resistant to activated protein C, resulting in a 10-

fold decrease in its inactivation and an increase in thrombin levels. 215 In Prothrombin 20210A, 

there is a guanine to adenine transition at the nucleotide position 202010, which results in 

increased prothrombin levels and thus an increased proclivity for blood coagulation.216  

Medical conditions known to be risk factors for thrombosis include immobilization, 

surgery, trauma, pregnancy and malignant disease.217 The use of chemotherapeutic agents and 

female hormones are also risk factors for thrombosis.218,219 The management of thrombotic states 

requires the uses of antiplatelet and anticoagulant drugs. These agents are thus very important 

drugs, making up a large fraction of medication costs.220  
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2.1.3 Anticoagulants 

Anticoagulants are agents that prevent the formation and growth of blood clots. Current 

estimates indicate that about 10% of all adults will receive an anticoagulant at least once in their 

lifetime. Currently, there are different classes of anti-coagulants in clinical use and thrombin and 

FXa are the main coagulation enzymes targeted by these agents.220 The earliest class of 

anticoagulants to be used were the vitamin K antagonists, such as warfarin (2.1). Warfarin 

functions as an anticoagulant by disrupting the vitamin K cycle, resulting in decreased vitamin K 

levels, which in turn negatively impacts the activation of a number of clotting enzymes.221,222 

Though these agents are effective anticoagulants, their narrow therapeutic window, which results 

in the need for constant monitoring, presents a huge risk and limitation.221 In addition, a number 

of drug-drug and drug-food interactions are known to occur with warfarin, resulting in an 

increase in its anticoagulant 

effect and thus the risk of 

bleeding with its use.223 

Heparin and low molecular 

weight heparin are also 

widely used anticoagulants, 

and they function in an 

indirect manner, accelerating the inhibition of FXa and thrombin by AT.224 The risks associated 

with the use of heparin also include the risk of prolonged bleeding and heparin induced 

thrombocytopenia.225 Fondaparinux (2.2) also accelerates the AT mediated inhibition of FXa. 224 

More recently, direct FXa inhibitors, including rivaroxaban (2.3) and apixaban (2.4), and direct 

thrombin inhibitors such as dabigatran (2.5), and argatroban (2.6), have been approved for use 

(2.1) (2.3)

(2.4) (2.5) (2.6)

(2.2)

Figure 21. Clinically used anticoagulants 
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and although these agents have better side effect profiles, they still present with the risk of 

prolonged  bleeding, making the search for new anticoagulant agents necessary.226  

2.1.4 Thrombin  

Thrombin is a 37 kDa monomeric serine protease made up of 308 amino acid residues. It 

is obtained after the proteolytic cleavage of prothrombin and occupies a central place in the 

coagulation cascade 227,228 Thrombin activity is necessary at several stages in blood clotting via 

its interactions with a number of substrates, which include protein substrates, receptors, co-

factors and modulators.229 The most notable 

are its interactions with fibrinogen, which it 

converts proteolytically to fibrin.227 

Thrombin also contributes to the 

maintenance of the fibrin network by its 

conversion of the zymogen FXIII to its 

active form, FXIIIa. FXIIIa in turn bolsters 

the integrity of the clot by crosslinking the 

α- and γ-chains of fibrin.230 In addition, 

thrombin promotes its own generation by the 

activation factors required for its renewal and also stimulates platelet aggregation by interacting 

with protease activated receptors.231 

Interestingly, thrombin also plays a role in inhibiting coagulation: this is achieved 

through its interaction with protein C, in an interaction facilitated by thrombomodulin. 232  Like 

other serine proteases, thrombin cleaves peptide bonds after arginine residues, however, it is 

highly selective relative to other serine proteases like trypsin, and has been shown typically to 

Exosite 1 

Active Site

Ser195

Exosite 2
(Binds highly 

negatively charged molecules)

Figure 22. Structure of thrombin. 
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cleave peptides in the sequence X-Pro-Arg.233 This selectivity for substrates is determined 

primarily by its insertion loops whose residues lead to n narrow and deep active site relative to 

other serine proteases.229,234 Interaction of substrates with thrombin takes place through its active 

sites and exosites. Endogenous ligands known to regulate thrombin activity include AT, alpha-2 

macroglobulin, alpha-1-antitrypsin and heparin cofactor II, and these promote inhibition via both 

covalent and non-covalent complex formation with thrombin.235 

The important role of thrombin in the coagulation cascade has maintained its importance 

as a target for anticoagulant therapy.228,236,237 A good number of the clinically available 

anticoagulants impact thrombin activity in bringing about coagulation. The anticoagulant agents 

with the longest use, heparin and warfarin, both affect thrombin. In recent years, a number of 

direct thrombin inhibitors have been developed and approved for clinical use,238–240 and although 

these agents have improved side effect profiles over the earlier agents, they still carry some risk 

of prolonged bleeding.241  

In order to advance new anticoagulants with even more improved side effect profiles, our 

lab has developed a number of direct allosteric inhibitors of thrombin with different core 

structures.123, 133,134, 137,139 This is particularly promising for a number of reasons. First, allosteric 

sites are less conserved compared to active sites: thus, selective inhibitors are more likely to be 

achieved. Also, inhibitor efficacy can be modulated, hence, inhibitors that do not totally 

eliminate thrombin activity can be achieved and are thus thrombin inhibitors with reduced 

bleeding risk. This is not the case with orthosteric inhibitors which result in total elimination of 

enzymatic activity. 
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2.2 Rationale for Developing New Sulfated Benzofuran Dimers (SBDs).  

The first discovered direct allosteric thrombin inhibitors 

were the sulfated LMWLs, a heterogeneous and 

polymeric species which lacked selectivity and inhibited 

other enzymes including FXa, plasmin, and human 

neutrophil elastase.126, 189,242 Based on the sulfated 

LMWLs, the sulfated benzofuran monomers (SBMs), 

which inhibited both thrombin and FXa with weak 

potency, were developed.130 Dimerization of these 

monomeric units led to the discovery of sulfated 

benzofuran dimers (SBDs) with low micromolar potency 

and selectivity for thrombin over other coagulation serine 

proteases.134 A more important finding was that some of 

these inhibitors exerted submaximal thrombin inhibition, 

even at saturating inhibitor concentration. One specific 

SBD (1) had an IC50 of 6.7 µM and displayed about 75% inhibition efficacy (∆Y) at saturating 

conditions.134 We reasoned that the submaximal inhibition at saturating inhibitor concentrations 

would be an avenue for the development of anticoagulants with lower risk of bleeding, providing 

an improvement over current thrombin inhibitors. Interestingly, mechanistic studies indicated 

that this compound utilized a non-competitive, allosteric mechanism of thrombin inhibition, with 

the exosite II Arg173 residue identified as an interacting residue.134 Based on this, we reasoned 

that more potent analogs with a better regulation capability of about 50% should be possible to 

achieve. Also, a recent report from our lab put forward the first allosteric partial inhibitor of 

thrombin, a sulfated coumarin, which inhibited thrombin’s cleavage of the chromogenic 

(1)

Heparin

LMWL

SBM

SBD

New SBDs
(This work)

(2a-p)

Figure 23. Development of sulfated 

benzofuran dimer thrombin 

inhibitors. 
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substrate by only 50% at saturating inhibitor concentrations139. Although the partial inhibitory 

property of the lead molecule was lost with fibrinogen, thrombin’s natural substrate, we thought 

partial inhibition could be possible with a different scaffold, such as the benzofurans. We opted 

to use computational tools alongside data from our previous studies, with thrombin mutants, to 

design an advanced generation of benzofuran dimers to achieve our goal. 

2.3 Results And Discussion 

2.3.1 Molecular Modeling Studies of SBD-Thrombin Interaction  

We created a diverse virtual library of about 100 SBDs based on the previously published 

SBD prototype (1), as shown in figure 23. Molecular members of this library were docked onto 

exosite II of human thrombin and scored using GOLD, as reported earlier.134 The modifications 

made to the scaffold took into consideration a number of factors, including the synthetic ease of 

the modeled structures as well as their potential hydrophobicity. Specifically, we introduced 

bulky hydrophobic groups including alkyl, cycloalkyl, and substituted and unsubstituted 

aromatic groups at the R, Rˈ, R1 and R1ˈ positions (Fig. 23). Also, additional sulfate groups 

attached to aromatic groups or straight chains were introduced.  The introduction of hydrophobic 

groups including aromatic rings was to target hydrophobic pockets surrounding the positively 

charged residues of exosite II, specifically Arg173. The introduction of an extra sulfate group 

was to foster an additional ionic interaction with the positively charged residues around exosite II 

of thrombin.  

Results from the docking and scoring suggested that the presence of aromatic groups at 

the Rˈ encouraged better interaction between thrombin and the inhibitors via an added pi-pi 
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interaction with a tryptophan residue in the thrombin S4 pocket. We thus thought that this 

modification would result in enhanced potency.  

Modeling also suggested that the presence of an 

aromatic group at the R1ˈ position would result in 

inhibitors targeting the S1 pocket of thrombin, and thus 

have improved potency. We also reasoned that targeting 

the S1 pocket would result in compounds exhibiting 

different inhibition mechanisms from that of the 

prototype. The introduction of a sulfate at the R1 positon 

was also expected to result in an additional ionic interaction with the Arg221A residue of 

thrombin. Modifications at the R position, however, did not seem to yield any interesting results 

in the computational study nevertheless, we selected a few of these compounds for chemical 

synthesis to aid in our understanding of the SBD structure activity relationship. Figure 24 

summarizes the protein ligand interactions observed in the computational study.  

Based on the data, a total of 16 SBDs, 13 monosulfated (2a-m) and 3 disulfated (2n-p), 

were then selected for chemical synthesis. In addition, 12 mono and di-sulfated SBMs (21a-l) 

were also selected for synthesis. 

2.3.2 Chemical Synthesis of Sulfated Benzofuran Molecules  

Synthesis of sulfated benzofuran monomers and dimers was achieved in 3 – 14 steps culminating 

with a microwave assisted sulfation reaction. The benzofuran precursor 3, was synthesized as 

previously described.133 Unsulfated precursors were obtained using a number of chemical 

reactions including protection and deprotection strategies, SN2 substitution reactions, DCC 

coupling, ester hydrolysis and radical bromination. Dimerization of monomeric units was 

S4

S1

R173

R221A

Figure 24. Projected interactions of 

SBD analogs with thrombin. 
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achieved using an SN2 reaction. The schemes for the reactions are given below and detailed 

experimental procedure are available in the experimental section. 

 

 

 

Scheme 1. Synthesis of benzofuran intermediates 

 

Cs2CO3, alkyl halide (0.9 eq)

anh. DMF, rt, 24 hrs

NBS (1 eq), benzoyl peroxide

CCl4, reflux

4a :: R = H 4b :: R = C6H11

4c :: R = C6H5 4d :: R = CH2C6H5

4e :: R = C6H4p(OMOM) 4f :: R = C6H4m(OMOM)

4g :: R = C6H4p(OiPr) 4h :: R = C6H4m(OiPr)

3

6a ::  R = H
6b :: R = C6H11

5a ::  R = H
5b :: R = C6H11

TBDMSCl
imidazole

DCM
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4a

7

89

LiOH (8 eq), MeOH/H2O

TBDMSCl (3.5 eq)
TEA

EtOAc

NaOH, 80% THF:H2O, rt, 15 mins

Scheme 2. Synthesis of benzofuran intermediates 
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Scheme 3. Synthesis of benzofuran intermediates 

10a :: R = C6H5

10b :: R = CH2C6H5

10c :: R = C6H4p(OMOM) 

11a :: R = C6H5

11b :: R = CH2C6H5

11c :: R = C6H4p(OMOM) 

9 12

13

Cs2CO3, alkyl halide

anh. CH3CN

TBAF
THF

DCC, DMAP, DCM

HOCH2CH2OTBDPS 

CCl4
reflux

NBS
benzoyl peroxide



 

53 

 

Scheme 4. Synthesis of benzofuran intermediates 

  

14a :: R = H, R' = C6H11, R1 = R1' = CH3

14b :: R = H, R' = C6H5, R1 = R1' = CH3

14c    :: R = H, R' = CH2C6H5, R1 = R1' = CH3

14d :: R = H, R' = C6H4p(OMOM), R1 = R1' = CH3

14e :: R = H, R' = C6H4m(OMOM), R1 = R1' = CH3

14f :: R = H, R' = C6H4p(OiPr), R1 = R1' = CH
14g :: R = H, R' = C6H4m(OiPr), R1 = R1' = CH3

14h  :: R = R' = C6H11, R1 = R1' = CH3

14i :: R = C6H11, R' = C6H5, R1 = R1' = CH3

14j     :: R = C6H11, R' = H, R1 = R1' = CH3

14k :: R = R' = H, R1 = CH3, R1' = C6H5

14l :: R = R' = H, R1 = CH3, R1' = CH2C6H5

14m  :: R = R' = H, R1 = CH3, R1' = C6H5p(OMOM)
14n :: R = H, R' = C6H5, R1 = CH2OTBS, R1' = CH3 

6a, 6b, 13

K2CO3, 4a-h, 11a-c (0.9 eq)

acetone
TBAF (1.5 eq), THF 

15a :: R = H, R' = C6H11, R1 = R1' = CH3

15b :: R = H, R' = C6H5, R1 = R1' = CH3 

15c    :: R = H, R' = CH2C6H5, R1 = R1' = CH3 

15d :: R = H, R' = C6H4p(OMOM), R1 = R1' = CH3 

15e :: R = H, R' = C6H4m(OMOM), R1 = R1' = CH3 

15f :: R = H, R' = C6H4p(OiPr), R1 = R1' = CH3 

15g :: R = H, R' = C6H4m(OiPr), R1 = R1' = CH3 

15h  :: R = R' = C6H11, R1 = R1' = CH3 

15i :: R = C6H11, R' = C6H5, R1 = R1' = CH3 

15j     :: R = C6H11, R' = H, R1 = R1' = CH3 

15k :: R = R' = H, R1 = C2H5, R1' = C6H5

15l :: R = R' H, R1 = C2H5, R1' = CH2C6H5

15m  :: R = R' = H, R1 = C2H5, R1' = C6H5p(OMOM)
15n :: R = H, R' = C6H5, R1 = CH2OH, R1' = CH3

14a-n 15a-n
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Scheme 5. Synthesis of sulfated benzofuran dimers 

  

15a :: R = H, R' = C6H11, R1 = R1' = CH3

15b :: R = H, R' = C6H5, R1 = R1' = CH3 

15c    :: R = H, R' = CH2C6H5, R1 = R1' = CH3 

15d :: R = H, R' = C6H4p(OMOM), R1 = R1' = CH3 

15e :: R = H, R' = C6H4m(OMOM), R1 = R1' = CH3 

15f :: R = H, R' = C6H4p(OiPr), R1 = R1' = CH3 

15g :: R = H, R' = C6H4m(OiPr), R1 = R1' = CH3 

15h  :: R = R' = C6H11, R1 = R1' = CH3 

15i :: R = C6H11, R' = C6H5, R1 = R1' = CH3 

15j     :: R = C6H11, R' = H, R1 = R1' = CH3 

15k :: R = R' = H, R1 = C2H5, R1' = C6H5

15l :: R = H, R1 = C2H5, R1' = CH2C6H5

15m  :: R = R' = H, R1 = C2H5, R1' = C6H5p(OMOM)
15n :: R = H, R' = C6H5, R1 = CH2OH, R1' = CH3

2a :: R = H, R' = C6H11, R1 = R1' = CH3 

2b :: R = H, R' = C6H5, R1 = R1' = CH3 

2c    :: R = H, R' = CH2C6H5, R1 = R1' = CH3 

2d :: R = H, R' = C6H4p(OMOM), R1 = R1' = CH3 

2e :: R = H, R' = C6H4m(OMOM), R1 = R1' = CH3 

2f :: R = H, R' = C6H4p(OiPr), R1 = R1' = CH3 

2g :: R = H, R' = C6H4m(OiPr), R1 = R1' = CH3 

2h  :: R = R' = C6H11, R1 = R1' = CH3 

2i :: R = C6H11, R' = C6H5, R1 = R1' = CH3 

2j     :: R = C6H11, R' = H, R1 = R1' = CH3 

2k :: R = R' = H, R1 = C2H5, R1' = C6H5

2l :: R = H, R1 = C2H5, R1' = CH2C6H5

2m  :: R = R' = H, R1 = C2H5, R1' = C6H5p(OMOM)
2n :: R = H, R' = C6H5, R1 = CH2OSO3Na, R1' = CH3

Me3N.SO3 (6 eq/OH), TEA (10 eq/OH)

anh. CH3CN, microwave

15a-n 2a-n
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Scheme 6. Synthesis of sulfated benzofuran dimers 

  

2o ::  R = H, R1 = R1' = CH3, R2 = C6H4m(OSO3Na)
2p ::  R = H, R1 = R1' = CH3, R2 = SO3Na

16a ::  R = H, R1 = R1' = CH3, R2 = C6H4m(OH)
16b ::  R = H, R1 = R1' = CH3, R2 = H

15d :: R = H, R' = C6H4p(OMOM), R1 = R1' = CH3

15e :: R = H, R' = C6H4m(OMOM), R1 = R1' = CH3

NaI, cat. HCl, acetone Me3N.SO3 (6 eq/OH), TEA (10 eq/OH)

anh. CH3CN, microwave
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Scheme 7. Synthesis of sulfated benzofuran monomers 

Conditions. a) Cs2CO3, alkyl halide, anh. DMF; b) NaI, cat. HCl, acetone; c) Me3N.SO3 (6 eq/OH), anh. CH3CN, TEA (10 eq/OH), 

microwave; d) K2CO3, akyl halide (1.5 eq), acetone; e) LiOH (8 eq), MeOH/H2O; f) TBDMSCl, TEA, EtOAc; g) NaOH, THF/H2O; h) 

Cs2CO3, BnBr(1.5 eq), anh. CH3CN; i) TBAF (1.5 eq), THF; j) DCC, DMAP, HOCH2CH2OTBDPS.

21b 17 3 4f 21a

19 21e4b, 4c, 4f, 4g, 4h

91221k

2021l

18a ::  R = H
18b ::  R = C6H5

21c ::  R = H
21d ::  R = C6H5

a) a)b, c) b, c)

b, c) d) e) c)

c)

c)

h, i)

j)i, c)

a)

21f :: R = C6H11

21g :: R = C6H5

21h :: R = C6H4m(OMOM)
21i :: R = C6H4p(OiPr)
21j :: R = C6H4m(OiPr)

e, f, g)
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2.3.3 Thrombin Inhibition by SBMs and SBDs.  

A chromogenic substrate hydrolysis assay utilizing spectrozyme TH was used to 

determine the thrombin inhibitory potential of the synthesized compounds in a 20 mM Tris 

buffer pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl2, and 0.1% polyethylene glycol (PEG) 

8000 at 25 °C using a microplate reader (FlexStation III, Molecular Devices) as previously 

reported.133 The assay measures the decrease in the initial rate of hydrolysis in the presence of 

inhibitor to determine the inhibitory potency of potential inhibitors. After an initial screening at a 

concentration of 300 µM for SBDs and 500 µM for SBMs, compounds that resulted in > 50% 

reproducible inhibition of coagulation enzyme had their IC50 values determined. For IC50 

determination, stocks of the compounds were serially diluted to give about 24 different aliquots 

in the wells with final concentrations ranging from 200 – 0.02 µM. Nonlinear curve fitting 

resulted in IC50, ∆Y (efficacy) and HS values. 

Of the SBDs, all the monosulfated compounds demonstrated reasonable thrombin 

inhibition ranging from 2 to 9 µM. Importantly, 11 of the analogs were 2-3 fold more potent than 

the prototype. Based on our modeling studies, we were expecting more potent compounds, but 

this was not achieved. However, the results demonstrate that structural modifications to this 

scaffold can result in compounds with improved potency. Also, the results suggest that structural 

modifications resulted in compounds that interacted with thrombin in an essentially different 

manner compared to the prototype. Regarding the level of sulfation, only one of the three 

disulfated analogs inhibited thrombin, albeit at about 2 fold lower than the prototype. The 

remaining two analogs were inactive at the highest concentration tested (200 µM). This agrees 
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with our earlier observation that an additional sulfate group on the benzofuran dimer scaffold is 

detrimental to thrombin inhibition 

potential and that hydrophobicity is a 

key factor in the thrombin inhibition by 

SBDs. The most striking observation 

with these new analogs was that, 

though some of these inhibitors had 

similar potencies, there were 

significant differences in their 

efficacies (∆Y values). Some compounds demonstrated 50 - 60 % thrombin inhibition at 

saturating inhibitor concentrations, whilst others showed almost 100% thrombin inhibition. This 

result confirmed our hypothesis that we could achieve inhibitors that resulted in regulation of 

thrombin activity, rather than total inhibition. An analysis of the structural differences revealed 

an interesting structure activity relationship. Compounds 2b-g which had an aromatic group at 

the Rˈ position and a methyl at the R position exhibited submaximal thrombin inhibition of about 

60%. However, the presence of a cyclohexylmethyl group at R position, compounds 2h-j, 

resulted in a significant increase in the inhibitory efficacy to greater than 85%. Altogether, these 

results demonstrate that structural changes can be taken advantage of in improving and fine-

tuning the activity of this class of thrombin inhibitors.  
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Figure 25. Inhibition of thrombin by SBDs. 
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 R R’ R1 R1
’ 

IC50 

(µM) ∆Y (%) 

1 Me Me Et Et 6.2±2.7 75±1 

2a Me C6H11CH2 Et Et 2.6±0.1 63±1 

2b Me C6H5CH2 Et Et 2.0±0.1 57±1 

2c Me C6H5CH2CH2 Et Et 1.8±0.1 58±1 

2d Me p-OMOM-C6H5CH2 Et Et 3.3±0.2 61±2 

2e Me m-OMOM-C6H5CH2 Et Et 4.0±0.5 59±5 

2f Me p-O-iPr-C6H5CH2 Et Et 2.3±0.1 74±3 

2g Me m-O-iPr-C6H5CH2 Et Et 2.6±0.1 57±1 

2h C6H11CH2 C6H11CH2 Et Et 8.7±0.8 93±4 

2i C6H11CH2 C6H5CH2 Et Et 3.6±0.1 90±2 

2j C6H11CH2 Me Et Et 3.8±0.3 77±3 

2k Me Me Et C6H5CH2 4.9±0.2 68±2 

2l Me Me Et 
C6H5CH2CH

2 
3.2±0.2 58±3 

2m Me Me Et 
p-OMOM-

C6H5CH2 
2.6±0.1 66±2 

2n Me CH2CH2OSO3Na 
C6H5CH

2 
Et 14±0.5 74±2 

2o Me 
m-OSO3Na-

C6H5CH2 
Et Et >300 ND 

2p Me OSO3Na Et Et >300 ND 

 

1 2a-p

Table 4. Inhibition of human thrombin by SBDs 
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It is worth noting that these compounds were specific for thrombin inhibition and did not 

inhibit the proteolytic activity of the closely related FX and FXIa at the highest concentrations 

tested of 200 µM.  To further understand the differences in thrombin inhibition observed, the two 

most potent compounds belonging to each group of the inhibitors showing variable efficacy, 2c 

and 2i, were selected for further biochemical studies.  

Of the 12 SBMs, four monosulfated compounds exhibited a potencies that were an 

improvement over our SBM prototype that had an IC50 of 520 µM, 133  (Table 5) although not in 

the range of the dimers. The active compounds had IC50 values ranging from 134 to 229 µM.  

The structural difference between the SBM prototype and the best among the new SBMs, is the 

substitution of the p-methoxybenzoyl group with a benzyl group at the R position, which 

indicates that a more hydrophobic moiety is preferred. The only tolerable substitution on the 

aromatic group at the R position was a meta position OMOM group. All other substitutions on 

the aromatic ring led to compounds with IC50 > 500 µM. This shows that the presence of an 

unsubstituted aromatic group at this position is vital for the thrombin inhibitory activity of the 

SBMs. The other active SBMs had benzyl groups at the Rˈ and R positions, thus highlighting the 

usefulness of hydrophobic groups for anti-thrombin activity. It is worth noting that none of the 

disulfated SBMs were active against thrombin at the highest concentration tested. 
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Comp. R Rˈ R1 

IC50 

(µ

M) 

∆Y (%) HS 

Prot. pOMe-Bz b SO3Na Et 520±280c 54 c NAd 

21a mOSO3Na-Bne SO3Na Et >500 ND NDf 

21b mOSO3Na-Bn 
mOSO3Na-

Bn 
Me >500 ND ND 

21c Me 
mOSO3Na-

Bn 
Et 134±28 101±29 

3.4±1.

5 

21d Bn 
mOSO3Na-

Bn 
Et > 500 ND ND 

21e Bn SO3Na Na > 500 ND ND 

21f C6H11CH2 SO3Na Et > 500 NDc ND 

21g Bn SO3Na Et 134±5 72.0±3.9 
5.3±1.

7 

21h mOMOM-Bn SO3Na Et 229±37 
75.9±11.

4 

2.6±0.

7 

21i pO-iPr-Bn SO3Na Et > 500 ND ND 

21j mO-iPr-Bn SO3Na Et > 500 ND ND 

21k Me SO3Na 
CH2CH2OSO3N

a 
> 500 ND ND 

21l Me SO3Na Bn 168±18 95±33 
3.7±1.

3 
 

  

Table 5. In vitro inhibition of human thrombin by SBMs 
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2.3.4 Mechanisms of Thrombin Inhibition by 2c and 2i.  

To determine the mechanism of thrombin inhibition by these thrombin inhibitors, 

Michaelis-Menten kinetics was performed. In this experiment, two parameters the, VMAX and the 

KM, are determined from the hyperbolic profile obtained after measuring the initial rate of the 

hydrolysis of chromogenic substrate at different concentrations, both in the presence and absence 

of inhibitor. The data was fitted by the Michaelis-Menten equation to obtain the KM and VMAX. 

The values of the KM and VMAX at different inhibitor concentrations give an indication of the 

mechanism of inhibition. A constant VMAX and an increase with increasing inhibitor 

concentration is suggestive of orthosteric inhibition where the substrate and the inhibitor 

compete for the same binding site. In classical non-competitive inhibition, the KM remains 

unchanged whereas the VMAX decreases with increasing inhibitor amounts. Other inhibition 

mechanisms include the mixed inhibition mechanism, where the KM increases with a decrease in 

VMAX, and the uncompetitive inhibition mechanism that presents with a decrease in the both KM 

and VMAX with increasing concentration of the inhibitor. The results from this experiment 

revealed an interesting difference between the two compounds.  

For 2c, in the absence of the inhibitor, the KM and VMAX for spectrozyme TH were 51.0± 

2.8 mAU/min and 9.3± 2.8 µM, respectively. In the presence of 1, 2, 10 and 40 µM of the 

inhibitor, the VMAX decreased consistently with values of 44.1 ± 2.7, 41.0 ± 2.6, 30.9 ± 1.2 and 

23.7 ± 1.3 mAU/min respectively. KM, on the other hand, remained fairly unchanged having 

values of 9.3 ± 2.8, 8.3 ± 2.1, 9.2 ± 2.4, 7.4 ± 1.2 and 6.8 ± 1.6 µM. This is characteristic of a 

non-competitive allosteric mechanism where binding of the inhibitor does not increase or 

decrease binding affinity of the chromogenic substrate for the enzyme. This is the mechanism 

that was observed with our prototype SBD. 
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Similarly, in the presence of 1, 2, 10 and 40 µM of 2i, the VMAX values obtained were 

43.8 ± 2.4, 38.7 ± 1.5, 32.5 ± 2.8 and 26.5 ± 1.8 mAU/min, respectively, indicating a decrease 

upon increasing inhibitor concentrations. In contrast to 2c, however, the values of KM in the 

presence of the same concentrations of 2i gradually increased with values of 8.8 ± 2.0, 10.7 ± 

1.0, 29.7 ± 8.1 and 61.0 ± 10.9 µM, respectively. This demonstrates that the binding of 2i to 

thrombin affects the binding of the chromogenic substrate to the catalytic site of the enzyme. 

This mechanism is known as mixed inhibition and could be the reason for the close to total 

thrombin inhibition observed with 2i. These results are very interesting and demonstrate that 

structural changes to the scaffold can result in compounds that interact in very different ways 

with thrombin. 

 

Figure 26. Michaelis-Menten kinetics profiles of (A) 2c and (B) 2i. 
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Table 6.  Michaelis-Menten Kinetics of thrombin inhibition by 2c and 2i 

Conc. (µM) VMAX (mAU/min) KM (µM) 

2c 

0 51.0 ± 2.8 9.3 ± 2.8 

1 44.1 ± 2.7 8.3 ± 2.1 

2 41.0 ± 2.6 9.2 ± 2.4 

10 30.9 ± 1.2 7.4 ± 1.2 

40 23.7 ± 1.3 6.8 ± 1.6 

2i 

0 48.2 ± 2.8 8.6 ± 2.8 

1 43.8 ± 2.4 8.8 ± 2.0 

2 38.7 ± 1.5 10.7 ± 1. 

10 32.5 ± 2.8 29.7 ± 8.1 

40 26.5 ± 1.8 61.0 ± 10.9 

 

 

2.3.5 Thermodynamic Binding Affinity of 2c and 2i for Thrombin.  

The binding of thrombin to the inhibitors was determined using a fluorimetric method, 

where the changes in fluorescence of fluorescein labeled thrombin and unmodified human 

thrombin were monitored as a function of inhibitor concentrations in a 20 mM Tris Buffer pH 

7.4 containing 100 mM NaCl, 2.5 mM CaCl2, and 0.1% PEG 8000 at 25 °C, as previously 

described. There was a gradual decrease in the fluorescence to a saturation point on increasing 

inhibitor concentrations. The data when fitted to a quadratic curve, gave binding affinities of 3.7 

± 0.3 and 1.0 ± 0.1 µM for 2c and 2i, respectively, for fluorescein labeled thrombin and 2.8 ± 0.3 
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for 2c for unmodified human thrombin. These values are in agreement with their inhibitory 

potencies.  

 

 

Figure 27. Binding of SBDs to thrombin (A) fFPRCK-thrombin and (B) human plasma 

thrombin. 

 

Table 7. Binding affinity 2c and 2i for thrombin 

Cpd. KD (µM) DFmax 

f FPRCK-thrombin 

2c 3.7 ± 0.3 -69.8 ± 1.8 

2i 1.0 ± 1 -63.4 ± 1.5 

Human plasma thrombin  

2c 2.8 ± 0.3 -57.9 ± 1.8 
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2.3.6 Binding Sites of 2c and 2i  

It is well documented that thrombin possesses allosteric sites in addition to its active 

site.243,244 Two electropositive anion binding sites, designated exosites I and II, have been well 

studied.245,246 Fibrinogen, a major substrate for thrombin, binds at exosite I. In addition, hirudin 

the naturally occurring peptide obtained from leeches, binds to this exosite.246 The exosite II of 

thrombin is known to be the site of thrombin interaction with unfractionated heparin.246 To identify 

the thrombin binding sites of these two inhibitors, competition studies with hirudin peptide and 

unfractionated heparin were performed. This involved determining the potencies of the inhibitors 

in increasing concentrations of the known thrombin binders. Significant changes in potency are 

indicative of competition for thrombin binding at specific exosites.  

The presence of increasing concentrations of hirudin peptide had no effect on the IC50 

values of both 2c and 2i. This implies that both of these compounds do not utilize exosite I of 

thrombin for interaction and achieving inhibition.  

In terms of binding at exosite II, the observations are different for the two inhibitors. The 

potency of 2c was significantly affected by the presence of UFH, with an 11 fold decrease in 

potency observed in the presence of 50 µM of heparin. This indicates a competition with the 

UFH binding site, exosite II. In contrast, the presence of similar concentrations of UFH had no 

effect on the inhibitory potency of 2i. This is interesting for a number of reasons. Firstly, it 

indicates that these two compounds interact differently with thrombin and supports the 

observation that the two compounds utilize different mechanisms for thrombin inhibition. In 

addition, it further indicates that 2i interacts with thrombin residues other than the ones utilized 

primarily by both hirudin peptide and UFH for interacting with thrombin. This is an interesting 

result that is worth pursuing, as it may shed more light on the SAR of these compounds.  



 

67 
 

 

Figure 28. Competitive inhibition studies of 2c and 2i in the Presence of UFH and HirP. 
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Table 8. Inhibition of Human Thrombin by 2c and 2i in the Presence of UFH and HirP 

 IC50, app (µM) 

[UFH] (µM) 2c 2i 

0 1.3 ± 0.1  2.0 ± 0.2  

10 3.3 ± 0.7 2.7 ± 0.2 

20 3.4 ± 0.5 2.8 ± 0.1 

50 14.5 ± 4.9 2.6 ± 0.1 

[HirP] (nM)   

0 1.3 ± 0.1 2.0 ± 0.2 b 

5 2.7 ± 0.4 2.6 ± 0.2 

15 1.6 ± 0.1 3.6 ± 0.4 

30 1.5 ± 0.3 2.9 ± 0.2 

 

2.3.7 Inhibition of Thrombin Mutants by 2c and 2i.  

Studies utilizing thrombin mutants carried out to further elucidate the binding site of 

these molecules on thrombin revealed interesting results. The mutants utilized were obtained 

from the Rezaie lab and had most exosite II Arg and Lys residues mutated to Ala.247 These 

mutants permit the study of ionic interaction with our sulfated compounds and allow the 

identification of residues contributing most to the interaction with the molecules, giving an 

indication of the binding sites. The IC50 of benzofuran compounds against recombinant mutants 

of thrombin was measured using the chromogenic hydrolysis, as previously described in a 96-

well format, and the differences from those of the mutants compared to the wild type enzyme. 

For 2c, there were virtually no differences observed between the wild type and the 

mutants with the exception of two residues, R233 and K235, which demonstrated subtle changes 
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in potency upon mutation (Figure 29).  This observation is significantly different from what was 

observed from the prototypical compound, which was demonstrated to be interacting with 

thrombin around the Arg173 residue and explains why the two compounds may have different 

efficacies for thrombin inhibition. This is, however, not surprising, as our earlier work has shown 

that benzofuran compounds may utilize different thrombin exosite II sites for interaction.135 

Also, the results indicate that our discovery is serendipitous as the mutant studies do not support 

our molecular model for the SBD-thrombin interaction. However, it does supports our hypothesis 

that hydrophobic groups play a crucial role in thrombin inhibition by 2c. The lack of any 

inhibitory activity of the unsulfated phenolic precursor of 2i continues to emphasize the 

importance of the sulfate group. 

2i on the other hand showed about two fold differences in potency observed in a number 

of mutants. This indicates the possibility of a different number of binding modes for the 

compound and may explain the reason behind it demonstrating a mixed inhibition mechanism. 

Thus, again, studies on the benzofuran scaffold indicate that subtle structural changes can 

significantly affect the inhibition potential and mechanism for thrombin inhibition. 

 

Figure 29. Inhibition of thrombin mutants by (A) 2c and (B) 2i. 
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Table 9. Inhibition of thrombin mutants by 2c and 2i 

Mutant IC50 
IC50 – Mutant 

IC50 - Wildtype 

2c 

WT 0.94 ± 0.05 1.00 

R93A 1.16 ± 0.05 1.24 

R97A 1.18 ± 0.06 1.26 

R101A 1.05 ± 0.07 1.12 

R126A 1.09 ± 0.1 1.16 

R165A 1.21 ± 0.04 1.29 

K169A 1.07 ± 0.02 1.15 

R173A 1.18 ± 0.11 1.26 

R175A 1.00 ± 0.09 1.07 

R233A 1.69 ± 0.09 1.80 

K235A 1.39 ± 0.1 1.48 

K236A 1.15 ± 0.04 1.22 

2i 

WT 3.32 ± 0.39 1.00 

R93A 4.38 ± 0.5 1.32 

R97A 4.33 ± 1.1 1.30 

R101A 5.78 ± 0.33 1.74 

R126A 6.04 ± 3.09 1.82 

R165A 6.18 ± 0.78 1.86 

K169A 6.34 ± 3.18 1.91 

R173A 5.56 ± 0.57 1.67 

R175A 6.34 ± 0.38 1.91 

R233A 8.92 ± 1.45 2.69 

K235A 5.64 ± 0.43 1.70 

K236A 10.86 ± 0.92 3.27 
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2.3.8 Plasma Clotting Studies of 2c And 2i.  

The activated partial thromboplastin time and prothrombin time tests are plasma clotting 

assays employed to determine the anticoagulant properties of potential anticoagulants.248 The 

APTT assay assesses the effect on the intrinsic coagulation pathway, whereas the PT assay is for 

the extrinsic pathway. These assays are 

routinely performed and provide vital 

information on the possible use of inhibitors 

as anticoagulants. In both assays, the times to 

double the APTT and PT were determined as 

previously reported.133 The concentration of 

2c required to double the APTT was 580 µM 

and that for 2i was > 660 µM. These values 

appear to be higher than expected, and are possibly due to interaction of the inhibitor with 

plasma proteins including albumin. Interestingly, at the highest concentrations tested, none of the 

inhibitors doubled the PT. Again, binding to plasma proteins may play a role in this.  

2.3.9 Inhibition of Thrombin’s Cleavage of Fibrinogen by 2c and 2i  

In order to demonstrate whether the partial inhibitory effect shown by 2c with the chromogenic 

substrate would be reproducible with fibrinogen, an in vivo thrombin substrate, we utilized gel 

electrophoresis. With this, we measured the cleavage of fibrinogen by thrombin in the presence 

and absence of increasing and saturating concentrations of the two thrombin inhibitors using 

densitometric analysis of the bands at 320 KDa . A dose dependent inhibition of fibrinogen 

cleavage by thrombin was observed for both 2c and 2i. As in the case of the chromogenic 
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substrate, a significant difference in the efficacy of inhibition was observed. At saturating levels 

of 2c, inhibition of fibrinogen cleavage 

reached a maximum of about 70±8 %  

whereas in the presence of inhibitor 2i, 

inhibition was found to be greater than 

90%. The IC50s calculated based on these 

PAGE profiles were 8.8 and 17.1 µM for 

2c and 2i, respectively. These numbers are 

higher than the corresponding IC50s 

measured using chromogenic substrate 

hydrolysis assays. It is possible that 

macromolecular fibrinogen in the milieu 

sequesters some proportion of the two 

small allosteric SBDs, which reduces their 

free concentration responsible for inhibitory action. These results support the idea that partial 

protease inhibition may be useful in reducing the side effect of prolonged bleeding associated 

with current anticoagulants.  

2.4 Conclusion 

The importance of thrombin in coagulation is one that cannot be overemphasized. Its role 

has made it an important target in the development of anticoagulants. Though the clinically 

approved direct thrombin inhibitors have improved therapeutic profiles over the vitamin K 

antagonists and heparin, the associated bleeding risk calls for a continuous search for the ideal 

anticoagulant.  
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Computational screening of a virtual library of SBDs, based on a prototypical SBD 

showing submaximal thrombin inhibition at saturating conditions, led to development of a new 

generation of sulfated benzofuran compounds. These compounds were synthesized in pure 

forms, employing protection and deprotection strategies, SN2 substitution reactions, DCC 

coupling, ester hydrolysis and radical bromination among others. Biochemical studies revealed 

compounds that bind to and inhibit thrombin with even lower efficacies than the prototype. 

Michaelis-Menten kinetics, competitive binding studies using allosteric site binders, and studies 

using thrombin mutants point to an allosteric inhibition mechanism.  

Finally, studies using fibrinogen, a physiological macromolecular substrate of thrombin 

show the maintenance of this phenomenon with the substrate. This work thus puts forward 

compound 2c as the first small molecule allosteric thrombin inhibitor that shows submaximal 

inhibition of protease cleavage of a macromolecular substrate and provides support for the 

concept that inhibitors showing submaximal thrombin inhibition may yield safer anticoagulants. 

Studies using animal models will be important in ascertaining the benefits of submaximal 

inhibition in vivo. 

  



 

74 
 

2.5 Experimental Section 

2.5.1 General Methods 

2.5.1.1 Computational Tools 

SYBYL-X2.1 (Cetera) and GOLD v5.2 (Cambridge Crystallographic Data Centre, 

Cambridge, U.K.) were used in computational study of sulfated benzofuran-thrombin interaction. 

2.5.1.2 Chemicals, Reagents, Enzymes, and Substrates 

Anhydrous organic solvents were obtained from Fisher (Pittsburgh, PA) or Sigma-

Aldrich (Milwaukee, WI). Acetone-d6, CDCl3, and DMSO-d6 for NMR were purchased from 

Sigma Aldrich. Other chemicals used were of reagent grade or higher. Analytical TLC was 

performed using UNIPLATETM silica gel GHLF 250 µm pre-coated plates (ANALTECH, 

Newark, DE). Flash chromatography was performed using Teledyne ISCO (Lincoln, NE) with 

mobile phase gradients of ethyl acetate/hexanes and CH2Cl2/CH3OH at flow rates ranging from 

18 to 35 ml/min.  Silica gel (200-400 mesh, 60 Å) was from Sigma-Aldrich. Air or moisture 

sensitive reactions were performed under nitrogen atmosphere in well-dried glassware. Human 

thrombin, fluorescein-labeled (f FPRCK-) thrombin, factor Xa, and factor XIa were obtained 

from Haematologic Technologies (Essex Junction, VT). Stock solutions of serine proteases 

(thrombin, factor Xa, and factor XIa) were prepared in 20 mM TrisHCl buffer, pH 7.4, 

containing 100 mM NaCl, 2.5 mM CaCl2 and 0.1% PEG8000. Chromogenic substrates of 

thrombin (Spectrozyme TH) and factor Xa (Spectrozyme FXa) were obtained from Sekisui 

Diagnostics (Lexington, MA). The chromogenic substrate of factor XIa (Chromogenix S-2366) 

was from DiaPharma (West Chester, OH). Bovine unfractionated heparin was from Sigma 

Aldrich, hirudin peptide (HirP, [5F]-Hir-(54–65)-(SO3
−)) was from Anaspec (Fremont, CA) and 

human plasma fibrinogen was from EMD Millipore (Darmstadt, Germany). 
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2.5.2 Molecular Modeling Studies 

The crystal structure of thrombin bound to hirugen, its exosite I ligand, was obtained 

from the protein data bank (3EQ0). The protein structure was prepared in Sybyl, using the 

Biopolymer structure preparation tool as previously described.134 Briefly, hirugen, and other 

substructures including water molecules were extracted from the crystal structure. Next, side 

chains were fixed, followed by the setting of protonation types of charged residues to their 

physiological relevant states. Hydrogen atoms were then added, followed by minimization, using 

the Tripos Force Field and Gasteiger Hückel charges. (Dielectric constant ε = 4; gradient = 0.05 

kcal/ (mol ×Å); number of iterations = 1× 105).  

A virtual benzofuran library, containing about 100 molecules was also generated in 

Sybyl, ensuring assignment of appropriate atom types to all atoms. For sulfate groups, sulfur 

atom = S.o2; terminal oxygen atoms = O.co2. Hydrogen atoms were subsequently added and the 

resulting virtual compounds were energy minimized using the Tripos Force Field as for the 

protein.  

Docking and scoring of the sulfated benzofuran dimer prototype was done using GOLD 

v5.2 (Cambridge Crystallographic Data Centre, Cambridge, U.K.), as previously reported.134 The 

putative binding site defined to include all atoms in a radius of 22 Å around the alpha carbon 

atom of thrombin’s Arg173 residue. A hydrogen bonding constraint was set to promote hydrogen 

bonding between the ligands and the guanidinium hydrogens of the Arg173 residue and a penalty 

of 10 was enforced in the absence of such an interaction. The number of GA runs per ligand was 

set to 100 to enable comprehensive docking of the ligands. Early termination was disallowed to 

allow the generation of all docked solutions. To enable a comprehensive analysis of the docking 

and scoring, solutions within 1.5 and 2.5 Å of each other were grouped into clusters. All 
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remaining parameters were kept at their default values. ChemPLP scoring was employed as the 

primary scoring function, and rescoring of docked solutions was done using GoldScores.  

The following were taking into consideration in the docking and scoring of the ligands. 

Interaction of the Arg173 residue and the sulfate group of the ligand, the number of different 

clusters identified, the number of solutions per cluster and the ChemPLP scores and GoldScores. 

Further, a manual inspection of the docked poses was performed to analyze and identify 

interesting protein ligand interactions. 

2.5.3 Chemical Characterization of Sulfated Benzofurans.  

A Bruker-400 MHz spectrometer was used to record the 1H and 13C NMR of compounds 

in CDCl3, acetone-d6 or DMSO-d6. Signals, in part per million (ppm), are relative to the residual 

peak of the solvent. The NMR data are reported as chemical shift (ppm), integration, multiplicity 

of signal (s= singlet, d= doublet, t= triplet, q= quartet, dd= doublet of doublet, m= multiplet), and 

coupling constants (Hz). A Waters Acquity TQD MS spectrometer was used in recording ESI-

MS of compounds. MS of intermediate compounds was determined in positive ion mode and 

final products in negative ion mode. Samples, dissolved in methanol, were infused at rates of 

approximately 20 – 40 μL/min, and ionization conditions optimized for each sample to maximize 

ionization.  

2.5.4 Purity Analysis of Synthesized Compounds  

Sulfated benzofuran compounds were analyzed by UPLC with a Waters Acquity H-class 

UPLC system equipped with a photodiode array detector and triple quadrupole mass 

spectrometer. A reversed-phase Waters BEH C18 column of particle size 1.7 μm and 2.1 mm × 

50 mm dimensions at 30±2 °C was used. All final compounds were obtained with purity of 
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>95% purity. Spectral data are provided below. Representative 1H NMR, 13C NMR, and MS 

profiles of the final products are also provided. 

2.5.5 Synthetic Procedure and Spectral Characterization Data 

2.5.5.1 Synthesis of 4a-f  

To a solution of 3 (500 mg, 2.12 mmol, 1.0 equiv.) in DMF were added cesium carbonate 

(345mg, 1.06 mmol, 0.5 equiv.) and benzyl/alkyl halide (1.91 mmol, 0.9 equiv.). The reaction 

mixture was stirred under an atmosphere nitrogen for 18 hours. The reaction was quenched with 

2N HCl and extracted with ethyl acetate. The organic layer was dried using Na2SO4 and 

evaporated to dryness. The residue was purified on silica gel (5 – 20% EtOAc in Hexanes) and 

dried under vacuum to give 4a-h in 45-55% yield.  

4a. 1H NMR (400 MHz, CDCl3): 7.40 (s, 1H), 6.91 (s, 1H), 5.50 (s, 1H), 4.33 (q, J = 7.1 

Hz, 3H), 3.88 (s, 3H), 2.67 (s, 3H), 1.38 (t, J = 7.1 Hz, 2H).  

4b. 1H NMR (400 MHz, CDCl3): 7.39 (s, 1H), 6.88 (s, 1H), 5.52 (s, 2H), 4.32 (q, J = 7.1 

Hz, 2H), 3.80 (d, J = 6.0 Hz, 2H), 2.66 1.84 – 1.65 (m, 6H), 1.38 (t, J = 7.1 Hz, 3H), 1.30 – 1.02 

(m, 5H). 13C NMR (100 MHz, Acetone-d6): 164.75, 162.74, 148.54, 146.56, 146.50, 145.32, 

145.22, 119.49, 109.63, 106.75, 106.67, 96.37, 75.45, 60.61, 38.42, 27.18, 26.54, 14.69, 14.30. 

4c. 1H NMR (400 MHz, CDCl3): 7.47 – 7.35 (m, 6H), 7.02 (s, 1H), 5.60 (s, 1H), 5.15 (s, 

2H), 4.40 (q, J = 8.0 Hz, 2H), 2.71 (s, 3H), 1.43 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, 

Acetone-d6):164.71, 163.03, 148.38, 145.99, 145.58, 137.91, 129.28, 128.80, 128.77, 120.09, 

109.62, 107.15, 97.50, 71.89, 60.64, 14.68, 14.30. 

4d. 1H NMR (400 MHz, CDCl3): 7.20 (s, 1H), 7.15 – 7.10 (m, 2H), 7.07 – 7.03 (s, 3H), 

6.7 (s, 1H), 5.23 (s, 1H), 4.15 (q (t, J = 7.1 Hz, 2H), 2H), 4.07 (q, J = 6.8 Hz, 2H), 2.93 (t, J = 

6.8 Hz, 2H), 2.48 (s, 3H), 1.20 (t, J = 7.1 Hz, 3H). 
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4e. 1H NMR (400 MHz, Acetone-d6): 7.60 (s, 1H), 7.48 – 7.46 (m, 2H), 7.40 (s, 1H), 7.25 

(s, 1H), 7.08 – 7.06 (m, 2H),  5.22 (s, 2H), 5.17 (s, 2H), 4.37 (q, J = 7.1 Hz, 2H), 3.45 (s, 3H), 

2.70 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, Acetone-d6): 164.73, 163.00, 158.22, 

148.38, 146.01, 145.64, 145.54, 130.96, 130.49, 128.77, 119.97, 117.01, 116.86, 109.62, 107.09, 

107.00, 97.42, 95.06, 71.57, 60.65, 56.02, 14.69, 14.31. 

4f. 1H NMR (400 MHz, Acetone-d6): 7.96 (s, 1H), 7.41 – 7.13 (m, 5H), 7.00 – 6.98 (m, 

1H), 5.21 (s, 2H), 5.14 (s, 2H), 4.39 – 4.33 (m, 2H), 3.43 (s, 3H), 2.68 (s, 3H), 1.44 – 1.36 (m, 

3H). 13C NMR (100 MHz, Acetone-d6): 164.71, 163.04, 158.54, 148.37, 145.98, 145.63, 139.48, 

130.33, 121.95, 121.61, 120.13, 116.63, 116.56, 109.62, 107.22, 107.14, 97.53, 95.14, 71.71, 

60.64, 14.68, 14.31. 

4g. 1H NMR (400 MHz, Acetone-d6): 7.54 (s, 1H), 7.43 – 7.41 (m, 2H), 7.38 (s, 1H), 

7.22 (s, 1H), 6.94 – 6.90 (m, 2H), 5.13 (s, 2H), 4.67 – 4.58 (m, 1H), 4.36 (q, J = 8.0 Hz, 2H), 

2.68 (s, 3H), 1.40 (t, J = 8.0 Hz, 3H), 1.30 – 1.29 (m, 6H).13C NMR (100 MHz, Acetone-d6): 

164.73, 162.96, 158.93, 148.40, 146.07, 145.68, 130.57, 129.55, 120.00, 116.49, 109.64, 107.07, 

97.52, 71.78, 70.36, 60.63, 22.29, 14.68, 14.30. 

4h. 1H NMR (400 MHz, Acetone-d6): 7.39 (s, 1H), 7.29 – 7.24 (m, 1H), 7.20 (s, 1H), 

7.08 – 7.03 (m, 2H),  6.87 – 6.84 (m, 1H), 5.19 (s, 2H), 4.66 – 4.60 (m, 1H), 4.34 (q, J = 8.0 Hz, 

2H), 2.66 (s, 3H), 1.40 (t, J = 8.0 Hz, 3H), 1.29– 1.29 (m, 6H). 13C NMR (100 MHz, Acetone-

d6): 164.71, 163.02, 159.15, 148.37, 145.96, 145.90, 145.64, 145.54, 139.44, 130.33, 120.59, 

120.08, 116.08, 116.04, 109.62, 107.19, 107.11, 97.49, 71.76, 70.24, 60.64, 22.28, 14.68, 14.30. 

2.5.5.2 Synthesis of 5a-b 

To a solution of 4a/b (380 mg, 1.71 mmol, 1 equiv.) in DCM were added TBSCl (2.57 mmol, 

1.5 equiv.) and imidazole (2.57 mmol, 1.5 equiv.) and the reaction stirred for 12 hours. The 
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reaction was quenched by adding H20 and extracted with EtOAc. The organic extract was dried 

over Na2SO4, concentrated and purified on silica gel (0 – 10% EtoAc in hexanes) to give the 

product in 90% yield. 

5a. 1H NMR (400 MHz, CDCl3): 7.32 (s, 1H), 6.86 (s, 1H), 4.30 (q, J = 7.1 Hz, 3H), 3.76 

(s, 3H), 2.63 (s, 3H), 1.38 (t, J = 7.1 Hz, 2H), 0.95 (s, 9H), 0.09 (s, 6H). 13C NMR (100 MHz, 

CDCl3): 164.61 162.34, 149.60, 148.79, 118.62, 112.29, 108.93, 95.13, 60.07, 55.89, 25.77. 

18.48, 14.31, -4.73.  

5b. 1H NMR (400 MHz, Acetone-d6): 7.40 (s, 1H), 7.11 (s, 1H), 4.35 (q, J = 8.0 Hz, 2H), 

3.84 (d, J = 8.0 Hz, 2H), 2.68 (s, 3H), 1.95 – 1.68 (m, 6H), 1.41 (t, J = 8.0 Hz, 3H), 1.32 – 1.08 

(m, 5H), 1.05 (s, 9H), 0.20 (s, 6H). 13C NMR (100 MHz, Acetone-d6): 164.66, 162.87, 150.39, 

149.79, 143.55, 119.08, 112.63, 109.60, 96.93, 75.13, 60.66, 38.79, 27.20, 26.53, 26.18, 18.98, 

14.64, 14.23, -4.43. 

2.5.5.3 Synthesis of 6a/b  

Briefly, to a solution of 5a/b in CCl4 was added 1 equivalent of NBS and 0.1 equivalent of 

benzoylperoxide. The reaction was refluxed for 1.5 hrs and extracted with DCM. The DCM 

extract was dried in vacuo to obtain the bromominated precursors 6a/b in quantitative yield.  

6a. 1H NMR (400 MHz, CDCl3): 7.35 (s, 1H), 6.90 (s, 1H), 4.87 (s, 2H), 4.34 (q, J = 7.1 

Hz, 3H), 3.77 (s, 3H), 1.38 (t, J = 7.1 Hz, 2H), 0.94 (s, 9H), 0.09 (s, 6H). 

6b. 1H NMR (400 MHz, Acetone-d6): 7.45 (s, 1H), 7.21 (s, 1H), 5.07 (s, 2H), 4.42 (q, J = 

8.0 Hz, 2H), 3.89 (d, J = 8.0 Hz, 2H), 2.68 (s, 3H), 1.87 – 1.64 (m, 6H), 1.45 (t, J = 8.0 Hz, 3H), 

1.30 – 1.0 (m, 5H), 1.06 (s, 9H), 0.22 (s, 6H). 13C NMR (100 MHz, Acetone-d6): 164.65, 164.60, 

163.18, 162.88, 150.39, 149.70, 143.85, 143.51, 137.98, 129.23, 128.90, 128.80, 119.04, 112.84, 
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112.62, 109.59, 97.86, 96.89, 75.09, 71.74, 60.70, 60.67, 38.78, 27.19, 26.53, 26.17, 26.14, 

18.98, 14.63, 14.24. -4.44. 

2.5.5.4 Synthesis of 7 and 19  

To a solution of 4a/c, (450 mg, 1.80 mmol, 1 equiv.) in 80% (MeOH:H2O) was added lithium 

hydroxide (14.40 mmol, 8 equiv.) and stirred for 24 hours. The reaction was quenched by the 

addition 2N HCl and extracted with EtOAc. The organic extract was dried with Na2SO4, 

concentrated and purified on silica gel (20 – 40% hexanes to give 4 in 60% yield.  

7. 1H NMR (400 MHz, Acetone-d6): 7.40 (s, 1H), 7.15 (s, 1H), 3.91 (s, 3H), 2.70 (s, 3H). 

19. 1H NMR (400 MHz, Acetone-d6): 8.52 (s, 1H), 6.95 – 6.85 (m, 4H), 6.78 (s, 1H), 7.25 

(s, 1H), 4.69 (s, 2H), 2.18 (s, 3H). 13C NMR (100 MHz, Acetone-d6): 165.13, 161.53, 146.71, 

145.12, 144.73, 137.01, 128.29, 127.71, 12.69, 118.91, 108.72, 106.29, 97.57, 70.36, 13.98. 

 

2.5.5.5 Synthesis of 8 

To a solution of 7 (380 mg, 1.71 mmol, 1 equiv.) in EtOAc were added TBSCl (902 mg, 

5.98 mmol, 3.5 equiv.) and trimethylamine (0.83 ml, 5.98 mmol, 3.5 equiv.) and the reaction 

stirred for 12 hours. The reaction was quenched by adding H20 and extracted with EtOAc. The 

organic extract was dried over Na2SO4, concentrated and purified on silica gel (0 – 10% EtoAc 

in hexanes) to give the product in 90% yield. 

8. 1H NMR (400 MHz, DMSO-d6): 7.30 (s, 1H), 7.27 (s, 1H), 3.82 (s, 3H), 2.70 (s, 3H), 

1.02 (s, 9H), 0.99 (s, 9H), 0.38 (s, 6H), 0.12 (s, 6H). 13C NMR (100 MHz, DMSO-d6): 164.50, 

149.49, 148.75, 142.64, 112.34, 94.97, 55.73, 25.90, 25.80, 18.47, 17.91, 14.57, -4.39, -4.72. 



 

81 
 

2.5.5.6 Synthesis of 9  

To a solution of 8 (580 mg, 1.29 mmol, 1 equiv.) in 80% THF:H2O was added NaOH (51 

mg, 1.29 mmol, 1 equiv.). The reaction was stirred for 15 minutes, quenched using 2N HCl and 

extracted using EtOAc. The organic extract was dried over Na2SO4, concentrated and purified on 

silica gel (0 – 40 % EtoAc in hexanes) to give the product in 90% yield.  

9: 1H NMR (400 MHz, DMSO-d6): 7.29 (s, 1H), 7.27 (s, 1H), 3.82 (s, 3H), 2.54 (s, 3H), 

1.00 (s, 9H), 0.14 (s, 6H). MS (ESI) calculated for C17H24O5Si [(M+Na)]+, m/z 359.1291, found 

for [(M+Na)]+, m/z 359.2057. 

2.5.5.7 Synthesis of 10a-c 

To a solution of 9 (400 mg, 1.24 mmol, 1 equiv.) in acetonitrile were added alkyl halide (1.86 

mmol, 1.5 equiv.) and cesium carbonate (604 mg, 1.86 mmol, 1.5 equiv.). The reaction was 

stirred for 12 hours under nitrogen gas. The reaction was quenched using 2N HCl and extracted 

using EtOAc. The organic layer was dried over Na2SO4 and purified on silica gel (0 – 10 % 

EtOAc in hexanes) to give the product in 80 - 85% yield.  

10a. 1H NMR (400 MHz, Acetone-d6):  7.55 – 7.52 (m, 2H), 7.45 – 7.36 (m, 3H), 7.32 (s, 

1H), 7.15 (s, 1H), 5.37 (s, 2H), 3.86 (s, 3H), 2.70 (s, 3H), 0.98 (s, 9H), 0.10 (s, 6H). 13C NMR 

(100 MHz, Acetone-d6): 164.51, 163.45, 150.75, 149.77, 143.60, 137.39, 129.50, 129.26, 129.05, 

119.14, 112.70, 109.37, 96.19, 66.69, 56.24, 26.13, 19.02, 14.30, -4.55. 

10b. 1H NMR (400 MHz, Acetone-d6): 7.37 – 7.29 (m, 5H) 7.24 – 7.20 (m, 1H), 7.15 (s, 

1H), 4.56 (t, J = 6.9 Hz, 2H), 3.87 (s, 3H), 3.13 (t, J = 6.8 Hz, 2H), 2.62 (s, 3H), 1.03 (s, 9H), 

0.16 (s, 6H). 13C NMR (100 MHz, Acetone-d6): 164.59, 163.07, 150.71, 149.76, 143.58, 139.21, 

129.72, 129.34, 127.32, 119.33, 112.69, 109.48, 96.13, 65.45, 56.22, 35.78, 26.16, 19.06, 14.37, 

-4.48. 
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10c. 1H NMR (400 MHz, CDCl3): 7.40 – 7.33 (m, 3H), 7.25 (s, 1H), 7.00 (d, J = 8.0, 

2H), 6.87 (s, 1H), 5.24 (s, 2H), 5.14 (s, 2H), 3.77 (s, 3H), 3.44 (s, 3H), 2.66 (s, 3H), 0.92 (s, 9H), 

0.04 (s, 6H).  13C NMR (100 MHz, CDCl3): 164.47, 162.75, 157.32, 149.59, 148.76, 142.66, 

132.97, 130.06, 129.98, 129.69, 129.37, 128.35, 116.38, 112.28, 108.73, 95.06, 94.06, 65.87, 

56.01, 55.86, 25.75, 18.45, 14.41, -4.79. 

2.5.5.8 Synthesis of 11a-c  

To 10a-c in THF were added 1.5 equivalents of TBAF in THF. The reaction was stirred 

for 3 hours, quenched with 2N HCl and extracted with EtOAc. The EtOAc extract was purified 

using combiflash RF system in 30% EtOAc/Hexanes, and dried in vacuo to obtain the phenolic 

precursors in 75% yield. 

11a. 1H NMR (400 MHz, Acetone-d6):  7.55 – 7.52 (m, 2H), 7.46 – 7.36 (m, 5H), 7.15 (s, 

1H), 5.40 (s, 2H), 3.90 (s, 3H), 2.69 (s, 3H). 13C NMR (100 MHz, Acetone-d6): 164.61, 163.21, 

148.56, 147.30, 145.35, 1137.65, 129.43, 129.10, 128.96, 119.55, 109.42, 106.81, 95.77, 66.42, 

56.73, 14.41. 

11b. 1H NMR (400 MHz, Acetone-d6): 7.45 (s, 1H), 7.39 – 7.29 (m, 5H) 7.24 – 7.20 (m, 

1H), 7.13 (s, 1H), 4.56 (t, J = 6.9 Hz, 2H), 3.90 (s, 3H), 3.13 (t, J = 8.8 Hz, 2H), 2.61 (s, 3H). 

13C NMR (100 MHz, Acetone-d6): 164.70, 162.90, 148.51, 147.25, 145.30, 139.28, 129.81, 

129.34, 127.30, 119.64, 109.52, 106.89, 95.69, 65.47, 56.73, 35.82, 14.37. 

11c. 1H NMR (400 MHz, CDCl3): 7.37 – 7.33 (m, 3H), 7.21 (s, 1H), 7.01 – 6.99 (m, 2H), 

6.90 (s, 1H), 5.49 (s, 1H), 5.27 (s, 2H), 5.14 (s, 2H), 3.87 (s, 3H), 3.44 (s, 3H), 2.65 (s, 3H). 13C 

NMR (100 MHz, CDCl3): 164.43, 162.89, 157.24, 147.65, 145.01, 143.20, 129.97, 129.57, 

118.92, 116.34, 108.88, 105.84, 94.41, 94.12, 65.71, 56.32, 14.51. 
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2.5.5.9 Synthesis of 12  

To a solution of 9 (400mg, 1.24 mmol, 1 equiv.) in DCM were added DMAP (227 mg, 

1.86 mmol, 1.5 equiv.), DCC (384 mg, 1.86 mmol, 1.5 equiv.) and HOCH2CH2OTBDPS (559 

mg, 1.86 mmol, 1.5 equiv.). The reaction was stirred for 24 hours, quenched by adding 2N HCl, 

and extracted using using EtOAc. The organic layer was dried over Na2SO4 and purified on silica 

gel (0 – 20 % EtoAc in hexanes) to give the product in 75% yield. 

12. 1H NMR (400 MHz, Acetone-d6): 7.72 – 7.60 (m, 4H) 7.46 – 7.34 (m, 7H), 7.17 (s, 

1H), 4.51 – 4.48 (m, 2H), 4.08 – 4.06 (m, 2H), 3.89 (s, 3H), 2.70 (s, 3H), 1.05 (s, 9H), 1.01 (s, 

9H), 0.15 (s, 6H). 13C NMR (100 MHz, Acetone-d6): 164.58, 163.06, 150.77, 149.83, 143.67, 

136.29, 134.24, 130.65, 128.63, 119.48, 112.81, 109.65, 96.19, 65.79, 63.31, 56.26, 56.12, 35.71, 

27.20, 26.17, 25.21, 19.73, 19.05, 14.47, -4.43.  

2.5.5.10 Synthesis of 13 

*See synthesis of 6a/b 

13. 1H NMR (400 MHz, Acetone-d6): 7.72 – 7.68 (m, 4H) 7.50 – 7.34 (m, 8H), 5.08 (s, 

2H), 4.55 – 4.51 (m, 2H), 4.10– 4.06 (m, 2H), 3.89 (s, 3H), 1.04 (s, 9H), 1.01 (s, 9H), 0.15 (s, 

6H). 13C NMR (100 MHz, Acetone-d6): 164.58, 163.07, 150.74, 149.82, 143.63, 136.29, 134.20, 

130.67, 129.23, 128.90, 128.65, 119.43, 112.86, 112.81, 109.63, 97.85, 96.14, 71.75, 65.80, 

63.30, 60.70, 56.23, 27.20, 26.18, 26.16, 19.73, 19.06, 14.49, -4.23. 

2.5.5.11 Synthesis of 14a-n 

To a solution each of 6a-b, 13 in acetone was added 1.5 equivalents of K2CO3 and 1.1 

equivalents of 4a-h and 11a-c and the reaction was stirred under an atmosphere of nitrogen for 

24 hours. The reaction was quenched with 2N HCl, extracted with EtOAc, dried with Na2SO4 

and concentrated in vacuo. Purification was done using a combiflash RF system using 
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Hexanes/EtOAc (75/25) and the corresponding fractions pooled and concentrated to obtain the 

compounds 14a-n in 60 – 75% yield.  

14a. 1H NMR (400 MHz, CDCl3): 7.57 (s, 1H), 7.46 (s, 1H), 6.99 (m, 2H), 5.55 (s, 2H), 

4.38 – 4.32 (m, 4H), 3.84 (s, 3H) 3.81 – 3.79 (m, 2H), 2.71 (s, 3H), 1.90 – 1.66 (m, 6H), 1.37 – 

1.02 (m, 20H), 0.17 (s, 6H). 13C NMR (100 MHz, CDCl3): 163.64, 162.47, 158.42, 150.64, 

149.82, 149.49, 146.42, 143.09, 118.60, 118.09, 112.53, 111.53, 109.96, 97.25, 95.29, 75.30, 

64.98, 60.42, 60.06, 55.79, 37.62, 30.84, 29.89, 26.53, 25.82, 25.75, 18.48, 14.37, 14.20 

14b. 1H NMR (400 MHz, CDCl3): 7.57 (s, 1H), 7.42 – 7.34 (m, 3H) 7.29 – 7.21 (m, 3H), 

6.95 (s, 1H), 6.92 (s, 1H), 5.56 (s, 2H), 5.10 (s, 2H),  4.34 – 4.26 (m, 4H), 3.79 (s, 3H), 2.64 (s, 

3H), 1..34 – 1.30 (m, 6H), 0.97 (s, 9H), 0.12 (s, 6H). 13C NMR (100 MHz, CDCl3): 164.36, 163. 

63, 158.11, 150.70, 149.87, 149.02, 147.96, 146.72, 143.12, 137.03, 128.79, 128.45, 127.77, 

127.32, 119.45, 118.02, 112.54, 111.79, 109.15, 109.07, 98.77, 95.31, 71.96, 64.49, 60.47, 60.10, 

55.79, 29.67, 25.75, 18.49, 14.38, 14.19, -4.72. 

14c. 1H NMR (400 MHz, CDCl3): 7.53 (s, 1H), 7.42 (s, 1H), 7.28 – 7.14 (m, 5H), 6.94 (s, 

1H), 6.92 (s, 1H), 5.48 (s, 2H), 4.34 – 4.26 (m, 4H), 4.17 (t, J = 8.0, 2H), 3.78 (s, 3H), 3.12 – 

3.06 (m, 2H), 2.65 (s, 3H), 1.33 – 1.29 (m, 6H), 0.97 (s, 9H), 0.12 (s, 6H). 13C NMR (100 MHz, 

CDCl3): 164.42, 163.65, 162.62, 158.18, 150.71, 149.87, 149.21, 148.25, 146.34, 143.12, 

138.17, 129.13, 128.85, 128.75, 128.42, 126.82, 126.44, 118.98, 118.01, 112.55, 111.69, 109.13, 

97.40, 95.29, 70.52, 64.44, 61.65, 60.48, 60.11, 55.79, 35.77, 35.65, 25.76, 25.68, 18.49, 14.37, 

14.20, -4.71 

14d. 1H NMR (400 MHz, CDCl3): 7.41 (s, 1H), 7.46 – 7.43 (m, 3H), 7.26 (s, 1H), 7.22 (s, 

1H), 7.04 – 7.00 (m, 2H), 5.63 (s, 2H), 5.18 (s, 2H), 5.11 (s, 2H), 4.38 – 4.30 (m, 4H), 3.91 (s, 

3H), 3.41 (s, 3H), 2.63 (s, 3H), 1.38 – 1.33 (m, 6H), 1.03 (, 9H), 0.18 (s, 6H).13C NMR (100 
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MHz, CDCl3) δ 164.47, 163.93, 163.32, 159.22, 158.10, 151.86, 150.72, 149.98, 149.27, 147.48, 

144.00, 131.33, 130.05, 119.80, 118.64, 116.99, 112.97, 112.63, 109.76, 109.71, 99.20, 96.27, 

95.13, 71.85, 64.70, 61.24, 60.71, 56.25, 56.02, 26.12, 19.07, 14.69, 14.51, 14.31, -4.52 

14e. 1H NMR (400 MHz, Acetone-d6): 7.60 (s, 1H), 7.44 (s, 1H), 7.48 (s, 1H), 7.30 – 7.13 

(m, 5H), 6.99 – 6.96 (m, 2H), 5.64 (s, 2H), 5.18 – 5.17  (m, 2H), 4.38 – 4.31 (m, 4H), 3.90 (s, 

3H), 3.40 (s, 3H), 2.68 (s, 3H),  1.38 – 1.33 (m, 6H), 1.03 (s, 9H), 0.18 (s, 6H). 13C NMR(400 

MHz, Acetone-d6): 164.47, 163.94, 163.37, 159.20, 158.57, 151.88, 150.76, 150.01, 149.25, 

147.51, 144.04, 139.88, 130.27, 121.60, 119.98, 118.72, 116.52, 116.23, 112.97, 112.69, 109.84, 

99.26, 96.35, 95.18, 71.96, 64.78, 61.21, 60.71, 56.28, 56.03, 26.12, 19.05, 14.67, 14.50, 14.28, -

4.51 

14f. 1H NMR H NMR (400 MHz, Acetone-d6): 7.59 (s, 1H), 7.47 (s, 1H), 7.41 (s, 1H), 

7.39 (s, 1H), 7.25 (s, 1H), 7.21 (s, 1H), 6.89 – 6.86 (m, 2H), 5.62 (s, 2H), 5.11 (s, 2H), 4.63 – 

4.57 (m, 1), 4.37 – 4.31 (m, 4H), 3.91 (s, 3H), 2.68 (s, 3H), 1.35 (t, J = 8.0 Hz, 6H), 1.28 (d, J = 

8.0 Hz, 6H), 1.03 (s, 9H), 0.18 (s,6H). 13C NMR (100 MHz, Acetone-d6) δ 164.49, 163.94, 

163.31, 159.25, 158.75, 151.86, 150.73, 150.01, 149.35, 147.54, 144.01, 136.37, 130.59, 130.23, 

129.88,  128.61, 119.78, 118.67, 116.44, 112.97, 112.63, 109.78, 109.72, 99.26, 96.30, 72.02, 

70.30, 64.72, 61.23, 60.71, 56.26, 26.12, 25.81, 23.26, 22.30, 20.89, 19.06, 14.69, 15.50, 14.31, -

4.51 

14g. 1H NMR (400 MHz, CDCl3): 7.61 (s, 1H), 7.46 (s, 1H), 7.23 – 7.19 (m, 1H), 7.00 – 

6.98 (m, 4H), 6.81 – 6.79 (m, 1H), 5.62 (s, 2H), 5.13 (s, 2H), 4.54 – 4.48 (m, 1H), 4.40 – 4.33 

(m, 4H), 3.84 (s, 3H), 2.69 (s, 3H), 1.39 – 1.33 (m, 6H), 1.28 – 1.27 (m, 6H), 1.03 (s, 9H), 0.17 

(s, 6H). 13C NMR (100 MHz, CDCl3):164.37, 163.63, 162.69, 158.14, 158.08, 150.69, 149.87, 

148.99, 147.89, 146.61, 143.10, 138.58, 129.50, 119.34, 119.26, 117.98, 115.49, 114.50, 112.52, 
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111.78, 109.12, 108.82, 98.60, 95.31, 71.77, 69.83, 64.36, 60.49, 60.10, 55.78, 25.76, 22.01, 

18.49, 14.38, 14.20, -4.71 

14h. 1H NMR (400 MHz, Acetone-d6): 7.56 (s, 1H), 7.46 (s, 1H), 7.18 (d, J = 8.0 Hz, 

2H), 5.58 (s, 2H), 4.34 (m, 4H), 3.86 (m, 4H), 2.68 (s, 3H), 1.77 – 1.45 (m, 10H), 1.30 – 1.10 (m, 

18 H), 1.05 (s, 9H), 0.21 (s, 6H). 13C NMR (400 MHz, Acetone-d6): 164.53, 163.94, 163.12, 

159.36, 151.49, 150.71, 150.37, 150.27, 147.26, 143.91, 119.24, 118.38, 112.88, 112.44, 110.56, 

109.75, 98.06, 96.90, 75.64, 75.05, 65.22, 61.17, 60.70, 38.70, 38.57, 18.99, 14.70, 14.53, 14.31, 

-4.45. 

14i. 1H NMR (400 MHz, Acetone-d6): 7.60 (s, 1H), 7.52 – 7.50 (m, 2H), 7.46 (s, 1H), 

7.37 – 7.30 (m, 3H), 7.25 (s, 1H), 7.17 (s, 1H), 5.63 (s, 2H), 5.20 (s, 2H), 4.33 (q, J = 8.0 Hz, 

4H), 3.86 (d, J = 8.0 Hz, 2H), 2.67 (s, 3H), 1.96 – 1.69 (m, 6H), 1.37 – 1.15 (m, 11H), 1.05 (s, 

9H), 0.21 (s, 6H). 13C NMR (400 MHz, Acetone-d6): 164.51, 163.98, 163.40, 159.15, 151.54, 

150.77, 149.99, 149.28, 147.48, 143.96, 138.27, 129.24, 128.60, 128.43, 119.89, 118.33, 112.87, 

112.64, 109.85, 109.78, 99.21, 96.98, 75.08, 72.12, 64.78, 61.23, 60.74, 38.71, 27.18, 26.51, 

26.16, 18.99, 14.69, 14.51, 14.30, -4.44. 

14j. 1H NMR (400 MHz, Acetone-d6): 7.55 (s, 1H), 7.42 (s, 1H), 7.20 (s, 1H), 7.19 (s, 

1H), 5.57 (s, 2H), 3.94 – 3.93 (m, 2H), 3.87 (s, 3H), 2.68 (s, 3H), 1.95 – 1.74 (m, 6H), 1.33 – 

1.11 (m, 11H).  

14k. 1H NMR (400 MHz, Acetone-d6): 7.60 (s, 1H), 7.55 (s, 1H), 7.42 (s, 1H), 7.22 (s, 

1H), 7.19 (s, 1H), 5.53 (s, 2H), 5.39 (s, 2H), 4.34 (q, J = 8 Hz, 2H), 3.91 (s, 3H),  3.86 (s, 3H), 

2.77 (s, 3H), 1.34 (t, J = 8.0 Hz. 3H), 1.04 (s, 9H), 0.19 (s, 6H). 13C NMR (100 MHz, Acetone-

d6): 163.93, 163.37, 158.96, 151.95, 150.77, 150.35, 150.07, 147.00, 144.05, 137.60, 129.42, 
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129.01, 128.92, 119.03, 118.66, 113.01, 112.73, 109.58, 108.49, 96.70, 96.34, 66.53, 64.09, 

61.26, 56.63, 56.28, 26.12, 19.07, 14.48, 14.37, -4.51. 

14l. 1H NMR (400 MHz, Acetone-d6): 7.48 (m, 2H), 7.37 – 7.18 (m, 7H), 5.49 (s, 2H), 

4.56 (t, J = 8 Hz, 2H), 4.34 (q, J = 8.0 Hz, 2H), 3.89 (s, 2H), 3.10 (t, J = 8.0 Hz, 2H), 2.63 (s, 

3H), 1.35 (t, J = 8 Hz, 3H) 1.03 (s, 9H), 0.17 (s, 6H). 13C NMR (400 MHz, Acetone-d6) δ 164.52, 

163.93, 163.18, 159.01, 151.92, 150.75, 150.32, 150.02, 146.89, 144.01, 139.21, 129.80, 129.73, 

129.34, 127.28, 118.94, 118.63, 112.99, 112.72, 109.64, 108.61, 96.57, 96.29, 65.31, 64.24, 

61.27, 56.57, 56.24, 35.70, 19.07, 14.49, 14.33, -4.52 

14m. 1H NMR (400 MHz, CDCl3): 7.61 (s, 1H), 7.46 (s, 1H), 7.42 – 7.35 (m, 2H), 7.04 – 

6.95 (m, 4H), 5.53 (s, 2H), 5.30 (s, 2H), 5.12 (s, 2H), 4.36 (q, J = 7.1 Hz, 2H), 3.85 (s, 3H), 3.84 

(s, 3H), 3.42 (s, 3H), 2.70 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H), 1.02 (s, 9H), 0.17 (s, 6H). 13C NMR 

(100 MHz, CDCl3): 164.20, 163.66, 162.53, 157.62, 157.21, 150.72, 149.95, 148.93, 148.69, 

145.83, 143.04, 129.82, 129.57, 118.34, 117.93, 116.31, 112.57, 111.98, 108.97, 107.05, 99.98, 

95.27, 94.35, 65.70, 63.53, 60.57, 56.31, 55.96, 55.77, 29.72, 25.77, 18.51, 14.52, 14.20, -4.71. 

14n. 1H NMR (400 MHz, CDCl3): 
1H NMR (400 MHz, Acetone-d6) δ 7.68 – 7.65 (m, 

4H),  7.57 (s, 1H), 7.52 (s, 1H), 7.42 – 7.32 (m, 6H), 7.24  – 7.28 (m, 5H), 6.97 (s, 2H), 5.58 (s, 

2H), 5.14 (s, 2H), 4.49 – 4.42 (m, 2H), 4.35 (q, J = 7.1 Hz, 2H), 4.05 – 4.03 (m, 2H), 3.92 (s, 

3H), 1.43 – 1.33 (m, 3H), 1.00 (d, J = 3.4 Hz, 18H), 0.15 (s, 6H).  

2.5.5.12 Synthesis of 15a-n 

To the products, 14a-n, obtained in THF were added 1.5 equivalents of TBAF in THF. 

The reaction was stirred for 3 hours, quenched with 2N HCl and extracted with EtOAc. The 

EtOAc extract was purified using combiflash RF system in 30% EtOAc/Hexanes, and dried in 
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vacuo to obtain the phenolic/alcoholic precursors in 70 – 80% yield. Spectral data are given 

below. 

15a. 1H NMR (400 MHz, CDCl3): 7.50 (s, 1H), 7.46 (s, 1H), 6.97 (s,1), 6.93 (s, 1H), 5.51 

(s, 2H), 4.34 – 4.26 (m, 4H), 3.89 (s, 3H) 3.76 – 3.75 (m, 2H), 2.65 (s, 3H), 1.85 – 1.49 (m, 6H), 

1.38 – 1.02 (m, 11H). 13C NMR (100 MHz, CDCl3): 164.44, 163.61, 162.47, 158.71, 149.49, 

149.06, 148.72, 146.31, 146.01, 143.56, 118.57, 118.55, 111.64, 109.94, 109.14, 106.12, 97.16, 

94.40, 64.95, 60.50, 60.07, 56.30, 37.60, 29.90, 29.70, 26.53, 25.82, 14.35, 14.29. 

15b. 1H NMR (400 MHz, CDCl3): 7.54 (s, 1H), 7.43 (s, 1H) 7.38 – 7.35 (m, 2H), 7.28 – 

7.20 (m, 3H), 6.93 (s, 1H), 6.91 (s, 1H), 5.56 (s, 2H), 5.51 (s, 1H), 5.08 (s, 2H),  4.28 (q, J = 8.0, 

4H), 3.86 (s, 3H), 2.62 (s, 3H), 1..32 – 1.28 (m, 6H). 13C NMR (100 MHz, CDCl3): 164.35, 

163.61, 162.73, 158.42, 149.05, 148.75, 147.98, 146.64, 146.06, 143.59, 137.01, 128.44, 127.77, 

127.32, 119.44, 118.49, 111.88, 109.16, 98.70, 94.44, 71.93, 64.52, 60.55, 60.10, 56.31, 14.35, 

14.27. 

15c. 1H NMR (400 MHz, CDCl3): 7.50 (s, 1H), 7.44 (s, 1H), 7.24 – 7.10 (m, 5H), 6.94 (s, 

1H), 6.90 (s, 1H), 5.53 (s, 1H), 5.47 (s, 2H), 4.32 – 4.24 (m, 4H), 4.14 (t, J = 8.0, 2H), 3.85 (s, 

3H), 3.06 (t, J = 8.0, 2H), 2.63 (s, 3H), 1..33 – 1.27 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 

164.41, 163.63, 162.62, 158.47, 149.22, 148.75, 148.24, 146.26, 146.07, 143.60, 138.16, 129.12, 

128.43, 126.45, 118.99, 118.48, 111.80, 109.18, 109.13, 106.13, 97.39, 94.44, 70.53, 64.47, 

60.57, 60.12, 56.32, 35.77, 14.37, 14.30.  

15d. 1H NMR (400 MHz, CDCl3): 7.59 (s, 1H), 7.50 (s, 1H), 7.36 – 7.34 (m, 2H), 7.00 – 

6.97 (m, 4H), 5.62 (s, 2H), 5.15 (s, 2H), 5.08 (s, 2H), 4.38 – 4.32 (m, 4H), 3.94 (s, 3H), 3.47 (s, 

3H), 2.69 (s, 3H), 1.40 – 1.35 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 164.40, 163.65, 162.73, 

158.41, 156.95, 148.98, 148.73, 147.84, 146.58, 146.03, 143.53, 130.28, 128.94, 119.30, 118.39, 
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116.22, 111.84, 109.10, 108.91, 106.09, 98.69, 94.43, 94.41, 71.59, 64.41, 60.60, 60.14, 56.30, 

55.99, 14.41, 14.38, 14.31. 

15e. 1H NMR (400 MHz, Acetone-d6): 7.60 (s, 1H), 7.44 (s, 1H), 7.48 (s, 1H), 7.30 – 

7.13 (m, 5H), 6.99 – 6.96 (m, 2H), 5.64 (s, 2H), 5.19 (s, 2H),  5.18 (s, 2H), 4.38 – 4.31 (m, 4H), 

3.93 (s, 3H), 3.40 (s, 3H), 2.68 (s, 3H),  1.38 – 1.33 (m, 6H). 13C NMR (100 MHz, Acetone-d6) δ 

163.36, 162.93, 162.57, 159.28, 159.04, 155.52, 155.03, 153.97, 153.83, 149.97, 147.52, 146.42, 

141.98, 135.83, 130.13, 126.75, 120.00, 107.07, 99.34, 96.03, 93.95, 71.95, 64.82, 61.26, 60.07, 

57.02, 56.13, 19.04, 14.67, 14.53, 14.27 

15f. 1H NMR (400 MHz, Acetone-d6): 7.97 (s, 4H), 7.59 (s, 1H), 7.43 – 7.39 (m, 3H), 

7.25 (s, 1H), 7.21 (s, 1H), 6.89 – 6.86 (m, 2H), 5.62 (s, 2H), 5.11 (s, 2H), 4.63 – 4.57 (m, 1H), 

4.37 – 4.31 (m, 4H), 3.93 (s, 3H), 2.68 (s, 3H), 1.37 – 1.33 (m, 6H), 1.28 (d, J = 8.0 Hz, 6H). 13C 

NMR (100 MHz, Acetone-d6): 7.58 (s, 1H), 7.50 (s, 1H), 7.33 – 7.31 (m, 2H), 7.26 (s, 1H), 7.01 

(s, 1H), 6.98 (s, 1H), 6.83 – 6.81 (m, 2H), 5.61 (s, 2H), 5.06 (s, 2H), 4.54 – 4.48 (m, 1H), 4.38 – 

4.32 (m, 2H), 3.93 (s, 3H), 2.69 (s, 3H), 1.39 – 1.33 (m, 6H), 1.31 (d, J = 8 Hz, 2H). 

15g. 1H NMR (400 MHz, Acetone-d6): 7.60 (m, 2H), 7.43 (s, 1H), 7.27 – 7.20 (m, 3H), 

7.09 – 7.04 (m, 2H), 6.85 – 6.82 (m, 1H), 5.64 (s, 2H), 5.18 (s, 2H), 4.59 – 4.56 (m, 1H), 4.38 – 

4.31 (m, 4H), 3.89 (s, 3H), 2.69 (s, 3H), 1.37 – 1.34 (m, 6H), 1.25 – 1.24 (m, 6H). 13C NMR (100 

MHz, Acetone-d6) δ 164.48, 164.05, 163.32, 159.13, 159.03, 149.95, 149.55, 149.19, 148.44, 

147.45, 145.72, 139.78, 130.29, 120.24, 119.85, 118.99, 116.17, 115.49, 112.73, 109.79, 109.65, 

107.05, 99.12, 95.86, 71.95, 70.26, 64.72, 61.17, 60.72, 56.72, 22.26, 14.66, 14.56, 14.29. 

15h. 1H NMR (400 MHz, Acetone-d6): 7.57 (s, 1H), 7.42 (s, 1H), 7.20 (s, 1H),  7.17 (s, 

1H), 5.57 (s, 2H), 4.36 – 4.30 (m, 4H), 3.93 (d, J = 8.0 Hz, 2H), 3.85 (d, J = 8 Hz, 2H)  2.68 (s, 

3H), 1.92 – 1.66 (m,10 H), 1.37 – 1.09 (m, 18H). 13C NMR (100 MHz, Acetone-d6) δ 164.53, 
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164.04, 163.09, 159.22, 150.39, 150.32, 149.52, 147.75, 147.29, 145.75, 119.29, 118.91, 112.53, 

110.66, 109.78, 106.98, 98.10, 96.45, 75.70, 75.46, 65.30, 61.09, 60.69, 38.58, 38.35, 14.67, 

14.56, 14.28. 

15i. 1H NMR (400 MHz, Acetone-d6): 7.60 (s, 1H), 7.53 – 7.49 (m, 2H), 7.41 (s, 1H), 

7.38 – 7.30 (m, 3H), 7.25 (s, 1H), 7.18 (s, 1H), 5.63 (s, 2H), 5.21 (s, 2H), 4.37 – 4.31 (m, 4H), 

3.93 – 3.92 (m, 2H), 2.76 (s, 3H), 1.90 – 1.68 (m, 6H), 1.37 – 1.11 (m, 11H). 13C NMR (100 

MHz, Acetone-d6) δ 164.47, 164.06, 163.34, 159.00, 149.98, 149.55, 149.30, 147.77, 147.50, 

145.74, 145.65, 138.28, 129.23, 128.58, 128.42, 119.91, 118.83, 112.70, 109.91, 109.79, 106.96, 

99.22, 96.47, 75.45, 72.14, 64.85, 61.15, 60.72, 38.36, 27.17, 26.53, 14.67, 14.55, 14.29. 

15j. 1H NMR (400 MHz, Acetone-d6): 7.55 (s, 1H), 7.42 (s, 1H), 7.20 (s, 1H), 7.19 (s, 

1H), 5.57 (s, 2H), 3.94 – 3.93 (m, 2H), 3.87 (s, 3H), 2.68 (s, 3H), 1.95 – 1.74 (m, 6H), 1.33 – 

1.11 (m, 11H). 13C NMR (100 MHz, Acetone-d6) δ 164.55, 164.08, 162. 99, 158.93, 150.44, 

150.12, 149.57, 147.82, 146.83, 145.76, 119.08, 118.78, 112.71, 109.79, 109.03, 106.95, 96.62, 

96.46, 75.42, 64.39, 61.17, 60.71, 56.62, 38.35, 36.12, 27.17, 26.53, 14.67, 14.55, 14.29. 

15k. 1H NMR (400 MHz, Acetone-d6): 7.68 (s, 1H), 7.59 (s, 1H), 7.52 – 7.50 (m, 2H),  

7.44 (s, 1H), 7.40 – 7.31 (m, 3H), 7.22 (s, 1H), 7.20 (s, 1H), 5.52 (s, 2H), 5.38 (s, 2H), 4.34 (q, J 

= 8.0 Hz, 2H), 3.93 (s, 3H),  3.86 (s, 3H), 2.69 (s, 3H), 1.34 (t, J = 8.0 Hz. 3H). 13C NMR (100 

MHz, J Acetone-d6) δ 164.36, 164.05, 163.34, 158.79, 150.31, 150.03, 149.55, 148.49, 146.96, 

145.73, 137.58, 129.41, 129.03, 128.92, 118.97, 118.93, 112.74, 109.55, 108.42, 107.05, 96.64, 

95.85, 66.52, 64.09, 61.21, 56.70, 56.60, 14.54, 14.38. 

15l. 1H NMR (400 MHz, Acetone-d6): 7.47 (s, 1H), 7.44 (s, 1H), 7.36 – 7.13 (m, 8H), 

5.49 (s, 2H), 4.56 (t, J = 8.0 Hz, 2H), 4.35 (q, J = 8.0 Hz, 2H), 3.92 (t, J = 8.0 Hz, 2H), 3.85 (s, 

2H), 3.09 (t, J = 8 Hz, 2H), 2.63 (s, 3H), 1.34 (t, = 8.0 Hz, 3H). 13C NMR (100 MHz, Acetone-d6) 
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δ 164.52, 164.04, 163.17, 158.87, 150.40, 150.06, 149.56, 146.95, 139.21, 129.71, 129.32, 

127.26, 119.00, 112.77, 109.67, 108.86, 107.05, 96.64, 95.86, 65.29, 64.39, 61.18, 56.70, 56.62, 

35.70, 14.53, 14.30. 

15m. 1H NMR (400 MHz, CDCl3) 7.60 (s, 1H), 7.51 (s, 1H), 7.37 – 7.35 (m, 2H), 7.03 – 

6.96 (m, 4H), 5.56 (s, 2H), 5.29 (s, 2H), 5.13 (s, 2H), 4.37 (q, J = 7.2 Hz, 2H), 3.93 (s, 3H), 3.87 

(s, 3H), 3.43 (s, 3H), 2.69 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

164.15, 163.63, 162.58, 158.04, 157.17, 148.98, 148.82, 148.74, 146.11, 145.77, 143.56, 129.75, 

129.62, 118.40, 118.36, 116.30, 112.02, 108.97, 107.35, 106.15, 95.32, 94.50, 94.34, 65.64, 

63.66, 60.63, 56.34, 56.30, 55.94, 14.48, 14.29. 

15n. 1H NMR (400 MHz, CDCl3) δ 7.64 (s, 1H), 7.52 (s, 1H), 7.42 – 7.40 (m, 2H), 7.36 – 

7.27 (m, 3H), 6.97 (s, 2H), 5.62 (s, 2H), 5.14 (s, 2H), 4.49 – 4.42 (m, 2H), 4.35 (q, J = 7.1 Hz, 

2H), 3.92 (s, 3H), 3.91 – 3.89 (m, 2H), 2.67 (s, 3H), 1.43 – 1.33 (m, 3H). 13C NMR (100 MHz, 

CDCl3) δ 164.47, 163.62, 162.65, 158.45, 149.00, 148.70, 147.82, 146.33, 146.19, 143.75, 

136.86, 128.49, 127.85, 127.36, 119.52, 118.57, 111.82, 109.07, 108.84, 105.93, 98.66, 94.42, 

71.94, 66.30, 64.57, 61.20, 60.26, 56.30, 14.48, 14.36. 

2.5.5.13 Synthesis of 16a/b  

To a solution of 15d/e (0.17 mmol, 1 equiv.) in acetone was added NaI (0.21 mmol, 1.2 equiv.) 

and a drop of conc. HCl.  After 24 hours of stirring, the reaction was quenched by adding water 

and extracted using using EtOAc. The organic layer was dried over Na2SO4 and purified on silica 

gel (0 – 20 % EtoAc in hexanes) to give the product in 80% yield.  

16a. 1H NMR (400 MHz, Acetone-d6): 7.59 (s, 1H), 7.53 (s, 1H), 7.42 (s, 1H), 7.48 (s, 

1H), 7.29 – 7.13 (m, 5H), 6.98 – 6.95 (m, 2H), 5.18 (s, 2H),  5.17 (s, 2H), 4.37 – 4.31 (m, 4H), 

3.93 (s, 3H), 2.67 (s, 3H),  1.38 – 1.33 (m, 6H).  
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16b. 1H NMR (400 MHz, Acetone-d6): 8.08 (s, 1H), 7.79 (s, 0.68H), 7.61 (s, 1H), 7.41 (s, 

1H), 7.23 (s, 1H), 7.01 (s, 1H), 5.61 (s, 2H), 4.41 – 4.32 (m, 4H), 3.94 (s, 3H), 2.68 (s, 3H), 1.40 

– 1.35 (m, 6H). 13C NMR (100 MHz, Acetone-d6) δ 164.60, 164.15, 162.69, 158.52, 150.07, 

149.50, 148.54, 147.07, 145.79, 145.68, 145.28, 130.06, 129.04, 118.92, 118.59, 116.97, 115.74, 

112.89, 109.77, 107.22, 106.97, 106.89, 98.79, 98.71, 95.83, 95.80, 64.56, 64.34, 61.32, 60.73, 

60.70, 60.53, 56.71, 14.69, 14.54, 14.50, 14.31. 

2.5.5.14 Synthesis of 2a-p 

A CEM-Discover synthesizer was used for microwave based sulfation reactions in 10 mL vessels 

at 90 ºC as previously described.145 Briefly, to solution of the precursor in CH3CN (~3 mL) in a 

10ml vessel were added Et3N (10 eq/-OH group) and SO3/Me3N complex (6 eq/-OH). The 

reaction vessel was sealed and microwaved at 90 ºC for 1-2 hrs. The reaction mixture was 

cooled, concentrated and purified on a combiflash RF system using CH2Cl2/CH3OH (7:3). The 

fractions corresponding to the final compounds were pooled together and concentrated in vacuo. 

Cation exchange chromatography was performed using Sephadex C-25 column for sodium 

exchange. This was followed by lyophilization of pooled fractions to obtain final compounds in a 

white to cream fluffy powder as previously reported.133 High yields of >70% were obtained for 

final compounds. Spectral details of compounds are available below.  

2a. Sodium 2-(((6-(cyclohexylmethoxy)-3-(ethoxycarbonyl)-2-methylbenzofuran-5-

yl)oxy)methyl)-3-(ethoxycarbonyl)-6-methoxybenzofuran-5-yl sulfate. 1H NMR (400 MHz, 

DMSO-d6): 8.04 (s, 1H), 7.39 (s, 1H), 7.28 (m, 2H), 5.52 (s, 2H), 4.29 – 4.24 (m, 4H), 3.81 – 

3.79 (m, 5H), 2.66 (s, 3H), 1.82 – 1.62 (m, 6H), 1.28 – 1.02 (m, 11H). 13C NMR (100 MHz, 

DMSO-d6) δ 163.31, 162.70, 162.36, 157.71, 150.13, 150.07, 148.44, 147.60, 145.65, 141.29, 

136.83, 128.35, 127,77, 127.56, 118.03, 116.53, 113.37, 111.50, 108.30, 107.98, 98.14, 96.79, 
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74.12, 70.53, 63.53, 60.37, 59.92, 52.74, 37.02, 29.22, 26.08, 25.26, 14.07, 14.00, 13.88. HRMS 

calculated for C32H35NaO13S [(M-Na)]-, m/z 659.18039, found for [(M-Na)]-, 659.1785. 

2b. Sodium 2-(((6-(benzyloxy)-3-(ethoxycarbonyl)-2-methylbenzofuran-5-

yl)oxy)methyl)-3-(ethoxycarbonyl)-6-methoxybenzofuran-5-yl sulfate. 1H NMR (400 MHz, 

DMSO-d6): 8.06 (s, 1H), 7.49 – 7.44 (m, 3H), 7.41 – 7.28 (m, 5H), 5.58 (s, 2H), 5.17 (s, 2H), 

4.28 (q, J = 8.0, 4H), 3.80 (s, 3H), 2.67 (s, 3H), 1.30 – 1.25 (m, 6H). 13C NMR (100 MHz, 

DMSO-d6): 163.31, 162.28, 162.39, 157.74, 150.75, 148.45, 147.63, 145.69, 140.99, 136.82, 

128.36, 127.79, 127.55, 118.07, 116.55, 113.29, 111.53, 108.33, 108.04, 98.21, 95.73, 70.59, 

63.56, 60.38, 59.94, 56.08, 14.08, 14.01, 13.88. MS (ESI) calculated for C32H29NaO13S [(M-

Na)]-, m/z 653.13344, found for [(M-Na)]-, 653.1081. 

2c. Sodium 3-(ethoxycarbonyl)-2-(((3-(ethoxycarbonyl)-2-methyl-6-

phenethoxybenzofuran-5-yl)oxy)methyl)-6-methoxybenzofuran-5-yl sulfate. 1H NMR (400 

MHz, DMSO-d6): 8.07 (s, 1H), 7.40 (s, 1H), 7.36 – 7.30 (m, 4H), 7.29 – 7.18 (m, 3H), 5.49 (s, 

2H), 4.32 – 4.20 (m, 6H), 3.80 (s, 3H), 3.05 (t, J = 8.0, 2H), 2.67 (s, 3H), 1.30 – 1.25 (m, 6H). 

13C NMR (100 MHz, DMSO-d6): 163.34, 162.67, 162.43, 157.78, 150.13, 148.64, 147.92, 

145.44, 140.94, 138.25, 129.05, 128.17, 126.21, 117.75, 116.57, 113.24, 111.46, 108.29, 108.02, 

97.46, 95.70, 69.61, 63.47, 60.37, 59.94, 56.08, 34.93, 14.07, 14.02, 13.88. HRMS calculated for 

C33H31NaO13S [(M-Na)]-, m/z 667.14909, found for [(M-Na)]-, 667.1516. 

2d. Sodium 3-(ethoxycarbonyl)-2-(((3-(ethoxycarbonyl)-6-((4-

(methoxymethoxy)benzyl)oxy)-2-methylbenzofuran-5-yl)oxy)methyl)-6-

methoxybenzofuran-5-yl sulfate. 1H NMR (400 MHz, DMSO-d6): 8.05 (s, 1H), 7.44 – 7.39 (m, 

4H), 7.30 (s, 1H), 7.03 – 7.01 (m, 2H), 5.57 (s, 2H), 5.19 (s, 2H), 5.09 (s, 2H), 4.33 – 4.25 (m, 

4H), 3.80 (s, 3H), 3.37 (s, 3H), 2.67 (s, 3H),  1.30 – 1.26 (m, 6H). 13C NMR (100 MHz, DMSO-
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d6) δ 163.32, 162.69, 162.35, 157.76, 156.48, 150.70, 150.11, 148.41, 147.55, 145.57, 140.85, 

129.85, 129.33, 117.86, 116.44, 116.01, 113.18, 111.49, 108.28, 107.75, 98.07, 95.64, 93.80, 

70.17, 63.37, 60.41, 59.95, 55.98, 55.52, 14.07, 14.04, 13.80. HRMS calculated for 

C34H33NaO15S [(M-Na)]-, m/z 713.15457, found for [(M-Na)]-, 713.1511. 

2e. Sodium 3-(ethoxycarbonyl)-2-(((3-(ethoxycarbonyl)-6-((3-

(methoxymethoxy)benzyl)oxy)-2-methylbenzofuran-5-yl)oxy)methyl)-6-

methoxybenzofuran-5-yl sulfate. 1H NMR (400 MHz, DMSO-d6): 8.04 (s, 1H), 7.44 (s, 1H), 

7.38 (s, 1H), 7.30 – 7.26 (m, 2H), 7.14 – 6.95 (m, 3H), 5.57 (s, 2H), 5.15 – 5.11 (m, 4H), 4.30 – 

4.25 (m, 4H), 3.79 (s, 3H), 3.33 (s, 3H), 2.66 (s, 3H),  1.33 – 1.23 (m, 6H). 13C NMR (100 MHz, 

DMSO-d6) δ 163.31, 162.90, 162.68, 162.40, 157.70, 157.50, 156.90, 150.74, 150.13, 148.41, 

147.51, 145.65, 140.95, 138.46, 129.48, 120.71, 118.07, 116.55, 115.53, 115.23, 113.24, 111.56, 

108.32, 107.86, 98.16, 95.69, 93.84, 70.32, 63.45, 60.38, 59.95, 56.05, 55.49, 14.07, 14.02, 

13.94, 13.87. HRMS calculated for C34H33NaO15S [(M-Na)]-, m/z 713.1540, found for [(M-Na)]-

, 713.1568. 

2f. Sodium 3-(ethoxycarbonyl)-2-(((3-(ethoxycarbonyl)-6-((4-isopropoxybenzyl)oxy)-

2-methylbenzofuran-5-yl)oxy)methyl)-6-methoxybenzofuran-5-yl sulfate 1H NMR (400 

MHz, DMSO-d6): 8.03 (s, 1H), 7.41 (s, 1H), 7.38 (s, 1H), 7.35 (s, 1H), 7.32 (s, 1H), 7.28 (s, 1H), 

6.88 (s, 1H), 6.86 (s, 1H), 5.54 (s, 2H), 5.04 (s, 2H), 4.61 – 4.55 (m, 1), 4.29 – 4.23 (m, 4H), 3.77 

(s, 3H), 2.65 (s, 3H), 1.27 – 1.23 (m, 12H). 13C NMR (100 MHz, DMSO-d6) δ 163.33, 162.69, 

162.34, 157.77, 157.20, 150.70, 150.10, 148.43, 147.62, 145.62, 140.86, 129.51, 128.33, 117.83, 

116.46, 115.35, 113.18, 11.48, 108.28, 107.75, 98.10, 95.66, 70.34, 60.09, 63.38, 60.41, 59.95, 

55.99, 21.78, 14.08, 13.87. HRMS calculated for C35H35NaO14S [(M-Na)]-, m/z 711.17531, 

found for [(M-Na)]-, 711.1753. 
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2g. Sodium 3-(ethoxycarbonyl)-2-(((3-(ethoxycarbonyl)-6-((3-

isopropoxybenzyl)oxy)-2-methylbenzofuran-5-yl)oxy)methyl)-6-methoxybenzofuran-5-yl 

sulfate. 1H NMR (400 MHz, DMSO-d6): 8.04 (s, 1H), 7.43 (s, 1H), 7.36 (s, 1H),  7.27 – 7.202 

(m, 2H), 7.00 – 6.97 (m, 2H), 6.84 – 6.82 (m, 1H), 5.57 (s, 2H), 5.13 (s, 2H), 4.57 – 4.51 (m, 

1H), 4.30 – 4.24 (m, 4H), 3.78 (s, 3H), 2.65 (s, 3H), 1.29 – 1.24 (m, 6H), 1.21 – 1.20 (m, 6H). 

13C NMR (100 MHz, DMSO-d6) δ 164.51, 163.26, 162.43, 157.73, 150.22, 148.56, 147.80, 

145.96, 141.47, 138.61, 130.87, 129.49, 119.42, 115.28, 114.74, 108.42, 98.55, 95.98, 83.36, 

76.20, 69.30, 60.33, 21.81, 14.10, 14.02. HRMS calculated for C35H35NaO14S [(M-Na)]-, m/z 

711.17531, found for [(M-Na)]-, 711.1766. 

2h. Sodium 6-(cyclohexylmethoxy)-2-(((6-(cyclohexylmethoxy)-3-(ethoxycarbonyl)-

2-methylbenzofuran-5-yl)oxy)methyl)-3-(ethoxycarbonyl)benzofuran-5-yl sulfate. 1H NMR 

(400 MHz, DMSO-d6): 8.04 (s, 1H), 7.40 (s, 1H), 7.32 (s, 1H), 7.25 (s, 1H),  , 5.52 (s, 2H), 4.30-

4.25 (m, 4H), 3.80 (m, 4H), 3.85 (d, J = 8 Hz, 2H)  2.68 (s, 3H), 1.88 – 1.63 (m, 10H), 1.30 – 

1.04 (m, 18H). 13C NMR (100 MHz, DMSO-d6) δ 162.66, 162.20, 157.85, 150.08, 148.81, 

148.54, 145.45, 141.22, 117.50, 116.55, 113.36, 108.66, 108.27, 97.35, 96.70, 74.16, 74.09, 

63.89, 60.32, 59.93, 36.99, 36.87, 29.21, 26.08, 26.02, 25.25, 14.07, 14.02, 13.88. HRMS 

calculated for C38H45NaO13S [(M-Na)]-, m/z 741.25864, found for [(M-Na)]-, 741.2564. 

2i. Sodium 2-(((6-(benzyloxy)-3-(ethoxycarbonyl)-2-methylbenzofuran-5-

yl)oxy)methyl)-6-(cyclohexylmethoxy)-3-(ethoxycarbonyl)benzofuran-5-yl sulfate. 1H NMR 

(400 MHz, DMSO-d6): 8.05 (s, 1H), 7.44 – 7.22 (m, 8H), 5.57 (s, 2H), 5.16 (s, 2H), 4.37 – 4.31 

(q, J = 8.0 Hz, 4H), 3.79 (d, J = 8.0 Hz, 2H), 2.66 (s, 3H), 1.92 – 1.64 (m, 6H), 1.29 – 1.00 (m, 

11H). 13C NMR (100 MHz, DMSO-d6): 163.82, 163.21, 162.89, 158.21, 150.59, 150.57, 148.89, 

148.03, 146.05, 141.67, 137.29, 128.88, 128.30, 128.10, 118.41, 116.92, 113.82, 111.98, 108.77, 
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108.28, 98.53, 97.18, 74.50, 70.92, 63.92, 60.90, 60.47, 37.37, 29.71, 26.58, 25.77, 14.59, 14.55, 

14.39. HRMS (ESI) calculated for C38H39NaO13S [(M-Na)]-, m/z 735.21169, found for [(M-Na)]-

, 735.2119. 

2j. Sodium 6-(cyclohexylmethoxy)-3-(ethoxycarbonyl)-2-(((3-(ethoxycarbonyl)-6-

methoxy-2-methylbenzofuran-5-yl)oxy)methyl)benzofuran-5-yl sulfate. 1H NMR (400 MHz, 

DMSO-d6): 8.04 (s, 1H), 7.41 (s, 1H), 7.31 (s, 1H), 7.29 (s, 1H), 5.52 (s, 2H), 4.32 – 4.25 (m, 

2H), 3.80 – 3.79 (m, 4H), 2.67 (s, 3H), 1.87 – 1.61 (m, 6H), 1.30 – 1.00 (m, 14H). 13C NMR 

(100 MHz, DMSO-d6,) δ 163.40, 162.70, 162.06, 157.62, 150.08, 148.90, 145.33, 141.58, 

130.68, 128.90, 113.42, 111.59, 107.42, 98.26, 96.28, 74.33, 60.37, 59.91, 56.20, 36.99, 29.23, 

26.09, 25.27, 14.09, 14.00, 13.90. HRMS calculated for C32H35NaO13S [(M-Na)]-, m/z 

659.18039, found for [(M-Na)]-, 659.1770. 

2k. Sodium 2-(((3-((benzyloxy)carbonyl)-6-methoxy-2-methylbenzofuran-5-

yl)oxy)methyl)-3-(ethoxycarbonyl)-6-methoxybenzofuran-5-yl sulfate. 1H NMR (400 MHz, 

DMSO-d6): 8.07 (s, 1H), 7.47 – 7.31 (m, 8H), 5.46 (s, 2H), 5.34 (s, 2H), 4.27 (q, J = 8.0 Hz, 2H), 

3.81 – 3.79 (m, 5H), 2.68 (s, 3H), 1.25 (t, J = 8.0 Hz. 3H). 13C NMR (100 MHz, DMSO-d6) δ 

163.16, 162.66, 162.38, 157.34, 150.79, 150.15, 148.55, 148.46, 145.25, 140.93, 136.19, 128.50, 

128.07, 127.96, 117.34, 116.46, 113.22, 116.63, 113.22, 111.63, 96.14, 95.75, 65.59, 62.68, 

60.45, 56.07, 14.11, 13.86. HRMS calculated for C31H27NaO13S [(M-Na)]-, m/z 639.11779, 

found for [(M-Na)]-, 639.1143.  

2l. Sodium 3-(ethoxycarbonyl)-6-methoxy-2-(((6-methoxy-2-methyl-3-

(phenethoxycarbonyl)benzofuran-5-yl)oxy)methyl)benzofuran-5-yl sulfate. 1H NMR (400 

MHz, DMSO-d6): 8.08 (s, 1H), 7.35 – 7.26 (m, 7H), 7.19 – 7.15 (m, 1H), 5.48 (s, 2H), 4.53 (t, J 

= 8.0 Hz, 2H), 4.30 (q, J = 8.0 Hz, 2H), 3.79 (s, 6H), 3.07 (t, J = 8 Hz, 2H), 2.61 (s, 3H), 1.27 (t, 
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J = 8.0 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 163.36, 162.66, 162.19, 157.36, 150.79, 

150.15, 148.50, 148.40, 145.22, 140.90, 138.07, 128.68, 128.34, 126.30, 117.26, 116.44, 113.32, 

111.66, 108.20, 106.322, 96.05, 95.71, 64.31, 62.80, 60.45, 56.03, 34.22, 14.02, 13.87. HRMS 

calculated for C32H29NaO13S [(M-Na)]-, m/z 653.13344, found for [(M-Na)]-, 653.1299. 

2m. Sodium 3-(ethoxycarbonyl)-6-methoxy-2-(((6-methoxy-3-(((4-

(methoxymethoxy)benzyl)oxy)carbonyl)-2-methylbenzofuran-5-yl)oxy)methyl)benzofuran-

5-yl sulfate. 1H NMR (400 MHz, DMSO-d6) δ 8.08 (s, 1H), 7.48 – 7.40 (m, 3H), 7.33 (d, J = 4.8 

Hz, 2H), 7.05 – 6.99 (m, 2H), 5.47 (s, 2H), 5.28 (s, 2H), 5.15 (s, 2H), 4.30 (q, J = 7.1 Hz, 2H), 

3.80 (s, 6H), 3.33 (s, 3H), 2.68 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO): 

163.18, 162.66, 162.25, 157.32, 156.65, 150.77, 150.13, 148.45, 148.38, 145.20, 140.90, 129.83, 

129.29, 117.32, 116.42, 116.07, 113.17, 111.63, 108.15, 106.11, 96.09, 95.70, 93.75, 65.32, 

62.58, 60.47, 56.03, 55.47, 14.10, 13.86. HRMS calculated for C33H31NaO15S [(M-Na)]-, m/z 

699.13892, found for [(M-Na)]-, 699.1366. 

2n. Sodium 2-(((6-(benzyloxy)-3-(ethoxycarbonyl)-2-methylbenzofuran-5-

yl)oxy)methyl)-6-methoxy-3-((2-(sulfonatooxy)ethoxy)carbonyl)benzofuran-5-yl sulfate. 1H 

NMR (400 MHz, DMSO-d6): 8.02 (s, 1H), 7.52 – 7.34 (m, 6H), 7.37 – 7.24 (m, 2H), 5.60 (s, 

2H), 5.19 (s, 2H), 4.40 – 4.38 (m, 2H), 4.28 (q, J = 7.1 Hz, 2H), 4.03 – 3.99 (m, 2H), 3.79 (s, 

3H), 2.66 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 163.32, 162.46, 

162.30, 157.95, 150.76, 150.14, 148.35, 147.52, 145.59, 140.88, 136.84, 128.36, 127.76, 127.64, 

117.97, 116.65, 113.19, 111.06, 108.35, 107.79, 98.10, 95.70, 70.53, 63.66, 63.44, 63.31, 59.98, 

56.03, 14.09, 14.02. HRMS (ESI) calculated for C32H28Na2O17S2 [(M-Na)]-, m/z 771.06712 

found for [(M-Na)] -, 771.0656. 
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2o. Sodium 3-(ethoxycarbonyl)-2-(((3-(ethoxycarbonyl)-2-methyl-6-((3-

(sulfonatooxy)benzyl)oxy)benzofuran-5-yl)oxy)methyl)-6-methoxybenzofuran-5-yl sulfate. 

1H NMR (400 MHz, DMSO-d6): 8.02 (s, 1H), 7.40 – 7.26 (m, 5H), 7.17 – 7.15 (m, 2H), 5.59 (s, 

2H), 5.14 (s, 2H), 4.31 – 4.22 (m, 4H), 3.78 (s, 3H), 2.65 (s, 3H), 1.29 – 1.23 (m, 6H). 13C NMR 

(100 MHz, DMSO): 163.81, 163.22, 162.89, 158.33, 154.14, 151.17, 150.69, 148.90, 148.04, 

145.88, 141.25, 138.11, 129.31, 122.58, 120.38, 120.11, 118.32, 116.89, 113.58, 111.93, 108.74, 

108.25, 98.47, 96.26, 70.75, 63.83, 60.94, 60.43, 56.50, 53.29, 42.00, 14.56, 14.54, 14.41, 14.04. 

HRMS calculated for C32H28Na2O17S2 [(M-Na)]-, m/z 771.06712 found for [(M-Na)] -, 374.1971. 

2p. Sodium 3-(ethoxycarbonyl)-5-((3-(ethoxycarbonyl)-6-methoxy-5-

(sulfonatooxy)benzofuran-2-yl)methoxy)-2-methylbenzofuran-6-yl sulfate. 1H NMR (400 

MHz, DMSO-d6): 8.07 (s, 1H), 7.72 (s, 1H), 7.40 (s, 1H), 7.36 (s, 1H), 5.56 (s, 2H), 4.37 – 4.24 

(m, 4H), 3.79 (s, 3H), 2.69 (s, 3H), 1.35 – 1.25 (m, 6H). 13C NMR (100 MHz, DMSO): 163.83, 

163.62, 163.25, 158.46, 151.13, 150.63, 148.18, 147.20, 142.60, 141.27, 127.46, 120.61, 120.25, 

116.98, 113.63, 111.77, 108.72, 107.58, 103.99, 96.28, 63.92, 60.97, 60.46, 42.00, 14.63, 14.56, 

14.43, 14.04. MS (ESI) calculated for C25H22Na2O16S2 [(M-Na)]-, m/z 665.02525, found for [(M-

Na)]-, 665.0271. 

2.5.5.15 Synthesis of 4f* 

To a solution of 4f (0.17 mmol, 1 equiv.) in acetone was added NaI (0.21 mmol, 1.2 

equiv.) and a drop of conc. HCl.  After 24 hours of stirring, the reaction was quenched by adding 

water and extracted using using EtOAc. The organic layer was dried over Na2SO4 and purified 

on silica gel (0 – 20 % EtoAc in hexanes) to give the product in 80% yield.  

4f *. 1H NMR (Acetone-d6 400 MHz): 9.42 (s, 1H), 9.05 (s, 2H), 7.31 – 7.29 (m. 1H), 7.22 – 7.15 

(m, 2H), 6.89 – 6.88 (m, 2H), 6.72 – 6.69 (m, 1H), 5.07 (s, 2H), 4.34 – 4.26 (m, 2H), 2.66 (s, 
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3H), 1.37 – 1.25 (m, 3H). 13C NMR (Acetone-d6 400 MHz): 163.61, 161.18, 157.37, 146.72, 

145.30, 144.79, 138.45, 118.13, 117.83, 114.66, 115.40, 108.74, 106.12, 97.40, 70.16, 59.85, 

14.19, 14.05. 

2.5.5.16 Synthesis of 12a* 

12a*. 1H NMR (400 MHz, Acetone-d6): 7.41 (s, 1H), 7.15 (s, 1H), 4.41 – 4.38 (m, 2H), 

3.94 – 3.89 (m, 5H), 2.70 (s, 3H). 

2.5.5.17 Synthesis of 17 

To a solution of 3 (500 mg, 2.12 mmol, 1.0 equiv.) in DMF were added cesium carbonate 

(1.73 g, 5.30 mmol, 2.5 equiv.) and 1-(bromomethyl)-3-(methoxymethoxy)benzene (5.30 mmol, 

2.5 equiv.) with stirring for 18 hours under an atmosphere of nitrogen.The reaction was 

quenched with 2N HCl and extracted with ethyl acetate. The organic layer was dried using 

Na2SO4 and evaporated to dryness. The residue was purified on silica gel (5 – 20% EtOAc in 

Hexanes) and dried under vacuum to give 17 in 70% yield.  

17. 1H NMR (400 MHz, Acetone-d6): 7.57 (s, 1H), 7.32 – 7.15 (m, 7H), 7.02 – 6.99 (m, 

2H), 5.22 – 5.19 (m, 8H), 4.40 – 3.34 (m, 2H), 3.43 (s, 6H), 2.70 (s, 3H), 1.43 – 1.39 (m, 3H). 

13C NMR (100 MHz, Acetone-d6):164.58, 163.17, 158.55, 149.38, 148.74, 147.88, 140.34, 

139.94, 130.33, 130.31, 130.24, 121.60, 119.89, 116.47, 116.33, 116.21, 116.19, 109.78, 108.00, 

99.05, 95.14, 72.22, 71.83, 60.74, 56.04, 14.68, 14.32 

2.5.5.18 Synthesis of 17a* 

*Same as synthesis of 4f*, but with 2 equiv. of NaI 

17a*. 1H NMR (400 MHz, Acetone-d6): 8.29 – 9.27 (m, 1H), 7.53 (s, 1H), 7.22 – 7.18 

(m, 3H), 7.04 – 6.99 (m, 4H), 6.79 – 6.76 (m, 2H), 5.17 (s, 2H), 5.15 (s, 2H), 4.35 (q, J = 8.0, 
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2H), 2.67 (s, 3H), 1.39 (t, J = 8.0, 3H). 13C NMR (100 MHz, Acetone-d6): 164.59, 163.11, 

158.46, 158.44, 149.30, 148.44, 147.91, 140.31, 139.92, 130.36, 130.28, 119.75, 119.36, 119.34, 

115.60, 115.40, 115.18, 115.15, 115.07, 109.76, 107.93, 99.00, 72.24, 71.85, 60.72, 14.67, 14.29. 

2.5.5.19 Synthesis of 18a-b  

To a solution of 4a/c (1.0 mmol, 1.0 equiv.) in DMF were added cesium carbonate (1.5 mmol, 

1.5 equiv.) and 1-(bromomethyl)-3-(methoxymethoxy)benzene (1.5 mmol, 1.5 equiv.). The 

reaction mixture was stirred under an atmosphere nitrogen for 18 hours. The reaction was 

quenched with 2N HCl, extracted with ethyl acetate and the organic layer evaporated to dryness. 

The residue was purified on silica gel (5 – 20% EtOAc in Hexanes) and dried under vacuum to 

give 2a-h in 70-80% yield.  

18a. 1H NMR (Acetone-d6 400 MHz): 7.36 (s, 1H), 7.08 – 7.04 (m, 2H), 6.88 – 6.80 (m, 

2H), 6.66 – 6.63 (m, 1H), 5.19(s, 2H), 5.10 (s, 2H), 4.21 (q, J = 8.0 Hz, 2H), 3.87 (s, 3H), 2.80 

(s, 3H), 2.66 (s, 3H), 1.26 (t, J = 8.0 Hz, 3H) 

18b. 1H NMR (400 MHz, CDCl3): 7.55 (s, 1H) 7.49 – 7.15 (m, 8H), 7.06 – 7.00 (m, 2H), 

5.21 – 5.17 (m, 6H), 4.40 (q, J = 8.0 Hz, 2H), 2.88 (s, 3H), 2.73 (s, 3H), 1.43 (t, J = 8.0 Hz, 3H). 

13C NMR (100 MHz, Acetone-d6): 164.58, 163.16, 158.56, 149.38, 148.80, 147.91, 140.34, 

138.37, 130.22, 129.27, 129.25, 128.79, 128.76, 128.61, 128.43, 121.58, 119.89, 116.33, 116.21, 

109.78, 108.00, 99.09, 95.16, 72.21, 72.08, 60.73, 56.04, 14.68, 14.31. 

2.5.5.20 Synthesis of 18a* and 18b* 

*See synthsis of 4f* 

18a*. 1H NMR (400 MHz, Acetone-d6): 8.32 (s, 1H), 7.50 (s, 1H), 7.22 – 7.28 (m, 2H), 

7.01 – 6.96 (m, 2H), 6.80 – 6.87 (m, 1H), 5.10 (s, 2H), 4.35 (q, J = 8.0 Hz, 2H), 3.90 (s, 3H), 
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2.74 (s, 3H), 1.39 (t, J = 8.0 Hz, 3H).13C NMR (100 MHz, Acetone-d6): 164.63, 162.80, 158.46, 

150.07, 149.50, 147.46, 140.26, 130.23, 119.37, 119.15, 115.51, 115.42, 115.26, 109.80, 107.42, 

96.69, 72.13, 60.69, 56.72, 14.67, 14.28. 

18b*. 1H NMR (400 MHz, Acetone-d6): 8.17 (s, 1H), 7.55 – 7.54 (m, 3H) 7.39 – 7.18 (m, 

5H), 7.04 – 6.99 (m, 2H), 6.80 – 6.78 (m, 2H), 5.23 (s, 2H), 5.15 (s, 2H), 4.35 (q, J = 8 Hz, 2H), 

2.68 (s, 3H), 1.43 (t, J = 8 Hz, 3H). 13C NMR (100 MHz, Acetone-d6): 164.59, 163.16, 149.30, 

148.74, 148.03, 140.30, 138.40, 130.26, 129.26, 128.59, 128.41, 119.35, 115.50, 115.41, 115.21, 

115.12, 107.89, 99.21, 72.27, 72.21, 60.73, 14.68, 14.30. 

2.5.5.21 Synthesis of 21a 

*See synthsis of 2a-p 

21a. Sodium 3-(ethoxycarbonyl)-2-methyl-6-((3-

(sulfonatooxy)benzyl)oxy)benzofuran-5-yl sulfate 1H NMR (400 MHz, DMSO-d6): 8.04 (s, 

1H), 7.23 – 7.13 (m, 5H), 5.11 (s, 2H), 4.30 (q, J = 8 Hz, 2H), 2.68 (s, 3H), 1.35 (t, J = 8 Hz, 

3H). 13C NMR (100 MHz, DMSO-d6): 163.43, 162.18, 153.49, 149.07, 148.45, 141.03, 138.04, 

128.65, 122.01, 119.55, 119.27, 117.95, 113.60, 108.37, 98.07, 70.49, 59.93, 52.81, 14.13, 14.07, 

13.54. MS (ESI) calculated for C19H16Na2O12S2 [(M-2Na)/2]2-, m/z 250.0047, found for [(M-

2Na)/2]2-, m/z 250.0573. 

2.5.5.22 Synthesis of 21b 

*See synthsis of 2a-p 

21b. Sodium (((3-(ethoxycarbonyl)-2-methylbenzofuran-5,6-

diyl)bis(oxy))bis(methylene))bis(3,1-phenylene) bis(sulfate) 1H NMR (400 MHz, DMSO-d6): 

7.40 (s, 1H), 7.34 (s, 1H), 7.32 – 7.25 (m, 4H), 7.20 – 7.12 (m, 4H), 5.17 (s, 2H), 5.14 (s, 2H), 
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4.30 (q, J = 8.0 Hz, 2H), 2.66 (s, 3H), 1.33 (t, J = 8.0 Hz, 3H).13C NMR (100 MHz, DMSO-d6): 

163.46, 162.18, 153.64, 153.60, 147.71, 147.03, 146.22, 138.16, 137.78, 128.87, 128.78, 121.99, 

119.74, 119.68, 119.25, 117.95, 108.33, 106.16, 98.13, 70.69, 70.32, 59.98, 52.80, 41.55, 15.156, 

14.00, 13.55. HRMS calculated for C26H22Na2O13S2 [(M-Na)]-, m/z 629.04050, found for [(M-

Na)]-, m/z 629.0394. 

2.5.5.23 Synthesis of 21c/d 

*See synthsis of 2a-p 

21c. Sodium 3-(((3-(ethoxycarbonyl)-6-methoxy-2-methylbenzofuran-5-

yl)oxy)methyl)phenyl sulfate. 1H NMR (400 MHz, DMSO-d6): 7.41 (s, 1H), 7.32 – 7.25 (m, 

3H), 7.17 – 7.13 (m, 2H), 5.09 (s, 2H), 4.32 (q, J = 8.0 Hz, 2H), 3.84 (s, 3H), 2.69 (s, 3H), 1.35 

(t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, DMSO-d6): 163.50, 161.83, 153.67, 148.27, 147.89, 

145.81, 137.98, 128.69, 122.19, 119.87, 119.62, 117.37, 108.35, 105.28, 95.98, 70.50, 59.98, 

56.10, 14.15, 14.02. HRMS calculated for C20H19NaO9S [(M-Na)]-, m/z 435.07553, found for 

[(M-Na)]-, m/z 435.0734.  

21d. Sodium 3-(((6-(benzyloxy)-3-(ethoxycarbonyl)-2-methylbenzofuran-5-

yl)oxy)methyl)phenyl sulfate. 1H NMR (400 MHz, DMSO-d6): 7.50 – 7.49 (m, 2H), 7.42 – 7.37 

(m, 4H), 7.33 – 7.25 (m, 3H), 7.16 – 7.14 (m, 2H), 5.20 (s, 2H), 5.13 (s, 2H), 4.31 (q, J = 7.1 Hz, 

2H), 2.67 (s, 3H), 1.33 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO-d6): 163.45, 162.15, 

153.75. 147.72, 147.03, 146.29, 138.10, 136.95, 128.64, 128.43, 127.73, 127.58, 121.85, 119.76, 

119.36, 117.98, 108.35, 70.65, 70.49, 60.00, 14.16, 14.03. HRMS calculated for C26H23NaO9S 

[(M-Na)]-, m/z 511.10683, found for [(M-Na)]-, m/z 511.1052. 
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2.5.5.24 Synthesis of 21e 

*See synthsis of 2a-p 

21e. Sodium 6-(benzyloxy)-3-carboxy-2-methylbenzofuran-5-yl sulfate. 1H NMR 

(400 MHz, DMSO-d6): 8.52 (s, 1H), 7.37 – 7.22 (m, 5H), 7.01 (s, 1H), 7.25 (s, 1H), 5.10 (s, 2H), 

2.62 (s, 3H). HRMS calculated for C17H12NaO8S [(M-Na)]-, m/z 377.03366, found for [(M-Na)]-, 

m/z 377.0341.  

2.5.5.25 Synthesis of 21f-j 

*See synthsis of 2a-p 

21f. Sodium 6-(cyclohexylmethoxy)-3-(ethoxycarbonyl)-2-methylbenzofuran-5-yl 

sulfate. 1H NMR (400 MHz, DMSO-d6): 7.97 (s, 1H), 7.18 (s, 1H), 4.31 (q, J= 8.0 Hz, 2H), 3.78 

(d, J = 8.0 Hz, 2H), 2.68 (s, 3H), 1.87 – 1.64 (m, 6H), 1.34 (t, J = 8.0 Hz, 3H), 1.30 – 1.0 (m, 

5H). HRMS calculated for C19H23NaO8S [(M-Na)]-, m/z 411.11191, found for [(M-Na)]-, m/z 

411.1139. 

21g. Sodium 6-(benzyloxy)-3-(ethoxycarbonyl)-2-methylbenzofuran-5-yl sulfate. 1H 

NMR (400 MHz, DMSO-d6): 7.99 (s, 1H), 7.53 – 7.52 (m, 2H), 7.40 – 7.31 (m, 3H), 7.25 (s, 

1H), 5.16 (s, 2H), 4.32 (q, J = 8.0 Hz, 2H), 2.69 (s, 3H), 1.36 (t, J = 8.0 Hz, 3H). 13C NMR (100 

MHz, DMSO-d6):163.42, 162.11, 149.09, 148.52, 141.06, 137.21, 128.21, 127.56, 127.54, 

117.91, 113.65, 109.40, 97.86, 70.55, 59.92, 14.12, 14.05. MS (ESI) calculated for C19H17NaO8S 

[(M-Na)]-, m/z 405.06496, found for [(M-Na)]-, m/z 405.1115. 

21h. Sodium 3-(ethoxycarbonyl)-6-((3-(methoxymethoxy)benzyl)oxy)-2-

methylbenzofuran-5-yl sulfate. 1H NMR (400 MHz, DMSO-d6): 7.56 (s, 1H), 7.26 – 7.12 (m, 

4H), 6.96 – 6.93 (m, 1H), 5.19 (s, 2H), 5.12 (s, 2H), 4.31 (q, J = 8.0 Hz, 2H), 3.37 (s, 3H), 2.68 

(s, 3H), 1.35 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, DMSO-d6): 163.42, 162.13, 156.83, 
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149.11, 148.53, 141.05, 138.85, 129.29, 120.70, 117.96, 115.39, 115.23, 113.75, 108.41, 97.88, 

93.90, 70.35, 59.92, 55.57, 52.76, 14.12, 14.04. HRMS calculated for C22H23NaO10S [(M-Na)]-, 

m/z 465.08610, found for [(M-Na)]-, m/z 465.0870.  

21i. Sodium 3-(ethoxycarbonyl)-6-((4-isopropoxybenzyl)oxy)-2-methylbenzofuran-5-

yl sulfate. 1H NMR (400 MHz, DMSO-d6): 7.98 (s, 1H), 7.42 – 7.40 (m, 2H), 7.25 (s, 1H), 6.91 

– 6.89 (m, 2H), 5.04 (s, 2H), 4.65 – 4.59 (m, 1H), 4.32 (q, J = 8.0 Hz, 2H), 2.69 (s, 3H), 1.35 (t, 

J = 8.0 Hz, 3H), 1.27 – 1.26 (m, 6H). 13C NMR (100 MHz, DMSO-d6): 163.49, 162.06, 157.05, 

149.13, 148.54, 141.08, 129.38, 115.31, 113.48, 108.39, 98.04, 70.39, 69.09, 59.93, 21.83, 14.12, 

14.06. MS (ESI) calculated for C22H23NaO9S [(M-Na)]-, m/z 463.10683, found for [(M-Na)]-, 

m/z 462.9859.  

2.5.5.26 Synthesis of 21k 

*See synthsis of 2a-p 

21k. Sodium 6-methoxy-2-methyl-3-((2-(sulfonatooxy)ethoxy)carbonyl)benzofuran-

5-yl sulfate. 1H NMR (400 MHz, DMSO-d6): 7.95 (s, 1H), 7.23 (s, 1H), 4.42 – 4.39 (m, 2H), 

4.06 – 4.03 (m, 2H) 3.78 (s, 3H), 2.70 (s, 3H). 13C NMR (100 MHz, DMSO-d6): 163.21, 161.86, 

149.79, 149.36, 140.46, 117.54, 112.98, 108.26, 95.74, 63.67, 63.05, 56.14, 14.37. HRMS 

calculated for C13H12Na2O12S2 [(M-Na)]-, m/z 446.96734, found for [(M-Na)]-, m/z 446.9680.  

2.5.5.27 Synthesis of 21l 

21l. Sodium 3-((benzyloxy)carbonyl)-6-methoxy-2-methylbenzofuran-5-yl sulfate. 1H 

NMR (400 MHz, DMSO-d6): 8.06 (s, 1H), 7.51 – 7.50 (m, 2H), 7.42 – 7.32 (m, 3H), 7.24 (s, 

1H), 5.38 (s, 2H), 3.77 (s, 3H), 2.69 (s, 3H). 13C NMR (100 MHz, DMSO-d6): 163.26, 162.22, 

149.80, 149.31, 140.52, 136.16, 128.54, 127.91, 127.81, 117.15, 113.00, 108.19, 95.72, 65.43, 
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56.11, 14.22. MS (ESI) calculated for C18H15NaO8S [(M-Na)]-, m/z 391.04932, found for [(M-

Na)]-, m/z 391.0032. 
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2.5.6 Direct Enzyme Inhibition Studies Using Chromogenic Substrate Hydrolysis Assay 

Direct thrombin inhibition was measured using a chromogenic substrate hydrolysis assay 

using a microplate reader (FlexStation III, Molecular Devices) as previously described.133 The 

buffer utilized in this assay was a 20 mM Tris buffer pH 7.4, containing 100 mM NaCl, 2.5 mM 

CaCl2, and 0.1% polyethylene glycol (PEG) 8000, with the experiment performed at 25 °C.  

Briefly, 189 μL of pH 7.4 buffer was added to the wells and 5 μL of potential thrombin 

inhibitor (or DMSO) and 4 μL of thrombin (6 nM final concentration) were sequentially added. 

After a 10 min incubation, 2 μL of thrombin substrate (125 μM) was rapidly added and the 

residual thrombin activity was measured from the initial rate of increase in absorbance at 405 

nm. Relative residual thrombin activity at each concentration of the inhibitor was calculated from 

the ratio of thrombin activity in the presence and absence of inhibitor.  Logistic equation 1 was 

used to fit the dose dependence of residual protease activity to obtain the potency (IC50) and 

efficacy (ΔY) of inhibition.  

𝑌 = 𝑌0 +  
𝑌𝑀 −  𝑌0

1 + 10(log [Inhibitor]0−logIC50)(HS)
       (1) 

In this equation, Y is the ratio of residual thrombin activity in the presence of inhibitor to that in 

its absence (fractional residual activity), YM and Y0 are the maximum and minimum possible 

values of the fractional residual proteinase activity respectively, IC50 is the concentration of the 

inhibitor that results in 50% inhibition of enzyme activity and HS is the Hill slope. Likewise, 

compounds were screened for direct FXa and FXIa activity employing FXa and FXIa at 1.09 nM 

and 0.75 nM and using spectrozyme FXa and S-2366 respectively as chromogenic substrates.  

 



 

107 
 

2.5.7 Mechanisms of Thrombin Inhibition by 2c and 2i  

The initial rate of substrate hydrolysis by 6 nM Thrombin was monitored from the linear 

increase in absorbance at 405 nm corresponding to less than 10% consumption of the 

chromogenic substrate, as earlier described.133 The initial rate was measured as a function of 

various concentrations of the substrate (0.85 – 250 µM) in the absence and presence of fixed 

concentrations of inhibitor (0, 1, 2, 10, and 40 µM), following a 10-minute incubation in a 20 

mM Tris buffer pH 7.4 containing 100 mM NaCl, 2.5 mM CaCl2, and 0.1% PEG 8000. The data 

were fitted by the Michaelis-Menten equation 2 to determine KM,app and VMAX.  

 

𝑉𝐼 =  
𝑉𝑀𝐴𝑋[𝑆]

𝐾𝑀 + [𝑆]
     (2) 

 

2.5.8 Thermodynamic Affinity of SBDs for Thrombin 

The thrombin – benzofuran dissociation constant was obtained by measuring the change 

in fluorescence emission of fluorescein labeled thrombin as a function of the concentration of 

benzofuran dimer in 20 mM Tris Buffer pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl2, and 

0.1% PEG 8000 at 25 °C in a quartz microcuvette using a QM4 fluorimeter (Photon Technology 

International, Birmingham, NJ). Solutions of the compounds were titrated into a 200 μL solution 

of Fluorescein labeled thrombin (100 nM) and the change in the fluorescence at 520 nm (λEX = 

490 nm) monitored. The excitation and emission slit width were set to 1.0 mm. Using the 

quadratic equilibrium binding equation 3, the saturable change in the fluorescence signal was 

fitted to obtain the KD of interaction. In this equation, ΔF represents the change in fluorescence 

at a fixed concentration of thrombin, [P] from the initial fluorescence FO, and ΔFMAX represents 
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the maximal change in fluorescence following saturation. [L] is the concentration of the 

benzofuran dimer. 

∆F

F0
=  

∆Fmax

[P]0
 ×  {

([P]0 + [L]0 + KD) −  √(([P]0 + [L]0 + KD)2 − 4[P]0[L]0)

2
}         (3) 

2.5.9 Competitive Inhibition Studies of 2c and 2i  

Thrombin inhibition by benzofuran compounds was studied in the presence of the exosite 

1 competitor hirudine peptide (HirP) and exosite 2 competitor unfractionated heparin (UFH), in a 

manner similar to that described for direct thrombin inhibition. Briefly, to a solution of thrombin 

(6 nM final concentration) in 20 mM TrisHCl buffer, pH 7.4, containing 100 mM NaCl, 2.5 mM 

CaCl2, and 0.1% PEG 8000 at 25 °C was added HirP (0 − 30 nM) or UFH (0 − 50 μM). After a 

10 minute incubation period, different concentrations of inhibitor (final concentration 200 – 0.03 

µM) were added and further incubated for 10 minutes. Following the incubation, the residual 

thrombin activity was measured through Spectrozyme TH hydrolysis assay. The dose 

dependence of the fractional residual thrombin activity at each concentration of inhibitor was 

fitted using equation 1 to obtain the apparent IC50, HS, YO, and YM. 

2.5.9.1 Inhibition of Thrombin Mutants by SBDs 

In general, benzofuran compounds (200 – 0.02 µM) were incubated with individual 

mutants of thrombin (6 nM) in a 20 mM TrisHCl buffer containing 100 mM NaCl, 2.5 mM 

CaCl2, 0.1% PEG 8000 at a pH 7.4 for 10 min. Following this, substrate Spectrozyme TH (100 

μM) was added to the mixture and the initial rate of increase in absorbance at 405 nm was 

measured. The rate of initial hydrolysis was used to calculate residual thrombin activity, which 

was used to calculate the IC50 from equation 1. 
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2.5.9.2 PT and APTT Tests for 2c and 2i  

Clotting time was measured in a standard one-stage recalcification assay with a BBL 

Fibrosystem fibrometer (BectonDickinson, Sparles, MD), as described previously.133 For the 

APTT assay, 10 μL of benzofuran was mixed with 90 μL of citrated human plasma and 100 μL 

of prewarmed APTT reagent (0.2% ellagic acid). After incubation for 4 min at 37 °C, clotting 

was initiated by adding 100 μL of prewarmed 25 mM CaCl2 and time to clot noted. For PT 

assays, thromboplastin was reconstituted according to manufacturer’s directions and warmed to 

37 °C. A 10 µL sample of the sulfated benzofuran, to give the desired concentration, was brought 

up to 100 µL with citrated human plasma, incubated for 30 s at 37 °C followed by addition of 

200 µL prewarmed thromboplastin. The time to clot was again noted. The data were fit to a 

quadratic trend line, which was used to determine the concentration of the inhibitor necessary to 

double the clotting time. Clotting time in the absence of an anticoagulant was determined in a 

similar fashion using 10 µL of deionized water and/or appropriate organic vehicle and was found 

to be 42.0 s and 19.0s  for  APTT and AP respectively. 

2.5.9.3 Inhibition of Thrombin Mediated Fibrinogen Cleavage by 2c and 2i 

83 µL of a 20 mM Tris Buffer pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl2, and 0.1% 

PEG8000 was added to 9 centrifuge tubes. Thrombin was added to tubes 2 – 9 at a final 

concentration of 6 nM. Inhibitor was added to tubes 3 – 9 and well mixed resulting in final 

concentrations from 150, 100, 50, 20, 10, 2, and 0.5 µM, and incubated for 10 minutes. 15 µL of 

a 10 mg/mL fibrinogen solution was added to the tubes (final concentration, 1.5 mg/mL) and 

mixed. After allowing to stand for 1 minute, 5 µL of a 300 nM PPACK solution was added and 

the tubes were centrifuged at 10000 RPM for 10 minutes. 20 µL of the resulting supernatant 

solution were mixed with 20 µL of lamella dye, loaded onto a 7.5% SDS PAGE gel and run. 
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Detection was by means of coomassie blue dye and analysis of the gel was performed on GE 

imager and Quantity One software from Bio-Rad. Multiple PAGE images were averaged to 

deduce standard errors (~15%) and plotted on a semi-log plot to estimate inhibition potency and 

efficacy of fibrinogen cleavage using non-linear sigmoidal regression. 
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3 SULFATED DIFLAVONOIDS ARE POTENT AND SELECTIVE INHIBITORS OF 

PLASMIN 

3.1 Introduction  

An important part of maintaining hemostasis is fibrinolysis, which involves the 

dissolution of blood clots249–251 This process is necessary to ensure the correct resumption of 

blood flow following clot formation. Fibrinolysis is controlled by various cofactors and 

inhibitors, and among these, plasmin is the most important fibrinolytic agent.252  

3.1.1 Plasmin  

Plasmin is a trypsin like serine protease obtained from the proenzyme, plasminogen, an 

810 amino acid residue single chain polypeptide, by the action of tissue plasminogen activator 

(tPa) or urokinase (uPA).206 It is also known that the complex of fibrinogen and some bacterial 

proteins catalyzes the conversion of plasminogen to plasmin.252 An initial cleavage of a 19 

residue peptide from plasminogen leads to its release into plasma and further cleavage at the 

Arg561–Val562 peptide bond results in the single chain plasminogen being converted to 

plasmin, a two chain protein held together by disulfide bonds.249,253 Mechanistically, the 

generation of plasmin from plasminogen requires fibrin, to which both plasminogen and tissue 

plasminogen activator bind. This binding to fibrin increases the rate of conversion of 

plasminogen to plasmin.254 It is important to note that plasmin promotes its own generation via 

the conversion of tPA and uPA into two-chain proteases, possessing higher proteolytic 

activity.254 The heavy chain of plasmin forms the five kringle domains of plasmin, which are 
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known to be critical for plasmin’s numerous interactions, including the ones with fibrin and its 

primary inhibitor, α2-

antiplasmin.252 The light chain 

makes up the serine protease 

domain, bearing the His-Asp-Ser 

catalytic triad.252,255 The serine-

protease domain of plasmin bears 

structural resemblance to other 

members of the trypsin serine-

family of serine proteases256 and 

has dimensions of about 40Å×45 

Å×50 Å.255 A notable difference between plasmin and the other serine proteases is that plasmin 

lacks the group of residues (95-100, chymotrypsinogen numbering) that form a beta hairpin. This 

makes the active site of plasmin more open than other serine proteases,257 making the enzyme 

less specific.258  

Following its formation, plasmin remains bound to the fibrin surface where it exerts its 

action by cleaving the fibrin network holding the clot together, leading to the restoration of blood 

flow.259 Thus plasmin has a very important role in the coagulation process and its regulation in 

the body is thus very important. Beyond its role in maintaining hemostasis, plasmin has other 

functions including the activation of metalloproteinases and has been shown to be important in 

the wound healing process, pathogen invasion, cancer invasion and metastasis.87,257 The role of 

plasmin in a number of cancers including prostate cancer has been shown.260,261 Plasmin is also 

R637

K651

R644

K645

R776

R779

Figure 32. Structure of catalytic domain of human plasmin. 
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known to be a pro-inflammatory cell activator.87,259 These diverse roles highlight the vast 

physiological importance of plasmin. 

Since it is a highly non-specific protease, it is important that plasmin activity is tightly 

regulated to prevent detrimental effects. By being localized to the site where its activity is 

required, the fibrin surface, its activity is highly regulated. In addition, the activity of plasmin is 

regulated by endogenous inhibitors,  a major one being α2-antiplasmin, which is found in plasma 

at high concentrations.254 It is important to note that binding of plasmin to fibrin renders it 

inaccessible to α2-antiplasmin and thus its inhibition by the anti-protease is not possible.262 This 

again emphasizes the tight regulatory processes in place for plasmin.  

3.1.2 Plasmin Inhibitors 

In a number of conditions including haemophilia, disseminated intravascular coagulation, 

chronic hepatic disease, and von Willenbrand disease, the downregulation of plasmin activity 

may be necessary to prevent the occurrence of bleeding incidents. In addition, the regulation of 

plasmin in surgery to prevent excessive blood loss is also important.263 Also, plasmin regulation 

may be of significant benefit in inflammatory conditions and cancer.87,259  

Although these scenarios call for plasmin inhibitors, only two plasmin inhibitors, ε-

aminocaproic acid (3.1) and tranexamic acid (3.2), have been approved for clinical use as anti- 

fibrinolytics.87  Both of these agents are lysine-analogs that 

do not directly interact with plasmin, but rather interact 

with the lysine binding sites in the kringle domain of 

plasminogen and hinder plasmin generation.87 These agents 

are also known to bind to gamma aminobutyric acid (GABA) receptors, leading to severe 

Ki = 9 µM Ki = 1.1 µM

(3.1) (3.2)

Figure 33. FDA approved plasmin 

inhibitors. 
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undesirable effects such as convulsions and renal damage.264,265 Aprotinin, a Kunitz -type direct 

plasmin inhibitor initially approved by the FDA, was later withdrawn from clinical use because it 

carries the risk of increased mortality and morbidity.266  The lack of clinical anti-plasmin agents 

and the immense therapeutic potential of plasmin inhibitors has driven the search for new agents 

that target plasmin. Considerable effort in the search for anti-plasmin agents has resulted in a 

number of plasmin inhibitors, some with subnanomolar inhibitory activity.87 These agents target 

the active site, taking advantage of the difference in the active site with other serine proteases. 

267–274 The fact that none of these agents has resulted in a clinical candidate calls for the use of a 

new strategy for the development of plasmin inhibitors. 

In a bid to identify a new class of plasmin inhibitors, Al-Horani et al. screened a chemical 

library of 55 NSGMs.275 The rationale for this screen was the knowledge that heparin binds to 

plasmin.87 In addition, there had been previous reports of non-saccharide GAG mimetics 

inhibiting serine proteases and this indicated the possibility of identifying one such agent with 

plasmin inhibitory activity. Also, since non-saccharide GAG mimetics have been shown to be 

allosteric inhibitors of serine proteases, chances were high that any such non-saccharide GAG 

mimetic would behave similarly. This would result in a structurally and mechanistically novel 

inhibitor. The biochemical screen led to the discovery of NSGMs that inhibited plasmin and an 

important class was the sulfated diflavonoid compound that inhibited plasmin via an 

uncompetitive inhibitory mechanism.275  
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Figure 34. NSGMs with plasmin inhibitory activity. 

 

3.2 Rational for the Development of Sulfated Diflavonoid Plasmin Inhibitors 

The discovery of sulfated diflavonoid compounds as plasmin inhibitors275 led us to 

develop a focused library of this class of compounds with the aim of identifying more potent 

inhibitors and also increasing our understanding of the structure activity relationship of this 

interaction. The previous work showed that inhibitory activity was severely dependent on the 

intermonomer linker separating the two quercetin units.275 It was shown that a 4-atom linker 

connecting two quercetin moieties, each with sulfate groups at positions 3, 7, 3’, and 4’, was 

ideal for plasmin inhibition. This compound, 22c, had an IC50 for plasmin inhibition of 75 µM 

and a 5-fold selectivity over thrombin.275 The strong dependence of activity on the length of the 

linker led us to study a different set of compounds with an aromatic linkers, 23a-e,  as opposed to 

the straight chain linkers earlier studied. In addition, to identify the contribution of sulfate groups 

on the compound, sulfated diflavonoids from apigenin, 25a, which has 2 less phenolic groups 

than quercetin, 24a, (3, and -4’ positions only) were synthesized, resulting in compounds with 4 

sulfate groups (23f-n). A heterodimer made from quercetin and apigenin with 6 sulfate moieties 

was also synthesized, 23o. In this regard the compounds in this chemical library were different 

from each other in the type of linker, aromatic or non-aromatic, and the number of sulfate 

Anti-Pl IC50 = 45  2 µM Anti-Pl IC50 = 89  7 µM Anti-Pl IC50 = 76  12 µM

(22a) (22b) (22c)
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groups. Five of these compounds were sulfated diquercertins with an aromatic linker, four were 

sulfated di-apegin compounds with non-aromatic linkers and 5 were sulfated di-apigenin 

compounds with aromatic linkers. One compound was a heterodimer of quercetin and apigenin 

having a para xylene linker. 

3.3 Results and Discussion 

3.3.1 Synthesis of Sulfated Diflavonoids 

The synthesis of the sulfated diflavonoids was achieved in four steps that ended with a 

microwave assisted sulfation reaction to achieve the persulfated flavonoid dimers. The first step 

was the selective protection of the flavonoids with methoxy-O-methyl groups with diisopropyl 

ethyl amine as the base. The stoichiometries of the reagents were regulated to keep the 5-position 

OH free to enable subsequent dimerization. This phenolic group is the least reactive of all the 

phenolic groups due to intramolecular hydrogen boding. Thus, for apigenin, 2 equivalents of the 

protecting group were used whereas 4 equivalents were used for quercetin. The products which 

were quercetin with MOM protection at the 3, 7, 3’, and 4’ positions (24b) and apigenin 

protected with MOM groups at the 7 and 4’ position (25b), were obtained in good yield. The 

next step was the dimerization of the selectively protected flavonoid units with appropriate di-

bromo linker via SN2 reactions employing K2CO3 as a base. This reaction yielded the MOM 

protected flavonoid dimers with 30-50% yield (24c–24h, 25c–25f). The heterodimer, 26a, on the 

other hand required an additional step. First, the linker was reacted with quercetin and the 

resulting product reacted with apigenin.  

The third step involved the removal of the MOM groups resulting in polyphenolic 

compounds. Previously, this reaction was done with p-toluenesulfonic acid; however, in this case 

a TMS-Br based deprotection strategy was employed. This resulted in the deprotected 
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compounds with yields of 70 – 90% (24i–24n, 25l–25o, 26b). The sulfation step was carried out 

using microwave assisted reaction in CH3CN using triethyl amine and SO3/Me3N at 90 – 100 ºC 

as previously described.275 We used 6 and 10 equivalents respectively for SO3/Me3N and triethyl 

amine respectively were used and the reaction time was kept at an hour per phenolic group 

resulting in reaction time of 4 – 8 hours per compound. The reaction resulted in quantitative 

yields of persulfated diflavonoid compounds (22c, 23a–23o).  
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Scheme 8. Chemical synthesis of sulfated diflavonoids. a) MOM-Cl (2 or 4 eq), DIPEA, DCM, rt, 12 hrs, 50 – 60%; b) K2CO3 (2 eq), 

dibromo-linker derivative (1 eq), DMF, rt, 12 hrs, 30 – 50%; c) TMS-Br, CH2Cl2, -30, 1hr then 0ºC, 12–24  hrs, 70 – 90%; d) 

SO3/Me3N (6 eq/-OH), Et3N (10 eq/-OH), CH3CN, microwave, 90–100 °C, 4–8 hrs, 60 – 90%. 

  

a) b)

24a :: R1=R2=OH
25a :: R1=R2=H

24b :: R1=R2=OCH2OCH3

25b :: R1=R2=H
24c – 24h :: R1/R1’=R2/R2’=OCH2OCH3

24c :: X=butylene
24d :: X=1,4-bis(methylene)benzene
24e :: X=4,4'-dimethylene-1,1'-biphenyl
24f  :: X=1,4-bis(methylene)-2,5-dimethylbenzene
24g :: X=1,3-bis(methylene)benzene
24h :: X=2,6-bis(methylene)pyridine

25c – 2k :: R1/R1’=R2/R2’=H
25c :: X=ethylene            25d :: X=propylene
25e :: X=butylene           25f  :: X=butenylene
25g :: X=1,4-bis(methylene)benzene
25h :: X=4,4'-dimethylene-1,1'-biphenyl
25i :: X=1,4-bis(methylene)-2,5-dimethylbenzene
25j  :: X=1,3-bis(methylene)benzene 
25k :: X=2,6-bis(methylene)pyridine

c)

1i – 1n :: R1/R1’=R2/R2’=OH
24i   :: X=butylene
24j   :: X=1,4-bis(methylene)benzene
24k  :: X=4,4'-dimethylene-1,1'-biphenyl
24l   :: X=1,4-bis(methylene)-2,5-dimethylbenzene
24m :: X=1,3-bis(methylene)benzene
24n :: X=2,6-bis(methylene)pyridine

2k – 2t :: R1/R1’=R2/R2’=H
25l  :: X=ethylene            25m :: X=propylene
225n :: X=butylene           25o   :: X=butenylene
25p :: X=1,4-bis(methylene)benzene
25q :: X=4,4'-dimethylene-1,1'-biphenyl
25r :: X=1,4-bis(methylene)-2,5-dimethylbenzene
25s  :: X=1,3-bis(methylene)benzene 
25t  :: X=2,6-bis(methylene)pyridine

d)

22c, 23a – 23e :: R1/R1’=R2/R2’=OSO3Na
22c  :: X=butylene
23a  :: X=1,4-bis(methylene)benzene
23b  :: X=4,4'-dimethylene-1,1'-biphenyl
23c  :: X=1,4-bis(methylene)-2,5-dimethylbenzene
23d  :: X=1,3-bis(methylene)benzene
23e :: X=2,6-bis(methylene)pyridine

23f – 23n :: R1/R1’=R2/R2’= H
23f  :: X=ethylene            23h  :: X=propylene
23g   :: X=butylene           23i :: X=butenylene
23j :: X=1,4-bis(methylene)benzene
23k :: X=4,4'-dimethylene-1,1'-biphenyl
23l :: X=1,4-bis(methylene)-2,5-dimethylbenzene
23m :: X=1,3-bis(methylene)benzene 
23n :: X=2,6-bis(methylene)pyridine

23o :: R1=R2=OSO3Na; R1’=R2’=H; X=1,4-bis(methylene)benzene 26b :: R1=R2=OH; R1’=R2’=H; X=1,4-bis(methylene)benzene

26a :: R1=R2=OCH2OCH3; R1’=R2’=H; X=1,4-bis(methylene)benzene

‘
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3.3.2 Plasmin Inhibition by Sulfated diflavonoids  

The inhibition of human plasmin by the sulfated diflavonoids and a polyphenol precursor 

were measured using a chromogenic substrate hydrolysis assay as previously described 275 In this 

assay the direct relationship between the initial rate of substrate hydrolysis and catalytic activity 

of a protease is utilized and the fractional decrease in initial rate of hydrolysis in the presence of 

an inhibitor is analyzed using a dose-response equation to calculate the potency (IC50, HS) and 

efficacy (∆Y) parameters (refer to previous equation). 

The sulfated diflavonoids varied significantly in their inhibition of plasmin. This 

observation was not surprising, as a similar trend was observed in the sulfate diflavonoid 

compounds studied previously275 and the results further emphasize the dependence of plasmin 

inhibitory activity on the fine structure of the molecules. The type and length of linker proved to 

be a key determinant of inhibitory activity. The IC50s of these compounds range from 6 µM to >1 

mM. The efficacy of the compounds were, however, similar, being > 80%.  

3.3.2.1 Quercetin Series  

The new quercetin series of compounds had their IC50s ranging from 6.3 – 231 µM. This 

was a marked improvement over the previous series having the non-aromatic straight chain 

linkers. Interestingly, there was striking variation in potency depending on the length of the 

aromatic linker as well as the position of the substituents. The most potent of these compounds, 

with IC50s  of ~6 µM and a 12-fold improvement over the previously identified inhibitor (22c), 

had p-xylenic linkers (23a, 23c). The marked improvement in potency over the compounds with 

the non-aromatic linker suggests a possible important interaction of the aromatic group with 

plasmin. Replacement with a m-xylenic linker (23d) led to an 11-fold drop in activity, suggesting 

that an optimal orientation was important for inhibition. Changing the linker to a 2,6 



 

120 
 

dimethylpyridine linker (23e) resulted in a further drop of potency to 231 µM, suggesting 

possible unfavorable interactions arising from the heteroatom. There was also a 6-fold drop in 

potency with a 4,4'-dimethyl-1,1'-biphenyl linker (23b). Altogether, the results indicate the 

importance of the type of linker, its length and substitution on the potency.  

3.3.2.2 Apigenin Series  

The IC50s of these compounds ranged from 20 to > 1 mM. The general trend observed 

with the quercetin series, where compounds with aromatic linkers were better inhibitors than the 

non-aromatic straight chain linkers, was also observed with the apigenin series. Furthermore, as 

with the quercetin compounds, the most potent of this series had a p-xylenic linker (23l). 

Interestingly, substitution with a meta 

linker was not detrimental to inhibitory 

activity as was observed with the 

quercetin compounds and replacement 

with a 2,6-dimethylpyridine or 4,4'-

dimethyl-1,1'-biphenyl linker also led to 

only a 2-fold drop in potency. These 

results suggest that the interaction of these 

two classes of compounds with plasmin 

may be different.  

The potency of the p-xylene-linked apigenin-quercetin dimer (23o) was 14 µM, 

approximately the average of the two p-xylene linked homodimers of apigenin and quercetin.  

Overall, the structure activity relationship suggests that aromatic linkers are preferred 

over non-aromatic linkers, with p-xylenic linkers being preferred. This suggests that a particular 
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three-dimensional and distance relationship between the two monomeric moieties is important 

for plasmin recognition. The trends in the potency of the two series of compounds also suggest 

that for preferred linkers, higher sulfation density is better, while for less preferred linkers, 

sulfation does not guarantee better inhibitory activity. 

The inhibitory potency of the unsulfated polyphenol precursor of the most potent 

inhibitor was also determined to demonstrate the importance of the sulfate groups for plasmin 

inhibitory potency. The results showed that the unsulfated precursor of the most potent inhibitor 

(24j) was 116 µM, which is almost 20 fold less potent than that for the sulfated compound, 

showing the important role of the negatively charged sulfate groups for plasmin inhibitory 

activity.  
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Table 10. In vitro inhibition of human plasmin by NSGMs 

 
 

Inhibitor R1/ R1ˋ R2/ R2ˋ X IC50 (µM) HS 
Δ Y 

(%) 

22c OSO3Na OSO3Na  76 ± 12b 1.0 ± 0.2 72 ± 9 

23a OSO3Na OSO3Na 
 

6.3 ± 0.4 0.7 ± 0.1 93 ± 4 

23b OSO3Na OSO3Na 
 

37 ± 7 0.8 ± 0.2 80 ± 11 

23c OSO3Na OSO3Na 

 

6.5 ± 0.7 0.7 ± 0.1 104 ± 7 

23d OSO3Na OSO3Na 
 

73 ± 11 0.6 ± 0.1 107 ± 7 

23e OSO3Na OSO3Na 
 

231 ± 27 0.8 ± 0.2 90 ± 5 

23f H H  71 ± 2 2.4 ± 0.3 79 ± 3 

23g H H  >1000 NDc ND 

23h H H  282 ± 17 1.8 ± 0.3 90 ± 8 

23i H H  121 ± 18 0.9 ± 0.2 90 ± 11 

23j H H 
 

34 ± 1 2.4 ± 0.3 89 ± 2 

23k H H 
 

47 ± 2 1.1 ± 0.1 79 ± 3 

23l H H 

 

20 ± 1 2.0 ± 0.1 94 ± 2 

23m H H 
 

34 ± 2 2.3 ± 0.5 86 ± 4 

23n H H 
 

42 ± 3 1.2 ± 0.2 63 ± 4 

23o H/OSO3Na H/OSO3Na 
 

14 ± 1 0.9 ± 0.1 109 ± 6 
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3.3.3 Inhibition Studies of Thrombin, Factor IXa, Factor Xa, Factor XIa, Factor XIIa, 

Trypsin and Chymotrypsin  

The inhibitory effects of the most potent sulfated diflavonoid on the serine proteases 

thrombin, FIXa, FXa, FXIa, FXIIa, trypsin and chymotrypsin were also studied using a 

chromogenic substrate assay employing appropriate small peptide-based chromogenic substrates 

for these enzymes.  

The results from screening our most potent inhibitor against a large panel of coagulation 

and digestive serine proteases confirmed 

our hypothesis that targeting the less 

conserved allosteric sites was an 

effective way of achieving selectivity 

among a family of enzymes. There was 

vast variation in inhibitory potency of 

the inhibitor on the different enzymes, 

showing a clear selectivity for plasmin. 

Of the serine proteases screened, thrombin was the most potently inhibited with an IC50 of 156 

µM, a 22-fold difference in inhibitory activity relative to plasmin. The selectivity indices of the 

inhibitor against Xa, XIa, IXa, XIIa, trypsin and chymotrypsin were 70-, 26-, >277-, >138-, >61-

, and 27-fold respectively, indicating a marked selectivity for plasmin. On the other hand the 

selectivity index for the unsulfated precursor against thrombin, FXa and FXIa, was only 2-fold. 

Thus, the unsulfated precursor does not differentiate among these serine proteases and most 

likely interacts at a site common to all these enzymes.   
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Table 11. Selectivity of NSGM 23a and its precursor 24j against a panel of related serine 

proteases 

Inhibitor Enzyme IC50 (µM) ΔY (%) SI 

23a Plasmin 7.2 ± 0.6 98 ± 5 - 

 Thrombin 156 ± 14 77 ± 8 22 

 FXa ~505 NDc 70 

 FXIa 180 ± 20 93 ± 11 26 

 FIXa >2000 ND >277 

 FXIIa >1000 ND >138 

 Trypsin >440 ND >61 

 Chymotrypsin 196 ± 39 92 ± 9 27 

24j Plasmin 116 ± 9 111 ± 8 - 

 Thrombin 267 ± 28 91 ± 11 2 

 FXa 212 ± 30 104 ± 17 2 

 FXIa 208 ± 32 109 ± 16 2 

 

 

3.3.4 Mechanism of Plasmin Inhibition by Compound 23a and Its Unsulfated Precursor 

24j 

In order to understand the mechanism of inhibition of the sulfated flavonoid, we 

performed Michaelis-Menten kinetics studies on the most potent inhibitor discovered, 23a. This 

study was important in confirming whether the inhibitor bound at an allosteric site as we had 

proposed. This assay measures the VMAX and KM of the enzyme in the presence and absence of 

the inhibitors. The experiment was conducted at 37 ºC in a pH 7.4 Tris buffer containing 100 

mM NaCl, 2.5 mM CaCl2, 0.1% PEG8000, and 0.02% Tween80. The data were fitted to the 

Michaelis-Menten equation to determine KM, and VMAX:  
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The same studies were performed using the unsulfated precursor of 23a, 24j, which had 

shown moderate inhibitory activity towards plasmin and other serine proteases. A plot of the 

initial velocity with increasing concentrations of the substrate revealed a hyperbolic relationship 

in the absence and presence of 23a and its unsulfated precursor, 24j. The trends in the VMAX and 

KM values from the presence of the two inhibitors revealed a key difference in their mechanism 

of plasmin inhibition.  

In the case of compound 23a, there was decrease in the VMAX with increasing 

concentrations of the inhibitor. A VMAX of 42.2 ± 2.3 mAU/min was recorded in the absence of 

the inhibitor and this dropped gradually with increasing inhibitor concentrations to a significant 

4-fold drop in the presence of 200 µM to 10.4 ± 0.5 mAU/min. This result is in agreement with a 

non-competitive inhibition mechanism. The Michaelis constant KM also experienced a 

substantial gradual drop in value from 0.050 ± 0.001 mM in the absence of the inhibitor to 0.004 

± 0.001 mM, in the presence of 200 µM, representing a 12.5 fold decrease. The decrease in both 

VMAX and KM values in the presence of increasing inhibitor concentrations show that the 

inhibitor utilizes an uncompetitive inhibition mechanism.  

The results obtained for the unsulfated precursor, 24j, are totally different. There is no 

change in VMAX with increasing inhibitor concentrations; however an increase in the KM is 

observed. This result suggests competition between the substrate and the inhibitor for binding 

with plasmin at the active site of the enzyme. Thus, the unsulfated precursor is an orthosteric 

inhibitor. Considering the conserved nature of the active sites of serine proteases, this result 

explains the lack of selectivity observed with the unsulfated precursor.  
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Figure 37. Michealis-Menten kinetics profiles for 23a and 24j. 
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Table 12. Michaelis-Menten kinetics of human plasmin in the presence of 23a or its precursor 

24j 

 [Inhibitor] (µM) KM (mM) VMAX (mAU/min) 

23a 0 0.050 ± 0.001 42.2 ± 2.3 

 1.6 0.050 ± 0.001 36.3 ± 2.0 

 8 0.020 ± 0.001 29.0 ± 0.6 

 40 0.020 ± 0.007 22.1 ± 1.9 

 100 0.008 ± 0.003 15.1 ± 1.0 

 200 0.004 ± 0.001 10.4 ± 0.5 

24j 0 0.083 ± 0.014 50.6 ± 2.4 

 100 0.357 ± 0.082 51.0 ± 4.6 

 240 0.807 ± 0.180 51.7 ± 3.9 

 400 1.122 ± 0.233 51.3 ± 4.0 

 

3.3.5 Binding Affinity of Sulfated Diflavonoids for Plasmin 

The thermodynamic binding affinity (KD) of ligands to proteins is an important parameter 

in the study of their interactions. The thermodynamic binding affinity of the sulfated 

diflavonoids with both free plasmin and active-site blocked plasmin was studied by fluorescence 

experiments performed using a QM4 spectrofluorometer (Photon Technology International, 

Birmingham, NJ) in 20 mM TrisHCl buffer, pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl2, 

and 0.1% PEG8000 at 37 ○C. In the determination of thermodynamic binding affinity, the 

inhibitors were titrated against a fixed concentration of plasmin and the change in intrinsic 

fluorescence, due to tryptophan (λEM =348 nm, λEX = 280 nm) was monitored as a function of 

inhibitor concentration. A saturating decrease in intrinsic fluorescence was observed for both 

free and active site blocked plasmin, ranging from 90-108%.  
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The binding affinities determined for compounds 23a, 23b, 23i, and 23l were 0.7±0.1 

μM, 1.0±0.1 μM, 3.6±0.6 µM, and 1.9±0.2 µM, respectively, indicating a high affinity for 

plasmin. However, there are significant differences between the KD and the IC50s. The 

uncompetitive nature of the interaction may play a role in this observed difference. In this 

mechanism, the inhibitor binds to both the free enzyme (E) and the enzyme – substrate complex 

(E:S) with affinities that are different, which forms the basis for observed KD to be less than the 

IC50. This is also especially true because the substrate concentration used in the inhibition 

experiment was below the KM. Thus, active site blocked plasmin was prepared for binding 

studies. 

The affinity of sulfated diflavonoids for active site blocked plasmin, representing the 

plasmin-substrate complex, was also determined as above. The KDs calculated using the 

quadratic binding equation were 4.4±0.4 µM and 5.4±0.3 µM for 23a and 23l, respectively. 

These values, especially for 23a, are significantly different from the affinity of ~700 nM 

measured for free plasmin–23a complex, but very similar to the observed IC50 of 6.3 µM. The 

results are in line with the expectation from the mechanistic basis of different conformational 

states of the free E and E:S complex and imply that NSGMs bind to plasmin at a site other than 

the active site.  
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Figure 38. Binding affiinity of sulfated diflavonids for plasmin. (A) Native human plasmin (B) 

active-site-blocked plasmin. 

 

Table 13. Dissociation equilibrium constants (KD) and maximal fluorescence change (ΔFMAX) 

for the interactions of NSGMs and UFH with human plasmin. 

Inhibitor KD (µM) ΔFMAX (%) 

Human plasmin 

23a 0.7 ± 0.1 -112 ± 3 

23b 1.0 ± 0.1 -90 ± 2 

23i 3.6 ± 0.6 -101 ± 7 

23l 1.9 ± 0.2 -108 ± 3 

UFH 6.7 ± 0.8 -97 ± 7 

Active-site-blocked human plasmin  

23a 4.4 ± 0.4b -103 ± 4 

23l 5.4 ± 0.3 -128 ± 3 

 

3.3.6 Binding Site of Sulfated Diflavonoids on Plasmin 

Unfractionated heparin has been shown to bind to plasmin with high affinity in the 

nanomolar range, however the exact binding site is yet to be identified. The binding of heparin to 

plasmin does not result in inhibition of enzymatic activity. To confirm that the sulfated 
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flavonoids mimic heparin in regard to their sites of interaction with plasmin, we measured the 

potencies of the compound in the presence of increasing concentrations of UFH in pH 7.4 Tris 

buffer containing 0 or 100 mM NaCl, 2.5 mM CaCl2, 0.1% PEG8000, and 0.02% Tween80 at 37 

○C, using a microplate reader. A decrease in inhibitor potency with increasing UFH 

concentrations indicates a possible competition between the two compounds for plasmin 

interaction. The results obtained in both the NaCl-free and NaCl-containing buffer reveal the 

same trend. In both instances there is a gradual drop in inhibitor potency with increasing 

concentrations of UFH. In the NaCl-free buffer, the IC50 of plasmin inhibition by 23a increased 

from 2.8 to 10.4 µM as the concentration of UFH increased from 0 to 285 µM. 

 

Figure 39. UFH Competition studies of compound 23a. 

 

Similarly in the buffer containing 100 mM NaCl, the IC50 increased from 6.1 to 25.9 µM 

with increasing UFH concentration from 0 to 250 µM. This drop in potency suggests competition 

of the inhibitor with UFH, possibly by binding the same site, though these data cannot entirely 

confirm this supposition.. 
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Table 14. Inhibition of human plasmin by 23a in the presence of UFH 

[NaCl] (mM) [UFH] (µM) IC50 (µM) HS ΔY (%) 

0 0 2.8 ± 0.3 1.0 ± 0.3 90 ± 7 

 15 3.6 ± 0.3 1.3 ± 0.3 82 ± 5 

 50 4.6 ± 0.7 0.8 ± 0.1 93 ± 13 

 285 10.4 ± 1.2 1.0 ± 0.2 93 ± 7 

100 0 6.1 ± 0.6 0.7 ± 0.1 85 ± 5 

 50 14.1 ± 1.4 1.0 ± 0.2 81 ± 6 

 250 25.9 ± 4.6 0.7 ± 0.1 91 ± 11 

 

 

3.3.7 Salt Dependence of Plasmin Inhibition by Sulfated Diflavonoids  

To assess the ionic contributions to the interaction between compound 23a and plasmin, 

we assessed the inhibitory potency of 23a in buffers containing different concentrations of NaCl 

(0, 100 and 200 mM) As can be seen from the results (Figure 40, Table 15), the potency of 

compound 2 decreases by a factor of about 

2-fold for each 100 mM increase in NaCl 

concentration of the buffer. This indicates 

that ionic contributions contribute to the 

binding of compound 23a to plasmin, 

which is not surprising due to the highly 

negatively charged nature of compound. 

Thus, the negatively charged sulfate groups 

possibly form ionic interactions with basic 

amino acid residues on the enzyme. That the effect on the potency is not marked suggests that 
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the non-ionic interactions, possibly with the hydrophobic aromatic core of the compound, 

contribute significantly to the interaction. 

 

Table 15. Salt-Dependence of Plasmin Inhibition by 23a 

[NaCl] (mM) IC50 (µM) HS ΔY (%) 

0 2.8 ± 0.3 1.0 ± 0.3 90 ± 7 

100 6.3 ± 0.4 0.7 ± 0.1 93 ± 4 

200 17.1 ± 2.7 0.8 ± 0.2 71 ± 7 

 

 

3.3.8 Reversibility of Inhibitory Activity of Sulfated Diflavonoids  

Considering the sensitive balance of coagulation, an important consideration in the 

development of coagulation altering drugs is the availability of antidotes in the event of drug 

overdose. Following the determination that ionic interactions contribute to the interaction 

compound 23a and plasmin, we hypothesized that protamine, a known antidote for heparin, can 

reverse the inhibitory activity of compound 23a on plasmin. Protamine is an arginine-rich 

polypeptide that functions by mopping up 

negatively charged species, such as heparin, 

and thus reduces their effective 

concentration in blood.276 We thus monitored 

the in vitro reversibility of plasmin 

inhibition by measuring enzymatic activity 

in the presence of a saturating concentration 
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of the inhibitor, and increasing concentrations of protamine spectrophotometrically by measuring 

spectrozyme PL hydrolysis. 

The results indicate that the inhibitory effect of 23a is totally reversed by protamine 

sulfate with an efficacy of almost 100 %. The concentration of protamine required to restore 

enzymatic activity to 50% (EC50) was 19.9 ± 0.8 mg/mL. These results, together with results 

from salt dependence studies, confirm the contribution of ionic interactions to the interaction of 

the sulfated diflavonoids with plasmin.  

3.3.9 Inhibition of Clot Lysis by Sulfated Diflavonoids  

Following demonstration of inhibition of hydrolysis of a small peptide chromogenic 

substrate by compound 23a, the ability of the compound to inhibit plasmin mediated clot lysis 

was studies. This was done using in an in vitro assay by generating a fibrin rich clot through the 

action of thrombin on fibrinogen and subsequent addition of FXIIIa.  The inhibition of clot lysis 

by plasmin in the presence of different inhibitor concentrations was monitored 

spectrophotometrically. The results clearly show that plasmin’s lysis of the fibrin clot is inhibited 

by compound 23a in a dose dependent manner. 

 

Figure 42. Inhibition of clot lysis by compound 23a. 
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Under the study conditions, the clot is lysed in about 300 minutes in the absence of 23a, however 

this is inhibited markedly by compound 2 in a dose dependent manner. Fitting the data obtained 

(the rate of clot lysis versus concentration of compound 23a, results in a semilog sigmoidal plot 

(Figure 42B) from which the potency (IC50), efficacy (ΔY) and Hill slope (HS) of inhibition can 

be obtained. The calculated IC50 for the inhibition was 8.8±1.0 µM and the efficacy of inhibition 

of clot lysis was 69.1±6.9%. The ability of the compound to inhibit plasmin mediated clot lysis is 

an important property of 23a and indicates its promise as a lead antifibrinolysis agent. 

3.3.10 Molecular Modeling Studies of Sulfated Diflavonoids 

To study the interaction of sulfated diflavonoid compounds with plasmin, computational 

tools were employed. This was done with the aim of identifying key molecular interactions 

responsible for the inhibitory activity of the compounds. We reasoned that this exercise would 

shed more light on the structure activity relationship of the sulfated diflavonoid plasmin 

interaction. A GOLD-based docking and scoring of a selected group of sulfated diflavonoids 

covering the different structural variations was thus performed using our earlier methodology of 

GAGs and GAG mimetics docking to proteins.102, 134,136 

 The results clearly show that the sulfated diflavonoids 23a, 23b, 23c, 23h, 23i and 23j 

interact well with the allosteric site, whereas the unsulfated inhibitor 24j preferentially binds in 

the active site.  A detailed look at the proposed interaction between compound 23a and plasmin 

revealed ionic interactions between Arg637, Arg779 and Arg664 and sulfate groups present on the 

compound. Similar interactions were observed with compound 23c, which is equipotent with 

compound 23a.  The unsulfated precursor aligned itself in the active site of plasmin. A logIC50 vs 

GOLDSCORE plot for the six allosteric NSGMs docked onto plasmin shows a good correlation 

between the GOLDSCORE and the inhibition potency (R2 = 0.92). These plots show that the 
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allosteric NSGMs interact with about the same group of electropositive residues in the heparin-

binding site and differences in potency arise from different levels of hydrogen bonding interactions 

made by each inhibitor.  

 

 

Figure 43. Computational study of sulfated diflavonoid-human plasmin interaction. 
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3.4 Conclusion 

Plasmin is a very important serine protease whose regulation is necessary to normal 

physiological functioning. 

This work has demonstrated that non-saccharide glycosaminoglycans have the potential 

to inhibit plasmin activity with moderate to high potency and is thus a significant addition to the 

search of anti-plasmin agents. The sulfated diflavonoids inhibit plasmin activity via an allosteric 

mechanism and do not interact at the active site, which is conserved among the serine proteases; 

accounting for the high selectivity for plasmin over other serine proteases.  

The ability of these compounds to inhibit plasmin-mediated clot lysis also emphasizes the 

potential of this class of compounds as anti-fibrinolytic agents. Also, the highly charged nature 

of these compounds greatly increases their likelihood of crossing the blood-brain barrier and thus 

will be devoid of CNS effects, a major side effect of the current clinically used anti-fibrinolytic 

agents. Also, the fact that the anti-plasmin potential of this class of compounds was totally 

reversed by plasmin is an added advantage. However, it will be necessary to study these 

compounds in advanced pharmacological models before advancing their clinical importance.  

Overall, this work has put forward sulfated di-flavonoid compounds as potent and 

selective anti-plasmin agents of which compound 23a represents the best and most inspiring lead 

compound. 
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3.5 Experimental Section 

3.5.1 Chemicals, Reagents, Enzymes, and Substrates 

All anhydrous organic solvents were purchased from Sigma-Aldrich (Milwaukee, WI) or 

Fisher (Pittsburgh, PA) and used as such. Other solvents used were of reagent gradient and used 

as purchased. Analytical TLC was performed using UNIPLATETM silica gel GHLF 250 µm pre-

coated plates (ANALTECH, Newark, DE). Silica gel (200-400 mesh, 60 Å), fibrinogen, and 

UFH were from Sigma-Aldrich. Chemical reactions sensitive to air or moisture were carried out 

under nitrogen atmosphere in oven-dried glassware. Reagent solutions, unless otherwise noted, 

were handled under a nitrogen atmosphere using syringe techniques. Flash chromatography was 

performed using Teledyne ISCO (Lincoln, NE). Combiflash RF was performed using disposable 

normal silica cartridges of 30–50 µ particle size, 230–400 mesh size and 60 Å pore size. The 

flow rate of the mobile phase was in the range of 18 to 35 mL/min and mobile phase gradients of 

ethyl acetate/hexanes and CH2Cl2/CH3OH were used to elute compounds. Human plasmin, 

thrombin, factor Xa, and factor XIa were obtained from Haematologic Technologies (Essex 

Junction, VT). Stock solutions of serine proteases (plasmin, thrombin, factor Xa, and factor XIa) 

was prepared in 20 mM TrisHCl buffer, pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl2, 0.1% 

PEG8000, and 0.02% Tween80. Chromogenic substrates of thrombin (Spectrozyme TH), 

plasmin (Spectrozyme PL), and factor Xa (Spectrozyme FXa) were obtained from Sekisui 

Diagnostics (Lexington, MA). The chromogenic substrate of factor XIa (Chromogenix S-2366) 

was from DiaPharma (West Chester, OH). 
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3.5.2 Chemical Characterization of Synthesized Molecules 

A Bruker-400 MHz spectrometer was used to record the 1H and 13C NMR of compounds 

in CDCl3, acetone-d6 or DMSO-d6. Signals, in part per million (ppm), are either relative to the 

residual peak of the solvent or to the internal standard of TMS. The NMR data are reported as 

chemical shift (ppm), integration, multiplicity of signal (s= singlet, d= doublet, t= triplet, q= 

quartet, dd= doublet of doublet, m= multiplet), and coupling constants (Hz). A Waters Acquity 

TQD MS spectrometer was used in recording ESI-MS of compounds. MS of intermediate 

compounds was determined in positive ion mode and final products in negative ion mode. 

Samples were dissolved in methanol and infused at a rate of approximately 20 μL/min. 

Ionization conditions were optimized for each intermediate and final persulfated product to 

maximize the ionization of the parent ion. 

3.5.3 Purity Analysis of Synthesized Compounds 

Sulfated diflavonoid compounds were analyzed by UPLC with a Waters Acquity H-class 

UPLC system equipped with a photodiode array detector and triple quadrupole mass 

spectrometer. A reversed-phase Waters BEH C18 column of particle size 1.7 μm and 2.1 mm × 

50 mm dimensions at 30±2 °C was used. Solvents A and B consisted of 25 mM n-hexylamine in 

water containing 0.1% (v/v) formic acid and 25 mM n-hexylamine in acetonitrile−water mixture 

(3:1 v/v) containing 0.1% (v/v) formic acid, respectively. A linear gradient of 3% solvent B per 

min over 20 min (initial solvent B proportion was 20% v/v) at a flow rate of 500 μL/min was 

used. The sample was monitored for absorbance in the range of 190−400 nm and then directly 

introduced into the mass spectrometer, with ESI-MS detection performed in positive ion mode. 

The following parameters were used; capillary voltage, 4 kV; cone voltage, 20 V; desolvation 
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temperature, 350 °C.; nitrogen gas flow, 650 L/h. Mass scans were collected in the range of 

250−1500 amu within 0.25 s and several of these were added to enhanced signal-to-noise ratio. 

3.5.4 Synthetic Procedure and Spectral Characterization Data 

3.5.4.1 General Procedure for Flavonoid Monomers Protection by Methoxymethyl 

(MOM) Chloride 

MOM protection of quercetin and apigenin molecules was achieved using MOM-Cl as 

previously reported.172,275 Briefly, to a solution of quercetin or apigenin (1 eq) in DCM, N, N-

diisopropylethylamine (DIPEA) (4-8 eq) and MOM chloride (4 eq for quercetin and 2 eq for 

apigenin) were added under nitrogen atmosphere. The reaction was stirred at 0 ○C for 1 h, and 

the reaction mixture allowed to warm to room temperature over 2 h. The reaction was allowed to 

continue for a 12 h period. The reaction was quenched by diluting with water and the resulting 

mixture was extracted with ethylacetate (200 mL). The organic layer was then dried using 

Na2SO4, concentrated under reduced pressure, and purified by flash column chromatography 

using hexanes and ethyl acetate to obtain the tetraprotected quercetin 24b as a yellow solid in 

yields of 50 – 55% and the diprotected apigenin 25b as a cream solid in yields of 52 – 60%. 

Spectral characteristics of purified MOM protected flavonoid monomers are given below:  

2-(3,4-bis(methoxymethoxy)phenyl)-5-hydroxy-3,7-bis(methoxymethoxy)-4H-

chromen-4-one (24b). 1H NMR (400 MHz, CDCl3) δ 12.47 (s, 1H), 7.84 (d, J = 2.1 Hz, 1H), 

7.64 (dd, J = 8.7, 2.1 Hz, 1H), 7.25 – 7.11 (m, 1H), 6.54 (d, J = 2.2 Hz, 1H), 6.39 (d, J = 2.1 Hz, 

1H), 5.24 (d, J = 7.4 Hz, 4H), 5.17 (s, 2H), 5.11 (s, 2H), 3.47 (d, J = 4.6 Hz, 6H), 3.42 (s, 3H), 

3.17 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 178.60, 162.94, 161.91, 156.67, 156.49, 149.65, 

146.60, 135.63, 124.42, 123.92, 117.74, 115.66, 106.63, 99.70, 97.81, 95.64, 95.10, 94.22, 94.14, 
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57.72, 56.41, 56.35. MS (ESI) calculated for C23H26O11 [(M+H)]+, m/z 478.15, found for 

[(M+H)]+, m/z 478.907.  

5-hydroxy-7-(methoxymethoxy)-2-(4-(methoxymethoxy)phenyl)-4H-chromen-4-one 

(25b). 1H NMR (400 MHz, CDCl3) δ 12.70 (s, 1H), 7.81 – 7.77 (m, 2H), 7.13 – 7.08 (m, 2H), 

6.61 (d, J = 2.2 Hz, 1H), 6.54 (s, 1H), 6.43 (d, J = 2.2 Hz, 1H), 5.20 (d, J = 3.0 Hz, 4H), 3.46 (d, 

J = 1.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 182.48, 164.01, 163.00, 162.15, 160.27, 157.61, 

127.99, 124.69, 116.61, 104.72, 100.10, 94.37, 94.30, 56.34, 56.21. MS (ESI) calculated for 

C19H18O7 [(M+Na)]+, m/z 359.11, found for [(M+H)]+, m/z 359.171.  

3.5.4.2 General Procedure for Flavonoid Dimerization by SN2 Reaction. 

Coupling of the quercetin- and apigenin-based monomers was achieved under basic 

conditions using different dibromo-linkers as reported earlier.172,275 Briefly, to a solution of 

tetraprotected quercetin or dibrotected apigenin (1 eq) in N, N-dimethylformamide (DMF) was 

added K2CO3 (2.5 eq) and stirred for two minutes. 0.5 eq of the appropriate dibromo linker was 

added and the reaction stirred for 12 h at room temperature. The reaction was monitored be TLC 

and after reaching completion, it was quenched using 2N HCl. The mixture was diluted with a 50 

mL, 50:50 mixture of ethylacetate:H2O (50 mL; 1:1 mixture). The organic layer was then 

separated and the aqueous phase was further extracted with ethylacetate (2 × 25 mL). The 

organic layer was subsequently washed with saturated NaCl solution (25 mL). The resulting 

organic layers were combined, dried over anhydrous Na2SO4 and concentrated under reduced 

pressure to afford the crude intermediates 24c–26a, that were further purified using flash 

chromatography on silica gel (70-85% ethyl acetate in hexanes). The pure intermediates were 

obtained as white to cream solids in yields of 30 - 50 %. Spectral characteristics of intermediate 



 

141 
 

1c matched earlier reports.172,275 Spectral characteristics of the new purified intermediates are as 

follows:  

5,5'-((1,4-phenylenebis(methylene))bis(oxy))bis(2-(3,4-bis(methoxymethoxy)phenyl)-

3,7-bis(methoxymethoxy)-4H-chromen-4-one) (24d). 1H NMR (400 MHz, CDCl3) δ 7.97 (s, 

1H), 7.86 (s, 2H), 7.62 (dd, J = 29.3, 8.9 Hz, 5H), 7.40 (t, J = 7.8 Hz, 1H), 7.16 (s, 1H), 6.65 (d, 

J = 2.4 Hz, 2H), 6.44 (s, 2H), 5.38 – 5.10 (m, 20H), 3.49 (d, J = 5.2 Hz, 12H), 3.43 (s, 6H), 3.19 

(s, 6H). 13C NMR (100 MHz, CDCl3) δ 173.63, 161.28, 159.75, 158.56, 153.34, 149.19, 146.58, 

137.96, 135.89, 127.03, 125.02, 123.71, 117.85, 115.78, 110.47, 98.64, 97.81, 95.88, 95.73, 

95.18, 94.39, 77.32, 77.00, 76.68, 70.73, 57.65, 57.60, 56.41, 56.33. MS (ESI) calculated for 

C54H58O22 [(M+K)]+, m/z 1097.44, found for [(M+K)]+, m/z 1097.373.  

5,5'-(([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(oxy))bis(2-(3,4-

bis(methoxymethoxy) phenyl)-3,7-bis(methoxymethoxy)-4H-chromen-4-one) (24e). 1H NMR 

(400 MHz, CDCl3) δ 7.84 (d, J = 2.1 Hz, 2H), 7.68 – 7.51 (m, 11H), 7.20 (d, J = 4.6 Hz, 1H), 

6.64 (d, J = 2.2 Hz, 2H), 6.44 (d, J = 2.2 Hz, 2H), 5.26 – 5.22 (m, 12H), 5.17 (s, 4H), 5.15 (s, 

4H), 3.47 (d, J = 6.1 Hz, 12H), 3.41 (s, 6H), 3.17 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 173.61, 

161.26, 159.82, 158.58, 153.36, 149.22, 146.61, 140.29, 137.98, 135.49, 127.41, 127.35, 127.31, 

127.29, 127.27, 125.04, 123.72, 117.92, 115.84, 110.56, 98.70, 97.82, 95.98, 95.76, 95.21, 94.40, 

70.77, 57.59, 56.41, 56.39, 56.31. MS (ESI) calculated for C60H62O22 [(M+K)]+, m/z 1173.47, 

found for [(M+K)]+, m/z 1173.046.  

5,5'-(((2,5-dimethyl-1,4-phenylene)bis(methylene))bis(oxy))bis(2-(3,4-bis(methoxy-

methoxy)phenyl)-3,7-bis(methoxymethoxy)-4H-chromen-4-one) (24f). 1H NMR (400 MHz, 

CDCl3) δ 7.87 (d, J = 2.1 Hz, 2H), 7.68 (d, J = 2.1 Hz, 1H), 7.66 (d, J = 2.1 Hz, 1H), 7.49 (s, 

2H), 7.23 (d, J = 2.7 Hz, 2H), 6.67 (d, J = 2.2 Hz, 2H), 6.46 (d, J = 2.2 Hz, 2H), 5.26 (d, J = 4.3 
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Hz, 8H), 5.24 – 5.03 (m, 12H), 3.51 (d, J = 4.8 Hz, 12H), 3.46 (s, 6H), 3.20 (s, 6H), 2.36 (s, 6H). 

13C NMR (100 MHz, CDCl3) δ 173.47, 161.28, 159.94, 158.59, 153.22, 149.18, 146.60, 137.93, 

133.59, 133.34, 129.86, 125.07, 123.67, 117.90, 115.84, 110.52, 98.50, 97.77, 95.82, 95.75, 

95.21, 94.42, 69.43, 57.56, 56.40, 56.31, 18.60.  MS (ESI) calculated for C56H62O22 [(M+K)]+, 

m/z 1125.34, found for [(M+K)]+, m/z 1125.026.  

5,5'-((1,3-phenylenebis(methylene))bis(oxy))bis(2-(3,4-bis(methoxymethoxy)phenyl)-

3,7-bis(methoxymethoxy)-4H-chromen-4-one) (24g). 1H NMR (400 MHz, CDCl3) δ 7.87 (d, J 

= 2.1 Hz, 2H), 7.70 – 7.55 (m, 5H), 7.42 (t, J = 7.6 Hz, 1H), 7.23 (d, J = 1.9 Hz, 2H), 6.66 (d, J = 

2.1 Hz, 2H), 6.45 (d, J = 2.2 Hz, 2H), 5.26 (d, J = 4.0 Hz, 12H), 5.20 (s, 4H), 5.17 (s, 4H), 3.50 

(d, J = 5.3 Hz, 12H), 3.44 (s, 6H), 3.20 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 173.64, 162.49, 

161.29, 159.74, 158.55, 153.36, 149.17, 146.55, 137.92, 136.71, 129.21, 126.15, 124.98, 124.57, 

123.70, 117.80, 115.74, 110.43, 98.62, 97.79, 95.86, 95.70, 95.16, 94.36, 70.80, 57.60, 56.42, 

56.34, 56.32. MS (ESI) calculated for C54H58O22 [(M+K)]+, m/z 1097.44, found for [(M+K)]+, 

m/z 1097.337.  

5,5'-((pyridine-2,6-diylbis(methylene))bis(oxy))bis(2-(3,4-

bis(methoxymethoxy)phenyl)-3,7-bis(methoxymethoxy)-4H-chromen-4-one) (24h).1H NMR 

(400 MHz, CDCl3) δ 8.89 – 8.80 (m, 2H), 8.53 – 8.47 (m, 1H), 7.84 (d, J = 2.1 Hz, 2H), 7.66 (d, 

J = 2.1 Hz, 1H), 7.64 (d, J = 2.1 Hz, 1H), 7.19 (d, J = 2.0 Hz, 2H), 6.75 (d, J = 2.0 Hz, 2H), 6.62 

(d, J = 2.1 Hz, 2H), 5.70 (s, 4H), 5.26 – 5.22 (m, 8H), 5.21 (s, 4H), 5.15 (s, 4H), 3.49 (s, 6H), 

3.47 (s, 6H), 3.45 (s, 6H), 3.15 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 173.72, 161.59, 158.57, 

157.78, 154.25, 149.44, 146.65, 137.88, 124.70, 123.82, 117.93, 115.83, 110.02, 99.20, 97.80, 

96.84, 95.75, 95.19, 94.32, 66.12, 57.68, 56.57, 56.36, 56.33.  MS (ESI) calculated for 

C53H57NO22 [(M+H)]+, m/z 1060.34, found for [(M+H)]+, m/z 1060.072.  
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5,5'-(ethane-1,2-diylbis(oxy))bis(7-(methoxymethoxy)-2-(4-

(methoxymethoxy)phenyl)-4H-chromen-4-one) (25c). 1H NMR (400 MHz, CDCl3) δ 7.85 – 

7.76 (m, 5H), 7.38 – 6.82 (m, 5H), 6.78 (s, 2H), 6.65 (s, 2H), 5.18 (s, 8H), 4.54 (s, 4H), 3.80 – 

3.26 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 177.50, 162.49, 159.84, 159.52, 128.08, 116.57, 

100.23, 96.63, 94.47, 94.25, 68.32, 56.58, 56.26. MS (ESI) calculated for C40H38O14 [(M+Na)]+, 

m/z 765.13, found for [(M+Na)]+, m/z 765.393.  

5,5'-(propane-1,3-diylbis(oxy))bis(7-(methoxymethoxy)-2-(4-

(methoxymethoxy)phenyl)-4H-chromen-4-one) (25d). 1H NMR (400 MHz, CDCl3) δ 7.76 – 

7.63 (m, 4H), 7.11 – 6.97 (m, 4H), 6.63 (d, J = 2.2 Hz, 2H), 6.50 (d, J = 2.2 Hz, 2H), 6.43 (s, 

2H), 5.18 – 5.13 (m, 8H), 4.38 (t, J = 5.7 Hz, 4H), 3.42 (t, J = 1.7 Hz, 12H), 2.53 – 2.36 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 177.39, 161.47, 160.45, 160.40, 159.59, 159.38, 127.55, 125.11, 

116.43, 110.04, 107.89, 98.43, 95.51, 94.27, 65.72, 56.38, 56.17. MS (ESI) calculated for 

C41H40O14 [(M+Na)]+, m/z 779.14, found for [(M+Na)]+, m/z 779.400.  

5,5'-(butane-1,4-diylbis(oxy))bis(7-(methoxymethoxy)-2-(4-

(methoxymethoxy)phenyl)-4H-chromen-4-one) (25e). 1H NMR (400 MHz, CDCl3) δ 7.73 (d, 

J = 8.7 Hz, 4H), 7.06 (d, J = 8.7 Hz, 4H), 6.59 (d, J = 2.1 Hz, 2H), 6.49 – 6.36 (m, 4H), 5.17 (d, 

J = 7.6 Hz, 8H), 4.28 – 4.10 (m, 4H), 3.43 (d, J = 2.6 Hz, 12H), 2.25 – 2.17 (m, 4H). 13C NMR 

(100 MHz, CDCl3) δ 177.27, 161.39, 160.39, 160.35, 159.61, 159.37, 127.64, 127.53, 125.16, 

116.45, 109.97, 107.91, 98.03, 95.43, 94.35, 94.30, 69.12, 56.38, 56.16, 25.84. MS (ESI) 

calculated for C42H42O14 [(M+Na)]+, m/z 793.16, found for [(M+Na)]+, m/z 793.442.  

(E)-5,5'-(but-2-ene-1,4-diylbis(oxy))bis(7-(methoxymethoxy)-2-(4-(methoxymethoxy) 

phenyl)-4H-chromen-4-one) (25f). 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 8.9 Hz, 4H), 7.09 

(d, J = 8.9 Hz, 4H), 6.72 (d, J = 2.2 Hz, 2H), 6.52 (s, 2H), 6.48 – 6.42 (m, 4H), 5.20 (d, J = 6.4 
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Hz, 8H), 4.76 – 4.65 (m, 4H), 3.46 (d, J = 9.1 Hz, 12H). 13C NMR (100 MHz, CDCl3) δ 177.38, 

161.42, 159.81, 159.66, 159.52, 127.61, 126.47, 125.06, 116.46, 107.95, 99.99, 95.86, 94.43, 

94.28, 68.88, 56.44, 56.17. MS (ESI) calculated for C42H40O14 [(M+Na)]+, m/z 791.14, found for 

[(M+Na)]+, m/z 791.150.  

5,5'-((1,4-phenylenebis(methylene))bis(oxy))bis(7-(methoxymethoxy)-2-(4-(methoxy-

methoxy)phenyl)-4H-chromen-4-one) (25g). 1H NMR (400 MHz, CDCl3) δ 7.79 – 7.72 (m, 

4H), 7.58 (s, 4H), 7.11 – 7.03 (m, 4H), 6.70 (d, J = 2.2 Hz, 2H), 6.52 (s, 2H), 6.44 (d, J = 2.2 Hz, 

2H), 5.23 – 5.13 (m, 12H), 3.43 (s, 12H). 13C NMR (100 MHz, CDCl3) δ 177.36, 161.32, 160.65, 

159.65, 159.50, 135.91, 127.62, 126.94, 125.04, 116.54, 116.44, 110.37, 107.96, 99.02, 96.11, 

94.40, 94.25, 70.71, 56.43, 56.20. MS (ESI) calculated for C46H42O14 [(M+Na)]+, m/z 841.16, 

found for [(M+Na)]+, m/z 841.574.  

5,5'-(([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(oxy))bis(7-(methoxymethoxy)-2-(4-

(methoxymethoxy)phenyl)-4H-chromen-4-one) (25h). 1H NMR (400 MHz, CDCl3) δ 7.91 – 

7.79 (m, 5H), 7.64 – 7.51 (m, 7H), 7.16 – 7.04 (m, 6H), 6.89 – 6.73 (m, 2H), 6.60 – 6.46 (m, 

2H), 5.32 – 5.10 (m, 12H), 3.49 – 3.43 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 177.59, 159.78, 

159.68, 140.30, 135.16, 128.19, 127.29, 127.27, 116.59, 99.42, 96.15, 94.52, 94.25, 70.85, 56.55, 

56.27. MS (ESI) calculated for C52H46O14 [(M+Na)]+, m/z 917.19, found for [(M+Na)]+, m/z 

917.522.  

5,5'-(((2,5-dimethyl-1,4-phenylene)bis(methylene))bis(oxy))bis(7-(methoxymethoxy)-

2-(4-(methoxymethoxy)phenyl)-4H-chromen-4-one) (25i). 1H NMR (400 MHz, CDCl3) δ 7.96 

– 7.65 (m, 4H), 7.57 (s, 2H), 7.20 – 7.01 (m, 6H), 6.81 (d, J = 2.1 Hz, 2H), 6.55 (d, J = 2.2 Hz, 

2H), 5.32 – 5.02 (m, 12H), 3.55 – 3.31 (m, 12H), 2.36 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 

177.43, 159.86, 159.64, 133.44, 133.06, 129.48, 127.87, 116.52, 98.97, 95.98, 94.50, 94.25, 
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69.31, 56.52, 56.23, 18.60. MS (ESI) calculated for C48H46O14 [(M+Na)] +, m/z 869.19, found for 

[(M+Na)] +, m/z 869.488.  

5,5'-((1,3-phenylenebis(methylene))bis(oxy))bis(7-(methoxymethoxy)-2-(4-(methoxy-

methoxy)phenyl)-4H-chromen-4-one) (25j). 1H NMR (400 MHz, CDCl3) δ 7.94 – 7.80 (m, 

4H), 7.75 (s, 1H), 7.60 – 7.48 (m, 2H), 7.44 – 7.35 (m, 1H), 7.24 (s, 2H), 7.14 – 6.99 (m, 4H), 

6.79 (d, J = 2.1 Hz, 2H), 6.64 – 6.51 (m, 2H), 5.31 – 5.14 (m, 12H), 3.55 – 3.31 (m, 12H). 13C 

NMR (100 MHz, CDCl3) δ 177.60, 162.43, 160.29, 159.74, 159.65, 136.48, 129.10, 128.12, 

126.10, 124.65, 116.57, 99.32, 96.09, 94.51, 94.25, 70.89, 56.55, 56.26. MS (ESI) calculated for 

C52H46O14 [(M+Na)]+, m/z 841.16, found for [(M+Na)]+, m/z 841.510.  

5,5'-((pyridine-2,6-diylbis(methylene))bis(oxy))bis(7-(methoxymethoxy)-2-(4-

(methoxy-methoxy)phenyl)-4H-chromen-4-one) (25k). 1H NMR (400 MHz, CDCl3) δ 8.73 (s, 

2H), 8.38 (s, 1H), 7.92 – 7.57 (m, 4H), 7.17 – 6.98 (m, 4H), 6.82 (d, J = 2.1 Hz, 2H), 6.63 (d, J = 

2.2 Hz, 2H), 6.55 (s, 2H), 5.62 (s, 4H), 5.40 – 5.01 (m, 8H), 3.63 – 3.25 (m, 12H). 13C NMR 

(100 MHz, CDCl3) δ 177.43, 161.77, 161.63, 159.99, 159.52, 157.70, 151.80, 130.89, 127.80, 

124.58, 116.56, 109.77, 107.56, 99.79, 97.13, 94.38, 94.26, 66.22, 56.60, 56.23. MS (ESI) 

calculated for C45H41O14 [(M+Na)]+, m/z 842.15, found for [(M+Na)]+, m/z 842.48.  

2-(3,4-bis(methoxymethoxy)phenyl)-3,7-bis(methoxymethoxy)-5-((4-(((7-(methoxy-

methoxy)-2-(4-(methoxymethoxy)phenyl)-4-oxo-4H-chromen-5-yl)oxy)methyl)benzyl)oxy)-

4H-chromen-4-one (26a). 1H NMR (400 MHz, CDCl3) δ 7.88 – 7.81 (m, 3H), 7.66 (dd, J = 8.7, 

2.1 Hz, 1H), 7.61 – 7.55 (m, 3H), 7.25 – 7.16 (m, 2H), 7.14 – 7.05 (m, 3H), 6.78 (d, J = 2.2 Hz, 

1H), 6.65 (d, J = 2.2 Hz, 1H), 6.51 (d, J = 2.2 Hz, 1H), 6.44 (d, J = 2.3 Hz, 1H), 5.28 – 5.13 (m, 

16H), 3.54 – 3.39 (m, 16H), 3.19 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 177.50, 173.63, 161.30, 

159.74, 158.55, 153.35, 149.19, 146.58, 137.95, 127.88, 127.03, 127.00, 125.01, 123.71, 117.85, 
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116.52, 115.78, 110.44, 98.64, 97.82, 96.10, 95.87, 95.73, 95.18, 94.39, 94.24, 84.54, 77.32, 

77.00, 76.68, 70.71, 57.64, 57.60, 56.51, 56.42, 56.32, 56.24.  MS (ESI) calculated for 

C50H50O18, [(M+Na)]+, m/z 961.29, found for [(M+Na)]+, m/z 961.45.  

3.5.4.3 General Procedure for Preparation of Polyphenolic Flavonoid Dimers by MOM 

Deprotection.  

Complete deprotection of MOM groups was achieved using bromotrimethylsilane (TMS-

Br). Briefly, to a solution of MOM-protected coupled produce in dry CH2Cl2, TMS-Br (6 eq per 

MOM group) was added. The reaction mixture was stirred at -30ºC for 1 h and then at 0 ºC for 

12 – 24 h. The deprotection was monitored using MS until no MOM-protected products could be 

detected. Subsequently, ethylacetate was added to precipitate the polyphenol product from the 

reaction mixture. The precipitate was filtered, washed with excess ethylacetate to remove the 

excess TMS-Br, and dried to obtain pure polyphenols 24i–26b as yellow to orange solid which 

were used in subsequent reactions without further purification. Spectral characteristics of 

intermediate 1i matched earlier reports.172,275 Spectral characteristics of the resulting new 

polyphenols are as follows:  

5,5'-((1,4-phenylenebis(methylene))bis(oxy))bis(2-(3,4-dihydroxyphenyl)-3,7-

dihydroxy-4H-chromen-4-one) (24j). 1H NMR (400 MHz, DMSO-d6) δ 10.73 (s, 2H), 9.34 (bs, 

1H), 8.81 (s, 1H), 7.73 (s, 4H), 7.67 (d, J = 2.2 Hz, 2H), 7.51 (dd, J = 8.4, 2.2 Hz, 2H), 6.89 (d, J 

= 8.5 Hz, 2H), 6.54 – 6.46 (m, 4H), 5.25 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 171.07, 

162.36, 159.20, 157.89, 146.94, 145.03, 142.02, 137.24, 136.08, 126.54, 125.47, 122.28, 119.12, 

115.58, 114.53, 105.45, 97.13, 94.86, 69.49. MS (ESI) calculated for C36H26O14 [(M+H)]+, m/z 

707.13, found for [(M+H)]+, m/z 706.892.  
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5,5'-(([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(oxy))bis(2-(3,4-dihydroxyphenyl)-

3,7-dihydroxy-4H-chromen-4-one) (24k). 1H NMR (400 MHz, DMSO-d6) δ 10.84 (s, 4H), 

9.22 (bs, 2H), 7.77 (q, J = 8.5 Hz, 9H), 7.67 (d, J = 2.2 Hz, 2H), 7.54 – 7.52 (m, 1H), 7.50 (d, J = 

2.2 Hz, 1H), 6.89 (d, J = 8.4 Hz, 3H), 6.51 (s, 4H), 5.29 (s, 4H). 13C NMR (100 MHz, DMSO-d6) 

δ 171.07, 162.35, 159.20, 157.89, 146.93, 145.02, 142.01, 139.06, 137.26, 136.17, 127.21, 

126.51, 122.29, 119.13, 115.57, 115.04, 114.52, 105.48, 97.17, 69.41. MS (ESI) calculated for 

C44H40O14 [(M+H)]+, m/z 783.16, found for [(M+H)]+, m/z 783.113.  

5,5'-(((2,5-dimethyl-1,4-phenylene)bis(methylene))bis(oxy))bis(2-(3,4-

dihydroxyphenyl)-3,7-dihydroxy-4H-chromen-4-one) (24l). 1H NMR (400 MHz, DMSO-d6) δ 

10.79 (bs, 2H), 7.63 (d, J = 2.2 Hz, 2H), 7.57 (s, 2H), 7.48 (dd, J = 8.5, 2.2 Hz, 2H), 6.86 (d, J = 

8.5 Hz, 2H), 6.53 (d, J = 2.1 Hz, 2H), 6.48 (d, J = 2.0 Hz, 2H), 5.14 (s, 4H), 2.37 (s, 6H). 13C 

NMR (100 MHz, DMSO-d6) δ 170.94, 162.34, 159.38, 157.91, 146.91, 145.02, 141.91, 137.14, 

133.99, 133.23, 129.79, 122.28, 119.10, 115.57, 114.50, 105.42, 97.07, 94.78, 68.56. MS (ESI) 

calculated for C40H30O14 [(M+H)]+, m/z 735.17, found for [(M+H)]+, m/z 734.960.  

5,5'-((1,3-phenylenebis(methylene))bis(oxy))bis(2-(3,4-dihydroxyphenyl)-3,7-

dihydroxy-4H-chromen-4-one) (24m). 1H NMR (400 MHz, DMSO-d6) δ 10.81 (bs, 6H), 7.65 

(dd, J = 8.8, 2.2 Hz, 5H), 7.55 – 7.47 (m, 3H), 6.87 (dd, J = 8.5, 3.0 Hz, 2H), 6.49 (t, J = 1.9 Hz, 

2H), 6.40 (d, J = 2.0 Hz, 1H), 6.17 (d, J = 2.0 Hz, 1H), 5.23 (s, 4H). 13C NMR (100 MHz, 

DMSO-d6) δ 175.79, 171.04, 163.84, 162.35, 160.67, 159.22, 157.88, 156.09, 147.66, 146.92, 

145.02, 137.24, 136.85, 135.68, 122.28, 121.91, 119.94, 119.14, 115.58, 115.03, 114.50, 105.46, 

102.98, 98.15, 93.32, 69.82. MS (ESI) calculated for C36H26O14 [(M+H)] +, m/z 707.13, found for 

[(M+H)] +, m/z 706.960.  
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5,5'-((pyridine-2,6-diylbis(methylene))bis(oxy))bis(2-(3,4-dihydroxyphenyl)-3,7-

dihydroxy-4H-chromen-4-one) (24n). 1H NMR (400 MHz, DMSO-d6) δ 10.77 (bs, 2H), 8.28 – 

8.12 (m, 3H), 7.68 (d, J = 2.2 Hz, 2H), 7.53 (dd, J = 8.5, 2.2 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 

6.62 – 6.45 (m, 4H), 5.40 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 171.19, 162.46, 158.58, 

157.81, 155.47, 147.03, 145.04, 142.42, 137.30, 122.20, 120.52, 119.23, 115.59, 114.58, 105.42, 

97.46, 95.30, 69.88. MS (ESI) calculated for C37H25NO14 [(M+H)] +, m/z 708.14, found for 

[(M+H)] +, m/z 707.920.  

5,5'-(ethane-1,2-diylbis(oxy))bis(7-hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-

one) (25l). 1H NMR (400 MHz, DMSO-d6) δ 10.67 (s, 2H), 10.16 (s, 2H), 7.84 (d, J = 8.8 Hz, 

4H), 6.97 – 6.79 (m, 4H), 6.59 – 6.53 (m, 4H), 6.49 (s, 2H), 4.38 (s, 4H). 13C NMR (100 MHz, 

DMSO-d6) δ 175.50, 162.27, 160.39, 159.94, 159.50, 158.98, 127.96, 127.76, 125.49, 121.47, 

115.81, 107.68, 105.93, 95.95, 68.01. MS (ESI) calculated for C32H22O10 [(M+H)] +, m/z 566.12, 

found for [(M+H)] +, m/z 567.103.  

5,5'-(propane-1,3-diylbis(oxy))bis(7-hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-

one) (25m). 1H NMR (400 MHz, DMSO-d6) δ 11.52 (s, 2H), 7.93 (d, J = 8.1 Hz, 2H), 7.83 (dd, 

J = 8.8, 2.8 Hz, 2H), 6.92 (dd, J = 12.1, 8.4 Hz, 5H), 6.77 – 6.39 (m, 5H), 4.33 – 4.23 (m, 4H), 

2.31 – 2.18 (m, 2H). 13C NMR (100 MHz, DMSO-d6) δ 175.66, 162.36, 160.37, 159.88, 159.80, 

158.99, 137.62, 131.37, 128.02, 127.72, 125.46, 121.48, 116.59, 115.80, 107.24, 105.93, 97.11, 

95.18, 64.88, 20.74. MS (ESI) calculated for C33H24O10 [(M+H)] +, m/z 581.14, found for 

[(M+H)] +, m/z 581.273.  

5,5'-(butane-1,4-diylbis(oxy))bis(7-hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-

one) (25n). 1H NMR (400 MHz, DMSO-d6) δ 11.35 (s, 2H), 10.24 (bs, 2H), 8.29 – 7.69 (m, 5H), 

7.01 – 6.87 (m, 4H), 6.75 – 6.22 (m, 5H), 4.80 – 3.87 (m, 4H), 2.44 – 1.61 (m, 4H). 13C NMR 
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(100 MHz, DMSO-d6) δ 175.50, 162.30, 160.34, 159.91, 158.94, 145.52, 137.69, 128.04, 127.69, 

127.60, 125.46, 121.53, 116.59, 115.80, 107.26, 105.94, 95.06, 60.03, 48.57, 20.74. MS (ESI) 

calculated for C34H26O10 [(M+H)]+, m/z 595.15, found for [(M+H)]+, m/z 595.952.  

(E)-5,5'-(but-2-ene-1,4-diylbis(oxy))bis(7-hydroxy-2-(4-hydroxyphenyl)-4H-

chromen-4-one) (25o). 1H NMR (400 MHz, DMSO-d6) δ 10.61 (s, 2H), 10.09 (s, 2H), 7.76 (d, J 

= 8.8 Hz, 4H), 6.82 (d, J = 8.7 Hz, 4H), 6.45 (d, J = 2.1 Hz, 2H), 6.41 (s, 2H), 6.33 (d, J = 2.2 

Hz, 2H), 6.28 (s, 2H), 4.58 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 175.27, 162.26, 160.63, 

160.35, 159.84, 159.17, 154.90, 127.84, 127.72, 121.51, 121.22, 115.95, 115.81, 108.35, 107.37, 

106.00, 105.80, 88.69, 68.18. MS (ESI) calculated for C34H24O10 [(M+H)]+, m/z 593.14, found 

for [(M+H)]+, m/z 593.032.  

5,5'-((1,4-phenylenebis(methylene))bis(oxy))bis(7-hydroxy-2-(4-hydroxyphenyl)-4H-

chromen-4-one) (25p). 1H NMR (400 MHz, DMSO-d6) δ 11.48 (s, 2H), 10.32 (s, 2H), 8.17 – 

7.79 (m, 5H), 7.64 (s, 3H), 7.01 – 6.84 (m, 5H), 6.66 (d, J = 8.4 Hz, 3H), 6.58 – 6.40 (m, 2H), 

5.21 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 175.30, 160.65, 159.90, 159.13, 158.00, 154.93, 

135.90, 127.85, 127.73, 126.88, 126.81, 121.23, 116.09, 115.96, 115.82, 108.57, 105.82, 98.00, 

88.96, 69.77. MS (ESI) calculated for C38H26O10 [(M+H)]+, m/z 643.15, found for [(M+H)]+, m/z 

642.978.  

5,5'-(([1,1'-biphenyl]-4,4'-diylbis(methylene))bis(oxy))bis(7-hydroxy-2-(4-

hydroxyphenyl)-4H-chromen-4-one) (25q). 1H NMR (400 MHz, DMSO-d6) δ 11.47 (s, 2H), 

10.28 (bs, 2H), 7.94 (d, J = 8.8 Hz, 2H), 7.84 (d, J = 8.8 Hz, 2H), 7.78 – 7.58 (m, 8H), 7.44 – 

7.23 (m, 2H), 7.12 – 6.83 (m, 4H), 6.77 – 6.59 (m, 2H), 6.59 – 6.41 (m, 2H), 5.24 (s, 4H). 13C 

NMR (100 MHz, DMSO-d6) δ 175.31, 160.66, 160.38, 159.91, 159.14, 158.01, 154.94, 128.61, 

128.50, 127.86, 127.74, 127.51, 127.42, 127.00, 126.97, 126.56, 126.43, 126.30, 121.23, 116.10, 
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115.96, 115.83, 108.57, 105.84, 88.96, 69.66. MS (ESI) calculated for C44H30O10 [(M+H)]+, m/z 

719.19, found for [(M+H)]+, m/z 719.021.  

5,5'-(((2,5-dimethyl-1,4-phenylene)bis(methylene))bis(oxy))bis(7-hydroxy-2-(4-

hydroxyphenyl)-4H-chromen-4-one) (25r). 1H NMR (400 MHz, DMSO-d6) δ 11.46 (s, 2H), 

10.30 (bs, 2H), 7.93 (d, J = 8.8 Hz, 3H), 7.87 – 7.76 (m, 1H), 7.68 – 7.55 (m, 2H), 7.00 – 6.86 

(m, 5H), 6.71 (s, 2H), 6.65 (s, 1H), 6.56 – 6.50 (m, 2H), 5.12 (s, 4H), 2.33 (s, 6H). 13C NMR 

(100 MHz, DMSO-d6) δ 175.27, 160.64, 159.86, 159.14, 158.09, 154.94, 133.69, 132.89, 129.49, 

127.84, 127.71, 121.26, 115.95, 115.82, 108.51, 105.83, 97.74, 88.79, 68.49, 18.13. MS (ESI) 

calculated for C40H30O10 [(M+H)]+, m/z 671.18, found for [(M+H)]+, m/z 670.831.  

5,5'-((1,3-phenylenebis(methylene))bis(oxy))bis(7-hydroxy-2-(4-hydroxyphenyl)-4H-

chromen-4-one) (25s). 1H NMR (400 MHz, DMSO-d6) δ 10.71 (bs, 4H), 7.96 – 7.91 (m, 1H), 

7.87 – 7.82 (m, 3H), 7.77 (s, 1H), 7.62 (dd, J = 7.6, 1.6 Hz, 1H), 7.54 – 7.35 (m, 2H), 6.92 (dd, J 

= 8.8, 6.8 Hz, 4H), 6.78 (s, 1H), 6.56 (d, J = 2.1 Hz, 1H), 6.53 (s, 1H), 6.50 – 6.48 (m, 2H), 6.20 

(d, J = 2.1 Hz, 1H), 5.22 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 181.69, 175.59, 164.09, 

162.26, 161.42, 161.13, 160.39, 159.95, 159.29, 159.00, 157.28, 136.93, 128.42, 127.84, 127.74, 

126.06, 121.17, 115.94, 115.83, 107.56, 105.98, 102.83, 95.61, 93.93, 69.85. MS (ESI) 

calculated for C38H26O10 [(M+H)]+, m/z 643.16, found for [(M+H)]+, m/z 643.148.  

5,5'-((pyridine-2,6-diylbis(methylene))bis(oxy))bis(7-hydroxy-2-(4-hydroxyphenyl)-

4H-chromen-4-one) (25t). 1H NMR (400 MHz, DMSO-d6) δ 10.83 (s, 2H), 10.23 (s, 2H), 8.11 

– 8.01 (m, 3H), 7.86 (d, J = 8.8 Hz, 4H), 6.93 (d, J = 8.8 Hz, 4H), 6.61 (d, J = 2.0 Hz, 2H), 6.56 

(s, 2H), 6.54 – 6.43 (m, 2H), 5.28 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 175.72, 162.39, 

160.46, 160.15, 158.98, 158.84, 155.80, 138.48, 127.78, 121.44, 120.28, 115.84, 107.44, 106.01, 
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98.04, 95.88, 70.29. MS (ESI) calculated for C37H25NO10 [(M+H)]+, m/z 644.15, found for 

[(M+H)]+, m/z 643.922.  

2-(3,4-dihydroxyphenyl)-3,7-dihydroxy-5-((4-(((7-hydroxy-2-(4-hydroxyphenyl)-4-

oxo-4H-chromen-5-yl)oxy)methyl)benzyl)oxy)-4H-chromen-4-one (26b). 1H NMR (400 

MHz, DMSO-d6) δ 10.66 (s, 3H), 7.85 – 7.76 (m, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.64 – 7.58 (m, 

2H), 7.55 – 7.37 (m, 2H), 6.91 – 6.77 (m, 3H), 6.56 – 6.35 (m, 5H), 5.21 – 5.14 (m, 4H). 13C 

NMR (100 MHz, DMSO-d6) δ 175.65, 162.29, 160.42, 159.26, 159.00, 157.87, 146.90, 145.02, 

137.34, 136.10, 128.42, 127.77, 126.57, 126.47, 126.36, 122.32, 121.47, 115.94, 115.83, 115.57, 

107.51, 105.99, 105.45, 95.53, 69.47. MS (ESI) calculated for C38H26O12 [(M+H)]+, m/z 675.15, 

found for [(M+Na)]+, m/z 675.23.  

3.5.4.4 General procedure for chemical sulfation of polyphenols  

Microwave-assisted chemical protocol, as described earlier, was performed to yield persulfated 

diflavonoids.172,275 Briefly, to a stirred solution of polyphenol in anhydrous CH3CN (~3 mL) at 

room temperature, Et3N (10 eq/-OH group) and SO3/Me3N complex (6 eq/-OH) were added. The 

reaction vessel was sealed and microwaved (CEM Discover, Cary, NC) for 4–8 h at 90-100 ºC. 

The reaction mixture was cooled and concentrated in vacuo at temperature <30°C. The reaction 

mixture was then purified on Combiflash RF system using CH2Cl2/CH3OH mobile system (6:4) 

to obtain the persulfated molecules. The fractions containing the desired molecule were pooled 

together, concentrated in vacuo, and re-loaded onto a SP Sephadex C-25 column for sodium 

exchange. Fractions containing sodium salts of the per-sulfated molecules were pooled and 

lyophilized to obtain a fluffy white/off white powder. All sulfation reactions were quantitative 

with >65% yield. Spectral characteristics of sulfated diflavonoid 22c matched earlier 

reports.172,275 Spectral characteristics of the new final per-sulfated products are as follows:  
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Sodium 4-(5-((4-(((2-(3,4-bis(sulfonatooxy)phenyl)-4-oxo-3,7-bis(sulfonatooxy)-4H-

chromen-5-yl)oxy)methyl)benzyl)oxy)-4-oxo-3,7-bis(sulfonatooxy)-4H-chromen-2-yl)-1,2-

phenylene bis(sulfate) (23a). 1H NMR (400 MHz, DMSO-d6) δ 8.15 (d, J = 2.3 Hz, 2H), 8.09 

(d, J = 2.3 Hz, 1H), 8.08 (d, J = 2.3 Hz, 1H), 7.76 (s, 4H), 7.65 (d, J = 8.9 Hz, 2H), 7.11 (d, J = 

2.0 Hz, 2H), 6.82 (d, J = 2.2 Hz, 2H), 5.25 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 172.98, 

158.73, 158.34, 157.10, 153.49, 146.53, 142.95, 135.72, 135.32, 126.82, 124.50, 123.58, 

119.89.03, 118.80, 109.56, 100.72, 99.38, 70.15.MS (ESI) calculated for C38H18Na8O38S8 [(M- 

2Na)/2]2-, m/z 737.8314, found for [(M- 2Na)/2]2-, m/z 738.2780.  

Sodium 4-(5-((4'-(((2-(3,4-bis(sulfonatooxy)phenyl)-4-oxo-3,7-bis(sulfonatooxy)-4H-

chromen-5-yl)oxy)methyl)-[1,1'-biphenyl]-4-yl)methoxy)-4-oxo-3,7-bis(sulfonatooxy)-4H-

chromen-2-yl)-1,2-phenylene bis(sulfate) (23b). 1H NMR (400 MHz, DMSO-d6) δ 8.13 (dd, J 

= 4.6, 2.3 Hz, 2H), 8.10 – 8.03 (m, 2H), 7.76 (s, 8H), 7.64 (dd, J = 8.9, 3.7 Hz, 2H), 7.07 (dd, J = 

3.8, 2.0 Hz, 2H), 6.79 (d, J = 2.3 Hz, 2H), 5.26 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 

172.47, 158.61, 158.10, 157.02, 153.12, 146.35, 142.89, 139.19, 135.93, 135.29, 127.52, 126.65, 

123.87, 119.98, 118.80, 109.80, 100.83, 69.86. MS (ESI) calculated for C44H22Na8O38S8 [(M- 

2Na)/2]2-, m/z 775.8471, found for [(M- 2Na)/2]2-, m/z 776.6650  

Sodium 4-(5-((4-(((2-(3,4-bis(sulfonatooxy)phenyl)-4-oxo-3,7-bis(sulfonatooxy)-4H-

chromen-5-yl)oxy)methyl)-2,5-dimethylbenzyl)oxy)-4-oxo-3,7-bis(sulfonatooxy)-4H-

chromen-2-yl)-1,2-phenylene bis(sulfate) (23c). 1H NMR (400 MHz, DMSO-d6) δ 8.14 (d, J = 

2.4 Hz, 2H), 8.05 (dd, J = 8.9, 2.4 Hz, 2H), 7.63 (d, J = 8.9 Hz, 2H), 7.55 (s, 2H), 7.11 (d, J = 2.0 

Hz, 2H), 6.83 (d, J = 2.1 Hz, 2H), 5.14 (s, 4H), 2.38 (s, 6H). 13C NMR (100 MHz, DMSO-d6) δ 

172.68, 158.91, 158.18, 157.07, 153.22, 146.42, 142.90, 135.19, 133.85, 133.62, 130.20, 124.48, 
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123.80, 120.05, 118.84, 109.68, 100.63, 99.25, 69.10, 18.30. MS (ESI) calculated for 

C40H22Na8O38S8 [(M- 2Na)/2]2-, m/z 751.8471, found for [(M- 2Na)/2]2-, m/z 751.7020.  

Sodium 4-(5-((3-(((2-(3,4-bis(sulfonatooxy)phenyl)-4-oxo-3,7-bis(sulfonatooxy)-4H-

chromen-5-yl)oxy)methyl)benzyl)oxy)-4-oxo-3,7-bis(sulfonatooxy)-4H-chromen-2-yl)-1,2-

phenylene bis(sulfate) (23d).1H NMR (400 MHz, DMSO-d6) δ 8.13 (dd, J = 6.3, 2.4 Hz, 2H), 

8.03 – 7.97 (m, 2H), 7.67 – 7.40 (m, 6H), 7.17 (d, J = 2.0 Hz, 2H), 6.76 (d, J = 2.1 Hz, 2H), 5.28 

(s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 172.75, 158.71, 158.17, 157.05, 153.27, 146.42, 

142.91, 136.74, 135.28, 128.64, 126.35, 124.52, 123.76, 119.99, 118.83, 109.69, 100.84, 99.30, 

70.28. MS (ESI) calculated for C38H18Na8O38S8 [(M- 2Na)/2]2-, m/z 737.8314, found for [(M- 

2Na)/2]2-, m/z 737.6929.  

Sodium 4-(5-((6-(((2-(3,4-bis(sulfonatooxy)phenyl)-4-oxo-3,7-bis(sulfonatooxy)-4H-

chromen-5-yl)oxy)methyl)pyridin-2-yl)methoxy)-4-oxo-3,7-bis(sulfonatooxy)-4H-chromen-

2-yl)-1,2-phenylene bis(sulfate) (23e). 1H NMR (400 MHz, DMSO-d6) δ 8.15 – 8.05 (m, 7H), 

7.65 (d, J = 8.9 Hz, 2H), 7.15 (d, J = 2.0 Hz, 2H), 6.78 (d, J = 2.2 Hz, 2H), 5.31 (s, 4H). 13C 

NMR (100 MHz, DMSO-d6) δ 172.62, 158.19, 157.04, 155.89, 153.35, 146.41, 142.89, 135.29, 

124.48, 123.80, 120.27, 119.95, 118.74, 109.61, 99.43, 70.76. MS (ESI) calculated for 

C37H17NNa8O38S8 [(M- 2Na)/2]2-, m/z 738.3290, found for [(M- 2Na)/2]2-, m/z 738.7981.  

Sodium 4-oxo-5-(2-((4-oxo-7-(sulfonatooxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-5-yl)oxy)ethoxy)-2-(4-(sulfonatooxy)phenyl)-4H-chromen-7-yl sulfate (23f). 1H 

NMR (400 MHz, DMSO-d6) δ 8.06 – 8.00 (m, 5H), 7.47 (s, 2H), 7.41 – 7.20 (m, 5H), 6.92 – 

6.66 (m, 2H), 4.41 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 175.78, 160.06, 157.54, 156.67, 

155.59, 154.17, 127.21, 124. 68, 120.13, 110.67, 107.01, 101.69, 93.82, 67.92. MS (ESI) 
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calculated for C32H18Na4O22S4 [(M-2Na)/2]2-, m/z 463.9484, found for [(M-2Na)/2]2-, m/z 

464.0431.  

Sodium 4-oxo-5-(3-((4-oxo-7-(sulfonatooxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-5-yl)oxy)propoxy)-2-(4-(sulfonatooxy)phenyl)-4H-chromen-7-yl sulfate (23g). 1H 

NMR (400 MHz, DMSO-d6) δ 7.97 – 7.94 (m, 4H), 7.32 – 7.30 (m, 4H), 7.17 (d, J = 2.2 Hz, 

2H), 6.71 – 6.70 (m, 4H), 4.35 – 4.28 (m, 4H), 2.30 – 2.23 (m, 2H). 13C NMR (100 MHz, 

DMSO-d6) δ 175.87, 159.82, 158.99, 158.17, 158.08, 156.26, 127.02, 125.09, 120.10, 109.54, 

107.33, 100.23, 99.50, 65.27 MS (ESI) calculated for C33H20Na4O22S4 [(M-2Na)/2]2-, m/z 

470.9562, found for [(M-2Na)/2]2-, m/z 471.1272.  

Sodium 4-oxo-5-(4-((4-oxo-7-(sulfonatooxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-5-yl)oxy)butoxy)-2-(4-(sulfonatooxy)phenyl)-4H-chromen-7-yl sulfate (23h). 1H 

NMR (400 MHz, DMSO-d6) δ 7.97 – 7.94 (m, 4H), 7.33 (dd, J = 8.9, 1.2 Hz, 4H), 7.17 (d, J = 

1.9 Hz, 2H), 6.73 (t, J = 1.7 Hz, 2H), 6.66 (d, J = 0.9 Hz, 2H), 4.22 – 4.03 (m, 4H), 2.09 – 1.99 

(m, 4H). 13C NMR (100 MHz, DMSO-d6) δ 175.80, 175.49, 159.80, 159.71, 159.15, 158.17, 

158.11, 157.98, 156.54, 156.30, 155.49, 154.15, 127.1, 127.00, 125.11, 124.86, 120.15, 110.55, 

109.54, 107.31, 107.12, 101.10, 100.51, 99.45, 93.05, 68.65, 25.52, 25.31, 25.13. MS (ESI) 

calculated for C34H22Na4O22S4 [(M-2Na)/2]2-, m/z 477.9641, found for [(M-2Na)/2]2-, m/z 

478.2439.  

Sodium (E)-4-oxo-5-((4-((4-oxo-7-(sulfonatooxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-5-yl)oxy)but-2-en-1-yl)oxy)-2-(4-(sulfonatooxy)phenyl)-4H-chromen-7-yl sulfate 

(23i). 1H NMR (400 MHz, DMSO-d6) δ 7.99 – 7.93 (m, 4H), 7.35 – 7.31 (m, 4H), 7.21 (d, J = 

2.0 Hz, 2H), 6.72 (d, J = 2.2 Hz, 2H), 6.68 (s, 2H), 6.40 (s, 2H), 4.69 (s, 4H). 13C NMR (100 

MHz, DMSO-d6) δ 175.74, 159.88, 158.57, 158.20, 158.13, 156.36, 127.00, 126.89, 125.03, 
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120.11, 109.54, 107.30, 99.63, 68.34. MS (ESI) calculated for C34H20Na4O22S4 [(M-2Na)/2]2-, 

m/z 476.9562, found for [(M-2Na)/2]2-, m/z 477.1390.  

Sodium 4-oxo-5-((4-(((4-oxo-7-(sulfonatooxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-5-yl)oxy)methyl)benzyl)oxy)-2-(4-(sulfonatooxy)phenyl)-4H-chromen-7-yl sulfate 

(23j). 1H NMR (400 MHz, DMSO-d6) δ 7.92 – 7.79 (m, 4H), 7.59 (s, 4H), 7.28 – 7.21 (m, 4H), 

7.13 (d, J = 2.1 Hz, 2H), 6.71 (d, J = 2.2 Hz, 2H), 6.61 (s, 2H), 5.14 (s, 4H). 13C NMR (100 

MHz, DMSO-d6) δ 175.80, 159.99, 158.54, 158.23, 158.12, 156.39, 136.08, 127.03, 126.82, 

125.05, 120.14, 109.77, 107.33, 101.09, 99.89, 69.91. MS (ESI) calculated for C38H22Na4O22S4 

[(M-2Na)/2]2-, m/z 501.9641, found for [(M-2Na)/2]2-, m/z 502.2589.  

Sodium 4-oxo-5-((4'-(((4-oxo-7-(sulfonatooxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-5-yl)oxy)methyl)-[1,1'-biphenyl]-4-yl)methoxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-7-yl sulfate (23k). 1H NMR (400 MHz, DMSO-d6) δ 8.00 – 7.87 (m, 4H), 7.84 – 7.58 

(m, 8H), 7.34 (d, J = 8.9 Hz, 4H), 7.23 (d, J = 2.1 Hz, 2H), 6.82 (d, J = 2.2 Hz, 2H), 6.72 (s, 2H), 

5.27 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 175.81, 160.00. 158.53, 158.23, 158.12, 156.39, 

139.14, 136.04, 127.50, 127.05, 126.58, 125.04, 120.14, 109.76, 107.32, 101.07, 99.91, 69.75. 

MS (ESI) calculated for C40H26Na4O22S4 [(M-2Na)/2]2-, m/z 540.07, found for [(M-2Na)/2]-, m/z 

539.761.  

Sodium 5-((2,5-dimethyl-4-(((4-oxo-7-(sulfonatooxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-5-yl)oxy)methyl)benzyl)oxy)-4-oxo-2-(4-(sulfonatooxy)phenyl)-4H-chromen-7-yl 

sulfate (23l). 1H NMR (400 MHz, DMSO-d6) δ 7.99 (d, J = 8.9 Hz, 4H), 7.69 (s, 2H), 7.34 (d, J 

= 8.9 Hz, 4H), 7.25 (d, J = 2.1 Hz, 2H), 6.87 (d, J = 2.2 Hz, 2H), 6.74 (s, 2H), 5.14 (s, 4H), 2.37 

(s, 6H). 13C NMR (100 MHz, DMSO-d6) δ 175.77, 159.90, 158.66, 158.23, 158.13, 156.34, 

133.87, 132.96, 129.61, 127.01, 125.08, 120.13, 109.69, 107.32, 100.86, 99.73, 68.72, 18.16. MS 
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(ESI) calculated for C40H26Na4O22S4 [(M-2Na)/2]2-, m/z 515.9797, found for [(M-2Na)/2]2-, m/z 

515.8131.  

Sodium 4-oxo-5-((3-(((4-oxo-7-(sulfonatooxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-5-yl)oxy)methyl)benzyl)oxy)-2-(4-(sulfonatooxy)phenyl)-4H-chromen-7-yl sulfate 

(23m).1H NMR (400 MHz, DMSO-d6) δ 7.98 – 7.83 (m, 4H), 7.71 (s, 1H), 7.61 (dd, J = 7.6, 1.6 

Hz, 2H), 7.41 (t, J = 7.6 Hz, 1H), 7.26 (d, J = 8.9 Hz, 4H), 7.23 (d, J = 2.1 Hz, 2H), 6.79 (d, J = 

2.2 Hz, 2H), 6.71 (s, 2H), 5.23 (s, 4H). 13C NMR (100 MHz, DMSO-d6) δ 175.82, 159.97, 

158.54, 158.22, 158.12, 156.38, 136.84, 128.37, 127.03, 126.15, 125.31, 125.05, 120.13, 109.76, 

107.32, 101.10, 99.90, 70.09. MS (ESI) calculated for C38H22Na4O22S4 [(M-2Na)/2]2-, m/z 

501.9641, found for [(M-2Na)/2]2-, m/z 502.2365.  

Sodium 4-oxo-5-((6-(((4-oxo-7-(sulfonatooxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-5-yl)oxy)methyl)pyridin-2-yl)methoxy)-2-(4-(sulfonatooxy)phenyl)-4H-chromen-

7-yl sulfate (23n). 1H NMR (400 MHz, DMSO-d6) δ 8.08 – 7.92 (m, 7H), 7.36 (d, J = 8.9 Hz, 

4H), 7.29 (d, J = 2.0 Hz, 2H), 6.80 (d, J = 2.2 Hz, 2H), 6.75 (s, 2H), 5.29 (s, 4H). 13C NMR (100 

MHz, DMSO-d6) δ 175.94, 160.15, 158.23, 158.20, 158.08, 156.42, 156.09, 137.84, 127.08, 

124.99, 120.15, 119.98, 109.58, 107.33, 100.81, 99.95, 99.49, 70.65. MS (ESI) calculated for 

C37H21NNa4O22S4 [(M-2Na)/2]2-, m/z 502.4617, found for [(M-2Na)/2]2-, m/z 502.3524.  

Sodium 4-(4-oxo-5-((4-(((4-oxo-7-(sulfonatooxy)-2-(4-(sulfonatooxy)phenyl)-4H-

chromen-5-yl)oxy)methyl)benzyl)oxy)-3,7-bis(sulfonatooxy)-4H-chromen-2-yl)-1,2-

phenylene bis(sulfate) (23o). 1H NMR (400 MHz, DMSO-d6) δ 8.07 (d, J = 2.4 Hz, 1H), 7.99 

(dd, J = 8.9, 2.3 Hz, 1H), 7.96 – 7.79 (m, 2H), 7.66 – 7.49 (m, 5H), 7.27 (dd, J = 9.0, 2.2 Hz, 

2H), 7.22 – 7.09 (m, 1H), 7.01 (d, J = 2.0 Hz, 1H), 6.79 – 6.54 (m, 3H), 5.16 (d, J = 5.5 Hz, 4H). 

13C NMR (100 MHz, DMSO-d6) δ 176.35, 173.11, 160.43, 159.10, 158.71, 158.56, 157.48, 
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156.82, 153.60, 146.83, 143.33, 136.51, 135.76, 127.56, 127.45, 125.56, 124.28, 120.63, 120.40, 

119.19, 110.22, 107.84, 101.55, 100.36, 99.72, 70.43. MS (ESI) calculated for C38H20Na6O30S6 

[(M- 2Na)/2]2-, m/z 619.8977, found for [(M- 2Na)/2]2-, m/z 620.4034.  

3.5.5 Serine Protease Inhibition Assays 

Direct inhibition of human plasmin was measured using a chromogenic substrate 

hydrolysis assay on a microplate reader (FlexStation III, Molecular Devices, Sunnyvale, CA, 

USA), as reported earlier. 85 μL of 20 mM TrisHCl buffer, pH 7.4, containing 100 mM NaCl, 

2.5 mM CaCl2, 0.1% PEG8000, and 0.02% Tween80 was added to each well of a 96-well plate. 

This was followed by the addition of 5 μL of stock plasma to achieve a final plasma 

concentration of 25 nM. Subsequently 5 μL of sulfated diflavonoids, yielding final 

concentrations of 0-1 mM, was added to the wells. After a 10 minute incubation period, 5 μL of 

1 mM Spectrozyme PL was rapidly added and the residual enzyme activity was measured from 

the initial rate of increase in A405. The Relative residual enzyme activity (Y) as a function of the 

concentration of sulfated molecule was fitted using logistic equation 1 to obtain the potency 

(IC50), efficacy (ΔY) and Hill slope (HS) of inhibition.  

𝑌 =  𝑌0 +
𝑌𝑀 − 𝑌0

1 + 10(𝑙𝑜𝑔[𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟]0−𝑙𝑜𝑔𝐼𝐶50)(𝐻𝑆)
      (1) 

In this equation, Y is fractional residual activity, the ratio of residual plasmin activity in 

the presence of inhibitor to that in its absence. YM and Y0 are the maximum and minimum 

possible values of the fractional residual protease activity respectively, which are used in 

evaluating the efficacy of enzymatic activity. IC50 is the concentration of the inhibitor that results 

in 50% inhibition of enzyme activity and it is used to evaluate the inhibitor’s potency.  

Direct inhibition of thrombin, factor IXa, factor Xa, factor XIa, factor XIIa, trypsin and 

chymotrypsin by inhibitor 23a was measured using a chromogenic substrate hydrolysis assay on 
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a microplate reader (FlexStation III, Molecular Devices), as reported earlier. Briefly, to each well 

of a 96-well microplate containing 85–185 μL of 20 mM TrisHCl buffer, pH 7.4, containing 100 

mM NaCl, 2.5 mM CaCl2, 0.1% PEG8000, and 0.02% Tween80 at either 25 °C (thrombin) or 37 

°C (factor IXa, factor Xa, factor XIa, factor XIIa, trypsin and chymotrypsin) or 20 mM TrisHCl 

buffer, pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl2, 0.1% PEG8000, 0.02% Tween80 and 

33% Ethylene glycol at 37 37 °C (factor IXa) was added 5 μL of inhibitor 2 (0 – 20 mM) or 

vehicle and 5 μL of the enzyme. The final concentrations of the enzymes were 6 nM (thrombin), 

250 nM (factor IXa), 1.09 nM (factor Xa), 0.75 nM (factor XIa), 10 nM (factor XIIa), 0.145 

µg/mL (trypsin), and 0.5 mg/mL (chymotrypsin). After 5 min incubation, 5 μL of 1.0 mM 

Spectrozyme TH, 10.0 mM Spectrozyme FIXa, 2.5 mM Spectrozyme FXa, 6.9 mM S-2366, 5.0 

mM Spectrozyme FXIIa, 3.2 mM SS-2222 or 5.0 mM Spectrozyme Cty was rapidly added and 

the residual enzyme activity was measured from the initial rate of increase in absorbance at 405 

nm. Relative residual enzyme activity (Y, activity in the presence of inhibitor to that in its 

absence) as a function of inhibitor 23a concentrations was fitted using logistic equation 1 to 

obtain the IC50, ΔY, and HS of inhibition. The studies were repeated using the unsulfated 

precursor of 23a, 24j. 

3.5.6 Michaelis-Menten Kinetics of Spectrozyme PL Hydrolysis.  

The initial rate of Spectrozyme PL hydrolysis by human plasmin (~25 nM) was 

monitored from the linear increase in absorbance at 405 nm corresponding to less than 10% 

consumption of the substrate. The initial rate was measured as a function of various 

concentrations of the substrate (0–2 mM) in the presence of fixed concentration of inhibitor 23a 

(0–200 μM) or inhibitor 24j (0 – 400 µM) in 20 mM TrisHCl buffer, pH 7.4, containing 100 mM 
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NaCl, 2.5 mM CaCl2, 0.1% PEG8000, and 0.02% Tween80 at 37 ○C. The data were fitted by 

Michaelis-Menten equation 2 to determine KM, and VMAX:  

𝑉𝑖 =  
𝑉𝑀𝐴𝑋 × [𝑆]

𝐾𝑀 +  [𝑆]
         (2) 

3.5.7 Fluorescence–Based Binding Affinity Determination 

Fluorescence experiments were performed using a QM4 spectrofluorometer (Photon 

Technology International, Birmingham, NJ) in 20 mM TrisHCl buffer, pH 7.4, containing 100 

mM NaCl, 2.5 mM CaCl2, and 0.1% PEG8000 at 37 ○C. To determine the thermodynamic 

affinity of compounds 23a, 23c, 23j, and 23l for free plasmin, the titrations were performed by 

adding aliquots of 250 μM aqueous solution of inhibitors to 200 µL solution of plasmin (160 

nM) and monitoring the fluorescence intensity at λEM =348 nm. The excitation and emission slits 

were set to 1.0 mm. The observed change in fluorescence (ΔF) relative to initial fluorescence 

(Fo) was fitted using equation 3 to obtain the dissociation constant (KD) and the maximal change 

in fluorescence (ΔFMAX) at saturation. Each measurement was performed three times.  

 

∆𝐹

𝐹0
=

∆𝐹𝑀𝐴𝑋

𝐹0
×

([𝑃]0 + [𝐿]0 + 𝐾𝐷) −  √([𝑃]0 + [𝐿]0 + 𝐾𝐷)2 − 4[𝑃]0[𝐿]0

2 [𝑃]0
    (3) 

 

3.5.8 Preparation of Active Site Blocked Plasmin 

Active site blocked plasmin was prepared using 1,5-dansyl-EGR-cmk as previously 

described.277 Human plasmin (25 µM) was treated with 1,5-dansyl-EGR-cmk (1 mM) in 

phosphate buffered saline (PBS) at 37 ○C for 2 hours. At the end of the incubation, the activity of 
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the treated enzyme was determined using the chromogenic substrate hydrolysis to confirm active 

site blockage. Excess 1,5-dansyl-EGR-cmk was removed by overnight dialysis against PBS. 

3.5.9 Fluorescence–Based Binding Affinity of 23a and 23l for Active Site Blocked Plasmin 

Affinity of compounds 23a and 23l for active site blocked plasmin were determined using the 

changes in intrinsic tryptophan fluorescence (λEM =348 nm, λEX = 280 nm) at varying inhibitor 

concentrations. The buffer used was a  20 mM TrisHCl buffer, pH 7.4, containing 100 mM 

NaCl, 2.5 mM CaCl2, and 0.1% PEG8000 at 37 ○C. The titrations were performed as with free 

plasmin, but with a concentration of active-site-blocked plasmin of 500 nM. The data so obtained 

was fitted using equation 3 to obtain the dissociation constant (KD) and the maximal change in 

fluorescence (ΔFMAX) at saturation. Each measurement was performed three times. 

3.5.10 Competition Studies with Heparin 

A chromogenic substrate hydrolysis assay on a microplate reader (FlexStation III, Molecular 

Devices, Sunnyvale, CA, USA) was used in this studiy. To each well of a 96-well microplate 

containing 80 μL of the buffer was added 5 μL enzyme (stock of 500 nM, effective concentration 

in the well is ~25 nM) and 5 µL of UFH, final concentration 0 – 285 μM. After an incubation 

period of 5 minutes, 5 uL of potential plasmin inhibitor (0–20 mM aqueous solution) or vehicle 

alone was added. 5 μL of 1 mM Spectrozyme PL was rapidly added after incubating for 5 mins 

and the residual enzyme activity was measured from the initial rate of increase in A405. The 

results were then fitted to the logistic equation 1 to obtain the potency (IC50), efficacy (ΔY) and 

Hill slope (HS) of inhibition. 
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3.5.11 Reversibility of Inhibitory Activity of Sulfated Diflavonoids  

Generally, to each well of the 96-well microplate containing 86 μL of 20 mM Tris-HCl 

buffer of pH 7.4 containing 100 mM NaCl, 2.5 mM CaCl2, 0.02% Tweeen80 and 0.1% PEG8000 

was added 1 μL of inhibitor 2 (20 mM) or vehicle, 3 μL of plasmin (stock of 1.6 µM), and 5 μL 

of protamine sulfate (0 – 80 mg/mL; effective concentrations were 0 – 4 mg/mL) in a sequential 

manner. 5 µL of Spectrozyme PL (1 mM) was rapidly added after a 5 min incubation period, and 

the restored plasmin activity was measured from the initial rate of increase in absorbance at 405 

nm over the time period of 20–120 sec. Stock of protamine sulfate was serially diluted to give 9 

different aliquots in the wells. Relative restored plasmin activity at each concentration of 

protamine was calculated from the ratio of plasmin activity in the presence and absence of the 

reversing agent. Equation 4 was used to fit the dose dependence of restored protease activity to 

obtain the effective concentration of reversing agent required to restore 50% of enzyme activity 

at specific inhibitor concentration (EC50) and the efficacy (ΔY) of reversing process.  

𝑌 =  𝑌0 +
𝑌𝑀 − 𝑌0

1 + 10(𝑙𝑜𝑔[𝑝𝑟𝑜𝑡𝑎𝑚𝑖𝑛𝑒]0−𝑙𝑜𝑔𝐸𝐶50)(−𝐻𝑆)
      (4) 

3.5.12 Inhibition of Clot Lysis 

The experiment was performed using a 96-well plate reader.The clot was generated by 

the addition of 80 µL of a solution of thrombin (2.5 µg/mL) in 20 mM TrisHCl containing 10 

mM CaCl2 to 60 µL of a solution of fibrinogen (10 mg/mL) and factor XIIIa (2 µg/mL) in 20 

mM TrisHCl containing 10 mM CaCl2. The resulting clot was stabilized for 15 min at 37 ºC. The 

absorbance was then measured at 405 nm and was about 0.91 across all 16 wells. Afterward, 5 

µL compound 2 (or vehicle) (effective concentrations in the well were 0 – 666 µM) was added to 

each well resulting in no significant change in the A405 of the corresponding wells. Finally, 5 

µL of human plasmin (stock of 1.6 µM) in 20 mM TrisHCl buffer of pH 7.4 containing 2.5 mM 
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CaCl2 and 100 mM NaCl was added to each well and the A405 of each well was recorded over 

more than 400 min at various time intervals. In this assay, clost lysis results in a decrease in the 

A405. By semilog plotting the rate of clot lysis (fibrinolysis) over the time period of 50–200 min 

versus the corresponding concentrations of inhibitor 23a using the logistic equation 1, the IC50 of 

fibrinolysis inhibition by this inhibitor and its efficacy were determined.  

 

3.5.12.1 Molecular Modeling Studies.  

The 3D coordinates of plasmin were extracted from protein databank (PDB ID: 3UIR). 

Molecular modeling studies were performed using protein preparation tools in Tripos Sybyl-X 

v2.2 (www.tripos.com/sybyl). Hydrogen atoms were added and minimized keeping all heavy 

atoms as aggregates. Potential site of binding was identified by analyzing the proteins 

electrostatic potential (Figure 1A) using APBS tool in PyMOL Molecular Graphics System, 

v1.5.0.4 (Schrödinger, New York, NY). The potential binding site included residues R637, R644, 

K645, K651, R776 and R779 and all residues within 18 Å of centroid were identified as part of 

the binding site. Inhibitors 24j, 23a, 23b, 23c, 23h, 23j and 23l were modeled in Sybyl and 

docked into the structure using GOLD v5.2, as described earlier.102 For each inhibitor, 300 

genetic algorithm run, 100,000 iterations were employed in which the early termination option 

was disabled. Each docked pose was scored using GOLDSCORE and all poses were retained. 

 

*Contributions 

1. Most biochemical assays for this work were performed by Dr. Rami A. Al-Horani 

2. Molecular modeling experiments were performed by Dr. Nehru Viji Sankaranarayanan. 
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4 IDENTIFICATION OF SELECTIVE GAG OLIGOSACCHARIDES FOR HUMAN 

NETUTROPHIL ELASTASE 

4.1 Introduction  

4.1.1 Human Neutrophil Elastase 

Human neutrophil elastase is the most potent among the hydrolytic enzymes produced by 

human neutrophils in response to infection and inflammation.184,185 Others include cathepsin G, 

and proteinase 3.278. These enzymes belong to the serine protease family and are known as 

neutrophil serine proteases.279 Neutrophil elastase, and to a lesser extent cathepsin G and 

proteinase 3, are known to degrade 

macromolecules including elastin, collagen, 

proteoglycan, fibrinogen and fibrin.280,281 

Structurally, human neutrophil elastase is a 218 

amino acid residue single-chain polypeptide linked 

by four intramolecular disulfide bonds.280. The 

HNE sequence folds into two β-barrels that are 

each composed of six anti-parallel β-sheets.30 HNE 

has an abundance of arginine residues making it 

highly basic, with an isoelectric point near 10. This 

abundance of basic amino acid residues ensures 

that most of its surface is highly positively charged.30 Electrostatic interactions are thus very 

important in the interaction of human neutrophil elastase with other macromolecules including 

other proteins and glycosaminoglycans. 30–34  

Figure 44. Structure of human neutrophil 

elastase showing highly electropositive 

surface. 
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4.1.2 Functions of Human Neutrophil Elastase 

Human neutrophil elastase is known to play a key role in the human defense against 

infection. HNE and the other neutrophil serine proteases are important in the non-oxidative 

pathway of intracellular and extracellular pathogen destruction, and together with microbicidal 

peptides and reactive oxygen species, degrade engulfed microbes inside phagolysosomes.282 The 

antimicrobial activity of HNE on gram positive bacteria results from cleavage of the outer 

membrane proteins and virulence factors by the enzyme.283–286 However studies also indicate that 

the antimicrobial property of HNE is not solely a result of its proteolytic activity and that binding 

of HNE to the microbe alone is enough to affect its ability to cause infection.282 Interestingly, 

there is data that shows that in some instances neutrophil elastase facilitates infection, as in the 

case of reovirus infection in U937 cells. 287 A wide range of matrix proteins, including elastin, 

collagen, fibronectin, laminin and proteoglycans, are known to be broken down by HNE, and by 

this activity it is important in the maintenance of tissue homeostasis.288 Another role played by 

HNE is in the regulation of the inflammatory process.289This function is a result of regulation of 

the activities of a variety of proteins including chemokines, cytokines, growth factors, and cell 

surface receptors via proteolysis.282 By activating lymphocytes and by lysis of apoptotic and 

adhesion molecules, HNE demonstrates both pro- and anti-inflammatory activities, hence its 

regulation of the immune response.289  

In addition, HNE has been shown to be involved in cell apoptosis.290–292 As with other 

proteases, HNE activity requires tight regulation to prevent damage resulting from excessive 

proteolysis and a number of physiological HNE inhibitors that regulate HNE activity are known. 

The most notable of these inhibitors is α-1 antitrypsin which is found in high concentrations in 

the blood. Peptidase inhibitor 3 and secretory leucocyte protease inhibitors are also HNE 
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inhibitors produced by epithelial cells. These form part of a defense mechanism to limit damage 

from HNE.293 

4.1.3 Human Neutrophil Elastase as Drug Target 

A balance of proteases and anti-proteases is required for normal physiology with an 

excess of HNE been shown to be detrimental.294 HNE has been implicated in a number of 

inflammatory lung conditions including COPD, cystic fibrosis, acute lung injury and acute 

respiratory syndrome. HNE levels and activity are grossly elevated in these conditions and 

HNE’s broad hydrolytic property results in the degradation of elastin, which is the elastic 

component of lung tissue, and other components of lung matrix. 282,295 Further, HNE induces the 

release of pro-inflammatory cytokines including interleukin 6 and interleukin 8.186. Houghton et 

al. have also shown that, via its degradation of insulin receptor substrate-1, HNE directly 

promotes the growth of tumor cells in both human and mouse adenocarcinomas.296 HNE has also 

been implicated in rheumatoid arthritis (RA) and it is thought that it potentiates the damage to 

tissues due to its hydrolytic activity on structural components of cartilage.297,298 The 

concentrations of elastase-inhibitor complex have been found to be elevated in plasma of 

rheumatoid arthritis and systemic lupus erythematosus (SLE) patients, further pointing to the role 

of this protease in these conditions.299 Therapeutic strategies towards minimizing HNE levels, 

and thus their deleterious effects, will be beneficial in these disease conditions.282 Key amongst 

these is targeting excess HNE using inhibitors.  

It has been demonstrated that regulation of the HNE levels leads to improvement of 

chronic lung diseases such as COPD,288 emphysema,300–302 as well as acute lung injury.303,304 

Also elastase inhibitors drastically increased survival in rats with pulmonary hypertension.305 

The same can be said for arthritis and Kakimoto et al. have demonstrated that a neutrophil 
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elastase inhibitor diminished the occurrence and severity of arthritis in both mouse and rat 

models.306 Despite these studies indicating the immense benefit to be derived from HNE 

inhibitors, no HNE inhibitor has been approved for clinical use to date, but there are a number 

these in clinical studies. 307 Major limitations to the development of these agents include 

achieving potency, selectivity and stability.307 The majority of these agents developed are small 

molecule active site inhibitors, with a number of high molecular weight peptide inhibitors also 

identified.295 Glycosaminoglycans are also another class of macromolecules that inhibit HNE 

activity. 32, 34, 88,308 

4.1.4 Inhibition of HNE by GAGs 

GAGs, including heparin and heparan sulfate, chondroitin sulfate and dermatan sulfate 

have been shown to be potent inhibitors of HNE.32, 34, 88,308 Electrostatic interactions between the 

negatively charged sulfates and carboxylates on GAGs and the positively charged arginine 

residues on the GAGs are known to be important in this interaction.33  Studies have shown that 

GAG chain length is important for HNE inhibition and although the required chain length for 

inhibition remains unknown, reports indicate that GAG molecular weight of greater than about 2 

KDa is required for activity.33 Additionally, Spencer et al. mention that a dodeca- or tetradeca- 

saccharide is minimally needed to achieve HNE inhibition.88 GAG sulfation levels and patterns 

have also been demonstrated to be important for HNE inhibition.32,309 For instance, it has been 

demonstrated that 6-O and N-sulfates are the most important heparin sulfate groups required for 

HNE inhibition, with 2-O and 3-O sulfates being less important. The mechanism of inhibition of 

HNE by GAGs remains controversial. Whereas earlier reports indicate that it is via an allosteric 

mechanism,32 a recent publication by Spencer et al mention that it is a competitive mechanism.88 
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4.2 Rationale for Studies  

Though GAGs, including heparin, are potent inhibitors of HNE, their anticoagulant and 

other effects limit their usefulness in conditions where the inhibition of HNE activity may be 

useful. For instance, in the case of inflammatory lung conditions, there is the possibility of 

associated bleeding with the use of heparin as an inflammatory modulator and HNE inhibiting 

agent. The discovery of 2-O,3-O desulfated heparin (ODSH), a modified heparin was a 

significant improvement in this regard, as ODSH maintains GAG anti-HNE activity with loss of 

anticoagulant effects.310 It has also been demonstrated that ODSH further maintains anti-

inflammatory activity via its interaction with p300 histone acetyl transferase and possibly high 

mobility group box protein 1 (HMGB1).311 ODSH, however, also has a major limitation in that it 

is highly polymeric, heterogeneous and structurally undefined. These are serious limitations that 

may present challenges in its use as a therapeutic agent. Based on previous results that suggest 

that GAGs with shorter chain length may retain anti-HNE activity, we reasoned that it should be 

possible to identity a GAG oligosaccharide, with defined structure, having potent anti-NE 

activity. This GAG would be selective for HNE and thus have fewer unwanted effects. We 

decided to use a combination of biochemical and computational methods to arrive at GAG 

oligosaccharide sequences with potent anti-HNE activity. We also sought to further elucidate the 

mechanism by which HNE is inhibited by GAGs.  

4.3 Results and Discussion 

4.3.1 Size Fractionation of ODSH 

Our initial efforts at obtaining oligosaccharides from ODSH employed the use of 

molecular weight cut-off filters. Two molecular cut-off filters with exclusion limits of 10 kDa 

and 3 kDa were employed, and by using these, three fractions were obtained. These were; 
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fractions with molecular weight less than 3 kDa, greater than 3 kDa but less than 10 kDa, and 

greater than 10 kDa. The anti-HNE potentials of these fractions were subsequently determined. 

Further, preparative size exclusion chromatography (SEC) was employed to yield well 

separated size fractions of poly- and oligo- saccharides from ODSH. The use of SEC in the 

separation has been widely reported in literature and has been shown to yield different sized 

species, from an initial heterogeneous species. Preparative SEC of ODSH was performed on a 

G75 matrix and the fractions collected were frozen and lyophilized to dryness. Subsequently, the 

analytical SEC-HPLC was performed to assess the different fractions and assess for shorter chain 

oligosaccharides. The results indicated that 

the size fractionation was successful, with 

ODSH species of different molecular weights 

obtained. However, GAGs with molecular 

weights less than that of enoxaparin (4.5 kDa) 

were not achieved. While disappointing, this 

is not surprising as the preparation of ODSH 

requires desalting using SEC, which can lead 

to the loss of smaller molecular weight species.   

F16 – 20.45

F36 – 22.28

F46 – 23.03

ENOX – 24.27

ODSH – 21.91

Time (mins)
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n
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Figure 45. SEC HPLC analysis of size-

fractionated ODSH. 
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4.3.2 Enzymatic Depolymerization of ODSH 

Since our bid to obtain lower molecular weight oligosaccharides from ODSH by SEC of 

the heterogeneous polymeric mixture was not successful, we tried to use enzymatic methods to 

depolymerize ODSH into smaller sized oligosaccharides. To achieve this we tried a number of 

GAG lyases, including heparanase and heparin lyase I, II, and III. These enzymes have 

previously been used to obtain oligosaccharides from heparan sulfate and heparin. In this 

technique, preparative SEC is employed to obtain GAG oligosaccharides of different molecular 

weights following enzymatic digestion of ODSH.  

For heparanase depolymerization, ODSH was dissolved in MES buffer, followed by the 

addition of heparanase and incubation at 37 ºC, with the enzymatic reaction being monitored at 

different time intervals for oligosaccharide formation using SEC HPLC for up to 48 hours. The 

analysis indicated that depolymerization of ODSH using heparanase was not achieved as no 

oligosaccharides were detected. These result indicate that ODSH is not a suitable substrate for 

heparanase, an are not surprising as these enzyme are known to require particular saccharide 

units and sulfation patterns for cleavage of GAGs.  

Employing heparin lyase I, III and II for the depolymerization process, however, yielded 

very different results. The study of ODSH polymerization using heparin lyases was done on µg 

scale in a pH 7.4 PBS buffer at 25 ºC and monitored using UPLC MS for a period of 1 -24 hours. 

The results indicate that the heparin lyases differ greatly in their digestion of ODSH. The 

digestion of ODSH by heparin lyases I and II resulted in mostly smaller fragments of ODSH, 

with disaccharide species accounting for about 85%. Tetrasaccharide, pentasaccharide and 

hexasaccharide species made up the rest of the oligosaccharides with 0.5-1% only being 

octasaccharide species. Heparin lyase III on the other hand did not lead to the depolymerization 
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of ODSH and no oligosaccharide fragements were observed. These results, while again 

disappointing, can be attributed to the difference in structure of ODSH from the naturally 

available GAGs, heparan sulfate and heparin, and the differences in depolymerization 

capabilities of the different enzymes.  

Table 16. Heparin lyase depolymerization of ODSH 

 % of Oligosaccharide Species 

 HEP I  HEP II  HEP III 

dp2 84 87 

N
o
 d

ig
es

ti
o
n

 dp4 1.36 1.5 

dp5 8.6 5.4 

dp6 4.6 4.6 

dp8 1 0.5 

dp10 0 0 

 

 

4.3.3 Preparation of ODSE.  

2-O,3-O-desulfated enoxaparin was obtained by the alkaline hydrolysis of enoxaparin 

using NaOH. This is the same method employed in the preparation of 2-O,3-O-desulfated 

heparin as detailed in the patent by Holme et al.312 Alkaline treatment leads to a loss of sulfates 

as the 2 positon of iduronic acid and 3 position of glucosamine. Since the 3-O sulfate is vital for 

anticoagulant activity, these GAG derivatives of heparin and enoxaparin are rendered non-

anticoagulant. Treatment of ODSH with NaOH followed by lyophilization resulted in a yellow-

brown residue. Neutralization of the alkali and lyophilization resulted in a powder that was 

desalted using a G10 SEC column to obtain the desired product at about 40% yield. The product 

was characterized by NMR.  
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4.3.4 Plasma Clotting Studies of ODSE  

The activated partial thromboplastin time assay was used in the assessment of anti-

coagulant properties of ODSE, using enoxaparin as a positive control. The APTT assay targets 

the intrinsic coagulation pathway and can be used in determining the anticoagulant properties of 

potential anticoagulants. In this case, the test was employed to confirm that the 2-O and 3-O 

sulfate groups, and thus anticoagulant properties of enoxaparin, had been lost following alkaline 

hydrolysis. The effects of two saturating concentrations of enoxaparin and ODSE (17 and 33 

µg/mL) were used. In the absence of any of the agents, the time to clot was found to be 29.6. At 

both concentrations of enoxaparin tested, clotting was not observed at 180 minutes indicating 

strong anticoagulant properties. However in the presence of 17 µg/mL of ODSE, the time to clot 

was 46.8 ± 0.7 s and in the presence of 33 µg/mL a clotting time of 49.4 ± 2.5 s. These results 

clearly demonstrate that ODSE lacks the potent anticoagulant effect of enoxaparin confirming 

that the desulfation process was successful. 

Table 17. APTT assay for Enoxaparin and ODSE 

  Time to clot (s) 

Species  1 2  Average  

Blank 29.7 29.5 29.6 

ENOX    

33 µg/mL  >200 >200 ND 

17 µg/mL >200 >200 ND 

ODSE    

33 µg/mL 47.6 51.1 49.4 

17 µg/mL) 47.3 46.3 46.8 
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4.3.5 Inhibition of HNE by GAGs  

The inhibition of NE by GAGs was measured using a chromogenic substrate hydrolysis 

assay using N-succinyl-Ala-Ala-Val p-nitroanilide in a 125 mM HEPES buffer, pH 7.4 

containing different concentrations of Na+  ranging from 62.5 mM to 365 mM at 37 °C using a 

microplate reader (FlexStation III, Molecular Devices). In this assay the decrease in the initial 

rate of hydrolysis in the presence of the inhibitors is employed in the determination of potency.  

4.3.5.1 Commercially Available GAGS and Their 2-O, 3-O-Desulfated Derivatives 

The NE inhibitory potency of unfractionated heparin, 2-O,3-O-desulfated heparin, 

enoxaparin, 2-O,3-O-desulfated enoxaparin and fondaparinux were determined in a 125 mM 

HEPES buffer (62.5 mM Na+), pH 7.4 containing 0.125 M triton-X100. The IC50s for NE  

inhibition obtained for these 

different species were 7.5 ± 0.4, 

13.6 ± 0.6, 17.6 ± 0.6, 24.7 ± 3.6 

and 1180 ± 260 nM, respectively. 

These results clearly emphasize the 

fact GAG chain length plays an 

important role in HNE inhibitory 

potency, with the pentasaccharide 

being too short to elicit HNE 

inhibition comparable to the other GAGs. The similarity of potency of the other samples gives 

the indication that beyond a particular chain length there is no significant benefit in GAG chain 

length. In addition the lack of a loss in activity following 2-O,3-O desulfation of enoxaparin 

indicates the non-importance of these two sulfate groups for HNE inhibition. It is worth 
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mentioning that fondaparinux is also a structurally defined molecule, unlike the other samples, 

which are essentially mixtures and thus there is the possibility that it lacks the particular sulfation 

pattern for NE inhibitory potency, that may be present in the mixtures. We thus decided to study 

oligosaccharides obtained by size fractionation of ODSH. 

4.3.5.2 Oligosaccharides from Size Fractionation of ODSH 

The NE inhibitory potency of size fractionated ODSH indicated that samples were 

equipotent with unfractionated ODSH. The samples obtained using molecular weight cut-off 

filters had approximate IC50s of 40 nM, 25 nM and 10 nM for fractions >3 KDa, 3 KDa<x<10 

KDa and >10 KDa, respectively. Similarly, the samples obtained using SEC separation all 

ranged from 12 – 20 nM potency for HNE inhibition. These results further confirm that there is 

no benefit to having a longer GAG chain length beyond a threshold and that above a lower limit 

of chain length, lower molecular weight species may be equally as potent as longer chain 

lengths. 

 

Table 18. Inhibition of HNE by size fractionated ODSH 

ODSH fraction IC
50 

(nM) ∆Y (%)  HS 

Molecular Weight Cut-Off Filters 

<3kDa 40 89.4±2.2 2.2±0.2 

<3kDa<x<10kDa 25 92.1±2.4 1.9±0.9 

>10kDa 10 88.7±2.4 2.1±0.2 

Size Exclusion Chromatography 

F 45-50 20.2 87.7±3.4 1.5±0.2 

F 34-36 14.4 90.9±2.7 2.0±0.2 

F 10-15 19.5 87.7±3.1 1.9±0.2 
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4.3.5.3 Heparin Oligosaccharides. 

The results from studying HNE inhibitory potency of size fractions of ODSH thus 

prompted study of the NE inhibitory potency of heparin derived oligosaccharides. The 

oligosaccharides have the general formula ∆HexA,2S - GlcNS,6S– (IdoUA,2S – GlcNS,6S)n as 

shown in figure 47 and are 

non-anticoagulant due to 

the absence of the 3-O 

sulfate on the glucosamine 

unit. This was necessary to 

decipher the required GAG 

chain length for satisfactory HNE inhibition under our assay conditions, 125 mM HEPES buffer 

([Na+] = 62.5 mM), pH 7.4, at 37 °C. The HNE inhibitory potency of the GAG oligosaccharides 

was determined as for the polysaccharides and the results obtained in this assay generally 

confirm earlier reports that GAG 

chain length is an important factor 

in HNE inhibition, with GAGs  

with longer chain lengths being 

better inhibitors. At this ionic 

strength, the HNE inhibitory  

potency was fairly well maintained 

throughout GAG species of 8 sugar 

units and above. The potencies 

recorded for these GAGs were heparin derived dodecasaccharide, 19.2 ± 2.0 nM; heparin derived 

HO06 n=3

HO08 n=4

HO10 n=5

HO12 n=6

M08 S10a

SOS

TS243

Figure 47. Structures of GAG oligosaccharides. 
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decasaccharide, 29.2 ± 4.0 nM, heparin derived octasaccharide, 33.1 ± 1.5 nM, heparin derived 

hexasaccharide, 230 ± 52, and sucrose octasulfate 1349 ± 161 nM. These inhibitory potencies do 

not differ significantly from longer chain GAGs, which range from about 7.5 – 40 nM. This is 

particularly interesting considering that the molecular weights of these species are very wide 

ranging. Clearly, below the size of the oligosaccharide, there is a noticeable drop in potency with 

the hexasaccharide showing a 15-fold drop in potency compared to ODSH. Nevertheless, the 

hexasaccharide is 4-8 fold more potent than fondparinux (IC50  = 1180 ± 260). These results 

suggest that the octasaccharide may be the minimal length required to achieve satisfactory HNE 

inhibition.  

A structurally defined octasaccharide MO8 S10a and a structurally defined 

hexasaccharide TS243 were studied and found to have potencies of 70.9 ± 8.9 and 2648 ± 526 

nM respectively. Both MO8 S10a and TS243 3 lack sulfation at the 3-O sulfate position and in 

turn are not fully sulfated at the 6-O and N positions. The fact that MO8 S10a is only about 2-

fold less potent than the heparin derived octasaccharide, although it lacks full 6-O and N-

sulfation shows that not all 6-O and N-sulfates contribute equally to HNE inhibition. TS243, like 

MO8 S10a, is not fully sulfated at the 6-O position; however, unlike MO8 S10a, it is about 10-

fold less potent than the heparin derived hexasaccharide. These results indicate that correlation of 

sulfation levels with potency is more pronounced in shorter chain species. An important 

difference between the TS243 and HO06 is the type of hexuronic acid residues. HO06 has as its 

hexuronic acid residues iduronic acid, whereas in the case of TS243, this residue is glucuronic 

acid. The 10-fold difference in potency suggests that iduronic acid is preferred over glucuronic 

acid for HNE inhibition.  
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4.3.6 Salt Dependent Studies  

The study of different concentrations of salt was important in identifying the 

contributions of ionic interactions for GAG inhibition of HNE. Also, this was necessary as our 

initial studies were conducted in a buffer with a slightly lower ionic strength than physiological 

conditions. The inhibitory potency of selected GAGs was studied in buffers of higher ionic 

strength, which were the same as our initial buffer but with added NaCl. These buffer solutions 

had [Na+] of 112.5, 162.5, 262.5 and 362.5 mM. The results generally show a decrease in 

inhibitory potency and efficacy with increasing buffer ionic strength, supporting the importance 

of ionic interactions with the effect felt less with high molecular weight GAG species.  In the 

case of UFH, the potency remained virtually unchanged at about 7 nM up to [Na+] of 162.5 mM. 

However, at Na+ of 362.5, there was a 5-fold drop in potency. For ODSH, the potency was 

maintained at about 14 nM at both 62.5 and 112.5 mM Na+ and experienced only a 2-fold drop at 

162.5 mM Na+. The IC50 at 262.5 mM was however 261 nM, a 20-fold drop in potency 

compared to lower ionic strengths. The differences in potency trends of these two high molecular 

weight GAGs is not surprising as their sulfation levels are considerably different. The IC50 of 

enoxaparin was about 20 nM in the two buffers with the lowest ionic strength and increased 3-

fold to approximately 70 nM at 162.5 mM Na+. This HNE inhibitory potency was lost at greater 

than physiological ionic strengths. A trend similar to that observed with UFH and ODSH was 

observed with ODSE and Enoxaparin. The IC50 of ODSE increased in higher proportions 

compared to enoxaparin with increasing buffer ionic strength. At 62.5 mM Na+, the IC50 for NE 

inhibition recorded for ODSE was 24.7 nM and this experienced a 2.6-fold and 10-fold increase 

in value at 112.5 and 162.5 mM Na+ respectively, indicating a higher salt effect on the species 

with lower sulfation levels.  
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Figure 49. Salt dependence of HNE inhibition by GAGs 
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The ionic strength effect was felt more on the heparin derived oligosaccharides. At 112.5 mM 

Na+, the potency of the 

dodecassacharide remained 

unchanged. The decasaccharide  and 

the octasaccharide, however, 

experienced 2.7-fold and 12.5-fold 

drops in potency, respectively. At 

162.5 mM Na+ the potency of 

dodecasaccharide, decasaccharide and 

the octasaccharide dropped by 15 to 

23-fold compared to the values at the 

lowest ionic strength. Altogether, 

these results indicate that the 

interaction between GAGs and HNE 

involves ionic interactions.  

 These results give an 

indication that both specific and non-

specific interactions may be 

responsible for HNE inhibition by 

GAGs. Thus, at higher ionic strengths, though there is loss of specific interactions between 

particular residues, this is then compensated for by non-specific interactions of longer chain or 

higher sulfated GAGs.  
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Figure 50. Salt dependence of HNE inhibition by GAG 

oligosaccharides 
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Table 19. Inhibition of HNE by GAGs and GAG oligosaccharides 

 

[Na+] 

IC
50
 (nM) IC

50
-app /IC

50
-62.5 mM HS ∆Y (%) 

UFH 
62.5 7.3 ± 0.2 1.0 2.5 ± 0.2 102.2 ± 1.2 

112.5 7.4 ± 0.4 1.0 2.0 ± 0.2 80.5 ± 1.9 

162.5 7.1 ± 0.7 1.0 1.5 ± 0.2 76.3 ± 3.0 

262.5 38.9 ± 9.2 5.3 1.0 ± 0.2 57.8 ± 4.9 

362.5 > 50000 ND ND ND 

ODSH 
62.5 14.1 ± 0.9 1.0 2.1 ± 0.4 91.0 ± 6.2 

112.5 13.5 ± 1.1 1.0 1.5 ± 0.2 90.4 ± 5.0 

162.5 26.7 ± 2.2 1.9 1.3 ± 0.2 84.8 ± 4.1 

262.5 261 ± 33 18.4 1.2 ± 0.2 51.7 ± 4.1 

362.5 > 50000 ND ND ND 

ENOX 
62.5 17.6 ± 0.6 1.0 2.5 ± 0.2 86.4 ± 1.6 

112.5 22.2 ± 3.1 1.3 1.2 ± 0.2 71.9 ± 3.8 

162.5 68.1 ± 9.9 3.9 1.1 ± 0.20 63.4 ± 3.4 

262.5 > 50000 ND ND ND 

ODSE 
62.5 24.7 ± 3.6 1.0 1.2 ± 0.2 83.9 ± 4.5 

112.5 65 ± 11 2.6 1.3 ± 0.3 65.9 ± 4.1 

162.5 241± 58 9.8 1.45 ± 0.20 49.3 ± 4.8 

262.5 > 50000 ND ND ND 

HO12 
62.5 23.3 ± 3.5 1 2.1 ± 0.6 90.0 ± 6.3 

112.5 28.5 ± 4.7 1.2 1.0 ± 0.2 79.6 ± 5.4 

162.5 520 ± 210.0 22.2 0.7 ± 0.3 60.9 ± 11.6 

262.5 > 50000 ND ND ND 

HO10 
62.5 29.1 ± 4.2 1 1.9 ± 0.6 88.9 ± 4.2 

112.5 82 ± 23 2.8 1.2 ± 0.4 58.4 ± 7.0 

162.5 440± 170 15.3 0.8 ± 0.4 53.6 ± 8.7 

262.5 > 50000 ND ND ND 

HO08 
62.5 37.7 ± 3.7 1 1.9 ± 0.3 83.5 ± 4.0 

112.5 490 ± 110 12.9 0.7 ± 0.2 77.7 ± 6.5 

162.5 950 ± 270 26.6 0.7 ± 0.2 38.1 ± 4.1 

262.5 > 50000 ND ND ND 

M08 S10a 
62.5 70.9 ± 8.9 - 1.3 ± 0.4 79.1± 3.7 

HO06 
62.5 230 ± 52  - 0.9 ± 0.2 86.4 ± 7.3 

TS243 
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62.5 2600± 500 - 0.9 ± 0.2 54.3 ± 3.9 

SOS 
62.5 1350± 160 - 2.4 ± 0.8 64.5 ± 3.5 

4.3.7 Mechanism of Inhibition of HNE by GAGs 

The mechanism of GAG inhibition of HNE remains controversial. Earlier reports indicate 

a non-competitive allosteric mechanism for inhibition.32 Kostoulas et al. reported that there was 

an additional competitive component in the inhibition of HNE by GAGs resulting in a mixed 

type inhibition mechanism.31 They reported that this competitive-inhibition component, which is 

felt at low ionic strengths and is lost with increasing ionic strength, is a result of the interaction 

with Arg217A of the enzyme, that is close to the substrate binding site.31 They hypothesize that 

at high ionic strengths, Arg217A is shielded by ions and thus prevented from interacting with 

GAGs; hence the loss in the competitive component.31 The latest contribution to this field by 

Spencer et al., however, is totally different from the previous reports and rather makes mention 

of a totally competitive mechanism of inhibition.88 Thus, we thought it would be necessary to 

investigate this further. In addition to clarifying the issue, the results obtained will aid our 

computational study of GAG-HNE interactions.  

Michaelis-Menten kinetics of GAG inhibition of HNE were studied for a number of 

GAGs in our study buffer. The VMAX and KM were obtained from the hyperbolic profile obtained 

from measuring the initial rate of hydrolysis of chromogenic substrate in the absence, as well as 

at different concentrations, of the GAGs. The GAGs studied were UFH, ODSH, heparin-derived 

octasaccharide and sucrose octasulfate. For all the GAGs studied, with the exception of sucrose 

octasulfate, a common trend was observed. There was as decrease in VMAX with increasing 

concentrations of all GAGs. For UFH, the VMAX was 46.7± 1.1 mAU/min in the absence of the 

inhibitor, and this decreased to 41.1±1.0, 34.3±1.0, 25.9 ±0.6, 19.3 ±1.6 and 12.0 ±0.5 mAU/min 
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in the presence of 5, 7.5, 12.5, 17.5 and 25 nM of UFH, respectively. This is indicative of an 

allosteric mechanism as the VMAX in the presence of UFH never approaches that in its absence. 

The trend in the KM was however very interesting. The KM remained fairly constant at 0.50 mM 

across concentrations ranging from 0 – 12.5 nM of the inhibitor, but further increases in the 

concentration of UFH resulted in doubling of the KM. For ODSH, the VMAX in the absence of the 

inhibitor was 42.3±0.7 mAU/min and decreased gradually, reaching 9.9±0.7 mAU/min at 20 nM 

concentration of the inhibitor. The trend in KM was also the same as observed for UFH, being 

fairly constant at lower inhibitor concentrations and doubling at higher concentrations. For 

heparin derived octasaccharide, the VMAX in the absence of the inhibitor was 47.8±1.5 mAU/min 

and this decreased, gradually reaching 14.4±1.25 mAU/min at 200 nM. Again, the KM remained 

fairly constant at lower concentrations and doubled at higher concentrations of the 

octasaccharide. These gradual decrease in VMAX across the board indicate an allosteric inhibition 

mechanism for inhibition of HNE by GAGs. The interesting KM trend on the other hand suggests 

the possibility of both specific and non-specific interactions contributing to the inhibition of 

HNE by GAGs. At lower concentration, GAGs interact with high specificity at an allosteric 

binding site whereas at high concentration some non-specific binding, possibly close to the 

active site may take place. The KM trend could also mean that is a competitive component in this 

mechanism, as reported by Kostoulas et al.31  

The trend observed with sucrose octasulfate is more supportive of the mixed-inhibition 

mechanism. The VMAX values were 42.0±0.7 , 42.0±1.9, 33.5±2.3, 29.6±1.6 and 24.3±1.5 

mAU/min at concentrations of 0, 1, 5, 10 and 100 µM, respectively. At the same concentrations, 

the KM values were 0.32 ± 0.02, 0.78 ± 0.10, 1.37 ± 0.19, 1.59 ± 0.16 and 1.33 ± 0.16 mM, 

respectively. However, the small size of sucrose ocatasulfate in relation to the other 
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oligosaccharides could account for the difference in the interaction, and hence the mechanism of 

inhibition. 

 

 

Figure 51. Michaelis-Menten kinetics of HNE inhibition by GAGs. 
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Table 20. Michaelis-Menten kinetics of HNE inhibition by GAGs 

Conc. [nM] Vmax (mAU/min) Km (mM) 

UFH 

0.00 46.7 ± 1.1 0.45 ± 0.03 

5.00 41.1 ± 1.0 0.50 ± 0.04 

7.50 34.3 ± 1.0 0.55 ± 0.04 

12.50 25.9 ± 0.6 0.53 ± 0.3 

17.50 19.3 ± 1.6 1.36 ± 0.2 

25.00 12.0 ± 0.5 1.07 ± 0.1 

ODSH 

0.0 42.3 ± 0.1 0.30 ± 0.02 

5.0 36.1± 0.1 0.31 ± 0.03 

10.0 33.1 ± 1.5 0.55 ± 0.66 

15.0 28.1 ± 1.1 0.66 ± 0.67 

20.0 9.9 ± 0.6 0.61 ± 0.92 

HO08 

0.0 47.8 ± 1.5 0.45 ± 0.04 

12.5 35.5 ± 1.2 0.47 ± 0.04 

25.0 32.9 ± 0.9 0.44 ± 0.03 

50.0 28.5 ± 1.0 0.87 ± 0.07 

100.0 26.6 ± 1.2 1.62 ± 0.15 

200.0 15.4 ± 1.3 1.30 ± 0.22 

SOS 

0.00 42.0 ± 0.7 0.32 ± 0.02 

1000 42.0 ± 1.9 0.78 ± 0.09 

5000 33.5 ± 2.3 1.37 ± 0.19 

10000 29.6 ± 1.6 1.59 ± 0.16 

100000 24.2 ± 1.5 1.33 ± 0.16 
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To further study the mechanism of this inhibition, further Michaelis-Menten kinetics 

studies were performed using the heparin derived octasaccharide in pH 7.4, 20 mM tris buffer 

containing CaCl2, 0.1% PEG8000 and Tween 20 and having varying ionic strengths owing to 

different concentrations of NaCl. In the NaCl free buffer, the VMAX in the absence of the 

inhibitor was 53.5 ± 1.4 which decreased gradually with values of 41.7 ± 1.2, 20.2 ± 0.1 and 17.3 

± 0.1 mAU/min at 25, 100 and 200 nM concentrations of octasaccharide. The KM followed the 

same trend as in the case of the HEPES buffer being maintained at 0.30 mM both in the absence 

of and in the presence of 25 nM of the octasaccharide. Increasing the concentration of the 

octasaccharide led to about 2-fold increase in the KM.  

At higher ionic strengths (25 mM NaCl and above) only a decrease in VMAX was 

observed with the KM remaining unchanged. At 25 mM NaCl, the VMAX drops from 46.1 ± 0.8 

mAU/min in the absence of the octasaccharide to 22. 2 ±1.2 mAU/min at a concentration of 400 

nM of the octasaccharide but the KM remained fairly the same. Similarly, at 50 mM NaCl, the 

value of the VMAX is 49.7 ± 1.1 mAU/min in the absence of the octasaccharide but 26.0 ± 1.3 

mAU/min in the presence of 1 µM of the octasaccharide. However, the corresponding values for 

the KM are 0.45 ± 0.02 and 0.41 ± 0.05 mAU/min. Finally, in the buffer containing 100 mM 

NaCl, the VMAX drops from 41.2 ± 1.2 mAU/min in the absence of inhibitor to 34.2 ± 1.8 

mAU/min in the presence of 1 µM with no change in the KM.  

These observations are in agreement with the report by Kostoulas et al., but the change in 

KM at high inhibitor concentrations also suggests that binding with Arg217A is a non-specific 

interaction and only occurs at high GAG concentrations. More importantly, however, the 

interaction between the GAGs studied here and HNE is via a non-competitive allosteric 

mechanism. By binding to Arg and other residues, GAGs induce a conformational change at the 
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active site of HNE, thus halting its hydrolytic activity. 

 

Figure 52. Michaelis-Menten kinetics of HNE inhibition by HO08 in buffers of different ionic 

strength. 
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Table 21. Michaelis-Menten kinetics of HNE inhibition by HO08 in buffers of different ionic 

strength 

Conc. [nM] Vmax Km (mM) 

0 mM NaCl 

0.0 53.5 ± 1.4  0.29 ± 0.02 

25.0 41.7 ± 1.2 0.27 ± 0.02 

100.0 20.2 ± 0.1  0.46 ± 0.05 

200.0 17.3 ± 0.1 0.56 ± 0.04 

25 mM NaCl 

0.0 46.1 ± 0.8  0.35 ± 0.02 

25.0 44.5 ± 0.5 0.43 ± 0.01 

100.0 34.7 ± 0.5  0.43 ± 0.01 

200.0 29.0 ± 0.7 0.52 ± 0.03 

400.0 22.2 ± 1.2 0.41 ± 0.06 

1000.0 21.0 ± 0.5 0.50 ± 0.03 

50 mM NaCl 

0.0 49.7 ± 1.1  0.45 ± 0.02 

25.0 44.2 ± 0.9 0.40 ± 0.02 

100.0 41.9 ± 0.7  0.43 ± 0.01 

200.0 43.9 ± 3.6 0.51 ± 0.10 

400.0 34.0 ± 0.5 0.44 ± 0.02 

1000.0 26.0 ± 1.3 0.41 ± 0.05 

100 mM NaCl 

0.0 41.2 ± 1.2  0.37 ± 0.03 

25.0 37.4 ± 2.6 0.33 ± 0.06 

100.0 39.7 ± 1.0  0.37 ± 0.02 

200.0 40.5 ± 1.5 0.42 ± 0.03 

400.0 39.2 ± 1.7 0.40 ± 0.04 

1000.0 34.2 ± 1.8 0.40 ± 0.05 
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4.3.8 Thermodynamic Binding Affinity GAGs for HNE  

The thermodynamic binding affinity of GAGs for HNE was studied using fluorescein 

isothiocyanate (FITC) tagged HNE and monitoring the change in fluorescence upon titrating 

with the GAGs in a HEPES buffer containing 0.125 M Triton-x100 due to fluorescein (λEM = 

520 nm, λEX = 490 nm). A saturating sigmoidal increase in fluorescence was observed upon 

titrating of the GAGs and this was used in the determination of the KD using the 3-parameter Hill 

equation for cooperative binding. Five different GAG species, UFH, enoxaparin, heparin derived 

octasaccharide, heparin derived hexasaccharide and sucrose octasulfate were studied and their 

apparent binding affinities to HNE in the assay conditions were 186 ± 5, 116 ± 7, 118 ± 4, 17500 

±1000, and 8403 ±300 nM respectively. These KD values are significantly higher than the IC50 

values obtained in the same conditions. The reason for this difference is not apparent, but could 

be due to  the availability of more than one binding GAG site on HNE, a lower affinity site and 

higher affinity site, with the lower affinity binding site being the one that requires binding to 

elicit the observed change in fluorescence.

 

Figure 53. Affinity of GAG-HNE interaction. 
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Table 22. Thermodynamic binding affinity of GAGs for HNE 

Species KD (nM) HS ∆F/F₀ 

UFH 186 ± 5 2.6 ± 0.2 416 ± 8 

ENOX 116 ± 7 2.3 ± 0.2 473 ± 15 

HO08 118 ± 4 2.1 ± 0.1 303 ± 4 

HO06 17500 ±1000 1.6 ± 0.1 566 ± 21 

SOS 8403 ±300 2.8 ± 0.2 392 ± 5 

 

4.3.9 Computational Studies of GAG-HNE Interactions 

To study the GAG-HNE interaction, computational studies were conducted using a crystal 

structure of HNE (PDB ID: 1HNE; 1.84 Å resolution) obtained from the PDB and subsequently 

prepared for modeling using SYBYL-X, v2.1. The highly electropositive nature of HNE 

presented a significant challenge in identifying and defining of binding sites. To circumvent this 

problem, a simple method of binding site identification was employed. This involved selecting 

various sites surrounding four arginine residues, Arg75, Arg87, Arg178 and Arg187. These 

resulted in four segments named BS1, BS2, BS3 and BS4, respectively. The combinatorial 

virtual library screening technique, previously used in the study of GAG-protein interactions, 

was then employed to identify the putative binding sites and also identify specific ODSH 

sequences for HNE. The interaction of the virtual library of 3,456 GAG hexasaccharide 

sequences with 3-O-desulfation around all four sites within a 16Å radius around the central 

residue, was screened using GOLD. The GOLDSCORES following docking and scoring 

revealed that sites BS1 and BS4 were higher affinity GAG binding sites in that they had higher 

scores (>70) than BS2 and BS3 (<40). This results point to the possibility of more than one GAG 

binding site on HNE, where the interaction of GAGs and HNE will be of high affinity. Further 
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comprehensive docking and scoring of the 50 highest ODSH hexasaccharide sequences from 

each library on these two putative high affinity sites, BS1 and BS3, resulted in the identification 

of 23 GAG hexasaccharide sequences that bound with high affinity and high specificity to BS1 

and 20 GAG hexasaccharide sequences that did same for BS3. These sequences interacted with 

HNE with high GOLDSCORES and RMSD <2.5Å. Further analysis of these sequences was 

carried out using UCSF Chimera313 individually. This analysis indicated that multiple hydrogen 

bonding interactions existed between the GAG sequences and HNE at both sites. These 

interactions were specifically with Gln34, His40, Leu73,Ser74, Arg76, Glu77, Arg80, Val82 and 

Ser153 of BS1 and Gly18, Gly19, Arg20, Arg21, Gln135, Arg149, Asn159 and Arg187 of BS4 

(Figure 54). The results suggested that longer GAG sequences could simultaneously engage both 

sites. Thus, computational molecular modeling predicted strong interaction between HNE and 

GAG sequences. 

 

Figure 54. (A) Structure of HNE showing putatibe binding sites (B) Results from CVLS 

screening of ODSH sequences interacting with HNE. 
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4.4 Experimental Section 

4.4.1 Size Fractionation of ODSH  

4.4.1.1 Using Molecular Weight Cut-Off Filters 

Two molecular weight cut-off filters, 3 kDa and 10 kDa, were employed. 50 mg of ODSH was 

dissolved in about 200 µL of high purity water and transferred into the 10 kDa molecular weight 

cut-off filter and centrifuged at 10000G. The filtrate thus contains fragments of molecular weight 

less than 10 kDa and the residue contains fragments 10 kDa and above. The filtrate was then 

transferred to a 3 kDa molecular weight cut-off filter and treated similarly as for the 10 kDa filter 

yielding a fraction with molecular weght less than 3 kDa and a fraction with molecular weight 

greater than 3 kDa and less than 10 kDa. 

4.4.1.2 Using Size Exclusion Chromatography 

Separation of ODSH into different sized fractions was done using G75 matrix. The 

matrix was swollen in high purity water overnight and packed into a glass column with 

dimensions 7 cm 2 × 45 cm. This was allowed to stand overnight to ensure adequate packing of 

the material in the column. 500 mg of ODSH was dissolved in about 1 mL and applied on the 

column employing water as the eluent. 1 mL fractions of the eluate were collected, totaling 100 

mL. The collected fractions were frozen and lyophilized. 

4.4.2 Preparation of 2-O,3-O-Desulfated Enoxaparin (ODSE) 

ODSE was prepared by alkaline treatment of enoxaparin using NaOH as detailed in the 

patent by Holme et al.312 Briefly, a volume of Enoxaparin solution, corresponding to 100 mg of 

Enoxaparin was lyophilized to dryness. This was then dissolved in 18 mL of water. 2 mL of 1M 

NaOH was then added, well mixed, frozen and lyophilized to dryness. The yellow-brown residue 

obtained was then dissolved in 5 mL of water, and the pH adjusted to 6-7 with 20% acetic acid. 
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This was followed by addition of NaHCO3 to bring the pH of the solution to 8-9. The resulting 

solution was then frozen and lyophilized to dryness. The resulting white-cream powder contains 

both desulfated enoxaparin and salts from the desulfation process. This powder is taken through 

a two-step desalting process using a G10 column, leading to pure ODSE in about 30-40% yield. 

The ODSE obtained was characterized by NMR spectroscopy. 

4.4.3 SEC HPLC of GAGs 

The SEC HPLC analysis of GAGs was performed on a Shimadzu HPLC system equipped 

with a UV/Vis detector capable of monitoring at two different wavelengths. A  Shodex Asahipak 

GS-320 HQ size exclusion column was used employing 0.1M NaCl at a rate of 0.3 mL/min as 

the mobile phase. The detectors were set to 206 nm and 232 nm. An injection volume of 10 µL 

of GAGs (about 1 mg/mL) was employed. The elution time for the different GAGs was 

recorded. 

4.4.4 Activated Partial Thromboplastin Time Assay 

The effect of Enoxaparin and ODSE on clotting was determined in a standard one-stage 

recalcification assay with a BBL Fibrosystem fibrometer (BectonDickinson, Sparles, MD), as 

described previously.133 10 μL of enoxaparin or ODSE was mixed with 90 μL of citrated human 

plasma and 100 μL of prewarmed APTT reagent (0.2% ellagic acid). After an incubation period 

of 4 min at 37 °C, clotting was initiated by adding 100 μL of prewarmed 25 mM CaCl2 and time 

to clot noted. The times to clot were noted and compared to that obtained in the absence of each 

of the agents (10 μL of water), determined in similar fashion.  
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4.4.5 Direct Enzyme Inhibition Studies Using Chromogenic Substrate Hydrolysis Assay 

The determination of direct HNE inhibition by the GAGs was done using a chromogenic 

substrate hydrolysis assay employing a microplate reader (FlexStation III, Molecular Devices) as 

previously described. 133The buffer utilized in this assay was a pH 7.4, 125 mM Hepes buffer 

containing 0.125 M Triton-X100. 2 μM of HNE was prepared by diluting a 340 μM stock of the 

enzyme in the assay buffer. A 25 mM concentration of the chromogenic substrate (N-succinyl-

Ala-Ala-Val p-nitroanilide) was prepared in DMSO. Appropriate solutions of GAG in water were 

prepared and serially diluted.  

Briefly, 88 μL of the buffer was added to the wells and 4 μL of NE (80 nM final 

concentration) was added. 5 μL of GAG solution (or water) was added and an incubation period 

of 10 minutes was allowed. After the incubation, 3 μL of elastase substrate was rapidly added, 

followed by mixing and the residual NE activity was measured from the initial rate of increase in 

absorbance at 405 nm. Relative residual NE activity at each concentration of the GAGs was 

calculated from the ratio of NE activity in the presence and absence of GAGs. The dose 

dependence of residual protease activity was fitted using logistic equation 1 to obtain the potency 

(IC50), Hill slope (HS) and efficacy (ΔY) of inhibition.  

𝑌 = 𝑌0 +  
𝑌𝑀 −  𝑌0

1 + 10(log [Inhibitor]0−logIC50)(HS)
       (1) 

In this equation, Y is the ratio of residual HNE activity in the presence of inhibitor to that in its 

absence (fractional residual activity), YM and Y0 are the maximum and minimum possible values 

of the fractional residual proteinase activity respectively, IC50 is the concentration of the inhibitor 

that results in 50% inhibition of enzyme activity and HS is the Hill slope.  
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4.4.6 Michaelis-Menten kinetics Study of GAG inhibition of HNE 

The initial rate of substrate hydrolysis by 80 nM NE was monitored from the linear. 

Increase in absorbance at 405 nm corresponding to less than 10% consumption of the 

chromogenic substrate, as earlier described.133 The initial rate was measured as a function of 

various concentrations of the substrate (0.85 – 3 mM) in the absence and presence of fixed 

concentrations of selected GAGs following a 10-minute incubation in a 125 mM HEPEs buffer 

containing 0.125 M of triton-X. GAG concentrations ranged from 0-25 nM for UFH, 0-20 nM 

for ODSH, 0-400 nM for  heparin derived octasaccharide and 1000-100000 nM for sucrose 

octasulfate. The data were fitted by the Michaelis-Menten equation 2 to determine KM,app and 

VMAX.  

𝑉𝐼 =  
𝑉𝑀𝐴𝑋[𝑆]

𝐾𝑀 + [𝑆]
     (2) 

The procedure was repeated for selected GAGs in 20 mM Tris buffer pH 7.4 containing, 2.5 mM 

CaCl2, 0.1% PEG 8000 and 0.025% Tween 20 containing different amounts of NaCl. 

4.4.7 Binding Affinity of GAGs for HNE  

The thermodynamic binding affinity of GAGs to HNE was studied using fluorescence 

spectroscopy. The change in the fluorescence emission of  fluoresceinamine isothiocyanate 

labeled NE as a function of GAG concentration  was measured in 125 mM HEPES buffer 

containing 0.125M Triton X . Solutions of GAGs were titrated into a 200 µL solution of the 

labelled NE and the change in fluorescence at 520 nm ((λEX = 490 nm) monitored. The 

excitation and emission slit widths were set to 1.0 mm. The data was fitted to the sigmoidal 

curve (Hill 3 Parameter) to obtain the KD and the Hill slope. ΔF represents the change in 

fluorescence of the labeled HNE.  
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∆𝐹

𝐹𝑂
= ∆𝐹𝑚𝑎𝑥 ×

[𝑂𝐷𝑆𝐻]𝑛

(𝐾𝐷,𝑎𝑝𝑝)𝑛 + [𝑂𝐷𝑆𝐻]𝑛
   (3) 

4.4.8 Computational Study of GAG-HNE interaction 

The crystal structure of NE was obtained from the RCSB Protein Data Bank (PDB ID: 1HNE; 

1.84 Å resolution),314 and prepared for modeling with SYBYL-X, v2.1 (Certara,St. Louis, MO) 

as follows. Water molecules were removed and protonation states of amino acids were adjusted 

to physiological states. Hydrogen atoms were then added, followed by Powell minimization. 

Potential sites of GAG binding were identified by analyzing the electrostatic potential of the 

protein (Figure. 54A), which resulted in four different sites, centered on residues Arg75, Arg87, 

Arg178 and Arg187 respectively. A radius of 16 Å around the identified Arg residues was 

defined as the binding site for molecular docking. To identify the site with highest GAG binding 

potential, a small library of GAG sequences were docked using GOLD v5.2 (Cambridge 

Crystallographic Data Centre, Cambridge, UK)315 and the site that had the highest 

GOLDSCORE and specificity of binding from multiple docking runs was selected for further 

study. The coordinates for GAG sequences was taken from the CVLS library previously 

generated in our lab.102 which incuded 3,456 GAG hexasaccharide sequences with 3-O-

desulfation in the library, including both reducing and non-reducing end combinations. 

Molecular docking of each GAG sequence at the predicted binding site was performed with 

GOLD v5.2 by using a previously described dual filter strategy. 102 Best sequences were 

identified as those with the highest GOLDScore and the lowest root-mean-square deviation 

between top six solutions derived from a triplicate docking run.  
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4.5 Conclusion 

The inhibition of HNE has great therapeutic potential in the management and treatment 

of inflammatory conditions. Thus, the lack of clinical anti-HNE agents requires great attention.  

Using the APTT assay we showed that the 2-O,3-O desulfated species of 

glycosaminoglycans were devoid of anti-coagulant properties. Also, the lack of a difference 

between HNE inhibitory potencies of GAGs and their respective 2-O,3-O desulfated analogs 

indicates that 2 and 3 position sulfates are not crucial for HNE inhibition. The heparin 

hexasaccharide was five-fold more potent than the pentasaccharide, which confirms the 

dependence of HNE inhibitory activity on GAG chain length. The octasaccharide was 7-fold 

more potent than the hexasaccharide; however, the potencies of the deca- and dodeca- saccharide 

were not significantly different from the octasaccharide. These results suggest that the 

octasaccharide is the ideal GAG chain length for HNE inhibition. The inhibitory potencies of the 

two hexasaccharides also show that a higher degree of iduronic acid residues results in better 

HNE inhibitory potency.  

Furthermore, the results indicate that long and short chain species utilize a non-

competitive allosteric mechanism for inhibition of HNE activity, in which ionic interactions 

contribute significantly. Molecular modeling studies have helped to identify putative GAG 

binding sites on HNE and results suggest that an electropositive domain comprising Arg75, 

Arg87, Arg178 and Arg187 residues is the putative GAG binding.  Additionally, we have 

identified GAG hexasaccharide sequences with potential selectivity for HNE inhibitory activity. 

This work demonstrates that the heparin octasaccharide is the ideal chain length for HNE 

inhibition and provides a structural foundation for the development of distinct chemically-

defined heparin oligosaccharides that selectively inhibit HNE. 
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5 SIGNIFICANCE AND FUTURE WORK 

5.1 Sulfated Benzofuran Thrombin Inhibitors with Submaximal Protease Inhibition  

Though direct thrombin and FXa inhibitors have lower risk of side effects compared to 

earlier agents, prolonged bleeding is still a side effect observed among some patients. In this vein 

agents that do not completely inhibit protease activity, but maintain a basal level of enzymatic 

activity, will be advantageous.  

Our work has demonstrated the viability of such an approach in regard to the inhibition of 

thrombin. We have developed agents that demonstrate submaximal thrombin cleavage of both a 

chromogenic substrate and a macromolecular substrate. This is the first report of an agent that 

results in partial inhibition of a monomeric protease for the cleavage of a macromolecular 

substrate, and provides evidence that this is a feasible strategy towards the development of the 

ideal anticoagulant with a significantly reduced side effect profile. The work further emphasizs 

the advantage of targeting allosteric sites versus orthosteric sites. Work is on-going to study the 

effects of these agents in whole blood, which will be followed by in vivo studies using mice.  

5.2 Sulfated Diflavonoids as Potential Anti-Fibrinolytic Agents   

Targeting plasmin with inhibitors has potential therapeutic benefit in a number of 

conditions including hemophilia, cancer and inflammation. The lack of clinical plasmin 

inhibitors stems from the difficulty in reaching a balance between selectivity and potency.  

This work demonstrates the benefit of allostery as a strategy for the development of 

target-selective compounds. Not only did sulfation improve the potency, it also markedly 
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increased selectivity for plasmin over other serine proteases. The ability to prevent clot lysis by 

plasmin also demonstrates the potential anti-fibrinolytic characteristics of these agents. Also, the 

ability of protamine sulfate to totally reverse anti-plasmin activity is an added advantage 

possessed by these agents. Future work will be focused on testing these agents on in vivo models 

to assess their potential. 

5.3 GAG Oligosaccharides Targeting HNE 

HNE has been implicated in disease conditions where inflammation plays a role and thus 

HNE inhibitors will be of benefit. There are, however, no HNE inhibitors in clincal use, an issue 

that requires addressing. 

This work reveals certain fine details of the GAG-HNE interaction. The results indicate 

that particular GAG sequences will have selectivity for HNE over other serine proteases, and 

thus be devoid of side effects associated with GAGs. The results show that an octasaccharide 

may be minimally needed for potent anti-HNE activity. Also, the results confirm that N and 6-O 

sulfates are most important for HNE inhibition by GAGs. Additonally, it shows that iduronic 

acid is a preferred sugar unit for HNE inbibitory potential. Currently, X-ray crystallography is 

ongoing to obtain a co-crystal of HNE bound to GAGs to aid in drug discovery efforts.  
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APPENDIX 

1) UV/Vis spectra of 2c in assay buffer
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2) UV/Vis spectra of 2i in assay buffer 
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3) Spectral Profiles for SBDs and SBMs  
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830.6516
978.5909

932.2627

[(M-2Na)/2]- 

DMSO-

d6 

H2O 

DMSO-

d6 
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4) Spectral profiles of sulfated diflavonoids 

 

m/z
400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

05132016_QD1_6 22 (0.378) Scan ES- 
2.41e7484.5807

357.7563

362.5651

389.2737

412.2464

423.6193

452.2472

485.0681

738.2780

485.2956

485.3606

485.4581

531.8968

595.2375

739.0256

739.3506

[M-3Na]3- 
[M-4Na]4- 

[M-2Na]2- 
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m/z

350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350

%

0

100

QD4_4_1 15 (0.258) Scan ES- 
8.39e6376.7965

351.1931

509.9283

377.1215

377.2839

377.4139

414.4560 475.7416

475.5792

510.6107

776.6650
511.0332

557.5056

[M-3Na]3- 

[M-4Na]4- 

[M-2Na]2- 
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m/z

300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

11162015QD3_1 25 (0.429) Scan ES- 
9.28e7493.4522

364.3521

344.3700

338.4242

459.4937

364.8395

364.9695

751.7020

494.0372

494.3622

516.1353 751.2794

700.6070

516.7203

752.2870

752.4821

752.9696

1010.4149

[M-3Na]3- 
[M-4Na]4- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

11162015QD5_2 2 (0.034) Scan ES- 
6.75e7484.0932

357.3339

337.3520

258.4699

331.8611

483.6058

450.1025

357.8538

388.8513

737.6929

506.6786

737.2054
531.3443

736.9128

532.0267

738.1805

738.7656

771.5943

[M-3Na]3- 

[M-4Na]4- 
[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

QD2_3 30 (0.516) Scan ES- 
5.77e7358.0487

484.8731

358.4387

390.0860

485.4256

738.7981

[M-3Na]3- 
[M-4Na]4- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

05122016_APD4_1 20 (0.343) Scan ES- 
2.52e7301.0611

464.0431

373.0275

301.6459

301.7759

302.0033

371.8252

424.1392
503.0388

504.1438

543.0762

543.9861

1007.0991

[M-3Na]3- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

05122016_APD1 2 (0.034) Scan ES- 
2.72e7306.5193

471.1272

420.1099

307.2990

369.1934

471.8421

472.1996

[M-3Na]3- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

05132016_APD2_2 10 (0.172) Scan ES- 
6.37e7227.7384

311.2627

478.2439

311.5876

311.7500

311.8800

312.0424
427.2912

312.1724

479.1862

[M-3Na]3- 

[M-4Na]4- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

05122016_APD3_1 20 (0.343) Scan ES- 
4.46e7310.5154

477.1390

310.9378

426.1214

311.1002

311.3926

321.1395

477.9189

478.2763

977.2901

[M-3Na]3- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

05122016_APD5_1 4 (0.069) Scan ES- 
1.47e7273.8362

502.2589

462.1908

371.1429

274.2260

290.0800

422.2545

502.8114

502.9414

503.1039

503.3313
925.3119

1027.2537

[M-3Na]3- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

11162015APD8_3 3 (0.052) Scan ES- 
1.61e8352.2003

258.4049

318.2154

539.7614

353.1101

488.7402

540.5088

[M-3Na]3- 

[M-4Na]4- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

%

0

100

10202015APD7SO4 1 (0.017) Scan ES- 
8.06e7336.1568

515.8131
336.8315

464.7086337.2439

371.8444
516.3005

[M-3Na]3- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

03312016_APD9SO4 5 (0.086) Scan ES- 
2.59e7327.2948

327.4928

328.0206

502.2365

397.3727

328.6144 451.2880

502.4345

502.7645

502.9625

[M-3Na]3- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

10082015APD6FINAL_1 3 (0.052) Scan ES- 
7.58e7327.6100

502.3524

397.2993

328.0224

358.3488

501.8275

451.2862

503.1023
1027.9930

1027.5428

677.6190
607.6812

503.5147 1028.5557

1028.8932

[M-3Na]3- 

[M-2Na]2- 
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m/z
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

%

0

100

03312016_AP-PXYL_QSO4 3 (0.052) Scan ES- 
4.26e7298.7569

299.2118

405.8503

405.7203

299.4717

299.7316

310.5832

406.1753

492.0297
620.4034

[M-3Na]3- 

[M-4Na]4- 

[M-2Na]2- 
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5) UPLC profiles of Sulfated diflavonoids 

 

 

 

 

  

DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1

6.0e-1

6.5e-1

7.0e-1

7.5e-1

8.0e-1

8.5e-1

9.0e-1

9.5e-1

1.0

1.05

1.1

1.15

DA_SFD_2 Sm (Mn, 5x5) Diode Array 
326

Range: 5.127e-1
Area

3.71
264.5
21855

DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1

6.0e-1

6.5e-1

7.0e-1

7.5e-1

8.0e-1

8.5e-1

9.0e-1

9.5e-1

1.0

1.05

1.1

1.15

DA_SFD_3 Sm (Mn, 5x5) Diode Array 
326

Range: 5.008e-1
Area

3.76
261.5
29317

DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1

6.0e-1

6.5e-1

7.0e-1

7.5e-1

DA_SFD_4 Sm (Mn, 5x5) Diode Array 
326

Range: 2.764e-1
Area

3.77
264.5
14087

23a 

23b 

23c 
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DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1

6.0e-1

6.5e-1

7.0e-1

7.5e-1

8.0e-1

8.5e-1

DA_SFD_5 Sm (Mn, 5x5) Diode Array 
327.45

Range: 3.4e-1
Area

3.72
264.5
41620

DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

1.0e-1

2.0e-1

3.0e-1

4.0e-1

5.0e-1

6.0e-1

7.0e-1

8.0e-1

9.0e-1

1.0

1.1

1.2

1.3

1.4

DA_SFD_6 Sm (Mn, 5x5) Diode Array 
326

Range: 6.36e-1
Area

3.66
264.5
40225

DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

1.0e-1

2.0e-1

3.0e-1

4.0e-1

5.0e-1

6.0e-1

7.0e-1

8.0e-1

9.0e-1

1.0

1.1

1.2

1.3

1.4

1.5

DA_SFD_8 Sm (Mn, 5x5) Diode Array 
326

Range: 5.912e-1
Area

3.19
265.5
40675

23d 

23e 

23g 
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DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

2.0e-1

4.0e-1

6.0e-1

8.0e-1

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

DA_SFD_9 Sm (Mn, 5x5) Diode Array 
326

Range: 1.354
Area

3.16
266.5
83323

DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

2.0e-1

4.0e-1

6.0e-1

8.0e-1

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

DA_SFD_10 Sm (Mn, 5x5) Diode Array 
326

Range: 1.281
Area

3.25
265.5
69602

DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

2.0e-1

4.0e-1

6.0e-1

8.0e-1

1.0

1.2

1.4

1.6

1.8

2.0

2.2

DA_SFD_11 Sm (Mn, 5x5) Diode Array 
326

Range: 9.819e-1
Area

2.79
265.5
21656

23h 

23i 

23j 
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DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

2.0e-1

4.0e-1

6.0e-1

8.0e-1

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

DA_SFD_12 Sm (Mn, 5x5) Diode Array 
326

Range: 9.905e-1
Area

3.55
260.5
56798

DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

2.0e-1

4.0e-1

6.0e-1

8.0e-1

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

DA_SFD_13 Sm (Mn, 5x5) Diode Array 
326

Range: 1.397
Area

2.87
266.5
31577

DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

2.0e-1

4.0e-1

6.0e-1

8.0e-1

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

DA_SFD_14 Sm (Mn, 5x5) Diode Array 
326

Range: 1.917
Area

3.36
260.5

121229

23k 

23l 

23m 
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DANIEL SAMPLE 0

Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

AU

0.0

2.0e-1

4.0e-1

6.0e-1

8.0e-1

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

DA_SFD_15 Sm (Mn, 5x5) Diode Array 
326

Range: 1.606
Area

2.78
260.5
34207

23n 
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6) NMR of Enoxaparin and 2-O,3-O-desulfated Enoxaparin (ODSE) 
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