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Abstract 
The majority of antiviral drug development has focused on virus-specific discovery targeting 

discrete steps in the individual life cycles. Although great strides have been made for a number of clinically 
relevant diseases such as human immunodeficiency virus, influenza virus, and hepatitis B, broad spectrum 
antivirals do not exist. Broad spectrum antivirals would offer (1) treatment for viruses without specifically-
targeted antivirals, (2) treatment for viruses which have developed resistance to their available 
treatments, and (3) a rapidly deployable treatment option in viral epidemics. Many viruses including 
human cytomegalovirus (HCMV), HIV, and SARS-CoV-2. rely on heparan sulfate (HS), a highly sulfated 
glycosaminoglycan (GAG), to attach and infect cells. Inhibition of the HS-viral interaction therefore has 
the potential to be of broad-spectrum utility. Substitution-inert polynuclear platinum complexes (PPCs) 
are known to have both DNA and HS affinity; PPCs metalloshield, or mask, HS to impede a myriad of HS 
functions including cancer metastasis. In this work, we demonstrate that high-GAG affinity PPCs act as 
broad-spectrum antivirals by inhibiting virion attachment via HS.  In extending this concept to charged 
coordination complexes (CCCs) in general, the Co-containing Werner’s complex (WC), maintains DNA and 
HS affinity and displays antiviral activity. The mechanism of action is not as well-defined as the PPC family 
and may reflect a hitherto unappreciated relationship between structure, DNA and HS affinity, and 
biological activity. In summary, this work outlines an extension of glycobiology and medicinal inorganic 
chemistry in developing broad-spectrum antivirals. 
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CHAPTER 1: INTRODUCTION 
1.1 Impact of viral disease  

Broad spectrum antibiotics revolutionized modern medical care. In combatting viral infection, 
great strides have been made using a “one-bug-one-drug” strategy; effective specifically-targeted 
antivirals have been developed for a number of clinically relevant diseases such as human 
immunodeficiency virus (HIV), influenza virus, and hepatitis C virus (HCV) but overall, this strategy offers 
a small spectrum of coverage and a high cost of drug development.1 The number and efficacy of broad 
spectrum antivirals (compounds which inhibit viruses from two or more families) is limited.2  Antiviral 
resistance is a growing problem as seen in several clinically relevant viruses;  drug resistance management 
must include drug delivery optimization, the selection of new antiviral therapies based on mechanisms of 
resistance, and new antiviral development.3,4 Broad spectrum antivirals would offer (1) treatment for 
viruses without specifically-targeted antivirals and (2) treatment for viruses which have developed 
resistance to their specifically-targeted treatments. Additionally, broad spectrum antivirals would offer a 
rapidly deployable treatment option in viral epidemics. Viral outbreaks such as the 2003 SARS-CoV-1, 2009 
H1N1 influenza, and 2013-2015 Ebola cost the global economy billions of US dollars.5 Enterovirus D68 
(EV68) and Dengue fever virus (DENV) have also seen severe outbreaks. As of April 1, 2022, the COVID-19 
pandemic (caused by SARS-CoV-2) has infected over 484 million people and caused 6.1 million deaths 
worldwide. These outbreaks and pandemics emphasize the need for broad-spectrum antivirals.  

1.2 Viral replication cycle  
Viruses are distinct biological entities; they are infectious, obligate intracellular parasites. Their 

replication cycle follows six steps: adsorption or attachment, entry or penetration, uncoating, genome 
replication, protein synthesis, virion assembly, and release (Figure 1.1).  
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Figure 1.1: Viral replication cycle. Virus replication relies on host cells and occurs in six steps: adsorption or attachment, 
penetration or entry, uncoating, genome and protein synthesis, virion assembly, and release of virions from the host cells. 
Reproduced from virology.ws. 

Virion attachment is an interaction between a receptor on the cell surface and a viral glycoprotein 
or capsid protein. It is generally a non-specific interaction which brings a virion in proximity to its specific 
cellular receptor, attachment is detailed below. Viral penetration or entry generally depends on whether 
a virus is enveloped or not. Enveloped viruses enter cells via membrane fusion either with the plasma or 
an endosomal membrane. In the former, the viral envelope fuses with the cellular plasma membrane and 
the capsid is released into the cytoplasm. This process is mediated by viral fusion proteins, which have a 
ligand-triggered conformation change to drive membrane fusion.6 In the latter, enveloped viruses enter 
the cell through endocytosis, in which virions attached to the cell surface are engulfed by the cell and the 
viral envelope fuses with the endosomal membrane. 7 Naked virus cell entry remains poorly understood; 
either the entire naked virion must cross the plasma membrane or it must undergo conformational 
changes in order to transfer its genome through the plasma membrane.8 After entering the cell, the virion 
must be uncoated, i.e., the capsid must be removed, before viral gene expression or genome replication 
may begin. Viral uncoating strategies are very diverse, multistep processes dependent on genome type 
and envelope presence/absence.9 

Following viral attachment, penetration, and uncoating, the genetic material of the virus directs 
viral replication, or the production of viral proteins and genomes. Although viruses are classified in 
families, they are also grouped by genome type in a system devised by David Baltimore (Figure 1.2). 
Cellular genes are encoded in dsDNA, which are transcribed into mRNA, then further translated into 
peptides; thus, the flow of information is unidirectional from DNA to RNA to proteins. All viruses must use 
mRNA to produce proteins but no virus encodes all of the necessary machinery to do so; viruses rely on 
the translational machinery of the cell. mRNA is defined as a positive sense (+) strand because it is the 
template for protein synthesis. A strand of DNA of the equivalent sequence is also called the (+) strand. 
RNA and DNA strands that are complementary to the (+) strand are, of course, called negative (-) strands. 
Viruses may have double stranded (ds) DNA (I), (+) single stranded (ss) DNA (II), dsRNA (III), (+) RNA (IV), 
(-) ssRNA (V), (+) ssRNA (VI, or a retrovirus) or a combination of (-) and (+) ssRNA (Figure 1.2). Replication 
begins with the generation of mRNA through various routes, dependent on viral genome type. For 
example, HIV utilizes viral reverse transcriptase to transcribe its (+) ssRNA into (-) ssDNA, which is 
translated and replicated by cellular enzymes into dsDNA, and ultimately transcribed to mRNA. Despite 
the pathway, viral mRNA generation allows de novo viral protein and genome synthesis.10 
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Figure 1.2: The Baltimore scheme. Reproduced from virology.ws.  

Virion assembly follows the synthesis of all of the ‘building blocks,’ i.e. viral capsid proteins, 
accessory proteins, envelope proteins, and viral genomes. It is a genetically programmed, dynamic process 
which varies widely from virus to virus. However, there are three main strategies: (a) self-assembly, (2) 
scaffolding protein-assisted assembly, and (3) viral genome-assisted assembly.  Regardless of method, 
capsid assembly is followed by virion release, which, like other parts of the viral replication cycle, varies 
by virus. There are two methods of virion release: lysis or budding. Cell lysis results in the death of the 
infected cell. However, enveloped viruses usually exit the cell by budding, by which they gain a viral 
phospholipid envelope.  

1.3 Traditional antiviral targets and their limitations  
Before the turn of the century, there were only ten FDA-approved antivirals. Since then, increased 

research and understanding of the viral replication cycle has led to a number of new antivirals.11 Roughly 
90 antivirals are currently licensed to treat nine viral infections. Twelve antiviral strategies are employed: 
5-substituted 2’-deoxyuridines, nucleoside analogs, pyrophosphate analogs, nucleoside reverse 
transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease 
inhibitors, integrase inhibitors, entry inhibitors, acyclic guanosine analogs, acyclic nucleoside 
phosphonate analogs, HCV NS5A/NS5B polymerase inhibitors, and influenza virus inhibitors (Figure 1.3). 

There are three approved 5-substituted 2’-deoxyuridine analogs: idoxuridine, trifluridine, and 
brivudine. Idoxuridine and trifluridine must be phosphorylated by cellular kinases to their active forms, 
which inhibit viral and cellular DNA synthesis, while brivudine is specifically phosphorylated by thymidine 
kinases of herpes simplex virus (HSV) 1 and VZV, and inhibits viral DNA polymerase.12–14 While idoxuridine 
and trifluridine have high toxicity, brivudine has a more favorable safety profile.  

Nucleoside analogs, including vidarabine, entecavir, and telbivudine, target viral DNA polymerase. 
Although vidarabine has high potency against HSV and VZV, it was discontinued because it is barely soluble 
and rapidly deaminated by adenosine deaminases.15 Entecavir, approved to treat HBV infections, showed 
a low rate of resistance but also had modest activity against HIV, thus it has generally not been used to 
overcome HIV resistance mutations.16,17 Telbivudine has better suppression of HBV DNA replication with 
less frequent resistance than lamivudine.18–20 Due to their low barrier to resistance, telbivudine, 
lamivudine, and adefovir dipivoxil are not recommended.21 Orally administered nucleoside analogs with 
good safety, easy use, and low drug resistance rates are preferred HBV treatments, but high cost limits 
their use; lamivudine remains first line therapy despite its high rate of resistance.22  
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Foscarnet (trisodium phosphonoformate) is the only approved pyrophosphate analog.23 Unlike 
classic antivirals, foscarnet does not need to be phosphorylated before binding to viral DNA polymerase.24 
However, foscarnet is a broad-spectrum antiviral against DNA viruses (HSV-1, HSV-2, VZV, human 
cytomegalovirus (HCMV), Epstein-Barr virus (EBV), and HBV), but not RNA viruses, except retroviruses 
(HIV).25 Yet, foscarnet is exclusively used to treat HCMV or HSV infections which have become resistant to 
nucleoside analogs; this is likely due to its high level of toxicity in the long term.26  

Azidothymidine (AZT) was the first approved NRTI in 1985; it targets HIV reverse transcriptase and 
was later approved to treat HBV as well as HIV. NRTIs, also called 2’3’-dideoxynucleoside analogs, are 
phosphorylated to the 5’-TP then act as DNA chain terminators.27,28 They cannot be administered as a 
monotherapy because of their low barrier to resistance.29 However, they are regularly administered as a 
part of highly active antiretroviral therapy, designed to target multiple stages of the HIV replication 
cycle.30,31 Most side effects, such as peripheral neuropathy or leukopenia, are reversible.32  
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Figure 1.3: Mechanisms of drug actions during the viral life cycle, reproduced from de Clercq 2016.21 

There are five approved NNRTIs: nevirapine, delavirdine, efavirenz, etravirine, and rilpivirine. 
Unlike NRTIs, NNRTIs do not need metabolic processing; they bind an allosteric site of HIV-1 RT and cause 
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a conformational change to impair the catalytic site.33–36 NNRTIs only treat HIV-1 as structural differences 
in HIV-2 render it naturally resistant.37 NNRTIs are common first line agents but resistance and toxicity 
(central nervous system toxicity and elevated liver enzymatic levels) still occur.29,32  

Twelve HIV protease inhibitors and seven HCV NS3/4A protease inhibitors are approved.21 Some 
viruses, like HIV and HCV, synthesize one large polyprotein from a single gene then cleave it into multiple 
functional proteins. By targeting a virus’s protease and thus inhibiting this cleavage, the virus replication 
cycle is inhibited. Nine of the ten HIV protease inhibitors are peptidomimetics with an uncleavable 
hydroxyethylene bond in place of a natural peptide bond; the exception, tipranavir, is built on a coumarin 
scaffold.38 Each HIV protease is a competitive inhibitor, they are widely used in HAART but do have side 
effects as well as resistance mutations.29,39,40 While HIV has an aspartic protease and HCV has a serine 
protease, HCV protease inhibitors are similar to HIV protease inhibitors. All seven HCV protease inhibitors 
are used to treat HCV genotype 1, the most common genotype.41 Although simeprevir has better response 
rates and drug interaction profiles than telaprevir and boceprevir, its expense remains a barrier.21 

HIV integrase inserts viral DNA into the host cell genome in a multistep process; the essential and 
targeted step is the strand transfer reaction, which covalently links the viral DNA 3’ end to the cellular 
DNA.42 The Diketo acids target the catalytic site of HIV integrase and inhibit this transfer; they led to the 
development of raltegravir. Other integrase inhibitors, elviregravir and dolutegravir, are based on 4-
quinolone-3-carboxylic acids.43 Integrase inhibitors are superior to NRTIs, NNRTIs, and protease inhibitors 
as first line therapies despite the resistance to all three integrase inhibitors.29,44  

The seven approved entry inhibitors share very little in common structurally. Enfuvirtide is a 
polypeptide inhibitor of HIV-1, homologous to the heptad repeat region of HIV-1 GP41.45 However, 
enfuvirtide has largely become obsolete due to its high cost, subcutaneous administration, and the large 
number of orally bioavailable HIV drugs.21 Maraviroc is a chemokine receptor antagonist, targeting CCR5 
on the surface of CD4 cells and macrophages.46 R5-viruses primarily use CCR5 for viral entry while R4-
viruses use CXCR4 in later stages of disease progression;47 as a result, maraviroc is a valuable treatment 
option for R5-viruses but not R4-viruses.21,48 Respiratory syncytial virus (RSV) immune globulin-
intravenous (RSV-IGIV) is sterile human immunoglobulin isolated from adult plasma with high titer of 
neurtalising antibodies to RSV.49 Although effective in decreasing the number of hospitalizations and 
length of hospital stays, the high cost and strict guidelines severely limit RSV-IGIV’s use.21 Palivizumab is a 
humanized mouse immunoglobulin monoclonal antibody which inhibits the A antigenic site of RSV fusion 
protein.50 Palivizumab prophylaxis is effective in infants but the high cost inhibits regular use. VZV 
immunoglobulin (VZIG) was extracted from the blood of patients with VZV infections; it decreases the risk 
of complications and clinical illness in immunocompromised patients but was discontinued when VariZIG 
was approved by the US Food and Drug Administration (FDA) in 2012. VariZIG is detergent-treated, sterile, 
lyophilized immunoglobulin isolated from human plasma. It offers a postexposure prophylactic option for 
immunocompromised patients or those unable to be vaccinated for VZV.21 Finally, docosanol is a 22-
carbon, saturated, primary alcohol which inhibits lipid enveloped viruses, including HSV, RSV, HCMV, and 
VZV in vitro.51 Although its mechanism of action is still debated, it is used clinically as a topical cream to 
reduce the healing time and duration of symptoms for HSV-1 or HSV-2 infection.52  

Six approved acyclic guanosine analogs target viral DNA polymerase: acyclovir, ganciclovir, and 
penciclovir, and their prodrug counterparts valganciclovir, valacyclovir, and famciclovir. Acyclovir, 
ganciclovir, and penciclovir are phosphorylated first by viral kinases (monophosphorylation), then by host 
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kinases (di and triphosphorylation), and then compete with natural dGTP. This sequence provides a major 
component of specificity and safety as the active triphorphorylated forms are not efficiently produced in 
uninfected cells where viral kinases are absent.53–55 Acyclovir is the standard of care of HSV infections and 
famciclovir is widely used for HSV and VZV; resistance mutations are still a concern for all acyclic guanosine 
analogs.21 

The ten approved acyclic nucleoside phosphonate (ANP) analogs target viral DNA polymerase and 
are based on hybridization of (S)-DHPA and phosphonacetic acid, resulting in (S)-HPMPA. (S)-DHPA is the 
first reported broad-spectrum antiviral and is considered a prototype for ANP analogs.56–59 ANP analogs 
inhibit DNA synthesis by terminating the DNA chain due to their phosphonate linkage in place of the 
natural phosphate linkage. Although ANP analogs require phosphorylation to diphosphates by cellular 
enzymes, limiting their specificity, they are specifically taken up by lymphocytes, reducing their dose 10-
fold and significantly reducing toxicity.60,61  

Direct acting antivirals for HCV fall into four categories: (1) NS3/4A protease inhibitors, (2) NS5A 
protein inhibitors, (3) NS5B polymerase inhibitors (either nucleoside or nucleotide), and (4) non-
nucleoside NS5B polymerase inhibitors. The four approved HCV NS5A inhibitors bind specifically to the 
HCV nonstructural protein NS5A, though the exact mechanism of action is unknown.62–64 Two non-
nucleoside NS5B inhibitors function by targeting the allosteric sites of NS5B polymerase.65,66 Nucleoside 
NS5B inhibitors use is largely discontinued due to toxicity. 

Influenza inhibitors fall into three categories: matrix 2 (M2) inhibitors, neuraminidase (NA) 
inhibitors, and polymerase inhibitors. Amantadine and rimantadine block H+ ion transport through M2 
proton channels, inhibiting viral uncoating in endosomes.67,68 Due to widespread resistance, amantadine 
was abandoned.69 Four NA inhibitors prevent viral release from the cell.70 Ribavirin is a nucleoside analog 
with broad-spectrum antiviral activity against RNA viruses (HCV, RSV, and influenza); it inhibits IMP 
dehyrodenase, impeding de novo synthesis of GTP.71,72 Favipiravir is converted intracellularly to its active 
triphosphate form; it is a broad-spectrum antiviral against RNA viruses.73–76  

Letermovir, the only antiviral targeting viral DNA packaging, is a 3,4-dihydro-quinazoline-4-yl-
acetic acid derivative.77 It is only active against HCMV; Letermovir does not inhibit other human 
herpesviruses or even rhesus, mouse, or guinea pig CMV (RhCMV, MCMV, or GPCMV). It was approved in 
2018 for treatment of HCMV but resistance mutations have since been reported.78  

Due to virus genetic diversity and their reliance on cell machinery, there are few antiviral targets 
specific to viruses that will not interfere with normal cell function. The vast majority of antiviral targets 
are viral proteins and only work intercellularly (Figure 1.3).79 Currently, approved antivirals only treat nine 
viruses, and unfortunately, targeting very few antiviral proteins has resulted in significant antiviral 
resistance.3,4 There is an urgent need for new antivirals and new targeting strategies. 

1.4 Viral attachment and entry  
Many pathogens, including bacteria, viruses, and parasites, rely on glycosaminoglycans (GAGs) in 

some way. GAGs are linear, negatively charged polysaccharides with repeating disaccharide units of uronic 
acid (D-glucuronic acid or L-iduronic acid) and amino sugar (D-glucosamine) residues. Unlike other 
biopolymers (i.e., DNA, proteins), GAGs are not directly encoded by the genome. The sulfation of each 
monosaccharide, type of monosaccharides in the disaccharide unit, and the geometry of the glycosidic 
bond within and between disaccharides units differentiate GAGs.80 GAGs’ structural variety leads to a 
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large diversity of biological roles. Hyaluronic acid, a non-sulfated GAG, has roles in wound healing, cancer 
progression, and lubricating joints.80 The sulfation patterns of keratan sulfate determine molecular 
recognition and cell behavior in essential organs such as the cornea of the eye and central and peripheral 
nervous system.81 More broadly, GAGs play essential roles in cell adhesion, growth, differentiation, and 
signaling, and are implicated in a variety of diseases.  

GAGs are ubiquitous across tissue type and are particularly abundant in the extracellular matrix 
(ECM). Although the human body offers an impressive array of mechanical and physical barriers, once a 
pathogen has access to the ECM, GAGs, and in particular heparan sulfate (HS) and sialic acid (SA), offer an 
easy way to attach to cells. The large surface area of the lungs provides ample space area for pathogens 
like the gram-negative bacterium Pseudomonas aeruginosa to attach to cells through HS.82 Enteric viral 
and bacterial pathogens can survive the low pH of the stomach and utilize GAGs in the gastrointestinal 
tract to enter cells. The surface layer of skin does not allow for pathogenic attachment and infection, but 
if that initial layer is breached, the subcutaneous layer of skin is covered in GAGs which allow viral (HSV), 
bacterial (S. aureus), and parasitic (Leishmania) microorganisms to attach, enter, and infect cells.82 Many 
of these pathogens, in particular viruses, use HS for attachment (Table 1.1). Though these interactions are 
not well characterized, the HS-pathogen interaction is believed to mediate initial binding/attachment in a 
charge dependent manner.83 Some studies suggest that the viral attachment is dependent on the pattern 
and level of sulfation as well as the length of HS.84–86 Once a virus is attached to HS and in proximity to the 
cell surface, it can initiate entry with its own glycoproteins. The two processes are distinct: (i) attachment 
is mediated through the generally non-specific, charge-dependent interaction with HS and (ii) entry is 
often a pathogen-specific protein-mediated event (Figure 1.4A).  
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Virus Family Virus GAG Genome Envelope 
Adenoviridae Adenovirus type 2 and 5 

Adenovirus type 37 
HS 
SA 

dsDNA No 

Bunyaviridae Rift Valley fever virus  HS (-) ssRNA Yes 
Caliciviridae Norovirus genogroup (G) II 

Norovirus GII.3 and GII.4 
HS 
SA 

(+) ssRNA No 

Coronaviridae Human CoV-NL63 
Human CoV-229E 
SARS-CoV-1 

HS 
HS 
HS 

(+) ssRNA Yes 

Flaviviridae HCV87 
DENV 

HS 
HS 

(+) ssRNA Yes 

Filoviridae Ebola virus HS (-) ssRNA Yes 
Hepadnaviridae HBV (and delta virus) HS ds/ssDNA Yes 
Hepeviridae Hepatitis E virus HS (+) ssRNA No 
Herpesviridae HSV 1 

HSV 2 
HCMV 
VZV 
Human herpesvirus 8 

HS 
HS 
HS 
HS 
HS 

dsDNA Yes 

Orthomyxoviridae Influenza A virus 
Influenza B virus  
Influenza C virus 

SA 
SA 
SA 

(-) ssRNA No 

Papillomaviridae Human papillomavirus types 16 and 
33 

HS dsDNA Yes 

Paramyxoviridae RSV 
Hendra virus  
Nipah virus 
Parainfluenza 
Sendai virus 

HS 
HS 
HS 
HS 
SA 

(-) ssRNA Yes 

Picornaviridae Coxsackievirus A24 
Enterovirus 70 

SA 
SA 

(+) ssRNA No 

Polyomaviridae JC polyomavirus 
BK virus 
Merkel cell virus 

SA 
SA 
SA/HS 

dsDNA No 

Poxviridae Vaccinia virus HS dsDNA Yes 
Reoviridae Reovirus type 3 SA dsRNA No 
Retroviridae HIV HS (-) ssRNA Yes 
Togaviridae Sindbis virus HS (+) ssRNA Yes 

Table 1.1: GAG dependence of viruses. Recreated in part from Cagno et al 2019.83  
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Figure 1.4: Viral attachment and entry and their inhibition. (A) Viral attachment and entry are two distinct events. Attachment 
relies on non-specific interactions between the virion and HS while viral entry is the result of viral glycoproteins interacting with 
specific cellular receptors. (B) Viral attachment can be inhibited by either compounds that interact with HS, acting to shield the 
cell from the virus, or compounds that interact with viral glycoproteins, sequestering the virus from the cell. Created with 
BioRender.com 

There are two strategies to inhibit the HS-viral interaction. The first method targets the viral 
attachment glycoprotein, essentially acting as neutralizing antibodies (Figure 1.4B).88 The second method 
targets cellular HS, shielding the cell from viral attachment. Unlike most previous antiviral targets, HS is 
(1) a host target and (2) an extracellular structure. Inhibitors with viral targets are likely to develop 
resistance through the mutational modification of those viral targets. Inhibitors of host targets, like HS, 
are thus less likely to be susceptible to development resistance. Additionally, as an extracellular structure, 
HS-targeting further reduces the possibility of mutational change by the virus, as replication within the 
cell cannot occur. A review of the various approved and experimental inhibitors of the viral-HS interaction 
follows.  

1.4.1 GAG mimetics 
Heparin, a structural analog of HS, interacts with the viral particle through its glycoproteins, 

sequestering the virion, and competitively inhibiting viral attachment.83 It has broad-spectrum antiviral 
activity, inhibiting HSV, HCMV, DENV, HIV, human papillomavirus (HPV), RSV, Ebola, human 
metapneumovirus (hMPV), and many others.83 Although it is an effective attachment inhibitor, heparin is 
not an approved antiviral due to its potent anticoagulant activity. Heparin modifications and heparin 
mimetics have aimed to improve antiviral activity while minimizing anticoagulation activity.  

In 1958, Gerber et al. demonstrated anti-mumps and anti-influenza B virus activity of 
polysaccharides from marine algae and thus introduced marine algae as a source of potential antiviral 
compounds.89 In 1988, Baba et al. expanded the potential of sulfated polysaccharides, demonstrating their 
antiviral activity against enveloped HSV, HCMV, vesicular stomatitis virus (VSV), Sindbis virus, and HIV, but 
not naked adenovirus, coxsackievirus, poliovirus, and reovirus.90 These are particularly attractive as drugs 
as algal polysaccharides are readily available in nature, nontoxic, cheap, and biocompatible.91  

Carrageenans are anionic sulfated polysaccharides with broad-spectrum antiviral activity; they 
serve a similar function similar to that of cellulose in plants.92 Carrageenans are classified into three 
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groups, λ-, κ-, and ι-carrageenan, based on the existence and location of 3,6-anhydrogalactopyranose and 
sulfate groups.93 Carrageenans have demonstrated antiviral activity against HPV,94 including strains which 
lead to cervical cancer,95,96 HSV-1 and HSV-2,97–101 human rhinovirus (HRV),102 DENV,103,104 influenza,105 and 
HIV (in a cell free model).106 In each case, carrageenans inhibit an early stage of viral replication: either 
viral attachment or virion internalization. While every study identified a target, Yamada et al. noted that 
antiviral activities of carrageenans correlate with their molecular weight and sulfation, suggesting the 
importance of both size and charge.106 Carraguard, a seaweed-derived vaginal gel microbicide, was a very 
promising inhibitor of HPV and HIV in pre-clinical trials; although it was safe to use, it was ineffective in 
inhibiting the spread of HIV from males to females in phase III clinical trials.107–109  

Galactans serve as the main extracellular polysaccharides of red algae; they consist of linear chains 
of galactoses: a chain of alternating 3-β-D-galactopyranose (G units) and 4-α-D-galactopyranose residues 
or 4-3,6-anhydrogalactopyranose residues complete their structural backbone with presence of D-series 
(D unit) in carrageenans and L-series (L unit) in agarans.110,111  Galactans from various red algae have 
displayed antiviral activity against HSV-1 and HSV-2,112,113 DENV,112 HIV-1 and HIV-2,114 and hepatitis A 
virus. Across the board, galactans were not cytotoxic and consistently inhibited viral attachment and/or 
entry.  

Alginates are principal constituents in brown algae cell walls. They are linear anionic 
polysaccharides, with a backbone of poly-D-glucuronic acid (G blocks) and poly-D-mannuronic acid (M 
blocks), together with D-guluronic acid and D-mannuronic acid (GM blocks).115,116 A stand out of this group 
is a polysaccharide named 911, which has anti-HIV activity in both acute and chronic infection models in 
vitro and in vivo. Interestingly, 911 has two mechanisms of action: inhibition of HIV’s reverse transcriptase 
and inhibiting viral attachment. 911 also inhibits hepatitis B virus (HBV) via inhibition of viral DNA 
polymerase. The sulfated formes of alginate, sulfated polymannuroguluronate (SPMG), has anti-HIV 
activity via inhibition of viral attachment, preventing the interaction of gp120 and CD4 molecules.116 
Interestingly, there was a correlation between the size of SPMG oligosaccharides and antiviral activity, 
with the minimal fragment being an octasaccharide.117,118 

Fucans are high molecular weight sulfated polysaccharides found in the intercellular tissues or 
mucilaginous matrix of brown algae. Fucan structure varies between algal species but each has a central 
fucose backbone, mainly bound by  glycosidic linkages, forming branching points at every 2-3 fucose 
residues within the chain.119 A sulfated fucan from Cladosiphon okamuranus inhibited DENV-2 infection 
but did not completely inhibit three other serotypes of DENV (DENV-1, DENV-3, and DENV-4). An arginine 
in the attachment glycoprotein of DENV-2 forms an important interaction with the fucan, suggesting that 
the sulfation content of the fucan is important for its antiviral activity.110 Other sulfated fucans from 
Dictyota mertensii, Lobophora variegata, Fucus vesiculosus, and Spatoglossum schroederi inhibit HIV 
infection by inhibiting both attachment and reverse transcriptase. Queiroz et al. noted that sulfate and 
carboxyl groups were essential for antiviral activity.120 Other fucans have demonstrated antiviral activity 
against influenza, HSV-1 and HSV-2 via viral attachment.121 Fucoidans are a subclass of fucans. Their main 
skeleton consists of a-1,3-linked sulfated L-fucose, a repeating sequence of alternating a-(1-3)- with the 
possible a-(1-4)-glycosidic bonds. Fucoidans from Adenocytis utricularis,122 Undaria pinnatifida 
(Mekabu),123 Stoechospermum marginatum,124 Undaria pinnatifida,125,126 and Cystoseira indica121 have 
anti-HSV-1 and HSV-2 activity without cytotoxicity. Fucoidans have demonstrated antiviral activity against 
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HIV, HSV1-2, DENV, and HCMV127,128 as well as anti-Newcastle disease virus at the initial stages of 
infection.129 Consistent with some of the glycans above, an iso fucoidan from F. vesiculosus has anti-HIV 
activity by inhibiting both reverse transcriptase and viral attachment.119,130  

Other smaller classes of marine glycans have also shown promise as antivirals. Laminaran, linear 
glycans found in brown algae, is made of β-(1,3)-linked glucose in the central chain, with β-(1,6)-linked 
side-chain branching.93,131 Isolated Laminaran inhibits HIV by inhibiting viral attachment and reverse 
transcriptase.132 Naviculan is a high molecular weight, sulfated glycan from Navicula directa, consisting of 
galactose, xylose, rhamnose, fucose, and mannose. It has antiviral activity against HSV-1, HSV-2, and HIV 
by inhibiting viral attachment or fusion.133 A highly sulfated exopolysaccharide, p-KG03, from Gyrodinium 
impudicum strain KG03 (highly sulfated homopolysaccharide of galactose conjugated with uronic acid and 
sulfate groups) has incomplete broad spectrum antiviral activity against encephalomyocarditis virus 
(EMCV) and influenza A (but not influenza B) likely by inhibiting viral attachment or entry.134,135 Sulfated 
glycans, A1 and A2, from Cochlodinium polykrikoides, are composed of glucose, galactose, mannose, and 
uronic acid. They inhibit HIV-1, influenza A and B, and RSV A and B; additionally, A1 inhbits HSV-1 and A2 
inhibits parainfluenza virus type 2. Importantly, A1 and A2 generate only a weak inhibition of blood 
coagulation.136 Calcium Spirulan is isolated from blue-green alga, Arthrospira platensis, and is composed 
of mannose, ribose, fructose, glucose, xylose, galactose, rhamnose, galacturonic acid, glucuronic acid, 
calcium, and sulfate. It inhibits the virion entry of HSV-1, HCMV, Coxsackie virus, measles, HIV-1, polio, 
and mumps virus.137 Like A1 and A2, calcium spirulan exhibits only small anticoagulant activity.  Nostoflan, 
from blue-green alga Nostoc flagelliforme, is composed primarily of (4)-β-D-Glcp-()-D-Xylp-(1 and 4)-[β-D-
GlcAp-()-]-β-D-Glcp-()-D-Galp-(1). Nostoflan inhibits viral attachment of HSV-1 and HSV-2, and HCMV.138 

Other GAG or GAG mimetics have been isolated from bacteria. Sulfated derivatives of the K5 
capsular polysaccharide from Escherichia coli have also shown broad spectrum activity against both 
enveloped and naked viruses.139–142 Importantly, these sulfated K5 derivatives lack the toxicity and 
anticoagulant activity of heparin, which precludes heparin from being a useful antiviral.143  

GAG mimetic Viruses inhibited Reference(s) 
Heparin HSV, HCMV, DENV, HIV, HPV, RSV, Ebola, hMPV, 

and many others 

83 

polysaccharides obtained from 
marine algae, Gclidium 
cartilagenium and Chondrus 
crispus 

Mumps and influenza B virus 89 

Sulfated polysaccharides 
(dextran sulfate, pentosan 
polysulfate, fucoidan, and 
carrageenans) 

HSV, HCMV, VSV, Sindbis virus, and HIV 90 

Carrageenans HPV, HSV-1, HSV-2, HRV, DENV, influenza virus, 
and HIV 

94,95,104–106,96–103 

Carraguard (seaweed-derived 
vaginal gel microbicide) 

HPV, HIV 107–109 

Galactans HSV-1, HSV-2, DENV, HIV-1, HIV-2 and hepatitis A 
virus  

112–114 

Alginate 911 HIV, HBV  116 



13 
 

Fucans  DENV-2, HIV, HSV-1 and HSV-2 110,120,121 
Fucoidans HSV-1, HSV-2, HIV, DENV, CMV, Newcastle 

disease virus  

119,121–130  

Laminaran HIV 132 
Naviculan HSV-1, HSV-2, and HIV 133 
p-KG03 EMCV, influenza A 134,135 
Sulfated glycans, A1 and A2, 
from Cochlodinium 
polykrikoides 

HIV-1, incluenza A and B, RSV A and B, HSV-1, 
parainfluenza virus type 2 

136 

Calcium Spirulan HSV-1, HCMV, Coxsackie virus, measles, HIV-1, 
polio, and mumps virus 

137 

Nostoflan HSV-1 and HSV-2, and HCMV virus 138 
Sulfated derivatives of the K5 
capsular polysaccharide from 
Escherichia coli 

HCMV, DENV, HIV-1, HPV, HSV-1, HSV-2 139–142 

Table 1.2: Summary of the antiviral activity of GAG mimetics.  

With high, variable molecular weights and structural variability, anionic GAG mimetics are poor 
candidates for therapeutic applications.  Although phase I and phase II clinical trials showed several 
compounds were safe and well tolerated, none of the anionic GAG mimetics were successful in inhibiting 
viral infection in phase III trials, most likely due to ineffective concentrations in blood and tissue and/or 
inactivating cleavage by heparanase.144 Additionally, many GAG mimetics have anticoagulant properties, 
like heparin, and thus can cause excessive bleeding and thrombocytopenia and require constant patient 
monitoring and an antidote (proteamine), which makes them poor candidates as antiviral therapies.  

1.4.2 Peptide inhibitors  
Despite their discovery through a wide variety of methods, the majority of the following antiviral 

peptides are hydrophobic, amphipathic and have a propensity to bind lipid membranes. This similarity 
results in a shared mechanism of action – inhibition of viral entry and/or attachment.  

A number of peptide inhibitors are fragments of viral entry glycoproteins. CS3 was derived from 
the “fusion initiation region” of glycoprotein 41 (gp41) and inhibits HIV entry into cells.145–147 CS3 initiated 
the development of other gp41-derived peptide inhibitors including enfuvirtide, a 36-residue peptide 
derived from the C-terminal end of the loop/C-helix heptad repeat (CHR) domain and a portion of the 
proximal ectodomain region.148,149 In 2003, the FDA and EMA licensed as an antiviral peptide for HIV, 
unique in that its mechanism of action did not target reverse transcriptase or HIV protease but HIV entry, 
though its molecular mechanism is not clear.148–153 However, it appears that enfuvirtide binds to multiple 
regions of gp120/gp41 and blocks entry between lipid mixing and opening of the fusion pore.154 A variant 
of enfuvirtide, DP178, binds to synthetic membranes and inhibits fusion port formation.154 A peptide, 
CP32M, which partially overlaps enfuvirtide, was engineered to be a more ideal amphipathic helix to 
improve its pharmacological properties.155 It was a potent inhibitor of many strains of HIV, including those 
resistant to enfuvirtide.155,156 

Given the success of enfuvirtide, a similar structure-based approach was used to identify entry 
inhibitors against other enveloped viruses. Nicol et al. studied a 12-residue peptide, FluPep, for its anti-
inflammatory properties, but it also had antiviral activity.157 FluPep is very hydrophobic, similar to EB; to 
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increases its solubility it was given the same four N-terminal basic residues (RRKK) as EB, yielding FluPep4. 
FluPep4 inhibited influenza viruses though direct interaction with the virus.157  

Graham et al. identified a peptide sequence from RhoA (a small intracellular GTPase), responsible 
for its interaction with the fusion protein of RSV; this peptide inhibits RSV and HIV in vitro due to the 
interaction with the virus which inhibits cellular binding and entry.158,159 

Bai at al. identified three peptides which strongly bind to the fusion protein of West Nile virus but 
only one, P1, inhibited viral infection in vitro. P1 was further engineered to increase activity; the most 
hydrophobic of the variants, P9, was the most potent inhibitor of West Nile virus. Oddly, when tested 
against DENV, P1 was more potent than P9, suggesting that the antiviral activity these peprides is highly 
dependent on the peptide sequence.160 Interestingly P9 inhibited West Nile virus in a mouse model, was 
able to cross the blood brain barrier, and increased survival.160  

Reil et al. hypothesized that inhibition of HIV in patients co-infected with GB virus C (related to 
hepatitis C) is due to interaction between the glycoprotein E2 of GB virus C and the fusion protein, gp41, 
of HIV.161,162 Two peptides derived from E2 inhibited HIV entry in vitro; both were aromatic-rich and 
amphipathic. The peptide's interaction with gp41 alters its conformation and prevents the conformation 
needed for fusion.  

In an effort to develop broad-spectrum antivirals, peptides derived from one virus were screened 
against multiple. Rapaport et al. developed peptide inhibitors to Sendai virus, Lambert et al. developed 
peptide inhibitors to RSV, parainfluenza virus, and measles virus, while Lamb et al. developed peptide 
inhibitors to T-lymphocyte leukemia virus and bovine leukemia virus.163–165 Melnik et al. derived four 
peptide inhibitors from the HCMV entry glycoprotein gB, and each demonstrated broad-spectrum within 
the same family and in other viral families, namely HSV, measles virus, and VSV.166 

Unfortunately, incomplete broad-spectrum activity is not uncommon in these peptide inhibitors. 
However, there are successes. Hrobowski et al. identified amphipathic peptides DN59 from DENV and 
WN83 from West Nile virus; each were derived from viral entry proteins, were effective inhibitors at 
micromolar concentrations, and inhibited viral entry.167,168 Interestingly, DN59 and WN83 showed partial 
cross-reactivity; DN59 was active against DENV and West Nile virus but WN83 was only active against 
West Nile virus.169,170  

Similarly, Sainz at al. identified three aromatic-rich peptides derived from the spike protein of 
SARS-CoV-1, similar to DN59;171 each of the three peptides inhibited SARS-CoV-1 infection and were 
hypothesized to inhibit the conformation change of the spike protein required for fusion. Sainz et al. also 
identified a peptide derived from an analogous portion of the murine hepatitis virus (MHV); although it 
inhibited both MHV and SARS-CoV-1, the SARS-CoV-1-derived peptide only inhibited SARS-CoV-1, not 
MHV.171  

Incomplete broad-spectrum inhibition was also seen for several peptides derived from the Gn 
fusion protein of Rift Valley Fever virus.172 The most active peptide, RVFV-6, binds directly to cells and 
virus and is hypothesized to inhibit the fusion step of viral entry; it is active against Ebola virus and VSV 
but not the equine encephalitis viruses tested.172 

Cheng et al. screened 18-residue peptides from the polyprotein of hepatitis C virus; eleven 
peptides had antiviral activity.173 C5A, the most potent of the series, forms an amphipathic helix with 
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strong membrane-binding activity; it interacts directly with hepatitis C viral envelope and is virolytic. C5A 
was also shown to inhibit HIV due to direct disruption of the viral envelope, and more interestingly, was 
able to inhibit an established HIV infection.174 However, C5A was not perfectly broad-spectrum – it did not 
inhibit VSV or adenovirus; but unlike other compounds which disrupt membranes, C5A does not disrupt 
mammalian membranes and is non-toxic. C5A’s mechanism of action is very similar to DN59, the peptide 
developed from a DENV protein. Sequence variants did not greatly influence its anti-HCV or anti-HIV 
activities, suggesting that entry inhibition is not sequence-specific but rather relies on the hydrophobicity 
or amphipathicity of the peptide.174  

Of the above peptides, the vast majority are amphipathic and derived from a specific glycoprotein. 
As a result, they all have similar mechanisms of action: either inhibiting viral attachment, viral entry, or 
membrane fusion. There are two major weaknesses to using peptides to inhibit viral infection. First, since 
these peptides are derived from one viral glycoprotein, many fail to be broad-spectrum inhibitors both 
within a viral family and across viral families. Second, as peptides, all of these inhibitors are subject to 
inactivating cleavage by proteases.  

1.4.3 Inorganic polymers 
 Like GAG mimetics, inorganic polymers carry a large negative charge and thus were postulated to have 
similar mechanisms of action (i.e., binding to viral capsids or glycoproteins and sequestering the virion). 
The simplest inorganic polymers, polyphosphates, are linear polymers of orthophosphate (Pi), occurring 
naturally in a number of organisms in varying length and amounts. For instance, in Neisseria meningitidis 
and Neisseria gonorrhoeae polyphosphates serve as a protective coating on the exterior of the cell.175,176 
Lorenz et al. performed a number of studies to show that polyphosphate chains of four or more 
phosphates were effective HIV-1 inhibitors and were nontoxic in the concentrations tested.177 Along with 
inhibiting syncytium formation, polyphosphates inhibited cell-virus binding but not through the gp120 
protein or CD4 receptor, suggesting an inhibition of the HS-viral interaction.  

 Polyoxometalates (PMs) are discrete metal-oxide cluster anions with a number of similarities to GAG 
mimetics (high water solubility, a wide variety of structures and size, and highly negative charge).178 Unlike 
GAG mimetics, PMs structural variety stems from conformational changes, which depend on their 
environment, and allow PMs to be exploited as potential therapeutics. Their antiviral activity was first 
described in 1973 with RNA and DNA viruses in vivo as well as the retroviruses Friend leukemia virus and 
Moloney murine sarcoma virus in vitro.178–180 Jasmin et al. determined that HPA-23 and other PMs 
inhibited RNA-dependent DNA polymerases of retroviruses; HPA-23 was tested in vivo against HIV but 
was too toxic to be effective in clinical trials.179,180 However, a number of antiviral PMs have been identified 
with a different mechanism of action, namely inhibiting viral attachment and/or entry.  

 

Figure 1.5: Structure of PM-19 as an examples of polyoxometalate structures. 
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 Anionic polyoxotungstate (K7[PTi2W10O40]∙6H2O; PM-19) is a stand-out of this class (Figure 1.5). In vitro 
assays demonstrated that PM-19 is a potent broad-spectrum inhibitor of herpes viruses including HSV 
(types 1 and 2, and thymidine kinase-deficient mutants), HCMV, HIV-1, and HIV-2.181–183  PM-19 
outperformed acyclovir (nucleoside analog) but its maximal effect was observed if cells were pretreated 
rather than when cells were treated after infection; it inhibited viral entry and viral spread without direct 
interaction with HSV virions.181,184,185 With this evidence, Dan et al. suggested that PM-19 inhibited viral 
entry of HSV into cells by disrupting the interaction between HSV envelope glycoprotein D (gD) and its 
cellular receptor, herpes virus entry mediator (HVEM).186 As PM-19 inhibits HSV through binding HVEM, it 
was predicted that PM-19 and other PMs would inhibit viral attachment of enveloped RNA and DNA 
viruses as well as inhibit the functionality of sialic acid residues of cellular proteins.186 In vivo studies of 
HSV-1 and HSV-2 revealed that virion attachment inhibition is not PM-19’s only mechanism of action; PM-
19 also activates macrophages, which engulf virions and increase the immune response.187,188 

 V/W-mixed PMs (PM-43, PM-47, PM-1001, and PM-1002) and Ti/W-mixed PMs (PM-518, PM-520, 
and PM-523) have broad spectrum antiviral activity against RNA viruses.189 Titanium substituted PMs were 
less cytotoxic than their vanadium substituted counterparts, but all were more inhibitory to HIV-1, DENV, 
influenza virus A, RSV, parainfluenza virus type 2, and canine distemper virus than ribavirin (nucleoside 
analog) with a few exceptions.178,189 Ti/W and V/W PMs inhibited SARS-CoV-1, transmissible 
gastroenteritis virus of swine and feline infectious peritonitis virus; however, there was no apparent 
relationship between PM structure and antiviral activity.190,191 Differences in antiviral activity of PMs may 
depend on the amino acid composition of the viral envelope glycoproteins, as seen in variation in dextran 
sulfate inhibition.192  

 Yamamoto et al. demonstrated the anti-HIV-1 and simian immunodeficiency virus (SIV) activity of 
K13[Ce(SiW11O39)2]∙26H2O (JM1590) and K6[BGa(H2O)W11O39]∙15H2O (JM2766).193 Both compounds 
inhibited viral attachment and syncytium formation due to gp120 binding with greater selective indices 
than those of AZT (NRTI) and dextran sulfate.90,194,195 In vivo, no HIV antigen-specific immune responses 
were detected, which supports the hypothesis that PMs interact with HIV antigen and suppress viral 
replication entirely.178 

 While the majority of PMs inhibit viral attachment, PM-523 inhibits membrane fusion between 
influenza-A envelope and the cellular membrane.196 Shigeta et al. selected PM-523-resistant influenza-A 
strains and mutations conferring resistance were found in the interface edges of HA1. This implies that 
PM-523 binds to the interface of HA trimer and inhibits the opening of the trimers, which prevents the 
fusion of the viral envelope with cellular membranes.190 With this mechanism, PM-523 worked 
synergistically with ribavirin or zanamivir in vitro and in vivo and increased the survival rate of influenza-
infected mice significantly, as compared with PM-523 only or ribavirin only controls.190,197   

 The largest issue with antiviral polymers is that the majority of them are not orally bioavailable. While 
intravenous or intramuscular medication is still useful in a hospital setting, it may not be entirely useful 
for everyday use. Many PMs have been tested against HIV; however, none have improved in antiviral or 
cytotoxicity to surpass standards of care, like AZT.178 

1.4.4 Inorganic small molecules  
With the exception of metal complexes of known antivirals, in which an antiviral such as acyclovir is a 

ligand of the complex, inorganic small molecules have a large structural variety and a corresponding large 
number of antiviral targets.198–200 For a broad overview of metal-based antivirals, see de Paiva et al. 
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(2020).201 For the purposes of this chapter, we will look at inorganic compounds that act early in the viral 
replication cycle. Although many compounds do not have a formally defined mechanism of action, the 
structural similarities, broad-spectrum activities, and timing of inhibition suggest a common antiviral 
target: HS.  

Beginning with simpler metal compounds, Knight et al. screened cobalt (III), nickel (II), and ruthenium 
(III) amine complexes for anti-Sindbis virus activity.202 Cobalt hexamine outperformed the nickel and 
ruthenium complexes, which were more toxic.202 Importantly, structural modification of cobalt hexamine 
(i.e. macrocyclic, mixed macrocyclic–monodentate, or substitution of a water or chloride for an amine) 
resulted in either a lack of or sharp decrease in antiviral activity.202,203 Cobalt hexamine has also been 
shown to have antiviral activity against adenovirus, HIV, and Ebola virus.202,204 Cobalt hexamine was well 
tolerated in vivo and significantly improved the survival of mice infected with Ebola virus.204 Cobalt 
hexamine’s mechanism of action remains unknown; however, it does inhibit an early stage of viral 
replication.203 Cobalt hexamine is substitutionally inert, and thus lacks the ability to coordinate and 
hydrolyze phosphodiester bonds like cisplatin; however, it can form hydrogen bonds with nitrogenous 
bases of nucleotides of DNA.205 Thus, it is possible that the ammonia ligands can form analogous hydrogen 
bonds with HS to inhibit its function in viral attachment.  

Further exploration of cobalt (III) compounds revealed several with antiviral properties. The CTC series 
of compounds are based on a chelating Schiff base and several have broad-spectrum antiviral activity.206 
However, they also have other activities. CTC compounds selectively disrupt the structure and function of 
zinc fingers, selectively induce myoglobin unfolding, and prevent the progression of type II collagen-
induced arthritis in animal models.207–209 CTC compounds were proven effective as antivirals in vitro, and 
in vivo as topical antivirals for herpetic keratitis; CTC-96 was as effective as Viroptic (nucleoside analog) at 
one-thousandth its effective concentration.210,211 In much of the initial work, CTC-96 was the most 
effective and least cytotoxic of the CTC series; its broad-spectrum antiviral activity was then 
investigated.203 CTC-96 is an effective antiviral against HSV-1, adenovirus, VSV, and varicella zoster virus 
(VZV).211,212 However, CTC-96’s broad-spectrum antiviral activity has its limits; it was found to promote, 
rather than inhibit, papillomavirus wart growth, though the mechanism is unknown.213 CTC-96’s 
mechanism of action was studied with HSV-1. It targets cell-virus fusion and inhibits cell-to-cell spread 
and syncytium formation; however the molecular mechanism is unknown.212 CTC-96 is unlikely to 
specifically inhibit herpesvirus fusion glycoprotein gD as it also inhibits VZV in a similar manner to HSV, 
but VZV does not have a gD homologue; this suggests that CTC-96 nonspecifically targets an essential 
fusogenic apparatus.212 CTC-96 remains the only cobalt compound which has entered clinical trials as an 
antiviral.  

Other metal complexes are broad-spectrum antivirals; however, most were not as extensively studied 
as cobalt hexamine or CTC-96. As the role of these metal ions is greatly influenced by their ligands, D-
aminosugars were systematically studied to create structure-activity relationships.214 Interestingly, no 
complex of zinc, cobalt, or copper with D-aminosugars had virucidal activity.214 However, 
Cu(glucosoxime)2 inactivated extracellular virus; Shishkov et al. suggested that it may interfere with viral 
attachment or membrane fusion.214 Horton and Varela made copper (II), platinum (II), and palladium (II) 
complexes of 3-Deoxy-D-erythro-hexos-2-ulose bis(thiosemicarbazone), derived from glucose, and 
screened them against poliovirus type 1.215 Each complex had antiviral activity, with the copper(II) 
complex being the most effective; although no mechanistic studies were performed, their structural 
similarity to metal-aminosugar complexes would suggest a similar mechanism of action, inhibition of viral 
attachment or membrane fusion.215 Metal complexes with amino acids and their derivatives also 
investigate the role of ligand on antiviral activity. Cobalt (II) complexes with histidine and lysine had no 
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effect on HSV-1 replication, but cobalt (II) complexes with arginine and serine both inhibited viral 
attachment.216 Zinc (II) pinolinate and asparate (Zn(pic)2 and Zn(asp)2) inhibit HSV-1 and VZV to varying 
degrees. Both appear to inhibit either viral attachment or entry as their antiviral effects are abolished 
when the complexes are removed from the supernatant.217,218  

Sodium copper chlorophyllin, a water soluble, semisynthetic green plant pigment chlorophyll 
derivative, is a common food additive and food colorant.219,220 It has broad-spectrum antiviral activity 
against HCV, influenza, HIV, enterovirus A71, and coxsackievirus A16.221–223 Ito et al. demonstrated that 
sodium copper chlorophyllin's anti-HIV activity is due to inhibition of viral absorption onto the host cell, 
and similarly, Liu et al. demonstrated its anti-HCV activity was due to viral attachment inhibition.221,223 In 
a mouse model, sodium copper chlorophyllin significantly reduced HCV titers in the lungs and muscles.223 
Interestingly, sodium magnesium chlorophyllin also has broad-spectrum antiviral activity against HSV, 
VZV, vaccinia virus, influenza A, and Newcastle disease virus.224 However, unlike sodium copper 
chlorophyllin, sodium magnesium chlorophyllin has virucidal properties – though its mechanism is 
unclear.224 

Simic et al. tested palladium(II) and platinum(II) complexes with 2-(dephenylphosphino)benzaldehyde 
1-adamantoylhydrazone against polovirus type 1. However, the Pt(II) complex had some antiviral activity 
if cells were pretreated and greater antiviral activity if cells were treated after infection, suggesting two 
mechanisms of action: an inhibition of viral attachment as well as a inhibition of viral replication.225 The 
Pd(II) lacked any antiviral activity. Interestingly, not many palladium complexes have antiviral 
activity.226,227 However, palladium complexes of bis(thiosemicarbazone) were active against HSV-1 and 
HSV-2 and were particularly effective against acyclovir-resistant strains.228 Unfortunately, no mechanistic 
studies were done. Kovala-Demertzi et al. screened Pd(II) and Pt(II) complexes with pyridine-2-
carbaldehyde thiosemicarbazone (HFoTsc) against HSVs. Several compounds were effective against HSV-
1 and HSV-2, including strains resistant to acyclovir; inhibition of IE protein expression suggests an 
inhibition of viral attachment or entry.229  

1.5 Development of non-traditional platinum drugs  
1.5.1 Cisplatin: Platinum’s golden boy 

In 1844, Michele Peyrone used an excess of ammonia in the synthesis of Magnus’ green salt. The 
resulting mixture was both green and yellow. Peyrone had trouble interpreting his results and assumed 
the yellow compound was a precursor to Magnus’ green salt (Figure 1.6).230 

 
Figure 1.6: Structures of Magnus’ green salt and Peyrone’s chloride.230 

Nearly 120 years passed before the biological properties of Peyrone’s chloride was investigated. Barnett 
Rosenburg published the cytostatic activity of group VIIIB transition metal compounds in E. coli. Further 
investigation on his part revealed that the neutral platinum compound, more than the singly or doubly 
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charged platinum compounds, had little effect on bacterial cell growth but inhibited the ability of the cell 
to divide.231 Additionally, the cis isomer was more potent than the trans isomer. Finally, in 1969, 
Rosenburg demonstrated cisplatin’s antitumor properties against sarcoma 180 and leukemia L1210. From 
that point, Peyrone’s salt was rapidly introduced to the clinic as cisplatin and licensed to treat testicular, 
ovarian, and bladder cancer in 1978.231 Since then, platinum antitumor agents have become one of the 
most used chemotherapies. Approximately 20% of all cancer patients receive cisplatin and 50% receive 
platinum compounds.231  

Rosenburg discovered the anticancer power of cisplatin but it took a myriad of scientists to define 
cisplatin’s mechanism of action and its consequences. Simply, cisplatin targets cellular DNA to inhibit cell 
replication. To add detail, the mechanism of action can be divided into four steps: entry into the cell, 
cisplatin activation, DNA binding, and cellular processing (Figure 1.7).231 

 
Figure 1.7: Cisplatin’s mechanism of action in four steps: entry into the cell, cisplatin activation, DNA binding, and cellular 
processing, reproduced from Johnstone et al. 2015.231 

Cellular entry was not easily deciphered. There was debate on whether cisplatin entered via passive 
diffusion or active transport; the current consensus is that it is a combination. Previously, it was assumed 
cisplatin could passively cross the cell membrane because it was not charged. This has been disproven 
with the development of new charged platinum complexes, discussed later in this paper. Copper 
transporters, like CTR1, have been demonstrated to actively transport cisplatin into cells. Organic cation 
transports (OCT1 and OCT2) as well as other cell membrane proteins have also been shown to bring 
cisplatin into cells.  However, data in this area continues to be inconsistent and contradictory.231 

 Cisplatin, as it was synthesized by Peyrone, is not the bioactive form. Within a cell, cisplatin 
undergoes ligand substitution. The ECM has 100 mM chloride while the cytosolic concentration is about 
4 mM. This drastic change in chloride concentration precipitates the reaction. Cisplatin is a bifunctional 
electrophile and its chloride ligands are replaced by nucleophilic water.232 

 Following aquation, cisplatin rapidly binds to B-DNA, either forming intrastand or interstrand 
cross links. Interstrand and intrastrand cross links differ structurally. Using nuclear magnetic resonance 
(NMR) spectroscopy, Hopkins et al. demonstrated that interstand cisplatin-DNA crosslinks occur in the 
minor groove, contrary to the mechanistic explanation, which placed cisplatin in the major groove. The 
interstrand N7-Pt-N7 linkages imposes bond length and bond angle constraints on DNA, requiring the DNA 
to alter from the canonical B-DNA structure (PDB ID 1DDP).233 With cisplatin bound to guanine, cytosine 
moves to an extrahelical position, leaving guanine without a hydrogen-bonding partner, and the DNA 
double helix shifts from a right-handed helix to a left-handed helix similar to Z-DNA.233 The summation of 
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these changes is a 45° bend of the DNA and an 80° unwinding of the double helix, which cannot be 
explained by cisplatin in the major groove (Figure 1.8). 

 
Figure 1.8: Cisplatin-DNA interstrand adduct, reproduced from Huang et al. 1995.233 

Several interactions may stabilize this complex including: (1) the cross-strand purine-purine stacking of 4A 
and 5’G, (2) hydrogen bonding between the O4’ of 5G’s sugar and the base of 7T, and (3) the interaction 
between the oxyanions of 5G and 5’G with cisplatin’s platinum center to form a pseudo-octahedral 
geometry around the platinum atom. Despite the huge structural deformation to DNA, interstrand cross-
links are not particularly cytotoxic as they only account for 3-5% of the cisplatin-DNA adducts.233 

The intrastand cross-link is more abundant, structurally very different, and thus has graver 
biological implications. In intrastrand cross links, cisplatin binds to the N7 atoms of purine rings G8 and 
G9, allowing one amine ligand to hydrogen bond with the one phosphate oxygen of G8.234 The 
constraining bond lengths and angles of cisplatin force G8 and G9 to destack and expose their hydrophobic 
surfaces in the minor groove. HMG1 (high mobility group protein) is a chromatin architectural factor that 
can recognize the 1,2-d(GpG) and 1,2-d(ApG) DNA intrastrand crosslinks formed by cisplatin.  

 
Figure 1.9: Cisplatin-DNA intrastrand adduct complexed with HMG1, reproduced from Ohndorf et al. 1999.234 

The concave domain of HMG1 binds the minor groove of DNA (Figure 1.9). Since HMG1 itself bends B-
DNA when bound, Lippard et al. suggested the HMG-domain proteins bind preferentially to distorted DNA 
due to the formation of the pre-bent conformation along with the widening of the minor groove.234 When 
HMG1 binds the cisplatin-DNA adduct, conformation changes occur at the C-terminus of helix I, the N-
terminus of helix II, and the connecting loop. These changes allow Phe37 to intercalation into the DNA 
(Figure 1.9). The HMG1 Phe37Ala mutant reduces its ability to bind the cisplatin-DNA adduct. The phenyl 
ring of Phe37 projects into this gap and stacks with G9 base; this increases the angle between the guanine 
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heterocycles (75°) in comparison to the cisplatin-DNA adduct alone.234 This complex is lower in free energy 
and thus more stable. Although there is some variation among HMG-domain proteins at position 37, it is 
always a hydrophobic residue, capable of serving as “bending wedge.” Overall, the DNA-cisplatin-HMG 
complex, is bent 61° towards the major groove of DNA and the minor groove is expanded to resemble A-
DNA.234 

Following the formation of the cisplatin-DNA intrastrand adduct, cells initiate the DNA damage 
response. Protein kinases ATM (ataxia-telangiectasia mutated) and ATR (ATM- and Rad3-Related) halt 
their replication process in the G2 stage. Cells repair their DNA by excising the cisplatin adducts. Several 
proteins remove a 30-mer oligonucleotide and synthesize a new segment based on the complementary 
strand. If the cell cannot remove the cisplatin adducts, the cell proceeds through apoptosis.   

Targeting DNA makes cisplatin a potent inhibitor of cell replication and growth. However, all cells 
have DNA and so cisplatin is not naturally selective. Additionally, platinum is a soft acid, meaning it will 
bind to chloride (a hard base) but would prefer to bind a soft base. In a biological environment, soft bases 
are numerous; they include sulfur containing molecules like glutathione and methionine.235 Although 
these reactions play a role in cisplatin metabolism, they are also responsible for some of the worst 
complications of cisplatin, including gastrointestinal toxicity, nephrotoxicity, and neurotoxicity. These side 
effects are dose limiting and so bad that patients would prefer to stop treatment rather than continue 
cisplatin.  

More important than side effects, cisplatin resistance arises in many cancers. Cisplatin resistance 
cells are able to either more quickly repair damaged DNA or tolerate damaged DNA. Most cisplatin-DNA 
adducts are removed by the nucleotide excision repair (NER) system, in which enzymes recognize the 
bend in DNA caused by cisplatin.235 One of the rate limiting steps of NER is a group of enzymes called 
ERCC1. An absence of ERCC1 expression has been shown to increase a tumor’s sensitivity to cisplatin, 
indicating its role in DNA repair. Cisplatin resistance can also arise from the mismatch repair (MMR) 
system. In a healthy cell, the MMR system would attempt to repair insertions and deletions that occur 
during DNA replication and recombination; if the attempt should fail, the system would transmit a 
proapoptotic signal. Several mutated or underexpressed MMR proteins, such as MSH2 and MLH1, have 
been linked to cisplatin resistance.235 Defects in MMR proteins allow translesion synthesis, which DNA 
synthesis not blocked by a cisplatin-DNA adduct. Several DNA polymerases can allow translesion synthesis 
and thus enable cisplatin resistance. Finally, cisplatin interstrand may break both strands of DNA. This 
damage is repaired in the S phase by the homologous recombination (HR) system. Mutation of BRCA1 and 
BRCA2 inhibits critical components of the HR system and leaves DNA unfixed.235   

In response to cisplatin resistance, several derivatives were developed. Currently, there are three 
approved derivatives in the United States but more are approved for use in Europe and Asia (Figure 1.10).  

 
Figure 1.10: Platinum chemotherapies approved for use in the United States 

Carboplatin (Figure 1.10 center) was approved in 1989 for the treatment of ovarian cancer and 
oxaliplatin (Figure 1.10 right) was approved in 2002 for the treatment of advanced colorectal cancer. Both 
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compounds maintain cisplatin’s square planar configuration but replace the chloride leaving groups with 
a bidentate dicarboxylate ligand that is less reactive. Both compounds have fewer off-target reactions, 
and therefore lower toxicity. Despite these changes, resistance and toxicity continue to be an issue.  

1.5.2 Triplatin DNA binding 
In another effort to mitigate cisplatin’s resistance, compounds with more than one platinum 

center were synthesized. This allowed a wider variety of spacing, orientations, and reactivates of platinum 
centers to form different DNA adducts. The most successful polynuclear platinum compound (PPC) is by 
far Triplatin (BBR3464) (Figure 1.11).  

 
Figure 1.11: Structure of Triplatin. Counterions omitted for clarity. 

Like carboplatin and oxaliplatin, Triplatin maintains the square planar configuration of cisplatin as well as 
the platinum (II) center; Triplatin is two trans-[PtCl(NH3)2] units linked by a tetraamine [trans-
Pt(NH3)2{H2N(CH2)6NH2}2]2+ unit (Figure 1.11). Its overall charge of +4 and the two separate Pt coordination 
units capable of covalent binding result in DNA binding distinct from that of cisplatin. The high positive 
charge of Triplatin accelerates DNA binding with a t1/2 of ~40 minutes, significantly faster than the neutral 
cisplatin (t1/2 = 240 minutes).236 The bifunctional DNA binding of Triplatin produces an unwinding angle of 
14° in negatively supercoiled pSP73 plasmid DNA with a preference for guanine residues. Approximately 
20% of DNA adducts are interstrand crosslinked by Triplatin, while cisplatin is usually 3-5% interstrand 
crosslinks. Importantly, antibodies raised to cisplatin-adducted DNA do not recognize DNA modified by 
Triplatin but antibodies raised to transplatin-adducted DNA do.236 This emphasizes the diverging motif of 
Triplatin and underlines that Triplatin’s different DNA binding may also lead to unique anticancer activity; 
below are more structural details of Triplatin-DNA binding.  

 
Figure 1.12: Structure of Triplatin-DNA adducts. (A) the schematic of DNA crosslinks. (B) A 1,4 interstrand crosslink with the linker 
of Triplatin within the major groove. (C) A 1,4 interstrand crosslink with the linker of Triplatin outside of the major groove. (D) A 
1,5 intrastrand crosslink. Reprodcued from Brabed et al. 1999.236 
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The incorporation into the linker backbone of charge and hydrogen-bonding capacity dramatically 
increases the DNA affinity and affects the charge/lipophilicity balance as well as increasing the distance 
between the two platinum-DNA binding coordination spheres. All of these features may contribute to 
differentiating DNA binding, cellular uptake, and antitumor activity within the polynuclear platinum family 
itself.237,238 The intrastrand crosslinks of Triplatin are analogues of the major adducts of cisplatin, which 
forms between two neighboring purine residues and results in an unwound duplex with a fixed kink and 
widened, shallow mine groove.239 Triplatin intrastrand crosslinks induce a helix bend of 32-34° toward the 
major groove, a 13° DNA unwinding, disrupt the hydrogen bonding between the 5’-coordinated GC bp, 
and disort 4-5bp at the site. In comparison, the cisplatin induced 1,3-intrastrand crosslink bends towards 
the major groove 35° and unwinds DNA by 23°.  

 DNA altered by platinum adducts attract DNA-binding proteins such as those containing high 
mobility group (HMG) domains.234,240,241 HMG binding has been postulated to mediate the anticancer 
activity of platinum compounds.234,241 Triplatin-DNA binding results in three unique conformational 
distortions: 1,2-, 1,3-, and 1,5-intrastrand crosslinks. None of the three results in a stable curvature 
(directional bending), consistent with the view that these adducts are flexible. The distortion occurs on 
the 5’ side of the crosslink and where applicable, between the platinated G residues. The 1,2-intrastrand 
crosslink is the structural analog of the most prominent cisplatin-DNA adduct. Due to the distance 
between platinating centers of Triplatin, it is unlikely to be favored over the longer range intrastrand or 
interstrand crosslinks. The flexibility of the 1,2-intrastrand crosslink is the monofuntional coordination 
spheres with only one purine base; Triplatin’s linker length as well as its charge and hydrogen-bonding 
ability enhance its initial DNA recognition but do not appear to greatly contribute to the conformational 
flexibility. This flexibility is key in the lack of HMG domain recognition in Triplatin-DNA intrastrands 
crosslinks as the cisplatin-DNA structural motif recognized by HMG domain proteins is stable as described 
above.241–243 Thus, the mechanism of anticancer activity of Triplatin does not involve HMG domain 
proteins recognizing intrastrand crosslinks as a crucial step – this is distinct from cisplatin and its 
derivatives. 

Another cellular mechanism is NER; intrastrand crosslinks of cisplatin are removed by NER, which 
contributes to cisplatin resistance. The intrastrand crosslinks of Triplatin are readily removed from DNA 
by NER.244 The processing of the intrastrand crosslinks of BBR3464 in tumor cells sensitive to this drug 
may not be relevant to its antitumor effects despite the fact that the trinuclear platinum compound forms 
on DNA intrastrand crosslinks with a relatively high frequency. NER excision of Triplatin-DNA 
conformationally flexible adducts results in a greater range of excised fragments compared to sterically 
rigid adducts produced by cisplatin. It is tempting to speculate that delocalized lesions formed by long 
range adducts of PPCs may still represent unique challenges for recognition and excision by repair 
enzymes. However, Triplatin forms more DNA interstrand crosslinks than cisplatin overall. DNA 
interstrand crosslinks could be even more effective lesions than intrastrand adducts in terminating DNA 
or RNA synthesis in tumor cells, and thus could be even more likely candidates for the genotoxic lesion 
relevant to antitumor effects of BBR3464. Additionally, DNA interstrand crosslinks are more difficult to 
excise and repair because it requires cutting both strands of DNA.  

Overall, the DNA binding of Triplatin is distinct from that of cisplatin. While both covalently bind 
to guanine, Triplatin’s two separate platinating moieties extend its DNA distortion and prevent HMG 
domain protein binding. In phase I clinical trials, Triplatin had a maximum tolerated dose of 0.12 mg/m2 
and a terminal half life of several days, which may explain the higher incidence of neutropenia and 



24 
 

gastrointestinal toxicity.245 Nausea and vomiting were rare and neuro- and renal toxic effects were not 
observed. 245 In phase II clincal trials on gastric or gastro-oesophageal adenocarcinoma, plasma protein 
binding of Triplatin was higher in humans than in mice, and its degradation to an inactive species was 
more rapid in humans than in mice; although TriplatinNC was generally tolerable at 0.9 mg/m2, every 21 
days, only minimal anti-tumor activity was identified.246 Similarly in phase II trials on sensitive or refractory 
small cell lung cancer, 11 patients had disease stabilization, but 23 patients continued to have disease 
progression at a dose of 0.9 mg/m2 every 21 days.247 Triplatin remains the only “non-classical” platinum 
drug to have entered human clinical trials.  
1.5.3 TriplatinNC DNA Binding 

TriplatinNC is the non-covalent binding analog of Triplatin; in place of the two terminal chlorides, 
TriplatinNC has two inert hexanediamine, termed dangling amines (Figure 1.13).  

 

Figure 1.13: Structure of TriplatinNC. Counterions omitted for clarity.  

Like Triplatin binding, the binding of DNA by TriplatinNC is distinct from cisplatin as TriplatinNC cannot 
form covalent bonds with DNA, rather it relies on noncovalent interactions. DNA ligands are broken down 
into intercalators and groove binders. TriplatinNC is neither; it presents a third mode of DNA binding, 
relying solely on the phosphate backbone. Komeda et al. crystalized TriplatinNC with the Dickerson-Drew 
Dodecamer (DDD) to ascertain TriplatinNC’s mode of DNA binding.248 TriplatinNC selectively forms 
hydrogen bonds with phosphate oxygens, forming bidentate NH∙∙∙O∙∙∙HN (amine∙∙∙phosphate∙∙∙ammine) 
complexes through hydrogen-bonding interactions. In B-DNA, TriplatinNC selectively binds O2P over O1P, 
which causes TriplatinNC to track the backbone, link adjacement phosphate groups, and span the minor 
grove (Figure 1.14). This regular geometric complex, termed phosphate clamps, occur frequently and can 
be generalized as nucleic acid binding motifs.  
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Figure 1.14: Crystal structure of TriplatinNC associated with DDD showing minor-groove spanning (left) and backbone tracking 
(right), reproduced from Qu et al. 2015.249  

A phosphate clamp consists of a single OP atom accepting two hydrogen bonds, one each from 
two am(m)ine ligands of a single platinum (II) center (Figure 1.15). It is cyclic, highly conserved, and 
requires cis-am(m)ine ligands of platinum (II), as trans ligands are too far apart to form hydrogen bonds 
and in opposing directions.  

 
Figure 1.15: Platinum phosphate and sulfate binding as compared phosphate and sulfate arginine-forks.  

In Figure 1.16, TriplatinNC forms eight phosphate clamps with eight OPs with each Pt(II) center engaging 
in at least one phosphate clamp.248 Phosphate clamps frequency and geometric conservation indicate a 
favorable stability. In principle, a compound could be designed to take advantage of the predictability and 
stability of phosphate clamps; for example, varying the linker length between Pt(II) moieties could favor 
A-DNA over B-DNA or RNA over DNA. The interactions of the amines of TriplatinNC are similar to the 
interactions of the guanidino group of arginine, which is also phosphate oxygen selective. Arginine 
displays the ability to form a phosphate clamp, though it was previously described as an arginine fork. 
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However, an arginine is limited to two clamps while a TriplatinNC’s amines can form eight.248 The bottom 
line is TriplatinNC forms many noncovalent interactions with DNA, not specific to its sequence. 

 
Figure 1.16: Phosphate clamps between TriplatinNC and the DDD. (C) Schematic representation of the seven phosphate clamps 
formed between TriplatinNC and the DDD; the dangling amines of TriplatinNC are omitted for clarity. (D) Schematic representation 
of a phosphate clamp illustrating the geometric parameters used to characterize phosphate clamps. Reproduced from Komeda et 
al. 2005.248 

Asymmetric neutralization of the phosphate groups, like that resulting from TriplatinNC 
phosphate clamps, may drive DNA distortion and bending to lead to “phosphate collapse.”250,251 However, 
the DNA conformation observed in the DDD-TriplatinNC complex differs slightly from the native DDD (NDB 
entry bdl084).244 The axial bend is greater in the DDD-TriplatinNC complex and the minor grooved width 
is modestly impacted. However, the locus of distortion suggests TriplatinNC binding is not the only cause; 
the substitution of a fully hydrated Mg2+ for a partially dehydrated Na+ in the major groove may also 
contribute.248 In native DNA, the Mg2+ ion forms hydrogen bonds with DNA bases. Researchers proposed 
that TriplatinNC, as a highly positively charged molecule, displaces the Mg2+ due to electrostatic 
competition or that the TriplatinNC induced conformational change favors Na+ over Mg2+.244 Overall, the 
conformation changes to DNA are modest in comparison to the changes induced by cisplatin. 

The proteins that recognize DNA bending do not register the TriplatinNC-DNA complex. The 
extreme bend seen in the cisplatin-DNA adduct prove to be cytotoxic, but is easily recognizable by the cell 
as not natural. TriplatinNC induces a much smaller bend, still cripples DNA  replication ability, and thus 
halts cell growth and replication. TriplatinNC is effective against cisplatin resistance tumors as it bypasses 
the resistance mechanisms. The structural difference between the two platinum compounds leads to their 
varying actions and varied bodily responses.  
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1.5.4 PPC cellular internalization  
Cellular internalization of small molecule drugs and macromolecules is critical to their function. 

For instance, platinum accumulation is reduced in cells that have acquired cisplatin resistance as 
compared to parental cells.252 Interestingly, while AH44 (+6) and TriplatinNC (+8) have practically identical 
DNA binding, their cellular accumulation differs greatly; both have increased accumulation as compared 
to cisplatin (+4), suggesting that increasing positive charge influences cellular accumulation. In an effort 
to determine the mechanism of PPC internalization, researchers examined the cellular accumulation of 
other polycations. Natural and synthetic peptides rely on cationic arginine-rich sequences for cellular 
uptake and accumulation.253 Through ionic interactions and hydrogen-binding ability, termed an arginine 
fork, these sequences, or protein transduction domains (PTDs), bind heparan sulfate proteoglycans 
(HSPGs) as the first step in their cellular internalization.254–256 Similarly, HSPGs facilitate the uptake of 
polyamines. As PTD internalization relies on HS, TAMRA-R9, a fluorescent arginine probe, uptake 
decreases in GAG-deficient cell lines.257 TAMRA-R9 has an affinity for heparin typical of receptor-ligand 
interactions (Kd = 109 nM).257,258 Conceptualizing PPCs as ‘‘polyarginine mimics,’’ the interactions between 
the amine groups of the triplatinum compounds and the phosphate groups of the DNA backbone are very 
similar to those of the guanidine groups on arginine (Figure 1.15). As a small molecule analog of the 
polyarginine motif, TriplatinNC must have a similar affinity, which would suggest that it is likely to engage 
in similar biological processes, including cellular accumulation.258 This mechanism of cellular 
internalization is unique from cisplatin or oxaliplatin.252,258 

1.6 Heparan Sulfate: A new target for PPCs 
1.6.1 GAGs as a target for PPCs 

The recognition of GAGs as cellular receptors for positively charged PPCs led the Farrell group to 
propose a unique HS targeting approach to interfere with HS-protein interaction, termed 
metalloshielding.259–261 For substitution-inert complexes such as TriplatinNC, high affinity HS binding is 
mediated through hydrogen-bonding and electrostatic interactions with the charged sulfates and 
carboxylates. Density Functional Theory (DFT) showed the formation of ‘sulfate clusters’, analogous to the 
phosphate clamp interactions on DNA, but in a more delocalised manner, Figure 1.17.261  

 

Figure 1.17: TriplatinNC interactions with HS. (a) Structure of the heparin dodecamer comprising dimers of IdoA(2S) (2S0 
conformation) and GlcNS(6S) (1HPN). The green circles represent areas of negatively charged sulfate and carboxylate clustering. 
(b) The optimized structure of [GlcNS(6S)-IdoA(2S)-GlcNS(6S)] trisaccharide modelled with [Pt(NH3)4]2+. (c) Optmized  structure 
of TriplatinNC with a heparin hexamer [IdoA(2S)-GlcNS(6S)]3  showing regions of  sulfate clamp interactions  (regions 1,3 and 4) 
and  van der Waals contacts between sugar and diamine backbones (region 2). (d) Surface maps showing the relationship of 
TriplatinNC (magenta) to the heparin hexamer (green). Reproduced from Peterson et al. 2017.261 
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The sulfate moieties are more conformationally flexible than the constrained phosphodiester motif, 
resulting in greater variability in neighbouring sulfate-sulfate distances compared to the relatively fixed 
phosphate-phosphate distances in DNA/RNA. The negative charge on the sulfate group is also more 
dispersed than that of phosphate because of the extra oxygen atom. GAG-protein interfaces are 
significantly more hydrated than protein–protein interfaces and from a survey of PDB structures, it is 
estimated that about half of all GAG-protein interactions are water-mediated.262 The binding affinity of 
cobalt complexes to GAGs is also shown to be charge-dependent.263 At the interaction site, each sulfate 
group interacts with three ammines (a full face) of the octahedral complex (Figure 1.18) – a potentially 
more effective metalloshielding approach than that observed for the square-planar Pt(amine)4 
coordination units of TriplatinNC.263 

 

Figure 1.18: Hydrogen bonding observed in the DFT model for the interaction product of [Co(NH3)6]3+ with FPX, reproduced from 
de Paiva et al. 2021.263 

Several biophysical methods have been used to gauge the strength of M complex-GAG 
interactions, including use of the competitive inhibitor methylene blue (MB), isothermal titration 
calorimetry (ITC), and surface plasmon resonance and mass spectrometry. In the next section, TriplatinNC 
is used as a case study for M-GAG interactions.  

Non-covalent interactions: Measuring the strength of PPC-GAG interactions 

Direct and indirect assays have been used in heparin-protein assays and in defining the 
thermodynamic parameters from these interactions.264,265 An indirect competition assay was developed 
using the cationic dye MB as reporter to assess M-GAG affinity, Figure 1.19. 

 

Figure 1.19: Schematic representation of TriplatinNC–FPX binding interaction measured by (a) MB and (b) ethidium bromide 
reporter assays. TriplatinNC competitively inhibits MB binding to FPX. 
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The assay is formally analogous to the well-known Ethidium Bromide assay for M-DNA binding. The 
interaction of MB with GAGs results in a concentration-dependent reduction in its absorbance and the 
changes can be used to quantify GAG content and calculate affinity constants.264,266–268 Addition of 
TriplatinNC to a pre-formed MB-GAG complex releases the dye with concomitant increase in the 
absorbance of free MB, and the disruption of MB binding can be reported as an IC50, the concentration of 
complex necessary to give 50% of free dye. By using MB as a reporter for competitive inhibition in a 3-
species system, the Kd between TriplatinNC and heparin was calculated to be 66.4 nM, compared with 
the Kd for the MB-heparin interaction of 351 nM.269 The latter value is comparable to that measured 
between MB and chondroitin sulfate (Kd  = 578 nM).264 With Fondaparinux (a model for heparin and HS, 
FPX) the values of Kd

 was estimated at 40 nM.  In ITC, using a small 3,000 molecular weight (MW) heparin, 
a one-site model for Kd (TriplatinNC-heparin) gave a value of 33.1 ± 2 nM.  In the case of surface plasmon 
resonance (SPR), the experimental set-up is different to that of ITC since the heparin is immobilized 
through streptavidin to the dextran sensor surface and the analyte (TriplatinNC) is injected as a continuous 
flow over the bound heparin. Non-specific binding of TriplatinNC to the negatively-charged surface and 
streptavidin caused technical issues but a one-site model and 1:1 TriplatinNC/heparin stoichiometry, gave 
a Kd of 340 ± 30 nM. Since the immobilized heparin in this case had a MW 15,000, it is plausible that there 
could be multiple binding sites, which may affect the estimated Kd values; SPR data were obtained in 
presence of 150 mM NaCl confirming that TriplatinNC is capable of binding to heparin at physiologically 
relevant concentrations of small cations. Care should be taken in comparing affinities across techniques 
due to the vagaries of each technique; nevertheless, overall results point to a strong interaction. 

Non-covalent interactions: PPC-induced modulation of the solution-state HS structure 

The detailed interaction of TriplatinNC and FPX was studied by 1D and 2D 1H NMR spectroscopy 
and mass spectrometry (MS), coupled to DFT calculations and visualization.270 Conveniently the 1H 
chemical shifts of the anomeric protons of oligosaccharides fall in the 5-6 ppm region, generally free from 
interference from the chemical shifts of PPC protons. TriplatinNC (8+) induces major shifts to the anomeric 
protons of the glucosamine and iduronic acid residues of FPX (rings A, C, D and E of FPX in Figure 1.20).  

 

Figure 1.20: Structure of the Heparin template, Fondaparinux (FPX). 

Importantly, the significant shifts to the HD1 and HD5 protons of the iduronic acid IdoA(2S) residue 
indicated potential conformational flexibility around the glycosidic linkage of IdoA(2S) and/or change of 
its ring conformation, Figure 1.21. The equilibrium ratio of IdoA(2S) conformers can be estimated by 
calculating the theoretical intra-residue proton-proton three-bond coupling constants of IdoA(2S) 
(obtained from DFT optimised structures of 1C4 and 2S0

 forms) and establishing best agreement between 
the weighted averages of the theoretical coupling constant data and the corresponding experimental 
coupling constant data, Figure 1.22.271–274  
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Figure 1.21: The possible chair (4C1 and 1C4) and skew boat (2S0) ring conformations for the iduronic acid (IdoA or IdoA(2S)) 
residues of HS and heparin. 

Figure 1.22: Calculated 3JH-C-C-H coupling constants (in Hz) for the IdoA(2S) residue of FPX measured by the torsion angles of the 
three bonded proton pairs in the fully optimized DFT structures of the 1C4 and 2S0 forms.161 The equilibrium ratio of IdoA(2S) 
conformers can be estimated by systematically fitting the weighted averages of theoretical coupling constant data against 
experimental data.   

By following this approach, for free FPX, the best fit between the theoretical and experimental 
coupling constant data was obtained with an IdoA(2S) 1C4 :2S0 conformational ratio of 35:65, consistent 
with previously published data.274 In the presence of TriplatinNC this ratio was 75:25 and the 1C4 
conformation, which was a minor form in free FPX, is the preferred conformer when FPX is bound by 
TriplatinNC. These findings were further supported by the analysis of experimental intra-residual NOE 
cross-peaks of IdoA(2S) protons in free and TriplatinNC bound FPX.  Significantly, this study was the first 
demonstration of a small molecule affecting the conformational (1C4 /2S0) ratio of the critical IdoA(2S) 
moiety on a HS oligosaccharide. Further analysis of the DFT optimized structures showed that the 
favourable glycosidic linkages between the monosaccharide residues of FPX structure with IdoA(2S) 
residue in the 1C4 ring conformation orient the sulfate and carboxylate groups for more suitable 
accommodation of the three square-planar {Pt(am(m)ine)4} coordination units, and provide a better fit 
than the 2S0 conformation for TriplatinNC binding (Figure 1.23).   
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Figure 1.23: DFT optimized structures of TriplatinNC-bound FPX with IdoA(2S) residue of FPX in 1C4 (a) and 2S0 (b) conformations 
and the corresponding H-bonding networks observed for the three {Pt(amine)4} coordination units of TriplatinNC. the IdoA(2S) 
rings are shown in blue colour. The reducing end GlcNS(6S)R residue of FPX  is shown in green. Reproduced from Gorle et al. 
2021.270 

Investigation of highly sulfated GAGs using MS and MS/MS is generally accompanied by SO3 loss 
which competes with glycosidic and through-ring cleavage, limiting the technique’s utility for sequence 
information because the appropriate precursor species is not investigated.275–277 Use of Na+ as counter-
ion and SO3 stabilization facilitated the structural determination of FPX by MS/MS.275  The 1:1 adducts of 
TriplatinNC with FPX do show the intact precursor, confirming our previously observed metalloshielding 
on an octasaccharide and protection against sulfate loss in the gas phase.260 MS/MS studies on FPX 
showed a cleavage pattern similar to that published,275 but in the presence of TriplatinNC, the Y ions 
(Figure 1.24) are not observed suggesting that the adduct is located at that end of the molecule.270 This 
method could also be of use to sequence longer-chain oligosaccharides as regions of sulfate clusters could 
be identified. The binding sites of TriplatinNC linked to an 18-mer ssDNA can be inferred using MS/MS – 
the adduct forms a block to sequential backbone cleavage.278  
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Figure 1.24: Fragmentation patterns of free FPX (top) and TriplatinNC-FPX (bottom) by MS/MS analysis, reproduced from Gorle et 
al. 2021.270  

The circular dichroism (CD) spectra of FPX in presence of TriplatinNC shows a significant reduction 
in the characteristic negative band at approximately 220 nm.270 It is feasible that neutralization of the 
heparin can induce condensation, similar to previously observed for DNA. 

1.6.2 Covalent interactions: PPC binding with defined mono- and di-saccharide fragments of HS 
The cellular chemistry of platinum anticancer agents has emphasized bond-forming reactions with 

‘soft’ N- and S-donors in metabolism and site of action (e.g. histidine, cysteine, methionine protein 
residues and the purines and pyrimidines of DNA and RNA). A simplified interpretation of the Hard and 
Soft Acids and Base theory has led to the widespread acceptance that the ‘class b’ or ‘soft’ metal ion Pt2+ 

forms only weak bonds with ‘hard’ oxygen donors and that such complexes are difficult to isolate. Yet, 
examples abound such as the detailed work of Lippert on simple aqua and hydroxide ligands of cisplatin.279 
Depending on extracellular and intracellular concentrations, presumptive weakly coordinating anions – 
carboxylate, carbonate, phosphate and sulfate - are potential ligands in the cellular and biological milieu 
– phosphate has long been known to interfere with kinetic analysis of platinum complex reactions.280  
While these studies emphasize the O-base donors as individual ligands, it is plausible that the O-donor 
polyanionic biomolecules such as GAGs present multiple neighboring donors on a more complex 
polymeric, biomolecular template  acting as a ‘Lewis base sink’.280  

2D [1H, 15N] heteronuclear single quantum coherence (HSQC) NMR spectroscopy using the 15N-
labelled trinuclear clinical agent Triplatin has detected pre-association, aquation, and covalent binding to 
DNA.281,282 Minor groove pre-association of the central {PtN4}2+ linker influences the final products of the 
covalent interaction, notably dictating the formation of the unique 5´– 5´and antiparallel 3´– 3´ directional 
isomers of {Pt,Pt} 1,4-interstrand cross-links.281  In a similar way Triplatin is expected to interact with GAGs 
through an initial pre-association followed by aquation and then covalent bond formation with the 
variably substituted O-donor groups.  The interaction of Triplatin with FPX was investigated by 1H NMR 
spectroscopy and the initial spectral changes were indicative of pre-association on the oligosaccharide 
skeleton followed by covalent bond formation through substitution of the Pt-Cl bonds.261 Changes in the 
1H signals of the Triplatin alkanediamine linkers mirrored those observed upon covalent Pt-DNA 
formation.281 Similar to our findings with the substitution inert TriplatinNC, Triplatin also showed effective 
inhibition of physiologically critical HS functions, such as inhibition of growth factor recognition and 
activity of human (heparanase) and bacterial (heparinase) enzymes on HS.260,261 
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In order to understand the biological influence of Triplatin covalent interaction with HS sequences 
containing multiple sulfate and carboxylate groups, it is important to understand the kinetics of covalent 
binding at the monosaccharide level, just as early studies of individual purine and pyrimidine nucleic acid 
bases contributed to the understanding of the kinetics and thermodynamics of Pt-DNA interactions. [1H, 
15N] NMR spectroscopy was used to study the aquation and subsequent covalent binding of 15N labelled 
Triplatin with three D-glucosamine residues containing varied O-sulfate, N-sulfate or N- acetyl 
substitutions, which represent monosaccharide fragments present within the repeating disaccharide 
sequences of HS: GlcNS, GlcNAc(6S) and GlcNS(6S),Figure 1.25.283 

 

Figure 1.25: [1H,15N] NMR spectroscopy was used to study the aquation and subsequent covalent binding of Triplatin with three 
D-glucosamine residues containing varied O-sulfate, N-sulfate or N-acetyl substitutions which represent monosaccharide 
fragments present within the repeating disaccharide sequences of HS.283 Rate constants obtained from the kinetic model are 
provided in Table 4.  The DFT optimized models for the interaction of [Pt(NH3)4]2+ (representing the central {PtN4}2+ of Triplatin) 
with GlcNS(6S) illustrates formation of sulfate clamps involving both 2-N- and 6-O-sulfate.  The synthesized disaccharides 
GlcNS(6S)-GlcA and GlcNS(6S)-IdoA(2S) have also been used for kinetic studies of covalent binding by Triplatin. Reproduced from 
Gorle et al. 2021.284 

Analysis of the rate constants for the formation of sulfato species in GlcNS and GlcNAc(6S) shows 
preferential binding by Triplatin to 2-N-sulfate compared to 6-O-sulfate, but a more rapid liberation (kL1 
and k-L1 are both 3 times higher for 2-N-sulfate than 6-O-sulfate).  Equilibrium conditions were achieved 
much more slowly than for disulfated GlcNS(6S) due to covalent binding also to the N- and O- donors of 
sulfamate and N-acetyl groups, respectively. These rate constants were 20–40 fold lower than binding to 
the 2-N or 6-O-sulfate, but the binding was less reversible. For disulfated GlcNS(6S), covalent binding by 
Triplatin with either of the two sulfates is significantly lower compared to that with either the 2-N-sulfate 
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of GlcNS or the 6-O-sulfate of GlcNAc(6S). Electrostatic interaction between the disulfated 
monosaccharide (2- charge) and the {PtN4}2+ linker, through sulfate clamp formation (Figure 1.25C) would 
limit covalent binding of the sulfate groups to the terminal Pt-OH2 groups in the aquated Triplatin.283 
Preferential binding to 2-N-sulfate may have implications for mediation of PPC cellular accumulation.  
Notably, accumulation of Triplatin is diminished in the CHO-pgsE-606 mutant,269 which is 3–5 fold 
defective in N-sulfotransferase activity, resulting in an approximate 2–3 fold reduction of the extent of N-
sulfation.285  

GlcNS(6S)-GlcA and GlcNS(6S)-IdoA(2S) were used to extend these studies to disaccharides (Figure 
1.25) to include possible covalent interaction with the carboxylate group present at the C-5 position of 
the GlcA/IdoA residues. In similar [1H,15N] NMR studies, equilibrium conditions were achieved more slowly 
(65 h) compared to the monosaccharide GlcNAc(6S) (9 h), and carboxy-bound species were the major 
products at equilibrium.284 

1.6.3 DNA versus GAG Affinity 
For substitution-inert complexes the interactions with both DNA and GAGs will be mediated 

through hydrogen-bonding and electrostatic interactions. Given the highly anionic nature of both 
biomolecules, what are the relative affinities of a molecule such as TriplatinNC for DNA, heparin or HS?  
As mentioned, heparin is considered to have an average of 2.7 sulfate groups per disaccharide compared 
to that of two phosphate groups per base pair for DNA. Therefore a number of competitive binding assays 
were developed to answer this question and to complement the indirect and direct HS-PPC assays. 
Fluorescence polarization, ethidium bromide, and circular dichroism competition assays can compare the 
ability of heparin to compete with DNA for binding of charged metal complexes.  

DNA Competition Assays. A fluorescence polarization assay measures the tumbling motion of molecules 
to describe binding events. Typically, the assay incorporates a small fluorescently labelled molecule, such 
as a DNA oligonucleotide, and an interacting molecule of similar or higher molecular weight, such as a 
protein. Upon binding, the rotation of the fluorescent molecule decreases, which is measured by emission 
fluorescence passing through parallel and perpendicular polarized light paths.286 In this case, researchers 
examined whether changes in the rotation of a small fluorescently labelled DNA hairpin (DNA-Fl, 23nt, 
MW 7705) could be detected upon binding of the lower molecular weight metal complex, TriplatinNC 
(MW 1650). Reproducible saturation binding curves were established with the concentration of drug 
required for half-maximal binding determined to be EC50 = 1.92 µM.269 When a competitor ligand, for 
example the same unlabeled DNA hairpin or heparin, is titrated into the reactions, a predictable shift of 
the curve occurred as competitor ligand competed with labeled DNA for TriplatinNC binding with 
concomitant increases in apparent EC50 values established. The fold-change of the apparent EC50 values 

upon addition of either DNA or heparin were broadly similar, suggesting a similar affinity for TriplatinNC 
between low molecular weight heparin and DNA substrates. This assay can be extended to any compound 
– upon competition with heparin, the higher the fold-increase in EC50 is a measure of higher heparin 
affinity, independent of the actual concentrations used for each compound to achieve half-maximal DNA 
binding.  This was also true for other small molecules such as [Co(NH3)6]3+; [CoCl(NH3)5]2+ and 
[RuCl(NH3)5]2+. While the presence of M-Cl bonds suggest the possibility of covalent binding, the nature 
of the assays developed, and the kinetic inertness of substitution on Co(III) and Ru(III) centers, suggests 
that any trends observed across the series of compounds will be most likely due to simple differences in 
charge. Compared to TriplatinNC, the EC50 values of the metal-ammine compounds binding to DNA were 



35 
 

higher (TriplatinNC8+ < [Co(NH3)6]3+ < [CoCl(NH3)5]2+ < [Pt(NH3)4]2+ ≈ [RuCl(NH3)5]2+), indicating the 
expected lower binding affinity to DNA.  

A second competition assay can be developed by adapting the well-known ethidium bromide 
(EtBr) fluorescence assay to measure DNA binding affinities of metal complexes. In this case, the 
fluorescence from intercalator binding to DNA is quenched when the intercalator is displaced upon 
TriplatinNC–DNA binding. Upon addition of increasing concentrations of heparin or FPX, TriplatinNC is 
sequestered and the nucleic acid now becomes available to bind the intercalator, with resultant increase 
in fluorescence (Figure 1.19B). The experiment allows us to define an EC50 as the sequestration 
concentration of heparin required to restore 50% EtBr binding. Since the ability to displace EtBr from DNA 
differs amongst the complexes themselves, the concentration for any individual PPC ([PPCd]) required to 
produce an initial 50% decrease in fluorescence was normalized as the modified EtBr-PPC-DNA 
fluorescence and 100% fluorescence was control EtBr-DNA. This allows a discussion of the EC50 as a ratio 
index of [PPCd]/[FPXr]. The ratio index suggests that above 1, PPCs have more affinity for FPX than DNA, 
whereas below 1 PPCs have more affinity for DNA than FPX. Thus, AH44 has similar affinities for DNA as 
FPX with ratio index of 0.97, while MonoplatinNC, DiplatinNC, and TriplatinNC all had slightly higher 
affinities for FPX than DNA. It is clear that comparison of binding constants or affinities across techniques 
should be used with caution given the many parameters involved and the complexity across the 
experiments where the ITC system is a simple 2-species system, heparin-dye reporter assays are 3-species 
system, and the DNA comparison assays are 4-species systems. Given these caveats, these results are a 
testament to the relative accuracy of these methods for determining trends of coordination compounds 
interaction with heparin.   

A second relevant example is the use of Ru-polypyridyl fluorophores to quantitate heparin and 
even detect heparinase activity in cells and determine its substrate specificity.287,288 The fluorescence of 
[Ru(phen)2(dppz-idzo)]2+ is significantly enhanced in the presence of heparin and may be used to 
quantitate heparin in the range 0.01-4.87 U mL-1. This “switch-on” assay for heparin, showed good 
fluorescence selectivity towards heparin over analogs, such as chondroitin sulfate (CS) or hyaluronic acid, 
which have lower charge density. Notably, the authors state that due to high DNA affinity, the assay 
should be used in DNA-free biological systems.287  

The interplay between GAG and DNA affinity may be very relevant in dissecting biological 
activities of coordination complexes. HS may play a regulatory role by interacting with cationic molecules 
within the nucleus or by transport of cargo to the nucleus, as observed for cationic antibodies and the 
polyarginine-based cell-penetrating peptides.289,290 Notably, GAGs are implicated in cellular uptake of 
anticancer bleomycin and CS and HS are targeted by the drug.291 In this respect, this interplay is of broad 
significance and the analogies previously made between the phosphate clamp and the arginine fork 
binding mode on DNA become relevant. The interplay of HSPG-mediated cellular accumulation, high-
affinity GAG binding, and inherent DNA affinity, needs to be unraveled to identify discrete mechanism of 
biological action. 

Overall, for non-covalent interactions, broadly similar trends for metal-ammine compound 
interaction with heparin and DNA were observed. In the case of covalent binding, it is more difficult to 
assess relative strengths of binding when comparing the strength of Pt-O versus Pt-N bonds. 
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1.6.4 Functional consequences of metalloshielding: Anticancer activity 
As noted in previous sections, interactions of PPCs have two main consequences with respect to 

cancer. Firstly, the HSPG-mediated cellular accumulation suggests an approach to selective accumulation 
into tumor cells and secondly, high-affinity GAG binding is predicted to have functional consequences in 
inhibition and modulation of the physiological response to GAGs. Metalloshielding – or sulfate cluster 
masking - by PPCs is an effective way to protect HS against the actions of its associated enzymes and 
growth factor proteins and to modulate the downstream functions of HS.259–261,270,292  

Growth factors: TriplatinNC (and also Triplatin) inhibits fibroblasat growth factor (FGF) 2 binding to HS in 
vitro whereas cisplatin is completely ineffective.261 TriplatinNC reduces FGF-2 induced accumulation of 
phospho-S6 ribosomal protein, a primary initiator of protein synthesis that is activated in response to 
FGFR phosphorylation and PI3K/Akt/mTOR signaling, in HCT116 cells. A reduction of pS6 is indicative of 
PPC inhibition of FGF/FGFR signaling. This result emphasizes the relevance of the metalloglycomics 
approach. FGF-FGFR signaling is modified by cation (Na+, Ca2)-heparin polysaccharides.293 Further, the highly 
arginine-rich protamine inhibits the angiogenic activity of FGF-2, re-emphasizing our original PPC-
polyarginine analogy, but in a different context beyond DNA binding. Metalloshielding prevents growth 
factor binding and growth factor receptor recruitment with consequent inhibition of FGF-2-induced 
downstream accumulation of pS6 ribosomal protein in human colon cancer HCT116 cells.261 Cellular 
consequences include the inhibition of angiogenesis as measured by the rat aortic ring assay. The 
efficiency of this inhibition is equivalent to the prototypical oligosaccharide mimetic PI-88.261  

Heparanase: In biophysical assays, metalloshielding is strong enough to prevent cleavage of FPX by both 
mammalian heparanase261 and bacterial heparinase.292 The enzymatic cleavage of FPX can be studied 
conveniently using 1H NMR spectroscopy, by monitoring the FPX anomeric protons.294 When bacterial P. 
heparinus heparinase II is utilised as the FPX cleaving enzyme, FPX is cleaved into a trisaccharide and a 
double-bond containing disaccharide (Figure 1.26).  

 

Figure 1.26: Structures of Fondaparinux and cleaved products by bacterial (P. heparinus) heparinase II. In the presence of PPCs, 
cleavage was completely inhibited. Reproduced from Gorle et al. 2018.292  
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Pre-incubation of FPX with 1 equivalent of TriplatinNC, and a library of other substitution-inert PPCs 
(Figure 1.27), prior to the addition of the enzyme, completely inhibited the cleavage, with the exception 
that the mononuclear 2+ charged Pt(tetraammine) complex showed minor cleavage products.292 Overall, 
this study showed that PPC positive charge and its dispersion either through Pt coordination spheres or 
dangling amine groups is essential for the effective metalloshielding of the HS substrate. Notably, FPX 
cleavage inhibition was observed for the mononuclear complex, MonoplatinNC (4+), highlighting the 
importance of charge distribution, through dangling amines, for metalloshielding against the enzyme 
action.  

 

Figure 1.27: Structures of the glycan-interacting polynuclear platinum complexes (PPCs) including the clinically relevant anticancer 
agent Triplatin/BBR3464. Triplatin also participates in covalent-bond forming interactions through the displacement of Pt-Cl bond. 
Counterions omitted for clatiry. 

The definitive end-point in vivo for inhibition of human heparanase enzyme activity and growth 
factor binding is inhibition of metastasis.295  Inhibition of HS cleavage in cells has been confirmed recently 
for TriplatinNC in a cellular assay using triple-negative breast cancer (TNBC) MDA-MB-231 cells.270 Further, 
inhibition of metastasis was observed in a syngeneic 4T1 mouse-derived model of TNBC breast cancer 
metastasis to the lung using a primary tumour resection or “mastectomy” model (Figure 1.28).270 Pursuit 
of the consequences of GAG binding has led to this observation of meaningful antimetastatic activity of a 
non-covalent 8+ platinum complex, a long way from the paradigm of neutral cisplatin.   
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Figure 1.28: Inhibition of metastasis in a syngeneic 4T1 mouse model of triple-negative breast cancer by TriplatinNC. (a). Female 
BALB/c mice (immune-intact) with 4T1-luc2 murine breast cancer cells were orthotopic-implanted into the mammary fat pad on 
day 0 and primary tumour resections occurred on day 8. Mice were then treated via i.p. injections of TriplatinNC (25mg/kg), or 
saline with the dosing scheduled on days 10, 14, and 18 (Tx1, Tx2 and Tx3, respectively). (b),(c) After day 21, TriplatinNC reduced 
developing metastases. (d). TriplatinNC markedly reduced the tumour load (p = 0.055). E. TriplatinNC had prolonged survival with 
1 mouse (out of 7) from treatment surviving over 100 days indicating a cure. Tumours were quantified by bioluminescence using 
the IVIS. Reproduced from Gorle et al. 2021.270 

1.7 Antiviral hypothesis 
The dual nature of PPCs may enable them to inhibit both DNA function and HS function. PPCs 

condense DNA, with higher potency than that of conventional DNA condensing agents, and aggregate 
transfer RNA.296 TriplatinNC and AH44 were shown to inhibit DNA transcriptional activity and inhibit 
topoisomerase I-mediated relaxation of supercoiled DNA at lower concentrations than spermine.296 While 
PPC-DNA binding inhibits DNA use and leads to apoptosis, we postulated that PPCs would “metalloshield” 
HS, meaning that PPC-HS binding would inhibit HS’s various functions. Indeed, as noted above, PPCs inhibit 
the enzymatic cleavage of Fondaparinux both by bacterial heparinase and mammalian heparanase,260,265 
and PPC metalloshielding inhibits growth factor binding and growth factor receptor recruitment in human 
colon HCT116 cells.261 In this thesis, we will examine the ability of PPCs to inhibit another function of HS, 
viral attachment, and expand this investigation to less-toxic cobalt complexes.  
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CHAPTER 2: Platinum structure activity relationships and mechanism of 
action against HCMV 
2.0 Contributions  
This chapter is a summary of “Substitution-inert polynuclear platinum compounds inhibit human 
cytomegalovirus attachment and entry” published in Antiviral Research.1 Preliminary studies (luciferase 
based EC50s and gene expression assays) were performed by Dr. Amine Ourahmane. Synthesis and 
methylene blue studies were performed by Dr. Eric Ginsburg. MZ repeated preliminary studies and 
completed the remaining mechanistic work.  

2.1 Background 
 HCMV, belonging to the beta-herpesviridae family, is an enveloped, double stranded DNA virus. 
HCMV infects up to 100% of the population.2 For those fortunate healthy individuals, an HCMV infection 
may present as a common cold or be asymptomatic. However, in immunocompromised populations, 
including acquired immunodeficiency syndrome (AIDS) patients and transplant recipients, HCMV 
infections can result in significant clinical disease.3–6 Importantly, HCMV can cross the placenta from 
mother to fetus and cause congenital birth defects characterized by neurodevelopmental delay, 
sensorineural hearing loss, microcephaly, seizures, intracranial calcifications, cerebral palsy, hepatitis, and 
chorioretinitis resulting in vision loss.7–11 Current treatments for HCMV, such as ganciclovir, foscarnet, and 
cidofovir, target the viral DNA polymerase and halt DNA replication, while letermovir targets the viral 
terminase and disrupts viral DNA packaging.2 However, viral resistance to all of these treatments occurs 
in the clinic and none are approved for use during pregnancy.  

 As evidenced by HCMV’s broad organ tropism, HCMV has a broad cell range within the human 
body.12 HCMV replicates in epithelial cells, endothelial cells, fibroblast, smooth muscle cells, dendritic 
cells, and macrophages. Each of these cell types play their own role in infection; for example, epithelial 
cells contribute to interhost transmission while endothelial cells and hematopoietic cells contribute to 
spread within the host.12 Variations between strains of HCMV cell tropism depend on differences within 
the UL128-131 genes, the genes required for cell entry. New treatments should examine viral entry, since 
HCMV infects a variety of cell types. 

 Like all herpes viruses, HCMV relies on glycoproteins glycoprotein B(gB) as well as glycoproteins 
H and L (gH/gL) for viral entry into cells (Figure 2.1). gB, encoded by UL55, interacts with cellular heparan 
sulfate (HS) and gB-null mutants are able to form viral particles but unable to enter cells without a 
chemical fusogen.13,14 A dimer of glycoproteins M and N (gM/gN) also binds heparin immobilized on a 
column, and neutralizing antibodies target gM/gN.15–17 Together gM/gN mediate viral attachment via HS 
but also have intracellular roles.15,18,19 Through a combination of gB and gM/gN, HCMV virions attach to 
cellular HS, following which HCMV enters the cell either through endocytosis or membrane fusion. HCMV 
gH/gL form a heterotrimer with heavily N-glycosylated glycoprotein O, encoded by UL75, UL115, and UL74 
respectively. The trimer binds its cellular receptor platelet derived growth factor receptor alpha 
(PDGFRα).20–22 However, gO null mutants produce drastically smaller titers in fibroblasts compared to the 
wild type.23–26 gH/gL also form a heteropentamer with three small glycoproteins encoded by UL128-131A. 
The UL128-131A locus is unstable during passage in fibroblasts, as the pentamer is not essential for 
fibroblast infection but it is required for the infection of leukocytes, dendritic cells, epithelial cells, and 
endothelial cells.27–30 In 2018, neurophilin02 (Nrp2) was identified as the pentamer’s receptors though 
other cellular surface proteins may also function as HCMV receptors.31,32 Following the interaction of the 
trimer and/or pentamer with their respective receptors, HCMV enter the cell either by membrane fusion 
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or endocytosis. Disrupting either the interaction between virions and HS or between the trimer and/or 
pentamer and their receptors, could block viral entry. 

 
Figure 2.1: Receptors for HCMV gH/gL complexes. HCMV enters cells via two different methods. On the left, the trimer (gH/gL/gO 
complex) binds PDGFRα to trigger a pH-independent macropinocytosis. On the right, the pentamer (gH/gL/UL128–131 complex) 
binds Nrp2 to trigger a low pH-dependent endocytosis; CD147 is also required in the latter mode of entry. Reproduced from Nguyen 
et al. 2015.32 

 Substitution-inert polynuclear platinum compounds (PPCs) are a class of molecules with 
demonstrated high affinity for HS. Binding is modulated through electrostatic and hydrogen-bonding 
interactions with anionic sulfates and carboxylates on the HS backbone.33 This “metalloshielding” of 
critical sulfate receptors by PPCs impedes HS functions in a number of biologically relevant processes, 
such as growth factor recognition and enzymatic (mammalian heparanase/ bacterial heparinase) 
cleavage.34–37 Since HS plays a vital role in viral attachment, mediated through sulfate interactions, 
electrostatic, and H-bonding interactions,38 we hypothesized that PPCs would likely interfere with viral 
attachment. In this study, we extend the reported biological consequences of the PPC/HS interaction to 
anti-HCMV activity through the use of a small library of PPCs that allowed exploration of the effects of 
charge, nuclearity (di/tri platinum units), length, and different polyamine linkers on anti-viral activity. We 
demonstrate that PPCs have anti-viral activity against HCMV in a charge-dependent manner, acting on 
both epithelial cells and fibroblasts, and act early in the viral replication cycle, consistent with inhibition 
of viral attachment.  

2.2 Rationale for choice of polynuclear platinum compounds  
The substitution-inert PPCs were developed from Triplatin, which was originally synthesized to 

subvert cisplatin resistance in cancer.39 While Triplatin is useful in targeting cancer, it has labile Pt-Cl 
bonds, likely to react with any number of biologically relevant nucleophiles. The substitution inert PPC 
series lack Pt-Cl bonds and instead is based on a Pt-N4 motif. The library used in this study is shown in 
Figure 2.2. MonoplatinNC (I) is the lone mononuclear compound of the series with the smallest positive 
charge (+4). DiplatinNC (II) is one of two dinuclear PPCs with a moderate charge (+6). BBR3571NC (III) has 
an amine in place of the middle platinum moiety of TriplatinNC and has a moderate charge (+7). 
TriplatinNC (IV) is the substitution inert analog of Triplatin with a high positive charge (+8); the rest of the 
series is based off of IV. AH44 (VI) maintains the positive charge (+6) of IV but has simple ammines on the 
terminal platinum moieties in place of dangling ammines. With positive charge of +8, three compounds 
differ only in the length of the alkyldiamine linker: TriplatinNC-but (VII), TriplatinNC-pent (V), and 
TriplatinNC-hept (VIII). A further two compounds were designed to be prodrugs of IV as acetyl and tert-
butyloxycarbonyl protecting (Boc) group are easily cleaved in biological conditions. TriplatinNC-AA (IX) has 
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an acetyl group and TriplatinNC-Boc (X) has a Boc group on each of their two terminal dangling ammines, 
decreasing their charge to (+6). Finally, TetraplatinNC is a tetranuclear PPC with the highest charge of the 
series (+10). These compounds were chosen to examine variation in overall charge and nuclearity on 
efficacy on HCMV.  

 

Figure 2.2: The structures of substitution-inert mononuclear and polynuclear platinum complexes. Counterions omitted for 
clarity. 

2.3 Studies of HCMV antiviral activity  
The antiviral activity of a compound is quantified by its EC50, the concentration at which 50% of 

virus replication is inhibited. Cytotoxicity of a compound is quantified by its TC50, the concentration at 
which 50% of the cells die. To determine EC50s for PPCs, their impact on HCMV yield (production of cell-
free infectious virus) was determined using a luciferase-tagged HCMV, while TC50s were simultaneously 
determined for replicate uninfected cultures using the CellTiter-Glo cell viability assay.40 Results are shown 
in Figure 2.3 and summarized in Table 2.1. I, although not cytotoxic, exhibited weak antiviral activity and 
failed to fully repress viral replication at concentrations as high as 200 µM; the dinuclear compounds II 
and III exhibited antiviral activities with moderate toxicity; IV and V exhibited similar antiviral activities, 
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although V was more cytotoxic. Unfortunately, VI, VII, VIII, and XI were cytotoxic and their antiviral activity 
could not be distinguished from their cytotoxicity. Although X was not cytotoxic, it also lacked antiviral 
activity. Finally, IX had some antiviral activity but failed to be consistent between trials, leading us to 
question its stability.  

The selectivity index (SI) is the ratio of TC50 to EC50. A high SI suggests a favorable safety and 
efficacy profile of a compound. III and V had low SIs due to low antiviral activity or high cytotoxicity, 
respectively, whereas II and IV had relatively high SIs (Table 2.1). Although VI was less cytotoxic than IV, 
it failed to improve on anti-HCMV activity resulting in a low SI. VII, VIII, IX, X, and XI all had SIs close to 1, 
meaning their cytotoxicity is approximately equal to their antiviral activity. For this reason, we proceeded 
with compounds I-V for mechanistic studies. 

Table 2.1: Activities of PPCs 

Structure Name Antivirala 
(EC50) 

Cytotoxicityb 
(TC50) 

SIc 
 

MBd 
(IC50) 

I MonoplatinNC NDe >200 NDe 25.5 ± 0.5 
II DiplatinNC 0.471 ± 0.16 54.31 ± 11.9 115.3 16.6 ± 0.4 
III BBR3571NC 4.066 ± 2.85 63.55 ± 14.4 15.6 17.4 ± 0.8 
IV TriplatinNC 0.338 ± 0.28 24.65 ± 9.53 72.9 10.2 ± 0.4 
V TriplatinNC-pent 0.329 ± 0.19 6.199 ± 3.4 18.8 13.8 ± 0.4 
VI* AH44 6.016 34.50 5.7 13.5 ± 0.5 
VII* TriplatinNC-but 0.8128 1.59 1.9 ND 
VIII* TriplatinNC-hept  6.182 3.969 ~1 13.6 
IX TriplatinNC-AA 60.85 ± 11.5 >200 >3.3 12.3 ± 0.4 
X* TriplatinNC-Boc 51.60 ~150 2.9 ND 
XI* TetraplatinNC 4.402 4.666 1.0 ND 

aluciferase-based yield assay 
bCellTiter-Glo® assay 
cselectivity index (TC50/EC50) 
a,b,dµM; means of three independent experiments ± standard deviations 
dinhibition of methylene blue binding to FPX (previously published data, 34) 
ND: not determined 
*Due to low SI on initial testing and limited quantity available, replicate experiments were not 
conducted.  
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Figure 2.3: Luciferase-based antiviral activities and cytotoxicities of PPCs in fibroblasts. Anti-HCMV activity (black) was measured 
by incubating MRC-5 fibroblast monolayers in 96-well plates with PPCs for one h, then infecting with luciferase-tagged HCMV 
RC2626 (125 plaque forming units (PFU)/well). After five days 50 µL of virus-containing culture medium was transferred to fresh 
MRC-5 cultures and luciferase activities (RLU) in these cultures were measured 48 h later. Cytotoxicity (red) was measured in 
replicate uninfected cultures treated for five days using the CellTiter-Glo® assay. Data are means of three independent 
experiments except for compounds VI-VIII and X-XI due to limited quantities.  

2.4 Studies of gene expression  
The yield-based assay used above measured the impact of PPCs on release of infectious virus 

progeny. However, our hypothesis predicted that PPCs block viral attachment and entry and therefore 
should block viral gene expression. We first tested this using a green fluorescent protein (GFP) tagged 
virus, and as HCMV enters fibroblasts by fusion at the cell surface and epithelial cells by endocytosis,41,42 
we investigated the impact of PPCs on GFP expression in MRC-5 fibroblasts and ARPE-19 epithelial cells.42 
Controls included heparin, known to block HCMV entry,43 and BAY 38-4766, a terminase inhibitor that acts 
late in infection and does not impact viral gene expression.44 When added one h prior to infection, heparin 
and PPCs II-V inhibited GFP expression in both MRC-5 fibroblasts and ARPE-19 epithelial cells, while BAY 
38-4766 and PPC I did not (Figure 2.4). By contrast, when added one hpi, PPCs I, II, and IV had no impact 
on GFP expression in either cell type relative to the no inhibitor, heparin, or BAY 38-4766 controls (Figure 
2.4).  
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Figure 2.4: PPCs added before infection inhibit expression of a viral marker protein in fibroblasts and epithelial cells. Confluent 
monolayers of MRC-5 fibroblasts or ARPE-19 epithelial cells in 96-well plates were treated with medium (Ø), 150 µg/ml heparin 
(HEP), 8 µM BAY 38-4766 (BAY), 20 µM I, 10 µM II, 10 µM III, 5 µM IV, or 1.5 µM V one h before or one h after infection with GFP-
tagged HCMV BADr (100 PFU/well). Representative fluorescent micrographs were taken six days post infection.  
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Figure 2.5: GFP-based antiviral activities and cytotoxicities of PPCs in fibroblasts and epithelial cells. Anti-HCMV activity (black) 
was measured by incubating confluent monolayers of MRC-5 fibroblasts (A) or ARPE-19 epithelial cells (B) with PPCs for one h, 
then infecting with GFP-tagged HCMV BADr (100 PFU/well) and measuring GFP levels (RFU) six days after infection. Cytotoxicity 
(red) was measured in replicate uninfected cultures treated for five days using the CellTiter-Glo® assay. Data are means of three 
independent experiments ± standard deviations. 
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GFP-based EC50s were next determined by quantification of GFP as a marker for viral gene 
expression (Figure 2.5 and Table 2.2). Similar EC50s for the two cell types were obtained for II-V, although 
all appeared less potent in the GFP-based assay compared to the luciferase-based yield assay, and the 
cytotoxicity of IV was higher in ARPE-19s than MRC-5s (Figure 2.5 and Table 2.2). Using the GFP-based 
assay, I again exhibited only partial antiviral activity even at high concentrations (Figure 2.5 and Table 2.2).  

Table 2.2. Anti-viral activities determined using GFP-based assays 

Structure 
MRC-5 fibroblasts  ARPE-19 epithelial cells 

Antivirala 
(EC50) 

Cytotoxicityb 
(TC50) 

SIc  
Antivirala 

(EC50) 
Cytotoxicityb 

(TC50) 
SIc 

I NDd >200 NDd  NDd >200 NDd 
II 7.03  ± 3.96 54.31  ± 11.9 7.7  2.246 ± 1.68 64.135 ± 4.99 29 
III 1.918 ± 0.58 63.55 ± 14.4 33.1  1.126 ± 0.26 88.47 ±17.8 78.5 
IV 0.776  ± 0.59 24.65  ± 9.53 31.8  1.060 ± 0.62 4.317 ± 0.38 4.1 
V 1.513 ± 0.51 6.199 ± 3.4 4.1  2.365 ± 0.81 7.27 ± 1.35 3.1 

a GFP-based assay 
b CellTiter-Glo® assay 
a, b µM; means of three independent experiments ± standard deviations 
c selectivity index (TC50/EC50) 
d not determined 
 

Based on their ability to inhibit GFP, PPCs must act relatively early in the viral gene expression 
cascade. We therefore used immunofluorescent staining to determine the impact of PPCs II and IV on 
HCMV immediate early (IE) proteins 1 and 2, among the first viral proteins to be expressed within an 
infected cell, and the late viral protein pp28, which is expressed late in infection and only after viral DNA 
synthesis. Controls included heparin, an entry inhibitor predicted to block both IE and late protein 
expression, PFA, a viral DNA polymerase inhibitor predicted to inhibit late but not IE protein expression, 
and BAY 38-4766, predicted to have no effect on either.43–45 These controls behaved as expected, while 
PPCs II and IV, consistent with inhibition of virion attachment, fully inhibited both IE1/2 and pp28 
expression (Figure 2.6). 

 

Figure 2.6: PPCs inhibit expression of HCMV IE and pp28 late proteins. MRC-5 fibroblast monolayers were treated with medium 
(Ø), 150 µg/ml heparin (HEP), 8 µM BAY 38-4766 (BAY), 3.2 mM PFA, 10 µM II, or 5 µM IV one h before infection with HCMV 
RC2626 (125 PFU/well). Cultures were fixed and fluorescently stained for HCMV IE proteins 48 hpi or for pp28 late protein 120 
hpi. 

2.5 Time of addition and removal studies 
To further define the mechanism of action of PPCs, a time of addition experiment was conducted 

using a luciferase-based yield assay in which inhibitor was added at different times relative to viral 
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infection. Unfortunately, consistent results could not be produced. A similar time of addition experiment 
was conducted using GFP on day six after infection as a measure of viral inhibition after adding inhibitors 
at different times relative to viral infection. Like heparin, PPCs II and IV were only active when added 
within a few hours of adding the virus and lacked antiviral activity if added as early as 12 h after infection 
(Figure 2.7).  

 

 

Figure 2.7: Time of addition study. Confluent monolayers of MRC-5 fibroblasts were treated 150 µg/ml heparin, 10 µM II, or 5 
µM IV 1 h before, concurrent with, or at various times after infection with GFP-tagged HCMV BADr (100 PFU/well). GFP 
expression was quantified on day six post infection. Data are means of triplicate wells ± standard deviations. 

Treatment/removal experiments were performed to define requirements for PPC interactions 
with cells or virions. MRC-5 fibroblasts or ARPE-19 epithelial cells were treated with medium or with 
heparin, II, or IV for one h, then washed with media prior to infection with GFP-tagged virus BADr. 
Consistent with heparin acting by binding to virions, pretreatment of cells with heparin and then removal 
by washing had no effect on subsequent infection (Figure 2.8A). In contrast, pretreatment of either cell 
type with II and IV significantly reduced the number of infected GFP+ cells compared to untreated or 
heparin-treated cells (Figure 2.8A). In the converse experiment virions were incubated with PPCs and then 
filtered to remove unbound PPCs prior to cell infection. The infectivity of virions treated with II or IV 
remained high when used to infect ARPE-19 cells; however, when the same samples were added to MRC-
5 cultures their infectivity was significantly reduced (Figure 2.8B). That filtration was effective in reducing 
the concentrations II or IV to subinhibitory levels was demonstrated by the unimpaired infectivity of 
controls in which virions and compounds were filtered separately, then combined prior to infection 
(Figure 2.8C). While heparin was included as a positive control to demonstrate effective inhibition, it 
should be noted that heparin is too large to pass through these filters and therefore remained in the 
retentate with the virions.  

These results are consistent with the proposed mode of action in which II and IV bind to cellular 
HS and thereby prevent subsequent virion attachment. However, the reduced MRC-5 infectivity of treated 
virions suggests that II and IV can also bind to virion components, and that such binding selectively inhibits 
subsequent MRC-5 but not ARPE-19 infection.  
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Figure 2.8: Treatment/removal studies. (A) Confluent monolayers of MRC-5 fibroblasts or ARPE-19 epithelial cells in 96-well 
plates were treated with medium (Ø), 150 µg/ml heparin (HEP), 10 µM II, or 5 µM IV for one h then washed three times with 
media and infected with GFP-tagged HCMV BADr (100 PFU/well). (B) BADr virions were incubated with medium (Ø), 300 µg/ml 
heparin, 10 µM II, or 5 µM IV for one h, then filtered to reduce the concentrations of unbound compounds by approximately 100-
fold and added to untreated cells. (C) Untreated BADr virions or medium lacking virions but containing 300 µg/ml heparin, 10 
µM II, or 5 µM IV were filtered as in (B). The filtered virions were then combined with filtered compounds as indicated and added 
to untreated cells. Figures show representative fluorescent micrographs taken six days post infection. 

Several attempts were made to establish whether or not PPCs block HCMV virion attachment. 
First, 3H labeled HCMV was produced to quantitatively assess virions attached to the cell surface. Although 
the viral stock had good radioactivity, in vitro experimental data showed that either (1) 3H-thymidine was 
not incorporated into the virus and thus was washed away, (2) the 3H-thymidine did not efficiently label 
the virus, or (3) the experiment in vitro method was not optimized (Figure 2.9).  

 
Figure 2.9: 3H thymidine labeled RC2626 test. MRC5 cells were infected with RC2626 in the presence of 3H thymidine in order to 
make a labeled viral stock. This stock was serially diluted and MRC5 cells were harvested 48 hpi. The amount of 3H thymidine was 
measured by a scintillator.  
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The HCMV pp65 protein is an abundant component of the virion tegument.46 Upon infection, 
virion-associated pp65 is deposited first into the cytoplasm and subsequently localizes to the nucleus.47 
Consequently, pp65 staining shortly after infection serves to indicate virion attachment.48 To determine if 
PPCs inhibit pp65 deposition, MRC-5 fibroblasts were untreated or treated for one h with heparin, II, or 
IV, then infected with BADr and incubated six h before fixation and immunofluorescent staining with an 
antibody to pp65. The pp65 signal could be readily detected in the untreated control culture, whereas 
treatment with heparin, II, or IV each eliminated the pp65 signal (Figure 2.10). This result indicates that, 
like heparin, II and IV inhibit virion attachment to cells.  

 

Figure 2.10: PPCs inhibit cellular deposition of tegument protein pp65. MRC-5 fibroblast monolayers were treated with medium 
(Ø), 150 µg/ml heparin (HEP), 10 µM II, or 5 µM IV for one h and then incubated with HCMV BADr (200 PFU/well) for one h at 
4ᵒC. Cultures were then shifted to 37ᵒC and incubated for six hours before being fixed and fluorescently stained for the HCMV 
tegument protein pp65. 

2.6 Discussion  
Most current treatments for HCMV (ganciclovir, its orally available prodrug valganciclovir, 

cidofovir, and foscarnet) target the viral DNA polymerase (UL54). Letermovir is unique in that it inhibits 
viral DNA packaging. Unfortunately, all suffer from acquired resistance and the DNA polymerase inhibitors 
cause dose-limiting side effects.45  

Like all herpesviruses, HCMV relies on envelope glycoproteins for virion entry into cells. gB and 
the gM/gN heterodimer are believed to interact with HS on the cell surface to initiate attachment.43,49 
Unlike most anti-viral targets, HS is an extracellular non-viral structure. Thus, antivirals targeting virion/HS 
binding are presumably less prone to develop resistance, as the virus would have to mutate to acquire 
mechanisms of entry that no longer rely on HS. The HS/viral interaction has been the focus of antiviral 
research as disrupting the interaction has the potential to inhibit infection of any HS-dependent virus.  

As well-defined substitution-inert coordination compounds, PPCs are not as easily subject to the 
enzymatic degradation that diminish the efficacy of antiviral activity of heparin and other HS mimetics. 
Further, their substitution-inert nature means they are not susceptible to metabolic degradation by thiol-
containing substances such as glutathione, which are considered to deactivate the anticancer agent 
cisplatin.50 In this study, we examined the antiviral activities of five PPCs, which we predicted would 
prevent viral entry by virtue of metalloshielding of HS. Consistent with this hypothesis, we found that 
antiviral activities of PPCs loosely correlate with their GAG affinity (Table 2.1). I is the only mononuclear 
compound of the series studied and did not display effective antiviral activity. This is consistent with a 
relatively small positive charge (+4) and the lowest GAG affinity of the PPCs studied.34 The dinuclear 
compounds (II and III) were among the least cytotoxic of the series with good anti-HCMV activity. In 
agreement with their GAG affinity, II outperformed III across the board, suggesting an increase in length 
is not advantageous; however, inhibition of attachment may be charge-dependent. The trinuclear 
compounds, IV and V, possess the same overall charge, but the alkyldiamine chain linking the platinum 
centers varies. IV and V have nearly identical antiviral activities, outperforming the dinuclear compounds, 
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but the higher cytotoxicity of V reduces its selectivity index (Table 2.1). Other compounds, such as IX and 
X, had protecting groups on the terminal dangling amines and had reduced antiviral activity, suggesting 
that either increased bulk or decreased charge are unfavorable.  

Following attachment of HCMV virions, a trimeric complex of glycoproteins H, L, and O (gH/gL/gO) 
is required for entry into fibroblasts, while entry into epithelial and endothelial cells requires in addition 
a pentameric complex consisting of gH/gL complexed with UL128, UL130, and UL131A.51 However, as 
HCMV presumably relies on HS for attachment in either case, inhibitors of virion/HS interaction should be 
active despite cell type. As seen with II through V, PPCs inhibit HCMV in both fibroblasts and epithelial 
cells, although EC50s varied between cell type (Table 2.2).  

In agreement with the proposed molecular mechanism of inhibiting virion attachment, II and IV 
blocked cellular deposition of pp65 as well as downstream events of viral immediate early and late gene 
expression. Also consistent with a block to attachment, antiviral activity depended on their presence prior 
to or very soon after addition of virus. Indeed, in these respects the PPC phenotype closely paralleled that 
of heparin, a known attachment inhibitor.43 Unlike heparin, however, PPCs are not predicted to interact 
with virions, but instead are proposed to function through metalloshielding of HS, precluding virion 
attachment. This is supported by treatment/removal experiments demonstrating that PPCs II and IV act 
by binding to cells while heparin does not. However, both II and IV also exhibited inhibition when bound 
to virions, although surprisingly this activity was selective for fibroblast but not epithelial cell infection. 
This suggests that PPCs bind to virion factors that are important for fibroblast entry but dispensable for 
epithelial cell entry.  

Collectively, our findings suggest that targeting HS merits consideration as a strategy to block viral 
attachment, which should be less subject to development of viral resistance than current treatments. 
Cisplatin exhibits activity against herpes simplex II infections but its cytotoxicity would preclude its use as 
an antiviral agent.52 The advantage of the substitution-inertness of the PPCs discussed here, acting 
through only molecular recognition motifs of hydrogen bonding and electrostatic interactions, is that they 
are less cytotoxic than covalently binding cisplatin.  The concept is further extendable to other 
substitution-inert charged coordination compounds with considerable scope for enhancing selectivity 
index for antiviral applications.   

2.7 Conclusion  
Our study demonstrates the utility of the metalloglycomics concept – the study of the interaction 

of metal ions and coordination compounds with biologically relevant oligosaccharides and, in particular, 
GAGs and proteoglycans – in design of new antiviral chemotypes.39 Exploitation of the high PPC-HS affinity 
gives effective HCMV inhibitors, with the potential for broad spectrum antiviral activity. In vivo, GAGs are 
associated with aquated metal ions such as Na+, Ca2+ and Zn2+. The inherent ability of coordination 
compounds to alter oxidation state, coordination number and geometry, as well as substitution lability of 
coordinated ligands will allow systematic modulation to produce a wide range of chemotypes for 
refinement of structure-activity relationships, and in this case therapeutic selectivity. Unlike heparin 
mimetics and small peptides, the ability of PPCs to withstand enzymatic cleavage and/or thiol degradation 
offers a potential enhancement over these approaches.53 New alternative strategies to exploit glycans in 
general as targets for medical and clinical use are still needed and therapeutic intervention of glycan 
function remains an understudied area compared to approaches for DNA and proteins.39 To our 
knowledge, this is the first demonstration of direct interaction of a coordination compound with a virion, 
opening new areas for exploration in bioinorganic chemistry. This proof-of-concept of the utility of HS 
metalloshielding thus suggests potential for a broad-spectrum class of agents acting on both RNA and 
DNA viruses.  In summary, inhibition of viral attachment to GAGs is an attractive yet still underexploited 
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target and these results blend the two areas of glycan targeting and medicinal inorganic chemistry into a 
new innovative field of high clinical relevance, expanding both areas of research into hitherto unexplored 
territory.  
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2.7 Experimental methods  
2.7.1 Cell and viral culture 

Human MRC-5 fetal lung fibroblasts (ATCC CCL-171) and human APRE-19 epithelial cells (derived 
from retinal pigment epithelium) (ATCC CRL-2302) were purchased from American Type Culture 
Collection. MRC-5 and APRE-19 cells were cultured at 37°C in a 5% CO2 atmosphere using Dulbecco’s 
Modified Eagle Medium supplemented with 10% fetal bovine serum, 50 U/mL penicillin, 50 mg/mL 
streptomycin, and 29.2 mg/mL L-glutamine (DMEM, all from Life Technologies).  

Virus BADrUL131-Y4 (BADr), a gift from Dai Wang and Thomas Shenk, is a variant of HCMV strain 
AD169 that is epithelial tropic due to repair of a mutation in UL131A and contains a green-fluorescent 
protein (GFP) reporter cassette.54 Virus RC2626 is a variant of HCMV strain Towne that contains an 
expression cassette for firefly luciferase.55 RC2626 and BADr were propagated in MRC-5 and ARPE-19 cells, 
respectively. Virus stocks were derived from infected cell culture supernatants, adjusted to 0.2 M sucrose, 
and stored in liquid nitrogen. Viral titers were determined using MRC-5s as described.56  

2.7.2 Compounds and compound synthesis  
BAY 38-4766 was a gift from Bayer Pharmaceuticals, foscarnet (phosphonoformic acid, PFA) was 

purchased from InvivoGen, and heparin sodium was purchased from Acros Organics (Lot # B0146868). 
MonoplatinNC, DiplatinNC, TriplatinNC, AH44, TriplatinNC-pent, TriplatinNC-hept, TriplatinNC-Boc, and 
TetraplatinNC were prepared according to published methods.34,57,58 BBR3571NC was synthesized through 
adaptation of published procedures.1,59 TripaltinNC-but was synthesized through the adaption of 
TriplatinNC-hept and -pent procedures.60 The complexes were characterized by C, H, N elemental analysis, 
and 1H and 195Pt nuclear magnetic spectroscopy.  

TriplatinNC-AA:61 TriplatinNC (1mmol) was dissolved in water, and DIPEA (2.2 mmol) was added. 
After 30 minutes, acetic anhydride was added dropwise over a period of 1 h. The reaction was then heated 
at 50°C for 48 hours and filtered through celite to remove any unreacted starting materials and reduced 
platinum. The volume of the filtrate was reduced to almost dryness and acetone was added to force the 
precipitation of the product. The precipitate was filtered off then washed with acetone. Further 
purification, as needed, was achieved by recrystallization in water. Yield- 84% 1H NMR (D2O): δ 3.08 
(t,4H), 2.56 (t, 12H), 1.90 (s, 6H), 1.55 (m, 12H), 1.42 (m 4H), 1.24 (m,16H). Elemental analysis calculatedd 
for C28,H85,N20,O20,Pt3 - C 20.92, H 5.33, N 17.43. Obtained: C 20.90, H 5.27, N 17.38. 

BAY 38-4766, PFA, MonoplatinNC, DiplatinNC, BBR3571NC, TriplatinNC, and TriplatinNC-pent 
were dissolved in water at a stock concentration of 10 mM. Heparin was dissolved in water at a stock 
concentration of 1000 µg/mL. 

2.7.3 Luciferase-based yield assay of antiviral activity 
Eleven three-fold serial dilutions of I-XI were prepared in DMEM. Final concentrations ranged 

from 200 µM to 3.4 nM for I-III and V-XI and from 100 µM to 1.7 nM for TriplatinNC. Black-wall/clear-
bottom 96-well plates with confluent monolayers of MRC-5 cells were treated with different 
concentrations of each test compound in triplicate. After one h incubation cells were infected with RC2626 
(125 PFU/well). Infected and uninfected wells without compound served as controls. Following incubation 
for five days 100 µL of culture media was removed from each well and transferred to wells of a fresh 96-
well plate containing confluent uninfected MRC-5 cells. Following an additional two-day incubation 
luciferase activity was measured by removing 100 µL of media and adding 100 µL of Steady-Glo® luciferase 
substrate (Promega), incubating ten minutes at room temperature, and measuring relative luminosity 
units (RLU) using a BioTek Synergy HT Multi-Mode Microplate reader. Prism 5 software (Graphpad) was 
used to determine 50% effective concentration (EC50) values as the inflection points of best-fit four-
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parameter curves for RLU (means of triplicate data) versus log inhibitor concentration. Graphical 
representations were normalized to % maximum RLU.  

2.7.4 GFP-based assay of antiviral activity 
Confluent monolayers of MRC-5 or ARPE-19 cells in 96-well plates were prepared and treated with 

compound dilutions as described in 2.7.3 above. After one h of incubation cells were infected with virus 
BADr (100 PFU/well). Following incubation for six days, relative fluorescence units (RFU) of GFP 
fluorescence were quantified by BioTek Synergy HT Multi-Mode Microplate reader and EC50 values were 
determined as described in 2.7.3. Graphical representations were normalized to % maximum RFU.   

2.7.5 Cytotoxicity  
Replicate MRC-5 or ARPE-19 cell cultures were prepared simultaneously with those described in 

2.7.3 and 2.7.4 but were not infected. After incubation of five days cell viability was determined by 
removing 100 µL of culture media from each well, adding 100 µL of CellTiter-Glo® reagent (Promega), 
incubation for ten minutes at room temperature, and measuring RLU using a BioTek Synergy HT Multi-
Mode Microplate reader. 50% cytotoxicity concentrations (TC50) were calculated as inflection points of 
four-parameter curves as described in 2.3. Graphical representations were normalized to % maximum 
RLU.  

2.7.6 Inhibition of GFP fluorescence 
Inhibition of GFP expression was evaluated by treating confluent monolayers of MRC-5 or ARPE-

19 cells in black-wall/clear-bottom 96-well plates with compounds for one h before addition of 100 
PFU/well virus BADr. Six days after infection representative micrographs were taken with a Nikon Eclipse 
TS100 Inverted UV microscope.  

2.7.7 Detection of viral proteins by immunofluorescence (IFA) 
Confluent monolayers of MRC-5 cells in 16-well Nunc™ Lab-Tek™ glass chamber slides 

(ThermoFisher) were treated with compounds and one h later infected with RC2626 (125 PFU/well). Cells 
were fixed and stained for detection of HCMV immediate early (IE) proteins 48 h post infection (hpi) or 
for pp28 late protein 120 hpi. Culture medium was removed and monolayers were fixed with 1% 
formaldehyde in PBS for 30 min., washed three times with PBS, permeabilized by incubation on ice for 20 
minutes with 0.5% Triton-X100 in PBS, washed three times with PBS, then incubated 30 minutes at room 
temperature in blocking buffer (20% fetal bovine serum in PBS). Fixed cells were then incubated one h at 
room temperature with primary antibodies to HCMV IE1 and IE2 proteins (MAB810, Millipore Sigma) or 
to pp28 (CH19, Virusys) diluted 1:600 in blocking buffer. After washing three-four times with blocking 
buffer, cells were incubated in the dark for one h at room temperature with secondary goat anti-mouse 
IgG conjugated to Alexa Fluor 488 (Life Technologies) diluted 1:200 in blocking buffer, then washed three-
four times with PBS and imaged with a Nikon Eclipse TS100 Inverted UV microscope. A similar protocol 
was used to detect the HCMV tegument protein pp65 except that MRC-5 cells in chamber slides were 
treated with compounds for one h, infected at 4ᵒC with BADr (200 PFU/well) for one h, then shifted to 
37ᵒC and fixed at six hpi. Detection used anti-pp65 primary antibody (CA003-100, Virusys) with secondary 
goat anti-mouse IgG conjugated to Alexa Fluor 594 (Life Technologies) and imaged with a Zeiss Axio Imager 
2 and 89-North PhotoFluor LM-75. 

2.7.8 Time of addition and treatment/removal studies  
Confluent monolayers of MRC-5 cells in black-wall/clear-bottom 96-well plates were infected with 

BADr (100 PFU/well). A single inhibitory concentration of each compound (150 µg/ml heparin, 10 µM II, 
or 5 µM IV) was added to triplicate wells one h before, at the time of, and 3, 6, 12, 24, 48, 72, 96, or 120 
hpi. Infected or uninfected wells not treated with compounds served as controls. Following incubation for 
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six days, GFP fluorescence was quantified using a BioTek Synergy HT Multi-Mode Microplate reader. 
Percent maximum RFUs were plotted versus time of compound addition (relative to infection) using Prism 
5 software. 

To determine if PPCs act by interacting with cells or with virions, 10 µM DiplatinNC, 5 µM 
TriplatinNC, or 300 µg/mL heparin were incubated for one h with either BADr virions or with confluent 
monolayers of MRC-5 or ARPE-19 cells in black-wall/clear-bottom 96-well plates. Compounds were then 
removed from cells by three washes with DMEM or from virions by filtration using Vivaspin 20 centrifugal 
concentrators (Sartorius Stedim; MWCO 50,000). Matching solutions of DiplatinNC, TriplatinNC, or 
heparin, each lacking virions, as well as virions incubated with DMEM, were similarly filtered and 
combined after filtration to serve as controls. Treated/washed cells were infected with 100 PFU/well 
untreated BADr, or untreated confluent monolayers of MRC-5 or ARPE-19 cells were infected with 
treated/filtered BADr virions or control mixtures. Six days after infection representative micrographs were 
taken with a Nikon Eclipse TS100 Inverted UV microscope.  

2.7.9 3H Thymidine Labeled Virus  
 Confluent MRC5 cells were infected with RC2626 at a low MOI in media containing 250µCuries 
of 3H labeled thymidine. Following a 10-day incubation, virus was harvested, adjusted to sucrose, and 
stored in liquid nitrogen.  

 To titer the labeled virus, confluent monolayers of MRC5 cells were infected with serially diluted 
3H-thymidine RC2626. Following a 2-hour incubation, cells were harvested using a PhD Cell-Harvester; 
the cells, not the culture media, were transferred onto filter paper. The radioactive virus on the filter 
paper was quantified with a scintillation counter. Viral stock was also quantified with a scintillation 
counter. Counts were graphed using Prism.  
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CHAPTER 3: Broad-spectrum antiviral activity of PPCs 
3.0 Contributions  
This chapter, in part, summarizes the draft paper “Substitution-inert polynuclear platinum compounds 
selectively inhibit heparan-sulfate dependent viruses” to be submitted to Antiviral Research. Ralph 
Kipping and Eric Ginsburg synthesized and performed methylene blue assays for the series of PPCs. Anton 
Chestukhin produced transfection-grade plasmid DNAs and soluble ACE2. MZ performed all antiviral 
studies.  

3.1 Background  
In the previous chapter, we established the anti-HCMV activity of PPCs and their mechanism of action – 
inhibition of viral attachment via metalloshielding of heparan sulfate. Given that many viruses rely on HS 
for cellular attachment, PPCs should have broad-spectrum antiviral activity against HS-dependent viruses. 
We endeavored to explore their activity against both enveloped and nonenveloped viruses with either 
DNA or RNA genomes.  

Following our demonstration of PPCs’ antiviral activity against HCMV, our Australian collaborators 
(the Berners-Price group) investigated their activity against enterovirus A71 (EV71) and human 
metapneumovirus (hMPV).1,2 Briefly, EV71 is a non-enveloped RNA virus, which causes hand, foot, and 
mouth disease in children; however, enteroviruses can also cause encephalitis, myocarditis, poliomyelitis, 
acute heart failure, and sepsis.3 hMPV is an enveloped RNA virus, that causes pneumonia in infants and 
the elderly.4 Discovered in 2001, hMPV is the major etiological agent responsible for about 5% to 10% of 
hospitalizations of children suffering from acute respiratory tract infections; it can cause severe 
bronchiolitis and pneumonia with symptoms indistinguishable from those caused by human respiratory 
syncytial virus.5 There are no vaccines for either EV71 or hMPV and treatment of these infections is largely 
supportive or centered on relieving the symptoms.3,5 Both EV71 and hMPV rely on HS for cellular 
attachment.4,6   

MonoplatinNC, DiplatinNC, and TriplatinNC each had micromolar activities against EV71, as did 
the control, suramin, an EV71 capsid binding inhibitor (Table 3.1).7–9 The anti-EV71 activity of these PPCs 
correlated with their charge and nuclearity, similar to their anti-HCMV activity.1 The higher selectivity 
index of TriplatinNC led to its use in the subsequent studies. 

Compound IC50
a (μM) CC50

b (μM) SIc 

MonoplatinNC >50 >500 >10 

DiplatinNC 28 ± 0.48 >500 >17.9 

TriplatinNC 5.35 ± 1.47 327.35 ± 137.39 61.2 

Suramin 20.78 ± 1.33 >500 >24 

Table 3.1: Anti-EV71 activity of PPCs and Suramin. (a) Inhibitory activity of PPCs and suramin against EV71 infection of RD cells 
(values are mean IC50 ± SD, n = 3). (b) Cytotoxicity of PPCs towards RD cells in the conditions of dose–response experiments (values 
are mean CC50 ± SD, n = 2). (c) Selectivity index, SI = CC50/IC50.2 

To establish TriplatinNC’s mechanism of action against EV71, a number of studies were 
performed. A time of addition experiment illustrated that TriplatinNC inhibited EV71 replication only if 
cells were treated prior to infection, similar to suramin which blocks virus binding and entry (Figure 3.1).9  
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Figure 3.1: Time of addition-dependent activity of TriplatinNC and suramin against EV71 infection of RD cells. (a) Time of addition 
and duration of treatment by suramin or TriplatinNC during a single round of virus replication. (b) EV71 infection of RD cells as a 
function of the time of addition of suramin or TriplatinNC. Cells were incubated with EV71 for 1 h at 4 °C (t−1) after which 
monolayers were washed with fresh media and transferred at 35 °C for 8 h (t0). Compounds (200 μM suramin or 100 μM 
TriplatinNC) were applied at indicated time points. Infection was measured by in situ ELISA, using an anti-EV71 VP1 primary 
antibody. Bars represent the average of duplicate measurements, ± SD. (c) Structure of suramin. Reproduced from Bailly et al. 
2021.2  

To assess whether TriplatinNC could inhibit viral-HS binding, cells were preincubated with 
compound and washed prior to infection (Figure 3.2). As suramin binds the EV71 capsid rather than a 
cellular component, preincubation with suramin does not inhibit infection; however, preincubation with 
TriplatinNC maintains antiviral activity, albeit with a decreased EC50, perhaps explained by the shortened 
exposure time (1 h vs 24 h exposure). These data suggest that TriplatinNC inhibits EV71 by binding a 
cellular component, consistent with this mechanism of action against HCMV.1 This was further confirmed 
with hMPV infection, demonstrating TriplatinNC’s activity against both enveloped and naked viruses 
(Figure 3.2).  
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Figure 3.2: Dose-dependent activity of TriplatinNC and suramin against EV71 and hMPV in vitro infection when applied at different 
stages of infection. (a) EV71 infection of RD cells; (b) hMPV infection of LLC-MK2 cells. Compounds were either present at all stages 
of infection or pre-incubated with cells for 1 h at 4 °C before a 24 h or 72 h infection for EV71 or hMPV, respectively. Infection was 
measured by in situ ELISA using anti-EV71 VP1 or anti-hMPV N primary antibodies. Data points represent the average of 3 
independent experiments, ± SD (n = 3). Reproduced from Bailly et al. 2021.2 

As TriplatinNC had a higher potency when present for the duration of the viral infection, a 
secondary mode of action was investigated via competition saturation transfer difference (STD) NMR.2 
Whole EV71 virions were incubated with TriplatinNC, then FPX was added to compete with the first. If 
TriplatinNC binds to the virus, the saturation would transfer to the TriplatinNC protons, which would be 
observed from free to bound states; adding FPX would affect saturation of TriplatinNC, provided both 
compounds bind competitively. As seen in Figure 3.3, TriplatinNC does bind the viral capsid as saturation 
signals increase both when FPX is added. Interestingly, there is evidence of a trimeric complex between 
TriplatinNC, FPX, and the EV71 viral capsid, as additional TriplatinNC induced chemical shifts in the 
anomeric protons of FPX indicative of a 1:1 TriplatinNC:FPX adduct.2  

The five-fold axis of the EV71 capsid pentamer, composed of VP1, is positively charged, and 
comprises the predicted binding region for GAGs; other regions of the capsid are composed of negatively 
charged VP2 and mixed charge VP3. Anionic FPX was predicted to bind to the GAG-binding 5-fold axis 
region while cationic TriplatinNC was expected to bind the negatively charged VP2 region. However, the 
TriplatinNC:FPX adduct is of mixed charge and likely to bind both the VP1 and VP2; this is supported by 
the increase in STD signal intensities of FPX or TriplatinNC upon addition of the second compound that 
may suggest that virus:FPX and virus:TriplatinNC adducts may be stabilized upon addition of the second 
compound and formation of the ternary complex. In whole, these data suggest that TriplatinNC can bind 
to HS on the cell surface, inhibiting attachment, as well as to the viral capsid, sequestering the virus-like 
neutralizing antibodies.  
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Figure 3.3: Competition STD-NMR experiment of fondaparinux (FPX) and TriplatinNC in the presence of EV71 particles. 1H and STD-
NMR spectra, in the presence of purified virus, of TriplatinNC before and after addition of FPX (a), and of FPX before and after 
addition of TriplatinNC (b). Experiments were carried out in the presence of 2.2 mM of compound. Reference off-resonance proton 
(1H) and Saturation Transfer Difference (STD) NMR intensities are respectively comparable. STD peak intensities are representative 
of the relative binding of ligand protons to the EV71 capsid. *: contaminant. (c) Structure of FPX. The position of the anomeric 
protons is indicated in red (A–E). Reproduced from Bailly et al. 2021.2 

Given TriplatinNC’s broad-spectrum antiviral activity against HCMV, EV71, and hMPV, we 
endeavored to further explore PPCs antiviral activity against other clinically relevant viruses. In the 
following section, we examine the activities of TriplatinNC and DiplatinNC against GPCMV, adenovirus, 
SARS-CoV-2, SARS-CoV-1, MERS-CoV, and influenza virus. Each set of data will be preceded by brief 
background on the virus.  

3.2 Studies of anti-GPCMV 
Human CMV cannot infect animals due to the species-specificity of CMV. Unlike mouse or other 

small animal CMVs, GPCMV can cross the placenta and infect the fetus, like HCMV. Guinea pigs also have 
a long gestational period and hemochorial placenta; it is structurally and histologically similar to the 
human placenta. Finally, congenitally infected guinea pigs display similar symptoms as infected human 
infants, namely intrauterine growth retardation, brain involvement, and sensorineural hearing loss.10 In 
an effort to find a suitable animal model, DiplatinNC and TriplatinNC were evaluated for anti-GPCMV 
(Figure 3.4). The potency of DiplatinNC and TriplatinNC inhibition of GPCMV replication was similar to 
their activities against HCMV, but unfortunately, both were cytotoxic to guinea pig cells, precluding 
separation of antiviral activity from toxicity. Thus, GPCMV is not a viable option for an animal testing.  
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Figure 3.4: Red fluorescent protein (RFP)-based anti-GPCMV activity of DiplatinNC and TriplatinNC. Confluent GLF cells were 
treated with serially diluted compounds for one h, then infected with RFP-tagged GPCMV (100 PFU/well). Six days post infection, 
RFP expression was quantified and graphed (black line). Identical non-infected cells were tested for cytotoxicity (red line).  

3.3 Studies of anti-adenovirus activity  
Adenoviruses are naked, double-stranded DNA viruses. The 57 adenoviruses are classified into 

seven species (A-G) based on hemagglutination properties, DNA homology, and oncogenicity in rodents. 
There is an imperfect correlation between species and tissue tropism (Table 3.2).11 Human adenovirus 
infections are generally self-limited in the respiratory, genitourinary, and gastrointestinal tracts and the 
ocular surface. Children, people living in close quarters, and immunocompromised patients are most at 
risk for adenovirus infection. Though there is an adenovirus vaccine for those in the military, there is not 
a vaccine for the civilian community, nor is there an FDA-approved antiviral for adenovirus infection.12 
Prospective treatments include antivirals already available for other viruses. Cidofovir, a phosphonyl 
acyclic nucleotide, inhibits viral DNA polymerase and is approved for HCMV infection. However, cidofovir 
has a narrow efficacy/toxicity ratio and is associated with lachrymal canalicular blockage.12 Ribavirin 
inhibits inosine monophosphate dehydrogenase and is approved for treating respiratory syncytial virus 
and hepatitis C virus infections.12 Other prospects are being investigated but all have intercellular targets. 
New treatments may consider extracellular targets to avoid resistance and toxicities.  

Species Serotype Major site of infection  

A 12, 18, 31, 61 Gastrointestinal (GI) tract 

B 3, 7, 11, 14, 16, 21, 34, 35, 50, 55, 66 Respiratory, urinary 

C 1, 2, 5, 6, 57 Respiratory 

D 8-10. 13, 15, 17, 19, 20, 22-30, 32, 33, 36-39, 42-29 Eye, GI tract 

E 4 Respiratory  

F 40, 41 GI tract 

G 52 GI tract  

Table 3.2: Infection associated with adenovirus species and serotype (recreated) 11. 
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As there are so many adenoviruses, there are a variety of receptors. Generally, attachment 
through a primary receptor is followed by interaction with a second receptor, responsible for 
internalization.13 All adenoviruses, except those in species B, begin infection when the knob of the fiber 
protein binds the 42-kDa glycoprotein receptor called coxsackievirus and adenovirus receptor (CAR) 
(Figure 3.5).14 Following fiber-CAR binding, the penton base binds αv integrins through the Arg-Gly-Asp 
(RGD) sequence, which triggers endocytosis. CAR is not the only receptor for adenoviruses.13 HS mediates 
CAR-independent attachment and infection by adenovirus 2 and 5.14,15 The basic amino acid motifs in 
adenovirus’s capsid proteins allow protein recognition of HS and mutations within the proximal fiber shaft 
modifies adenovirus 5 tropism in vivo.16,17 Although it is unknown whether other adenoviruses use HS, the 
HS binding site is conserved in all group C adenoviruses.   

 
Figure 3.5: Adenovirus structure: (A) Virion structure in which the hexon trimer is in blue, the pentameric penton base is in 
yellow, and the fiber is in green. (B) Penton base with side and top views. Reproduced from Zhang et al. 2015.13 

3.3.1 GFP-based antiviral activity 
DiplatinNC and TriplatinNC were previously shown to have antiviral activity against HCMV. Here, 

we utilized a GFP-tagged adenovirus to assess activity against a naked, HS-dependent virus.  

 

Figure 3.6:  Adenovirus antiviral and cytotoxicity in ARPE-19. Confluent ARPE-19 epithelial cells were treated with serially diluted 
compounds for one h, then infected with GFP-tagged adenovirus (100 PFU/well). Five days post infection, GFP expression was 
quantified and graphed (black line). Cytotoxicity (red) was measured in replicate uninfected cultures treated for five days using 
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the CellTiter-Glo® assay. Prism was used to produce the best-fit four parameter curves for %maximum RLU vs the log of the drug 
concentration. Data points represent the average of nine replicates and error bars are the standard deviation.  

 GFP based IC50 ARPE-19 TC50 SI 
DiplatinNC 5.563 +/- 2.28 64.13 +/- 4.99 11.5 
TriplatinNC 0.705 +/- 0.52 4.32 +/- 0.38 6.1 

Table 3.3: Adenovirus IC50 and TC50 mean values (µM) derived from three separate cytotoxicity and antiviral assays, each with 
three replicates.  

DiplatinNC and TriplatinNC had anti-adenovirus activity to some extent in epithelial cells. Both 
compounds have less activity against adenovirus as compared to HCMV (Figure 3.6 and Table 3.3). 
However, since adenovirus can enter cells without binding HS, infection may be able to occur through CAR 
even in the presence of metalloshielding by PPCs.  

3.3.2 Mechanistic studies  
Assuming PPCs have the same mechanism of action in adenovirus infection as they do in HCMV 

infection, PPCs should block viral attachment and entry and therefore should block viral gene expression. 
We utilized a GFP-tagged virus to assess the impact of PPCs on GFP expression in ARPE-19 epithelial cells. 
Controls included heparin, which is known to block adenovirus entry.15 When added one h prior to 
infection, heparin and PPCs inhibited GFP expression. In contrast, when added one hpi, heparin and PPCs 
had no impact on GFP expression (Figure 3.7).  

 

Figure 3.7: PPCs added before infection inhibit expression of a viral marker protein in epithelial cells. Confluent monolayers of 
ARPE-19 epithelial cells in 96-well plates were treated with medium (Ø), 150 µg/ml heparin (HEP), 10 µM DiNC, or 5 µM TriNC one 
h before or one h after infection with GFP-tagged adenovirus (100 PFU/well). Representative fluorescent micrographs were taken 
five days post infection.  

Similarly, a GFP-based time of addition was conducted to determine the timing of inhibition of 
the viral replication cycle. Inhibitor were added at different times relative to viral infection. As in the 
experiments with HCMV, heparin as well as DiplatinNC and TriplatinNC were only active when added 
within a few hours of adding the virus, and lacked antiviral activity if added as early as 1 h after infection 
(Figure 3.8).  
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Figure 3.8: Time of addition study for adenovirus. Confluent monolayers of ARPE-19 epithelial cells were treated with 150 µg/ml 
heparin, 10 µM DiNC, or 5 µM TriNC 1 h before, concurrent with, or at various times after infection with GFP-tagged adenovirus 
(100 PFU/well). GFP expression was quantified on day five post infection. Data are means of triplicate wells ± standard deviations. 

3.4 Coronaviruses  
In light of SARS-CoV-2, we became interested in coronaviruses. Coronaviruses are enveloped, 

ssRNA viruses with large genomes of 27-34kbp. There are seven human coronaviruses (HCoV), four of 
which cause common colds and the other three are well-known epidemic and pandemic viruses. Limited 
research was done on coronaviruses following the 2003 SARS-CoV-1 and 2015 MERS epidemics. Since the 
outbreak of SARS-CoV-2, there has been a considerable amount of research dedicated to anti-coronavirals 
and vaccines.  

Host specificity entry by coronavirus relies on the spike (S) glycoprotein, which is not well 
conserved between HCoVs. As a result, coronaviruses use a wide variety of cellular proteins as entry 
receptors (Table 3.4).  

Coronavirus Cellular receptor 
HCoV-229E* Aminopeptidase N  
HCoV-NL63* Angiotensin-converting enzyme 2  
HCoV-OC43 N-acetyl-9-O-acetylneuraminic acid 
HCoV-HKU1 N-acetyl-9-O-acetylneuraminic acid 
SARS-CoV-1* Angiotensin-converting enzyme 2 
MERS-CoV* Dipeptodyl peptidase 4 
SARS-CoV-2* Angiotensin-converting enzyme 2 

Table 3.4: Coronaviruses and their cellular receptors. (*) denotes HS-dependent viruses.  

However, there are common themes in spike protein-receptor interactions. Like many other viruses, 
HCoV-229E and HCoV-NL63 are HS-dependent; there is some evidence that SARS-CoV-1 is also HS-
dependent.18–20 All three of the HCoVs that rely on human angiotensin-converting enzyme 2 (ACE2) 
interact with the same non-catalytic site of ACE2.21–23 All three have a high concentration of tyrosine in 
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their receptor binding domains, which contributes to both hydrogen bonding and hydrophobic 
interactions. All three also rely on a large number of polar interactions and hydrogen bonds, specifically 
with histidine-34, aspartic acid-30, and tyrosine-41 on human ACE2. HCoV-OC43 and HCoV-HKU1 bind the 
same cellular receptor as the influenza virus (N-acetyl-9-O-acetylneuraminic acid).24 Both share a 
conserved receptor binding domain which contains a sulfate ion hydrogen bonded to lysine-81 and 
threonine-83. The carboxylate moiety of N-acetyl-9-O-acetylneuraminic acid binds to and recognizes this 
sulfate and that polar interaction allows the 5-N-acyl and 5-N-glycolyl moieties to interact with an adjacent 
hydrophobic pocket.24 Across the board, HCoVs rely on a combination of polar interactions, hydrogen 
bonds, and hydrophobic interactions. Disrupting these amphipathic interactions could impede viral entry 
and infection. The PPC chemotype is capable of significant modulation for structure-activity relationships. 
We can target, by suitable chemistry, a broader range of polar interactions, perhaps encompassing both 
HS and sialic acid dependent viruses. 

Efforts to work with the two BSL-2 HS-dependent HCoVs, HCoV-229E and HCoV-NL63, proved 
challenging, and given the greater clinical relevance of SARS-CoV-1, SARS-CoV-2, and MERS-CoV, we chose 
to utilize pseudotyped lentivirus particles to study these BSL-3 viruses under BSL-2 conditions.  

3.4.1 Pseudotyping lentiviruses  
Many clinically relevant viruses are dangerous to work with and require additional procedures for 

protection and safety. The Center for Disease Control (CDC) and National Institutes of Health (NIH) 
published Biosafety in Microbiological and Biomedical Laboratories (BMBL) to define biosafety levels (BSL) 
1 through 4, which describe the environment and laboratory conditions required to work with any 
particular pathogen. Pathogens are divided into BSL categories based on their risk of disease as well as 
the availability of preventive and therapeutic treatments. Pathogens such as SARS-CoV-2 require a BSL-3 
laboratory and procedures. However, pseudotyping a BSL-3 virus onto a safer non-replicative viral particle 
enables them to be worked with under BSL-2 conditions.  

A pseudovirus is an enveloped recombinant viral particle with one or more of its structural 
proteins not encoded in its genome.26 Pseudoviruses are commonly modified to produce a surface protein 
from another virus instead of its own. Importantly, psuedoviruses may infect susceptible cells, but cannot 
replicate in infected host cells; this difference enables BSL-3 and 4 viruses to be studied under BSL-2 
conditions. Pseudoviruses usually carry reporter genes such as GFP or luciferase for easy quantitative 
analysis as the fluorescence or chemiluminescent signal should be directly proportional to the number of 
pseudovirus-infected cells.27 As such, pseudoviruses are used to study cellular tropism, receptor 
recognition, and viral entry inhibition. While pseudoviruses can attach and enter in the manner of the 
target virus, they cannot replicate and may not induce pathogenesis like the wild-type target virus; thus, 
pseudotyping systems should eventually be validated against authentic virus-based assays.  

Several packaging systems have been developed for producing pseudotyped virus-like particles, 
those based on lentiviruses (HIV, SIV, or FIV), murine leukemia virus, and the vesicular stomatitis virus 
(VSV). Each have their advantages: the VSV packaging system is less selective for envelope proteins, 
lentiviral vectors are highly efficiently packaging systems, and MLV can be more efficient than lentiviral 
vectors depending on the conditions and cell type.27 Each of these systems maintain the genetic 
sequences required for viral transcription and packaging but do not include those required for envelope 
proteins; a plasmid with the target virus’ envelope protein is used instead. While the packaging system 
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can affect pseudovirus yield, the envelope protein localization and expression, as well as the cell line and 
packaging conditions, are significant factors; most pseudotyping systems require optimization.27 

In this chapter, we utilize an HIV-based lentiviral pseudotyping system for SARS-CoV-2 optimized 
and published by Crawford et al..28 HIV-1 derived lentiviral particles are created by transfecting HEK-293T 
cells with a plasmid comprising a lentiviral RNA genome encoding either GFP or luciferase as a reporter 
protein, a plasmid encoding SARS-CoV-2 spike glycoprotein, and plasmids encoding structural lentiviral 
proteins required for viral particle assembly (Figure 3.9). These SARS-CoV-2 lentiviruses may infect 
permissive cells expressing the SARS-CoV-2 cellular receptor, ACE2. Later in this chapter, we will adapt 
this system by exchanging the plasmid for SARS-CoV-2 spike glycoprotein with plasmids encoding entry 
glycoproteins from other viruses.  

 

Figure 3.9: Schematic of pseudotyping lentivirus. HEK-293T cells are transfected with plasmids encoding non-surface proteins for 
lentivirus production, lentiviral backbone expressing GFP or luciferase, and a viral glycoprotein, such as SARS-CoV-2 spike protein. 
Lentiviral particles expressing the viral glycoptieins are harvested from the culture supernatants of transfected cells; these 
pseudotyped lentiviruses may enter cells that express appropriate cellular receptor, such as ACE2, resulting in transduction that 
can be detected by subsequent expressing either GFP or luciferase. Reproduced from Crawford et al. 2020.28 

3.4.2 SARS-CoV-2  
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of 

coronavirus disease 2019 (COVID-19), emerged in late 2019. SARS-CoV-2 is a β-coronavirus with large RNA 
genome, encoding 28 proteins: four structural, sixteen nonstructural, and eight accessory proteins.29,30 
Like other HCoVs, SARS-CoV-2 is zoonotic. The closest relative of SARS-CoV-2 is a bat coronavirus from 
Rhinolophus affinis RaTG13 (96.2%). However, the degree of divergence suggests a gap of more than 20 
years of evolution, meaning that one of the known bat coronaviruses may be the evolutionary precursor, 
but is not the direct progenitor of SARS-CoV-2.31 Guangdong pangolin coronaviruses also exhibit high 
sequence similarity to SARS-CoV-2 (92.4%), and more importantly, they share all five essential residues 
for receptor binding.32 In contrast, the Guangxi pangolin coronavirus only shares one amino acid required 
for receptor binding and 85% of its spike sequence.33,34 Unlike bats, which can carry coronaviruses without 
symptoms, pangolins show clinical signs such as pneumonia.34 Thus, pangolins are unlikely to be the direct 
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reservoir and more likely have acquired CoVs after spillover from the natural bat hosts.32 The zoonotic 
origins of SARS-2 and its intermediate hosts remain elusive, though monitoring of bat and pangolin 
coronaviruses is merited in light of the previous pandemics.  

Following droplet transmission, SARS-CoV-2 binds to its cellular receptor, ACE2, and infects two 
types of cells in the lungs: mucus producing goblet cells and ciliated epithelial cells.30 It later infects other 
cells expressing ACE2 found in the lungs, heart, kidneys, and intestines.30 The SARS-CoV-2 spike protein 
determines its tropism; it is 1,273 amino acids, longer than that of SARS-CoV-1 (1,255 amino acids) and 
has two subunits, S1 and S2. S1 contains the receptor binding domain (RBD) at its C terminus and is 
responsible for virion attachment; it is also the target for neutralizing antibodies.35 S2 mediates fusion of 
viral and cellular membranes at its C terminus.36 Following S1 binding to ACE2, S2 brings the virion in 
proximity to the cellular membrane so that fusion occurs, inducing conformational changes. Spike protein 
is cleaved during endocytosis at the S1/S2 boundary, which contains a S2’ polybasic furin cleavage site, 
resulting in formation of a viral fusion peptide.30,36 The insertion of a polybasic furin cleavage cite is unique; 
it enables S1/S2 cleavage by furin or other host proteases including transmembrane protease serine 
protease 2 (TMPRSS2) and cathepsin L.32,37 This feature is not seen in other human coronaviruses but is 
seen in bat coronaviruses.32  

Numerous studies reveal how the RBD of SARS-CoV-2 binds ACE2.30 The RBD of SARS-CoV-2 spike 
includes residues 437-507, which differs from SARS-CoV-1 in five residues critical for ACE2 binding: Y455L, 
L486F, N493Q, D494S, and T501N. Both viruses bind the same site of ACE2.38 Additionally, four residues 
of the receptor binding motif (AA 482-485: GVEG) results in a more compact conformation in the ACE2 
binding than SARS-CoV-1 and better contact with the N-terminus of ACE2.22 The strong interactions 
between spike and ACE2 results in very efficient entry into host cells.30,32 There is some speculation that 
the insertion of this site increased the transmission ability of SARS-2 compared to SARS-1.32  

Like many viruses, SARS-CoV-2 relies on heparan sulfate for initial cellular attachment; it then 
binds ACE2, as described above to enter the cell. The receptor binding domain of S1 binds HS as well as 
ACE2. The binding of HS to the receptor binding domain in S1 shifts it into the open conformation needed 
to bind ACE2.35,39,40 The putative binding site for HS is adjacent to the ACE2-binding site; it contains a group 
of positively charged amino acids, namely R346, R355, K444, R466, and possibly R509 (Figure 3.10).41,42 
Amino acids F347, S349, N354, G447, Y449, and Y451 may also contribute to HS binding through hydrogen 
bonds and hydrophobic interactions.41,42 The majority of the amino acids in the SARS-CoV-2 HS-binding 
site are conserved from SARS-CoV-1 with the exception of N354, which is replaced with a negatively 
charged glutamate; the sequence of spike RBD is 73% identical between the two (Figure 3.10).41,42  

 

Figure 3.10: SARS-CoV-1 and SARS-CoV-2 sequence alignment for the receptor binding domain of Spike glycoprotein. Red boxes 
indicate amino acids contributing to the electropositive region where heparan sulfate binds. Identical residues are in grey, 
conservative substitution are in blue and non-conserved residues are in white. Reproduced from Clausen et al. 2020.42 
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This change together with R444K suggests that SARS-CoV-2 may have an enhanced interaction with HS 
compared to SARS-CoV-1. There is also some data to suggest that the sulfation pattern of HS can alter the 
HS-spike binding; however, an ideal pattern has not been identified.41 Inhibition of SARS-CoV-2 
attachment by heparin has been well established.41,43 Overall, the spike protein of SARS-CoV-2 engages 
both HS and ACE2 and HS binding may enhance ACE2 binding and therefore infection.  

Ultimately, SARS-CoV-2 infection results in COVID-19. In SARS-CoV-2 pathogenesis, the virion 
enters lung cells via ACE2 and uses host cell machinery to replicate. As the host cell loses the ability to 
maintain homeostasis, apoptosis occurs and the dead cells and debris accumulate in the lungs, causing a 
number of respiratory symptoms. The immune system overreacts to lung damage and causes further 
damage, eventually leading to respiratory failure and death.44 As of April 1, 2022, there have been over 
486 million cases of COVID-19 and over 6.1 million deaths worldwide. COVID-19 presents a range of 
severity with some patients asymptomatically infected, some with mild respiratory disease, and some 
with severe disease requiring hospitalization. Generally, patients present with fever, myalgia, loss of smell, 
headache, and respiratory symptoms. 45 Additionally, some patients have symptoms extending well 
beyond viral infection, termed “Long COVID-19”. The primary route of transmission for SARS-CoV-2 is 
respiratory droplets. A number of host factors influence the severity of disease such as age, cardiovascular 
disease, diabetes, cancer, and obesity.45 A number of laboratory markers are also indicative of more 
severe cases: neutrophilia/lymphopenia, raised ferritin, raised IL-6, raised ACE2, or D-dimer over 1 
µg/mL.45 

While a number of vaccines have been successfully developed, antivirals are still a critical need. 
There are several antiviral targets to inhibit SARS-CoV-2 (Figure 3.11). Furin inhibitors focus on preventing 
spike cleavage and thus entry.30 Clathrin-mediated endocytosis inhibitors and cathepsin inhibitors inhibit 
well-established cellular pathways.30 TMPR22 inhibitors prevent SARS-CoV-2’s entry via inhibition of a 
serine protease.46 Endosomal acidification inhibitors, such a chloroquine, influence the virus cycle process 
and immune response.47 PLpro inhibitors, such as ribavirin and chloramphenicol, fit into the active site of 
the enzyme and inhibit its deubiquitinase activity, improving the host immune response.48 3CLpro 
inhibitors bind the active site of 3CLpro, the main protease of SARS-CoV-2.49–51 Helicase inhibitors inhibit 
the formation of double-stranded RNA and thus inhibit viral replication.30 RNA-dependent RNA 
polymerase inhibitors, such as Remdesivir, have been used against a number of viruses; they inhibit viral 
RNA synthesis.30,52 CYP inhibitors prevent extreme increases in cytokine levels which are indicative of poor 
patient outcomes. Membrane bound RNA synthesis inhibitors prevent the formation of double membrane 
vesicles, decreasing SARS-CoV-2’s ability to replicate.53,54  
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Figure 3.11: Antiviral targets of SARS-CoV-2 and where they would inhibit viral replication. Reproduced from Hu et al. 2021.32 

Currently the FDA has granted an emergency use authorization for Pfizer’s Paxlovid, which is a 
combination of Nirmatrelvir and ritonavir.55 Nimatrelvir is a protease inhibitor while ritonavir slows the 
breakdown of Nirmatrelvir. The FDA has also granted Merck’s Molnupiravir an emergency use 
authorization.56 Molnupiravir is a small-molecule ribonucleoside prodrug of N-hydroxycytidine that acts 
by increasing the frequency of mutations in the viral RNA genome and thereby impairs SARS-CoV-2 
replication.57 

3.4.2.1 Proof of concept  
As our SARS-CoV-2 pseudoviruses contain both luciferase and GFP, we first tested two 

compounds, TriplatinNC and DiplatinNC, and screened them using both tags. EC50s were determined using 
the luciferase- and GFP-tagged SARS-CoV-2 VLPs, while TC50s were simultaneously determined for 
replicate uninfected cultures using the CellTiter-Glo cell viability assay.58 Results are shown in Figure 3.12 
and Figure 3.13. DiplatinNC and TriplatinNC’s luciferase-based EC50s and their GFP-based EC50s were nearly 
equal. This is consistent with each tag being under the same promotor as well as the published assay, 
which measures infection rather than spread or viral production.28 Moving forward, we utilized the GFP-
based assay to avoid using the expensive reagents required for the luciferase-based assay.   
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Figure 3.12: GFP-based anti-pseudotyped SARS-CoV-2 activity of DiplatinNC and TriplatinNC. Confluent HEK-293T-ACE2 cells 
were treated with serially diluted compound for one hour then infected with pseudotyped SARS-CoV-2. Two days post infection, 
GFP expression was quantified and graphed (black line). Identical non-infected cells were tested for cytotoxicity (red line).  

 

 

Figure 3.13: Luciferase-based anti-pseudotyped SARS-CoV-2 activity of DiplatinNC and TriplatinNC. Confluent HEK-293T-ACE2 
cells were treated with serially diluted compound for one hour then infected with pseudotyped SARS-CoV-2. Two days post 
infection, 50uL of supernatant was replaced with 50uL of SteadyGlo. Luciferase activity was quantified and graphed (black line). 
Identical non-infected cells were tested for cytotoxicity (red line).  

3.4.2.2 Selection of compounds  
Substitution-inert PPCs were developed from covalently binding Triplatin, which was originally 

synthesized to subvert cisplatin resistance in cancer.59 While Triplatin is useful in targeting cancer, it has 
labile Pt-Cl bonds, likely to react with any number of biologically relevant nucleophiles. The substitution 
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inert PPC series lack Pt-Cl bonds and instead is based on a Pt-N4 motif, therefore reducing potential for 
off-target toxicity. The library used in this study is shown in Figure 3.14.  

 

Figure 3.14: The structures of substitution-inert polynuclear platinum complexes. Counterions omitted for clarity. 

MonoplatinNC (I) is the lone mononuclear compound of the series with the smallest positive 
charge (+4). DiplatinNC (II) is one of two dinuclear PPCs with a moderate charge (+6). BBR3571NC (III) has 
an amine in place of the middle platinum moiety of TriplatinNC and has a moderate charge (+7). 
TriplatinNC (VII) is the substitution inert analog of Triplatin with a high positive charge (+8); the rest of the 
series is based off of VII. AH44 (IV) has a positive charge (+6) but has simple ammines on the terminal 
platinum moieties in place of dangling ammines of VII. With positive charge of +8, three compounds differ 
only in the length of the alkyldiamine linker: TriplatinNC-but (V), TriplatinNC-pent (VI), and TriplatinNC-
hept (VIII). A further two compounds were designed to be prodrugs of VII as the acetyl and tert-
butyloxycarbonyl protecting (Boc) groups are easily cleaved in biological conditions; TriplatinNC-AA (IX) 
has an acetyl group and TriplatinNC-Boc (X) has a Boc group on each of their two terminal dangling 
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ammines, decreasing their charge to (+6). Finally, TetraplatinNC (XI) is a tetranuclear PPC with the highest 
charge of the series (+10).  

All compounds were screened for anti-HCMV activity. Mononuclear I lacked HCMV activity up to 
200µM but polynuclear compounds II, III, VI, and VII had µM activities.1 Other compounds were either 
too cytotoxic or their antiviral activity could not be separated from their cytotoxicity (data shown in 
Chapter 2). Given the shorter assay time using pseudotyped lentiviral particles (two days verses five days), 
the entire library was screened against SARS-CoV-2 to examine variation in overall charge and nuclearity 
on efficacy on antiviral activity.  

3.4.2.3 Structure-activity relationships 
The antiviral activity of a compound is quantified by its EC50, the concentration at which 50% of 

virus replication is inhibited. Cytotoxicity of a compound is quantified by its TC50, the concentration at 
which 50% of the cells die. To determine EC50s for PPCs, their impact on SARS-CoV-2 entry was determined 
using a GFP-tagged pseudotyped lentivirus, while TC50s were simultaneously determined for replicate 
uninfected cultures using the CellTiter-Glo cell viability assay.28,58 Results are shown in Figure 3.15 and 
summarized in Table 3.5. I is the only mononuclear compound of the series and it did not have anti-SARS-
CoV-2 activity; this aligns with previous results in which I did not have anti-HCMV or anti-EV61 activity. 
The two dinuclear compounds (II and III) had good anti-SARS-CoV-2 activity but were outperformed by all 
but one trinuclear and tetranuclear compounds. IV was least active of the trinuclear series, but has both 
a decreased charge and length. VII and those differing only in the length of the linker (V, VI, and VIII) were 
not significantly different, indicating that the length of the linker has little effect on anti-SARS-CoV-2 
activity. However, adding a protecting group to the dangling amines of VII, as seen with IX and X, 
decreased their anti-SARS-CoV-2 activity; this may be due to a decrease in charge or an increase in bulk. 
Finally, XI had the best anti-SARS-CoV-2 activity, indicating once again that increasing positive charge or 
length/nuclearity improved antiviral activity. The anti-SARS-CoV-2 activity of the PPC series loosely 
correlated with HS affinity, as measured by the MB assay.  
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Figure 3.15: Antiviral activity of PPCs against pseudotyped SARS-CoV-2. Anti-SARS-CoV-2 activity (black) was measured by 
incubating HEK-293T-hACE2 cell monolayers in 384-well plates with PPCs for one h, infecting with GFP-tagged pseudovirus (125 
transducing units/well), and measuring GFP levels (RFU) two days after infection. Cytotoxicity (red) was measured in replicate 
uninfected cultures treated for two days using the CellTiter-Glo® assay. Data are means of three independent experiments ± 
standard deviations. 

Structure Name Antivirala 
(EC50) 

Cytotoxicityb 
(TC50) 

SIc 
 

MBd 
(IC50) 

I MonoplatinNC Not active >200 N/A 25.5 ± 0.5 
II DiplatinNC 1.812 ± 0.35 >200 >110.4 16.6 ± 0.4 
III BBR3571NC 2.266 ± 0.51 >200 >88.3 17.4 ± 0.8 
IV AH44 3.708 ± 0.74 >200 >53.9 13.5 ± 0.5 
V TriplatinNC-but 0.885 ± 0.51 ~200 ~225.9 ND 
VI TriplatinNC-pent 1.825 ± 0.66 >200 >109.6 13.8 ± 0.4 
VII TriplatinNC 0.986 ± 0.55 >200 >202.8 10.2 ± 0.4 
VIII TriplatinNC-hept 0.603 ± 0.41 183.95 ± 22.69 305.3 13.6 * 
IX TriplatinNC-AA 1.913 ± 0.44 >200 104.5 12.3 ± 0.4 
X TriplatinNC-Boc 1.749 ± 0.41 ~175 ~100.1 ND 
XI TetraplatinNC 0.511 ± 0.34 110.19 ± 19.78 215.5 ND 

Table 3.5: Anti-SARS-CoV-2 Activities of PPCs. aGFP-based assay. bCellTiter-Glo® assay. cselectivity index (TC50/EC50). a,b,dµM; 
means of three independent experiments ± standard deviations. dinhibition of methylene blue binding to Fondaparinux 
(previously published data, 60). ND: not determined. (*) denotes single data point. 
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The selectivity index (SI) is the ratio of TC50 to EC50. A high SI suggests a favorable safety and 
efficacy profile of a compound. In contrast with previous work, the PPC series was less cytotoxic (Table 
3.5), presumably due at least in part to the shorter time of PPC exposure needed for these assays. The 
majority of compounds did not have significant cytotoxicity up to 200 µM, though VIII, X, and XI were 
slightly toxic at high concentrations and the decreased cytotoxicity greatly improved the therapeutic 
indices. All compounds, apart from the inactive I as well as III and IV, had therapeutic indices of above 
100, indicating a promising safety profile. We selected III and VII to evaluate the broad-spectrum activity 
of PPCs and to confirm their mechanism of action. Although some compounds outperformed III and VII in 
anti-SARS-CoV-2 activity or therapeutic index, III and VII were chosen to continue in mechanistic studies 
and broad-spectrum activity studies due to limited quantities of other PPCs.  

3.4.2.4 Mechanistic studies  
To assess the mechanism of action of PPCs, we treated cells at various time points before and 

after infection of SARS-CoV-2. As seen in Figure 3.16, III and VII inhibit GFP expression only when present 
prior to infection, similar to heparin. Likewise, a time of addition assay with SARS-CoV-2 revealed that III 
and VII only inhibit viral GFP expression when cells are pretreated, indicative of entry and attachment 
inhibitors (Figure 3.17). We also pretreated cells then washed with media prior to infecting to assess 
whether PPCs bind a cellular factor to inhibit virion attachment; as DiplatinNC and TriplatinNC remained 
active at inhibiting the majority of GFP expression after washing, we conclude that both bind a cellular 
component, likely HS, to inhibit viral attachment (Figure 3.16). 

  

Figure 3.16: PPCs inhibit GFP expression resulting from SARS-CoV-2 pseudovirus transduction. Confluent monolayers of HEK-293T 
(left column) or HEK-293T-ACE2 cells (all other columns) in 96-well plates were treated with medium (Ø), 150 µg/ml heparin (HEP), 
300 µg/ml soluble ACE2, 10 µM DiNC, or 5 µM TriNC one h before (top) or one h after (bottom) infection with GFP-tagged 
pseudovirus (100 transducing units/well). Alternatively, cells were washed after compound treatment but prior to infection. 
Representative fluorescent micrographs were taken two days post infection.  
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Figure 3.17: Time of addition study for SARS-CoV-2. Confluent monolayers of HEK-293T-ACE2 cells were treated with 150 µg/ml 
heparin, 10 µM DiNC, or 5 µM TriNC 1 h before, concurrent with, or at various times after infection with GFP-tagged pseudovirus 
(100 transducing units/well). GFP expression was quantified on day two post infection. Data are means of triplicate wells ± 
standard deviations. 

3.4.3 SARS-CoV-1 
Severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1), the causative agent of SARS, 

emerged in late 2002. SARS-CoV-1 infected 8,456 people and caused 809 deaths.61,62 Like SARS-CoV-2, 
SARS-CoV-1 is a zoonotic virus. Approximately one third of the early cases of SARS-CoV-1 were animal or 
food handlers and 13% of asymptomatic animal handlers in Guangdong province have antibodies against 
SARS-CoV-1 compared to 1-3% in control groups, emphasizing an animal-derived virus.63,64 Additionally, 
healthy Himalayan masked palm civets, Chinese ferret badgers, and racoon dogs harbor SARS-like 
coronaviruses with 99% identity in the spike protein compared to SARS-CoV-1.65 SARS-CoV-1 originated 
from bats and palm civets and have been established as the natural reservoir.62 

SARS-CoV-1 spread primarily through respiratory droplets but there is also evidence of aerosol, 
fomite, and fecal-oral transmission.62 There is no evidence of SARS-CoV-1 transmission prior to symptom 
onset of asymptomatic transmission.66 Rather SARS-CoV-1 transmission is greatest from severely ill 
patients, normally in the second week of illness.62 This differs greatly from SARS-CoV-2 and limited the 
spread of SARS-CoV-1 as evident from its low reproductive number of R0.67,68 

SARS-CoV-1 infection presents with fever, chills, malaise, headache, cough, dyspnea, pneumonia, 
and diarrhea.62 It is generally less aggressive in children compared to adults.62,69 There is no evidence for 
an effective vaccine or antiviral for SARS-CoV-1. Ribavirin was used clinically but lacked in vitro efficacy; 
subsequent reports failed to identify any benefit from ribavirin.61,62 For now, treatment of SARS-CoV-1 is 
limited to supportive care.62 However, like SARS-CoV-2, SARS-CoV-1 depends on HS for attachment and 
ACE2 for cell entry, suggesting that targeting virion attachment or entry could inhibit both viruses.  

SARS-CoV-1 infection begins with HS attachment. Although the interaction is less well characterized 
than the SARS-CoV-2 interaction, SARS-CoV-1 infection is inhibited by HS-binding lactoferrin.19 Following 
attachment, SARS-CoV-1 binds the same site of ACE2 as SARS-CoV-2. The SARS-CoV-1 spike protein binds 
one of the two lobes of ACE2 and does not bind or occlude the peptidase active site.21 The receptor binding 
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domain of SARS-CoV-1 spike is approximately 193 residues, in which seven cysteines are essential for ACE2 
binding and residues 424-494 anchor the core interaction.70 Six tyrosines present both polar hydroxyl 
group and hydrophobic aromatic rings.21 Mutations at glutamic acid 452 or aspartic acid 454 severely 
decrease or abolish the ACE2 interaction.70 The receptor binding domain of SARS-CoV-1 spike and palm 
civet coronavirus spike differ at 479 and 487, resulting in binding human ACE2 103-104 times more 
tightly.71 In palm civet CoV, residue 479 is lysine and 487 is serine, whereas in SARS-CoV-1, these residues 
are asparagine and threonine, respectively.21 Overall, the SARS-CoV-1 attaches to cells via HS and enters 
cells through ACE2-interaction, which relies on a network of hydrophilic interactions and hydrogen 
bonding.21  

3.4.3.1 Studies of anti-SARS-CoV-1 activity  
III and VII each had micromolar anti-SARS-CoV-1 activity with VII outperforming III (Figure 3.18 

and Table 3.7). As SARS-CoV-1 infects the same cells as SARS-CoV-2, III and VII maintain their low 
cytotoxicity and thus have very good therapeutic indices of 105.1 and 202.8 respectively.  

  

Figure 3.18: GFP-based anti-pseudotyped SARS-CoV-1 activities of DiplatinNC and TriplatinNC. Confluent HEK-293T-ACE2 cells 
were treated with serially diluted compound for one hour then infected with pseudotyped SARS-CoV-1. Two days post infection, 
GFP expression was quantified and graphed (black line). Identical non-infected cells were tested for cytotoxicity (red line).  

3.4.3.2 Mechanistic studies 
 To confirm that PPCs inhibit SARS-CoV-1 attachment, we performed a number of gene expression 
assays. In Figure 3.19, III and VII only inhibited GFP expression of SARS-CoV-1 when cells were pretreated, 
similar to heparin; GFP was also inhibited if cells were treated ad washed prior to infection, indicating that 
PPCs bind a cellular component to inhibit virion attachment. Likewise, in Figure 3.20, III and VII only 
inhibited SARS-CoV-1 if cells were treated in the initial hours; adding inhibitors three to 48 hours after 
infection had no effect on GFP, indicating an early-acting mechanism.  

log [PPC]  (mM)

-4 -2 0 2 4

0

50

100

%
M

A
X

 R
F

U

DiplatinNC

EC50 = 2.824 +/- 1.390uM

log [PPC]  (mM)

-4 -2 0 2 4

0

50

100
%

M
A

X
 R

F
U

TriplatinNC

EC50 = 1.885 +/- 1.271uM



99 
 

 

Figure 3.18: PPCs inhibit GFP expression resulting from SARS-CoV-1 pseudovirus transduction. Confluent monolayers of HEK-293T 
(left column) or HEK-293T-ACE2 cells (all other columns) in 96-well plates were treated with medium (Ø), 150 µg/ml heparin (HEP), 
300 µg/ml soluble ACE2, 10 µM DiNC, or 5 µM TriNC one h before (top) or one h after (middle) infection with GFP-tagged 
pseudovirus (100 transducing units/well). Alternatively, cells were washed after compound treatment but prior to infection 
(bottom). Representative fluorescent micrographs were taken two days post infection.  

 

Figure 3.19: Time of addition study for SARS-CoV-1. Confluent monolayers of HEK-293T-ACE2 cells were treated with medium (Ø), 
150 µg/ml heparin, 10 µM DiNC, or 5 µM TriNC 1 h before, concurrent with, or at various times after infection with GFP-tagged 
pseudotyped virus (100 transducing units/well). GFP expression was quantified on day two post infection. Data are means of 
triplicate wells ± standard deviations. 

3.4.4 MERS-CoV  
Middle East Respiratory Syndrome coronavirus (MERS-CoV) emerged in September 2012. It 

causes sporadic cases of severe acute respiratory infection.72 Since its identification, MERS-CoV has 
infected 2,583 people and caused 889 deaths, with a roughly 34% case fatality rate.73,74 Like other 
coronaviruses, MERS-CoV is a zoonotic virus. It is most closely related to Tylonycteris and Pipistrellus bat 
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CoVs HKU4 and HKU5, respectively; additionally, phylogenetic analysis revealed that MERS-CoV is 
distantly related to African bat coronavirus. suggesting that it originated from bat coronaviruses.75 
However, bats are unlikely to be a source of direct bat-to-human transmission as bats are uncommon in 
the Middle East. In screening endemic animals, dromedary camels were the only animals positive for anti-
MERS-CoV antibody, suggesting they are the probable source for zoonotic transmission of the virus.73,76 
Surprisingly, camel serum samples from 1982 were positive for MERS-CoV antibodies, which raises the 
question: why was human MERS-CoV infection not detected prior to 2012? 

MERS-CoV transmission from camels to humans is unclear but likely multifaceted.76 Although the 
exact mode of human transmission is unknown, there is evidence of health-care associated transmission 
and limited non-sustained human-to-human transmission, likely through droplet or contact 
transmission.72 MERS-CoV is less transmissible than other coronaviruses with an R0 factor of 0.7, 
significantly lower than an R0 of 1, a mark of epidemic potential.77  

MERS-CoV infection has a range of clinical presentations. While some patients are 
asymptomatically infected, others present with mild respiratory illness to severe acute pneumonia, 
leading to death.76 Most commonly MERS-CoV infection manifests with flu-like symptoms such as fever, 
sore throat, non-productive cough, chills/rigors, chest pain, headache, myalgia, shortness of breath, and 
dyspnea.76  

There are no approved vaccines or antiviral treatments for MERS-CoV.73,76 Clinical studies 
administered type I interferons and ribavirin early in MERS-CoV infection; while one study found that 
treatment enhanced the survival of critically ill patients, another found there was no effect on patient 
mortality.78,79 Lopinavir, an HIV protease inhibitor, was also used in MERS patients but its efficacy has not 
been proved.76 Supportive care remains the only treatment for MERS-CoV.  

Unlike SARS-CoV-1 and 2, MERS-CoV relies on sialic acid for attachment and dipeptidyl peptidase 
four (DPP4) for cell entry.80 Sialic acids are not GAGs; they are derivatives of neuraminic acid and like 
GAGs, they are ubiquitous carbohydrates with a number of cellular roles, including viral attachment. The 
MERS-CoV spike proteins binds sialic acids rather than HS. Interestingly MERS-CoV spike binds a site 
distinct from the site used by HCoV-OC43 spike in complex with 9-O-acetyl sialylated receptors despite 
the close similarity of these proteins.24,81 There is some debate on the selectively of MERS-CoV spike; there 
is evidence for both a α2,3-linked and α2,6-linked glycan preference as well as N-glycolylneuraminic 
(Neu4Gc) and Neu5Ac preference.82,83 Regardless of specificity, MERS-CoV attachment relies on sialic 
acids, depending on a network of electrostatic, hydrophobic and van der Walls interactions; however, 
there is also evidence for sialic acid-independent MERS-CoV cell attachment and entry.82,83  

MERS-CoV spike protein binds DPP4, which does not share any sequence or structural similarity 
to other coronavirus receptors, namely ACE2 or aminopeptidase N (APN).84,85 Therefore, it follows that 
MERS-CoV spike binding differs greatly from SARS-COV-1 and 2 spike binding. MERS-CoV spike receptor 
binding domain (E367 to Y606) relies on E382-C585 to bind to S39-P766 of the DPP4 extracellular domain; 
importantly the binding cite is not close to the hydrolase domain and does not inhibit its function, 
consistent with DPP4 inhibitors not blocking MERS-CoV entry.80,85 Like SARS-CoV-1 and 2 spike, MERS-CoV 
receptor binding domain contains a core subdomain and a receptor-binding subdomain, which relies on 
a number of essential cysteines. At the spike-DPP4 interface, 14 MERS-CoV residues contact 15 DPP4 
residues.85 Point mutations in these residues revealed that hydrogen bonding between MERS-CoV Y499 
and DPP4 R336, between MERS-CoV E536, D537, and D539 and DPP4 K267, hydrophobic interactions with 
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MERS-CoV L506. W553, and V555, as well as the salt-bridge between MERS-CoV D510 and DPP4 R317 are 
essential for viral entry.85 

3.4.4.1 Studies of anti-MERS-CoV activity  
III and VII lacked anti-MERS-CoV activity up to 200 µM but had moderate cytotoxicity in HeLa-DPP4 cells 
(Figure 3.21). This was further demonstrated by gene expression assays (Figure 3.22). As MERS-CoV is a 
sialic acid-dependent and not an HS-dependent virus, these data suggest that PPCs have specificity in their 
mechanism of action. Controls were HeLa cells not expressing DPP4, which should not allow pseudovirus 
entry, heparin, which does not inhibit MERS-CoV except at very high concentrations (Chapter 5.4), and 
soluble ACE2, which inhibits SARS-CoV-1 and 2 entry but not MERS-CoV entry.  

  
Figure 3.20: Antiviral activity of DiplatinNC (III) and TriplatinNC (VII) against pseudotyped MERS-CoV. Anti-MERS activity (black) 
was measured by incubating HeLa-DPP4 cell monolayers in 384-well plates with PPCs for one h, infecting with GFP-tagged 
pseudovirus (125 transducing units/well), and measuring GFP levels (RFU) two days after infection. Cytotoxicity (red) was 
measured in replicate uninfected cultures treated for two days using the CellTiter-Glo® assay. Data are means of three independent 
experiments ± standard deviations.  

 

 
Figure 3.21: PPCs do not inhibit GFP expression resulting from MERS-CoV pseudovirus transduction. Confluent monolayers of 
HeLa (left column) HeLa-DPP4 cells (all other columns) in 96-well plates were treated with medium (Ø), 150 µg/ml heparin (HEP), 
300 µg/ml soluble ACE2, 10 µM DiNC, or 5 µM TriNC one h before or one h after infection with GFP-tagged pseudotyped virus (100 
infectious units/well). Representative fluorescent micrographs were taken two days post infection.  

3.5 Influenza virus  
Influenza viruses belong to the Orthomyxoviridae family of RNA viruses, separated into four types: 

A, B, C, and D.86,87 Influenza virus is an enveloped virus with eight segments of (-)ssRNA, encoding ten viral 
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proteins: the three subunits of viral-specific RNA polymerase, hemagglutinin (HA), neuraminidase (NA), 
nucleoprotein, matrix protein, proton channel protein M2, and two nonstructural proteins.86,88 Influenza 
infection causes respiratory symptoms along with fever, muscle aches, headache, and general weakness; 
it can lead to pneumonia and death, with the highest infection rates among young people and the highest 
mortality rates among older adults.89 Transmission routes are through respiratory droplets, fomites, and 
aerosols.90,91 In an average year in the US, influenza is seasonal and infects approximately 25 to 50 million 
people and causes 20,000 deaths.92 However, due to its segmented genome and high rates of 
reassortment (often between animal- and human- type influenza viruses),  antigenic shift is frequent and 
causes epi- and pandemics, the most notable of which was in 1918, followed by the 1957 H2N2, the 1968 
H3N2, and the 2009 H1N1 pandemics.89,93,94  

The best public health intervention is influenza vaccination.95 There are also four approved 
antivirals, three of which target NA (oseltamivir, zanamivir, peramivir) to prevent new virions from exiting 
infected cells.86,96 However, resistance to all three NA inhibitors has become a critical issue, particularly 
following the H1N1 pandemic in which resistance to oseltamivir was 27%, compared to 3% for seasonal 
influenza H3N2.86,97 Resistance is limited against baloxavir, which targets the endonuclease subunit of the 
influenza virus polymerase complex.98 Other influenza inhibitors (amantadine and rimantadine), which 
targeted the M2 ion channel protein of influenza, have been discontinued due to a high degree of 
resistance.99,100 Due to the limitations of the available antivirals, new strategies are needed.  

Influenza enters susceptible cells much like other enveloped viruses. It relies on hemagglutinin 
(HA), which is the viral glycoprotein responsible for both attachment to the cell surface via α-sialic acid 
and virion entry via membrane fusion.86,88,101 HA trimers bind to a terminal α-sialic acid linked to 
saccharides on the cell surface. The C-terminus of HA is embedded in the viral matrix protein layer while 
the sialic-acid binding site is within a surface depression on the top of trimeric HA.88 As many HA trimers 
are on the virion surface, attachment is proposed to be a multivalent process that collectively forms a 
strong interaction.102,103 Specifically, two aromatic residues (Tyr98 and Trp153) sit on top of the sialic acid 
using strong hydrophobic interactions, while four functional groups further strengthen HA-sialic acid 
binding: the carboxyl group of sialic acid forms hydrogen bonds with Gln226, the amide in the acetylamido 
group forms hydrogen bonds with a main chain carbonyl group, the methyl group in the acetylamido 
group forms van der Waals interactions with Trp153, and two hydroxyl groups of the glycerol moiety forms 
hydrogen bonds with Gln226 and Glu190 as well as a main chain carbonyl group.88,104 These interactions 
form the basis of HA-sialic acid recognition, although there are variations between subtypes. Overall, 
human influenza A HA prefers α2,6 glycosidic linkages; however, influenza B has a slightly different binding 
site and prefers α2,3  glycosidic linkage,88 while influenza C HA greatly differs, and in fact utilizes 9-O-
acetylsialic acid, not αsialic acid, for attachment. Regardless of preference, the role of HA-sialic acid 
binging is not entirely clear and there is evidence of sialic acid independent entry, suggesting another 
possible primary receptor.88,105 Following attachment, the influenza virion is endocytosed. In the late 
endosome, when the pH is below 5, HA undergoes cleavage and conformational changes that drive 
membrane fusion and release of the capsid into the cytoplasm.88,106 

3.5.1 Anti-Influenza activity  
Unlike the SARS-CoV-1 and SARS-CoV-2, influenza virus relies on sialic acid, not HS, to attach to the cell 
surface. To further demonstrate the selectively of PPCs, we tested III and VII against influenza virus, using 
the pseudotyping system described above (Figure 3.23). Interestingly, neither III or VII inhibited 
pseudotyped influenza virus or GFP expression, indicating their selective mechanism of action: inhibition 
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of viral attachment via HS (Figure 3.23 and Figure 3.24). These results are similar to those described above 
for MERS-CoV, which is also reported to utilize sialic acid and not HA for attachment. 

 

 

Figure 3.22: GFP-based anti-pseudotyped influenza activity of DiplatinNC and TriplatinNC. Confluent HEK-293T cells were treated 
with serially diluted compounds for one hour, then infected with HA pseudotyped particles. Two days post infection, GFP 
expression was quantified and graphed (black line). Identical non-infected cells were tested for cytotoxicity (red line).  

 

Figure 3.23: PPCs do not inhibit GFP expression following transduction with HA-pseudoviruses. Confluent monolayers of HEK-
293T cells in 96-well plates were treated with medium (Ø), 150 µg/ml heparin (HEP), 10 µM DiNC, or 5 µM TriNC one h before or 
one h after infection with GFP-tagged HA-pseudotyped virus (100 transducing units/well). Representative fluorescent micrographs 
were taken two days post infection.  

3.5 Ruthenium Red  
As we developed antiviral PPC structure-activity relationships and defined their HS-selective 

mechanism, we endeavored to further detail the effects of inorganic compounds on viral attachment. 
Ruthenium Red (RuRed, Figure 3.25) is a polycationic coordination compound. RuRed has been used to 
study cellular mechanism as it is known to non-specifically bind and inhibit several proteins such as 
mammalian ion channels,107,108 plant ion channels,109 and Ca2+ binding proteins. RuRed is also a well-known 
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dye for sialic acid, as well as pectins and mucliages in plants.110 As such, RuRed has been used in electron 
microscopy for increased resolution and contrast in animal materials.110–112 RuRed also inhibits 
neurotransmission through interaction with sialic acids.109,113  

 

Figure 3.24: Structure of Ruthenium Red. Counterions omitted for clarity.  

With a charge of +6, RuRed is equal to both DiplatinNC and Werner’s complex (discussed in 
chapter 4). As a positively charged compound, we predicted that RuRed may bind HS and prevent the 
infection by HS-dependent viruses. However, given its ability to stain sialic acids, it predicted that it could 
potentially inhibit sialic-acid dependent viruses such as MERS-CoV and influenza virus.   

3.5.1 Antiviral activity of RuRed 
We tested RuRed against SARS-CoV-2, SARS-CoV-1, MER-CoV, and influenza virus, using the 

pseudotyping system described above (Figure 3.26 and Table 3.6). Interestingly, RuRed lacked antiviral 
activity against both HS-dependent viruses, but had µM activities against sialic-acid dependent MERS-CoV 
and influenza virus. Similar to PPCs, RuRed inhibited GFP expression in influenza virus only if cells were 
pretreated, suggesting that it inhibits viral attachment/entry (Figure 3.27).  
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Figure 3.25: Antiviral activity of RuRed. GFP-based anti-SARS-CoV-2 (A), SARS-CoV-1 (B), MERS-CoV (C) or influenza virus (D). 
Confluent HEK-293T-ACE2 (A, B), HeLa-DPP4 (C), or HEK-293T (D) cells were treated with serially diluted RuRed for one hour then 
infected with pseudotyped viruses. Two days post infection, GFP expression was quantified and graphed (black line). Identical non-
infected cells were treated for two days and tested for cytotoxicity (red line). 

Virus  Antivirala (EC50) Cytotoxicityb (TC50) SIc 
SARS-CoV-2 Not active >200 N/A 
SARS-CoV-1 Not active >200 N/A 
MERS-CoV 11.763 ± 3.27 67.80 ± 8.27 5.8 

Influenza virus 6.136 ± 1.11 >200 >32.6 
Table 3.6: Antiviral activity of RuRed. a GFP-based assay. b CellTiter-Glo® assay. c selectivity index (TC50/EC50). a,b µM; results 
are means of three independent experiments ± standard deviations.  



106 
 

 

Figure 3.26: RuRed inhibit GFP expression following transduction with influenza (right) but not SARS-CoV-2 (left) pseudoviruses. 
Confluent monolayers of HEK-293T-ACE2 (left) or HEK-293T (right) cells in 96-well plates were treated with medium (Ø), 150 µg/ml 
heparin (HEP), 300 µg/ml soluble ACE2, or 100 µM RuRed one h before or one h after infection with GFP-tagged pseudotyped 
viruses (100 transducing units/well). Representative fluorescent micrographs were taken two days post infection.  

3.6 Discussion  
Current medical interventions for emerging viruses are extremely limited. Vaccines are an 

essential protective measure in viral epi- and pandemics however their development is time-consuming 
and often exacerbated by viral genome mutations leading to antigenic drift and loss of vaccine 
efficacy.94,95,114  Effective treatments for viral infection are also difficult as many emerging viruses are 
zoonotic by nature or are the result of mutations in existing viruses.115 Repurposing existing approved 
drugs aides in discovery of new treatments; however, drug repurposing often identifies candidates that 
may or may not work well in vivo.115 Ultimately, treatments for emerging viral disease are often limited to 
immune modulation and supportive care. 

 Broad-spectrum antivirals, or compounds which inhibit viruses from more than one viral family, 
offer a potential solution to this problem. Broad-spectrum antivirals must target a commonality between 
viruses. Previously, broad-spectrum antivirals have targeted viral polymerases, an intercellular target 
which allows for mutations giving rise to resistance.116 Importantly, these polymerase inhibitors have 
incomplete broad-spectrum activity. For instance, ribavirin inhibits a number of RNA viruses (RSV, 
hepatitis C, influenza A and B, parainfluenza viruses, hepatitis E, and metapneumovirus) but largely failed 
to inhibit SARS-CoV-1 during its epidemic.116   
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 Entry inhibitors may have more success as they may be less subject to resistance mutations. Many 
viruses use HS, a glycosaminoglycan, or sialic acids to attach to the cell surface before using more specific 
interactions between their entry protein and cellular receptor to enter cells. This makes HS or SA uniquely 
qualified to be a broad-spectrum target. Thus far HS has been largely targeted by small peptide or HS 
mimetics with varying degrees of success, as reviewed in Chapter 1. Considering our previous work, we 
hypothesized that PPCs would avoid previously seen issues, such as excessive bleeding, and maintain an 
HS-targeting strategy to inhibit HS-dependent viruses, including SARS-CoV-2 and perhaps sialic acid 
dependent viruses.  

 In this work, we demonstrated the anti-SARS-CoV-2 activity of the PPC series (Table 3.5). The 
structure-activity relationships reinforced and built on those with HCMV and EV71, which emphasized the 
importance of charge and nuclearity. In comparing the mononuclear, dinuclear, trinuclear, and 
tetranuclear compounds, it is clear that increasing nuclearity improves anti-SARS-CoV-2 activity. 
Mononuclear I lacked antiviral activity and dinuclear II and III were consistently outperformed by 
trinuclear compounds and the lone tetranuclear compound (XI). Although nuclearity is closely related to 
length and charge, it is evident that a minimum of two platinum centers is required for measurable 
antiviral activity, but the difference between three and four platinum centers does not greatly increase 
antiviral activity. Mononuclear I, with the smallest positive charge of the series (+4), lacked antiviral 
activity; dinuclear III and trinuclear IV both have a charge of +6 and good antiviral activity though these 
were both outperformed by compounds with greater positive charge, suggesting that a minimum of +6 is 
required for robust anti-SARS-CoV-2 activity. This is of particular interest given that RuRed also has a 
charge of +6 but lacks SARS-CoV-2 activity, clearly demonstrating that the charge of the coordination 
compound alone is not the determining factor of antiviral activity.   

 In modifying VII’s structure, we observed a number of structure-activity relationships. Replacing 
the terminal dangling amines with simple amines (IV) decreases antiviral activity, implying that the 
additional length is important for activity; this is supported by the structural-activity relationship seen in 
MB assays, in which HS affinity decreases with the removal of the dangling amines. Varying the length of 
the diamineakyl linker (V, VI, VII, and VIII) did not significantly affect the antiviral activity, indicating that 
it is nuclearity or charge rather than length that influences antiviral activity. The addition of protecting 
groups on the dangling amines (IX and X) decreased charge and antiviral activity; this may be due to a 
number of structural features. First, it demonstrates once again that charge is important, as both IX and 
X have a decreased charge comparted to VII. It also implies that increasing bulk may impede PPCs ability 
to adequately bind and shield HS. Overall, this structure-activity study reveals that (i) a minimum of two 
platinum centers and a positive charge of +6 charge are required for antiviral activity; (ii) dangling amines 
perform better than simple amines, (ii); the length of the diamineakyl linker does not affect antiviral 
activity; and (iv) protecting groups on dangling amines decreases antiviral activity.  

 More in-depth work with III and VII unveiled a number of important revelations. As hypothesized, 
PPCs inhibit a broad-spectrum of viruses, regardless of genome type, envelope, or viral glycoprotein (Table 
3.7). Their micromolar activity against pandemic SARS-CoV-2 and epidemic SARS-CoV-1, as well as 
adenovirus, underline their potential utility as broad-spectrum viral inhibitors. Mechanistic work 
illustrated that PPCs maintain their mechanism of action across these viruses: inhibition of viral 
attachment presumably via blocking HS. Their inhibition of viral GFP expression only if added prior to 
infection indicates a mechanism of action that is prior to viral gene expression. Similarly, in time of 
addition experiments, PPCs inhibit only when added prior to or in the very early hours of infections, similar 



108 
 

to heparin, a well-known entry inhibitor. Compound removal studies revealed that PPCs bind a cellular 
component, hypothesized to be HS, in order to inhibit virion attachment. Collectively, these data build on 
those with HCMV, EV71, and human metapneumovirus and highlight PPCs’ inhibition of attachment.  

Virus  DiplatinNC TriplatinNC 
 EC50 TC50 SI EC50 TC50 SI 
HCMV1 0.471 ± 0.16 54.31 ± 11.9 115.3 0.338 ± 0.28 24.65 ± 9.53 72.9 
Adenovirus  5.563 ± 2.3 61.34 ± 4.99 11 0.709 ± 0.52 4.317 ± 0.38 6 
hMPV2  N/A N/A N/A 5.5 ± 2.2 146 ± 6.6 26.5 
EV712 28 ± 0.48 >500 17.9 5.35 ± 1.47 327.25 ± 137.4 61.2 
SARS-CoV-2 1.812 ± 0.35 >200 110.4 0.986 ± 0.551 >200 202.8 
SARS-CoV-1 2.556 ± 0.58 >200 78.2 1.502 ± 0.72 >200 133.2 
influenza  Not active  >200 N/A Not active >200 N/A 
MERS-CoV Not active ~120 N/A Not active ~120 N/A 

Table 3.7: Summary table for the broad-spectrum antiviral activity of TriplatinNC and DiplatinNC. All values are reported in 
micromolar (µM). 

 Finally, and perhaps most interestingly, PPCs do not inhibit influenza virus or MERS-CoV. Influenza 
virus and MERS-CoV each attach to host cells via sialic acids, a class of alpha-keto acid sugars with a nine-
carbon backbone that are less sulfated than HS. Given the structural differences from HS, sialic acids are 
generally less negatively charged. This may suggest that PPCs have a lower affinity for SA as compared to 
HS, impeding PPCs ability to inhibit SA-dependent viruses; this is supported by data which state that 
sulfates are essential in PPC-HS binding. It also suggests that PPCs have a selective mechanism of action 
for HS-dependent virion attachment. 

 The results for RuRed also indicate that more than charge that determines a compound’s antiviral 
activity. RuRed is well-known to bind to sialic acids. Interestingly, RuRed does not inhibit HS-dependent 
SARS-CoV-1 or 2, but it does inhibit sialic acid-dependent influenza virus and MERS-CoV. This is particularly 
of note as RuRed has the same charge (6+) as DiplatinNC, yet the two compounds are opposite in their 
activities, emphasizing the importance of structure over charge. Besides differing in their metal centers, 
DiplatinNC has square planar geometry, while RuRed has octahedral geometry. As discussed in Section 
1.6, an octahedral face of three ammines could potentially be more effective in metalloshielding than the 
square planar structure of PPCs.117 However, in this case, it did not improve the antiviral activity against 
HS-dependent viruses.  

 The inhibition of HS- over SA-dependent viruses may also reflect the varied structures of the 
glycans. Sialic acids are most commonly N-acetylneuraminic acid, which caps N- or O-glycans and 
glycolipids; a number of positions (C4, C5, and C7-9) may be modified (Figure 3.27). 
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Figure 3.27: Glycans as viral receptors.118Viruses may use (a) sialic acids, (b) neutral oligosaccharides, or (c) GAGs for attachment 
and/or entry. The Venn diagram depicts examples of viruses which use the respective glycans. Reproduced from Stroh and Stehle 
2014. 

  
Compared to HS, sialic acid has a regular structure; despite this, viruses employ a number of strategies to 
engage sialic acids. While polyomaviruses SV40, BKPyV, and JCPyV bind Neu5Ac in the same orientation 
and in a similar manner, polyomaviruses MCPyV, MPyV, and LPyV each employ a different strategy and 
orientation to bind Neu5Ac.118 This theme is continued across a number of sialic acid binding viruses 
including MERS-CoV and influenza virus as described above. Similarly, HS has a large structural variety; it 
consists of a nonbranching, repeating disaccharides of hexosamine and uronic acid (iduronic or glucuronic 
acid); it is often modified at C2 or hexosamine by N-sulfation or acetylation, and at C2 and C6 of uronic 
acid by hexosamine. Due to its heterogeneous nature, it is difficult to study virion-HS binding.119 With that 
said, there are a few structural descriptions of these interactions. Picornavirus engages HS in a surface-
exposed groove and SARS-CoV-2 binds HS via amphipathic interactions with its spike protein.118 However, 
other studies, like those with human papillomavirus and AAV, only report low-resolution interactions, 
which preclude atomic analysis.118 Clouding things further, many of these studies were performed with 
heparin, a structural analog of HS, and thus only hold so much weight.  

 The current knowledge of how viruses bind glycans at the atomic level is incomplete, which 
hinders an in-depth analysis of the inhibitors of these interactions.118,119 When comparing HS and sialic 
acids, it is clear that a virus may favor binding one over the other, and thus it is plausible that an inhibitor 
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would exhibit a similar preference. On one hand, the observation that PPCs inhibit HS dependent viruses 
while RuRed inhibits sialic acid dependent viruses may provide insight into their interactions with glycans. 
On the other hand, these compounds may be more useful in deciphering the interactions between virion 
and glycan. It is difficult to say which portion of HS is essential to viral binding and which groups should 
be shielded for antiviral effect. But if we could identify the mode of RuRed-sialic acid binding, we could 
extrapolate sialic acid-virion binding. Likewise, with PPCs and HS-dependent viruses.  

3.7 Conclusion 
The HS-virion interaction has been described as non-specific and charge-dependent with ongoing 

research looking to identify the structural groups essential for viral attachment. Inorganic inhibitors of 
viral attachment had unclear structure-activity relationships and their mechanisms were also unclear. In 
this chapter, we continued to investigate antiviral activities of PPCs. Increasing the charge, length, and 
nuclearity of PPCs improved their anti-SARS-CoV-2 activity, in line with the trends identified with HCMV 
and EV71.1,2 DiplatinNC and TriplatinNC inhibit additional HS-dependent viruses via a cellular component 
but do not inhibit sialic-acid dependent viruses, in contrast to RuRed. With this observation we established 
that the PPC mechanism of action is specific, in contrast to the prior dogma. Moving forward, additional 
studies on sialic acid affinity are crucial but ultimately the goal should be to examine options for an animal 
model. The most common objection to inorganic treatments, particularly those containing platinum, is 
the possibility for off-target toxicity. While we have established that PPCs bind non-covalently and thus 
should have minimal toxicity, it is important to assuage concerns through thorough investigation. Once 
that is established, we believe that PPCs, and charged coordination compounds in general, will be 
positioned to contribute to antiviral development and mechanistic inquiry of virion-glycan binding.  
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3.8 Experimental methods  
3.8.1 Cell and viral culture 

Human APRE-19 epithelial cells (derived from retinal pigment epithelium) (ATCC CRL-2302), 
guinea pig lung fibroblast cells (GPL) (ATCC-CCL158), and human adenocarcinoma epithelial cells (HeLa 
cells) (ATTC CCL-2) were purchased from American Type Culture Collection. Human Embryonic Kidney 
Cells (HEK-293T) and HEK-293T expressing human angiotensin-converting enzyme 2 (HEK-293T-hACE2; 
NR-52511) cells were purchased from BEI Resources. HeLa cells expression dipeptidyl peptidase 4 (HeLa-
DPP4) were a gift from David Namazee. APRE-19, HeLa, HeLa-DPP4, HEK-293T, and HEK-293T-hACE2 cells 
were cultured at 37 °C in a 5% CO2 atmosphere using Dulbecco’s Modified Eagle Medium supplemented 
with 10% fetal bovine serum, 50 U/mL penicillin, 50 mg/mL streptomycin, and 29.2 mg/mL L-glutamine 
(DMEM, all from Life Technologies).  

Guinea pig CMV (GPCMV) with a red fluorescent tag (N13R10r129-TurboFP635) was derived from 
BAC N13R10r129-TurboFP635; it was propagated in GPLs.120 Virus stocks were derived from infected cell 
culture supernatants, adjusted to 0.2 M sucrose, and stored in liquid nitrogen. Viral titers were 
determined using GPLs as described.121 Stocks of GFP-tagged adenovirus, provided by Dr. Daniel Conway 
at Virginia Commonwealth University, were produced using the pAdeasy adenovirus-packaging system as 
described.122,123 

3.8.2 Compounds and compound synthesis  
MonoplatinNC, DiplatinNC, TriplatinNC, AH44, TriplatinNC-pent, TriplatinNC-hept, TriplatinNC-

Boc, and TetraplatinNC were prepared according to published methods.60,124,125 BBR3571NC was 
synthesized through adaptation of published procedures.1,126 TripaltinNC-but was synthesized through the 
adaption of TriplatinNC-hept and -pent procedures.127 The complexes were characterized by C, H, N 
elemental analysis, and 1H and 195Pt nuclear magnetic spectroscopy.  

TriplatinNC-AA:128 TriplatinNC (1 mmol) was dissolved in water, and DIPEA (2.2 mmol) was added. 
After 30 minutes, acetic anhydride was added dropwise over a period of 1 h. The reaction was then heated 
at 50 °C for 48 h and filtered through celite to remove any unreacted starting materials and reduced 
platinum. The volume of the filtrate was reduced to almost dryness and acetone was added to force the 
precipitation of the product. The precipitate was filtered off then washed with acetone. Further 
purification, as needed, was achieved by recrystallization in water. Yield- 84% 1H NMR (D2O): δ 3.08 
(t,4H), 2.56 (t, 12H), 1.90 (s, 6H), 1.55 (m, 12H), 1.42 (m 4H), 1.24 (m,16H). Elemental analysis calculated 
for C28,H85,N20,O20,Pt3 - C 20.92, H 5.33, N 17.43. Obtained: C 20.90, H 5.27, N 17.38. 

All PPCs were dissolved in water at a stock concentration of 10 mM. Heparin sodium purchased 
from Acros Organics (Lot # B0146868) and dissolved in water at a stock concentration of 1 mg/mL. 

3.8.3 Pseudotyping lentivirus  
SARS-CoV-2 pseudotyped lentiviruses were prepared as outlined in Crawford et al.151 SARS-CoV-1, 

MERS-CoV, and influenza virus were prepared by adapting the procedure. Briefly, transfection quality 
plasmid DNA of the following plasmids were prepared:  

 pHAGE-CMV-Luc2-IRES-ZsGreen-W (BEI catalog number NR-52516): Lentiviral backbone plasmid 
that uses a CMV promoter to express luciferase followed by an IRES and ZsGreen. 

 HDM-Hgpm2 (BEI catalog number NR-52517): lentiviral helper plasmid expressing HIV Gag-Pol 
under a CMV promoter. 
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 HDM-tat1b (NR-52518): Lentiviral helper plasmid expressing HIV Tat under a CMV promoter.  
 pRC-CMV-Rev1b (NR-52519): Lentiviral helper plasmid expressing HIV Rev under a CMV 

promoter. 

All plasmid DNA preparations were purified by double CeCl banding and kindly provided by Dr. Anton 
Chestukhin. HEK-293T cells were seeded into 6-well plates overnight to produce 50%–70% confluency at 
the time of transfection. Cells were transfected using BioT (Bioland Sci entific LLC) following the 
manufacturer’s instructions. Each well received the following plasmid mix: 1 µg of pHAGE-CMV-Luc2-IRES-
ZsGreen-W (NR-52516), 0.22 µg each of plasmids HDM-Hgpm2 (NR-52517), HDM-tat1b (NR-52518), and 
pRC-CMV-Rev1b (NR-52519), and 0.34 µg of viral glycoprotein encoding plasmid (either SARS-CoV-2 Spike 
(pGBW-m4137383; Addgene_149541),  SARS-CoV-1 spike (pcDNA3.3_CoV1_D28; Addgene #170447),162 
influenza HA (pNAHA; Addgene #44169),163 or MERS-CoV spike (pCDNA3.3_MERS_D12; Addgene 
#170448)162). Media was changed 18 to 24 h post-transfection. Pseudoviruses were harvested by filtering 
the supernatant with a 0.45 µm SFCA low protein-binding filter 60 h post transfection and stocks were 
stored either 4ᵒC for immediate use or frozen long-term at -80 ᵒC. Titers of pseudotyped lentiviruses were 
determined after a single freeze-thaw. Serially diluted stock was applied to HEK-293T-ACE2 cells and two 
days post infection, cells were also visually assessed to quantitate the titer of the stock (the lowest dilution 
with GFP positive cells).  

3.8.4 Luciferase-based yield assay of antiviral activity 
Eleven three-fold serial dilutions of DiplatinNC and TriplatinNC were prepared in DMEM. Final 

concentrations ranged from 200 µM to 3.4 nM for DiplatinNC, and 100 µM to 1.7 nM for TriplatinNC. 
Black-wall/clear-bottom 96-well plates with confluent monolayers of HEK-293T-ACE2 cells were treated 
with different concentrations of each test compound in triplicate. After one h of incubation cells were 
infected with pseudotyped SARS-CoV-2. Infected and uninfected wells without compound served as 
controls. Following a two-day incubation, luciferase activity was measured by removing 100 µL of media 
and adding 100 µL of Steady-Glo® luciferase substrate (Promega), incubating ten minutes at room 
temperature, and measuring relative luminosity units (RLU) using a BioTek Synergy HT Multi-Mode 
Microplate reader. Prism 5 software (Graphpad) was used to determine 50% effective concentration (EC50) 
values as the inflection points of best-fit four-parameter curves for RLU (means of triplicate data) versus 
log inhibitor concentration. Graphical representations were normalized to % maximum RLU.  

3.8.5 GFP-based assay of antiviral activity 
For pseudotyped viruses: Confluent monolayers of HEK-293T-ACE2 or HEK-293T cells in 384-well 

plates were prepared and treated with compound dilutions as described in 3.8.4 above. After one h of 
incubation cells were infected with pseudotyped SARS-CoV-1, SARS-CoV-2, MERS-CoV, or influenza virus. 
Following incubation for two days, relative fluorescence units (RFU) of GFP fluorescence were quantified 
by BioTek Synergy HT Multi-Mode Microplate reader and EC50 values were determined as described in 
3.8.4. Graphical representations were normalized to % maximum RFU.   

For adenovirus: Confluent monolayers of ARPE-19 cells in 96-well plates were prepared and 
treated with compound dilutions as described in 3.8.4 above. After one h of incubation cells were infected 
with GFP-tagged adenovirus (100 PFU/well). Following incubation for five days, relative fluorescence units 
(RFU) of GFP fluorescence were quantified by BioTek Synergy HT Multi-Mode Microplate reader and EC50 
values were determined as described in 3.9.4. Graphical representations were normalized to % maximum 
RFU.   
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For GPCMV: Confluent monolayers of guinea pig lung fibroblasts (GLFs) in 96-well plates were 
prepared and treated with compound dilutions as described in 3.9.4 above. After one h of incubation cells 
were infected with RFP-tagged GPCMV (100 PFU/well). Following incubation for five days, relative 
fluorescence units (RFU) of RFP fluorescence were quantified by BioTek Synergy HT Multi-Mode 
Microplate reader and EC50 values were determined as described in 3.9.4. Graphical representations were 
normalized to % maximum RFU.   

3.8.6 Cytotoxicity  
Replicate HEK-293T-ACE2 or HEK-293T cell cultures were prepared simultaneously with those 

described in 3.9.4 and 3.9.5 but were not infected. After incubation of two days cell viability was 
determined by removing 50 µL of culture media from each well, adding 50 µL of CellTiter-Glo® reagent 
(Promega), incubation for ten minutes at room temperature, and measuring RLU using a BioTek Synergy 
HT Multi-Mode Microplate reader. 50% cytotoxicity concentrations (TC50) were calculated as inflection 
points of four-parameter curves as described in 3.9.4. Graphical representations were normalized to % 
maximum RLU. A similar procedure was repeated for ARPE-19 and GLF cells but the incubation period 
lasted five days.  

3.8.7 Inhibition of GFP fluorescence 
Inhibition of GFP expression was evaluated by treating confluent cell monolayers in black-

wall/clear-bottom 96-well plates with compounds for one h before addition of 100 PFU/well virus 
adenovirus. Five days after infection representative micrographs were taken with a Nikon Eclipse TS100 
Inverted UV microscope.  

3.8.8 Time of addition  
Confluent cell monolayers in black-wall/clear-bottom 96-well plates were infected with 

adenovirus (100 PFU/well). A single inhibitory concentration of each compound was added to triplicate 
wells one h before, at the time of, and 3, 6, 12, 24, 48, 72, 96, or 120 hpi. Infected or uninfected wells not 
treated with compounds served as controls. Following incubation for five days, GFP fluorescence was 
quantified using a BioTek Synergy HT Multi-Mode Microplate reader. Percent maximum RFUs were 
plotted versus time of compound addition (relative to infection) using Prism 5 software. 
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Chapter 4: Antiviral activity of Werner’s complex and its mechanism of 
action in HCMV 
4.0 Contributions   
This chapter is, in part, a summary of “On the Biology of Werner’s Complex” published in Angewandte 
Chemie International Edition.1 Dr Nicholas P. Farrell, Erica J. Peterson, J. David Hampton, Angelica 
Graminha, and Wyatt E Johnson performed the cellular accumulation and GAG interactions. Raphael E.F. 
de Paiva and Susan J. Berners-Price carried out the NMR binding experiments; enzymatic cleavage assays 
and DFT calculations. Jaroslav Malina and Viktor Brabec performed the DNA and tRNA binding assays. 
Preliminary antiviral studies (luciferase based EC50s and gene expression assays) were performed by 
Amine Ourahmane. MZ repeated preliminary work and performed all additional mechanistic antiviral 
studies, including spectrum of activity, time of addition, FIGE, and TEM.  

This chapter is also, in part, a summary of a paper draft on mononuclear cobalt compounds. Jessica 
Christian performed methylene blue and ethidium bromide assays with Miriam Hanna. Eric Ginsburg 
performed synthesis with Eduardo Pancheo. Erica Peterson and James D Hampton performed heparanase 
and Matrigel assays with Dylan Ward. Wyatt E. Johnson performed synthesis as well as MS and NMR 
studies. MZ performed all antiviral assays including luciferase- and GFP-based EC50s as well as gene 
expression assays.   

4.1 Background  
4.1.1 Alfred Werner and Coordination Chemistry  

Alfred Werner is the undisputed father of coordination chemistry, however widespread 
opposition meant his stereochemical beliefs were not accepted for some time.2 Werner had a strong 
background in stereochemistry beginning in his doctoral work in which he noted that the stereochemistry 
of nitrogen is a tetrahedron and thus should allow for optical isomers.3 This was demonstrated 
experimentally ten years later by Pope and Peachey.4  

Werner’s stereochemical insights later extended into inorganic chemistry; his theory of 
coordination chemistry was based on data gathered by Sophus Mads Jorgensen. Jorgensen interpreted 
the structure of chromium, cobalt, rhodium, and platinum coordination complexes using the chain theory: 
ammonia molecules can be linked in a chain (-NH3-) analogous to hydrocarbon (-CH2-) chains (Figure 1).5  

 

Figure 4.1: Changing Coordination chemistry. (Top) The Blomstrand–Jørgensen model for cobalt amine complexes of [Co(NH3)4X3] 
with pentavalent nitrogen atoms. (Bottom): Illustration of octahedral cis and trans isomers of the same complex, [Co(NH3)4X2]+. 
Reproduced from Ernst et al. 2011.2  
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Werner rejected the pentavalent nitrogen proposed by Jorgensen; instead, he introduced the concept of 
coordination number, the number of atoms or ions immediately surrounding a central atom in a complex 
or crystal, and proposed that this arrangement allows for stereoisomers. Given this, Werner believed that 
the croceo and violeo salts, studied by many chemists of the day, were the cis and trans isomers of an 
octahedral cobalt coordination complex (Figure 4.1). Unlike the Jorgensen-Bloomstrand model, Werner’s 
model explained why [Co(NH3)4Cl2] did not form a precipitate upon treatment with silver ions.6–9 Using 
this theory, Werner deduced the complete chemistry of polynuclear cobalt (III) amine complexes with 
bridging groups such as NH2, OH, SO4, NO2, and O2, and correctly predicted their structures.2,10  

Due to famous and vocal opposition form Jorgenson and others,11 Werner’s theory was not 
accepted for many years. Werner and his group began to work to demonstrate proof of chirality, which 
would confirm his model. Chiral compounds are asymmetric in such a way that the structure and its mirror 
image are not superimposable; chiral compounds are optically active, meaning they rotate plane-
polarized light. At this time, organic compounds were well studied and their chirality was established. 
Inorganic compounds, by the current model, could not be chiral, but by Werner’s theory, they should be. 
Ten years after Werner’s proposal, Perkin, Pope, and Wallach delivered proof of optical activity in a chiral 
compound without an asymmetric carbon.12 For his work in coordination chemistry, Werner received the 
Nobel Prize in 1913. Following this success, Werner’s group demonstrated the optical activity of more 
than 40 inorganic chiral compounds. These included a chiral tetranuclear cobalt complex, first synthesized 
by Jorgensen, which does not include a single carbon; it later became known as Werner’s Hexol or 
Werner’s complex (WC) (Figure 4.2).13 

 

Figure 4.2: Structure of Werner’s complex (Left) and a depiction of its enantiomers (right). Reproduced from Ernst et al. 2011.2  

4.1.2 The biology of Werner’s Complex 
Despite its fame in inorganic chemistry, little is known about WC’s biological properties, which 

are of interest for two reasons: WC is chiral and it is inorganic. As a chiral compound, WC’s enantiomers 
have the same physical (i.e. boiling point or melting point) and chemical properties (i.e. oxidation states, 
flammability, or acidity) but may not have the same biological properties. The differences between 
enantiomers are commonly exploited in the pharmaceutical industry. For example, Warfin, a widely 
prescribed anticoagulant, is marketed as a racemic mixture; however (S)-warfin is more potent than (R)-
warfin and each enantiomer is metabolized by different enzymatic pathways.14 Second, like the PPCs 
described in Chapter 2, WC is formally substitution inert, meaning that its hydrogen-bonding and 
electrostatic interactions dictate its affinity for biomolecules and their conformation and function.15 
Analogous to PPCs, WC’s inability to covalently bond provides a larger therapeutic window with 
noncytotoxic effects. It should be noted that WC has not been studied in a biological medium; it is possible 
that WC may generate covalent bonds if its metabolites are capable of forming covalent bonds. 
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As a highly charged cation, we predicted that WC would behave similarly to PPCs and bind to 
anionic molecules, like GAGs and DNA. PPCs bind both GAGs and DNA, relying heavily on charge and amine 
hydrogen bonding, and impact their function. We assumed that WC, as a charged amine-based complex, 
would share their inherent dual function activity.16,17 The following data are part of an effort to define this 
iconic compound’s biological activity and therapeutic potential.  

4.1.2.1Biophysical Assays with Fondaparinux  
The methylene blue competition assay (described in Chapter 2) quantifies a compound’s HS 

affinity as an IC50. Using heparin as an HS model the IC50 of WC was 41.1 M, using heparin as compared 
to 3.1  0.1 M for TriplatinNC (3.1  0.1 M) and lower than cobalt hexamine (16.9  0.4 M).15,17 Using 
fondaparinux, (FPX), WC has an IC50 of 41.4 M as compared to 10.2  0.4 M for TriplatinNC and 64.5 
M for cobalt hexamine; this suggests that there is a dependence of affinity on oligosaccharide and 
complex structure.15,18 H1 nuclear magnetic resonance (NMR) with WC and FPX demonstrated a charge-
dependent interaction. ESI-MS with FPX revealed that while cobalt hexamine forms 1:1 and 2:1 adducts, 
WC forms a unique 2:2 stoichiometry. The lack of any sulfate peaks confirm that WC can metalloshield 
FPX.15  

Density functional theory (DFT) was used to propose binding models in which both cobalt 
hexamine ([Co(NH3)6]3+) and WC have extensive hydrogen bonding networks with sulfate groups of HS 
(Figure 4.3).15 Cobalt hexamine sits between the C and D rings of FPX; at each interaction site, a sulfate 
groups interacts with three ammines (a full face) of the octahedral complex. This is potentially a more 
effective metalloshielding approach than the square-planar Pt(amine) coordination units of TriplatinNC.19 
WC wraps the D ring of FPX, inducing a more compact and folded conformation. The steric effects of the 
formally tetranuclear species produce a more varied set of interactions compared to the mononuclear 
[Co(NH3)6]3+. The combined data confirm the strong affinity of Co3+ compounds for GAGs and FPX. 
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Figure 4.3: Cobalt-Fondaparinux (FPX) interactions. (Top) Structure of FPX; counterions omitted for clarity. (Bottom) DFT-optimized 
adducts between cobalt hexamine (Left, I) or WC (Right, II) with FPX. Reproduced from de Paiva et al. 2021.1  

4.1.2.2 Biological assays related to heparan sulfate 
WC’s affinity for FPX predicted an inhibition of HS function. HSPGs are known to mediate cellular 

accumulation of cationic protein domains.20,21 The HSPG binding and internalization of polyarginine 
TAMRA-R9 (a nonarginine peptide (R9) coupled to the TAMRA fluorescent label 5-(6) 
carboxytetramethylrhoamine) may be visualized by fluorescence microscopy.15 While cobalt hexamine 
had little effect on TAMRA-R9 CHO cell entry, WC was effective in inhibiting is entry into CHO cells, 
suggesting that WC binds HSPGs in place of TAMRA-R9 and implies that WC uses HSPGs to enter cells 
(Figure 4.4). This was confirmed by repeating the experiment with GAG-deficient A745 CHO K1 cells 
(deficient in xylosyl transferase XYLT2 gene) and in pgs E606-mutant cells (HS-N-sulfotransferase 
defective).15 Antiproliferative effects of WC (measured by MTT assay) correlated with cellular 
accumulation, indicated by IC50s of 36, 70, and 86 for wt CHO, CHO K1, and pgs E606 cells, respectively 
(Figure 4.4). These results confirm that HSPGs play a role in cellular accumulation of charged coordination 
compounds and metal cations, extending beyond platinum.15,22  
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Figure 4.4: The cellular entry of Werner’s Complex is GAG-dependent. a, b) TAMRA-R9 (R9) competition assay; CHO-K1 cells were 
treated with the indicated concentrations of compounds for 10 min, followed by treatment with 1 mM TAMRA-R9 for 1h at 37C. 
The cells were harvested with trypsin, collected, washed and analyzed at 488–585 nm by flow cytometry. c) Cobalt cellular 
accumulation assay; CHO-K1 and CHO-pgsA745 cells were treated with 10 mM WC for the indicated time, harvested, and washed. 
Cell pellets were digested with nitric acid and cobalt levels measured using inductively coupled plasma mass spectrometry. d) Cell 
proliferation (MTT) assay; CHO-K1 and CHO-pgsA745 cells were treated with the indicated concentrations of WC for 48 h. MTT 
reagent was added for 3h, removed, and precipitates were dissolved in DMSO. Relative absorbance was determined as 
treated/untreated controls x100. Reproduced from de Paiva et al. 2021.1  

4.1.2.3 Functional consequences of GAG binding 
The enzymatic cleavage of GAGs initiates angioneogensis and growth factor/growth factor 

receptor binding and recruitment.23,24 The metalloshielding of HS has functional consequences (i.e. 
inhibition of enzymatic cleavage and/or diminished growth factor recognition). Using a colorimetric assay 
for heparinase cleavage and FPX, WC inhibited FPX cleavage with greater effect than cobalt hexamine and 
had an IC50 comparable to TriplatinNC (Figure 4.5).17,25,26 These data were confirmed by NMR-based assays 
with FPX where WC inhibited both heparanase and heparinase activity, while cobalt hexamine did not.27–

29  

Cellular invasion of the extracellular matrix relies on the cleavage of GAGS and the release of 
growth factors. In a Boyden-Chamber assay, WC and cobalt hexamine were equally effective at inhibiting 
high HPSE expression MDA-MB-231 triple negative breast cancer cells from invading through a Matrigel 
membrane.15 A wound assay in which an “wound” is inflicted in HUVEC cells, assessed WC’s ability to halt 
cell mobility; WC significantly inhibited wound healing while cobalt hexamine did not (Figure 4.5).  
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Figure 4.5: Werner’s Complex inhibits the function of GAG-interacting proteins. a) Hep I activity assay (FPX cleavage); FPX was 
incubated for 1 h with hep I. Reactions were stopped by adding 100 L 1.69 mM WST-1, plates heated to 60C for 1 h, and 
absorbance readings measured at 584 nm. b) Various concentrations of compound were incubated for 15 minutes at 37C with 
50 mM FPX in buffer. After addition of 0.25 U hep I for 1 h, reactions were stopped by adding 100 L 1.69 mM WST-1, plates 
heated to 60C for 1 h, and absorbance readings measured at 584 nm. c) Hep I activity assay (HS cleavage); Growth factor-reduced 
matrigel in a Boyden chamber was treated with either PBS or equimolar amounts (50 mM) of the indicated compounds for 1 h, 
followed by treatment with additional PBS or 0.3 units of hep I for 16 h. After extensive washes, inserts were filled with media 
containing 0.2% FBS, and placed into wells containing media containing 10% FBS. Serum-starved MDA-MB-231 cells were seeded 
onto matrigel or control inserts without matrigel. After 12 h, cells which had invaded through matrigel were fixed and stained 
using methanol/crystal violet. Percent invasion was determined by dividing the number of cells invaded through matrigel to cells 
that migrated through the control insert. d) Serum-induced cell migration assay; HUVECs were grown to approximately 90% 
confluence in each well of a 24-well plate containing endothelial media. The cell monolayer was scratched with a p200 pipette tip. 
The media was removed and replaced with unsupplemented media, or supplemented media with equimolar doses (100 mM) of 
the indicated compound. The closure of the scratch was monitored by light microscopy. e) Photographs of (d) at time 0 and 6 h 
were analyzed with Image J. Reproduced from de Paiva et al. 2021.1 

4.1.2.4 DNA binding effects 
Assuming WC has a dual nature like PPCs, its DNA binding was also assessed with a number of 

methods. The DNA binding of cobalt hexamine is well studied, especially its ability to induce BZ DNA 
conformational changes in DNA sequences.30,31 Via a gel retardation assay, WC is better able than cobalt 
hexamine to bind and condense DNA, thus preventing migration of plasmid psP73 and tRNA down the gel. 
Since cobalt hexamine is well known DNA condenser,32 we examined WC’s ability to condense DNA with 
total light scattering (Figure 4.6).33–35 This method is based on the measurement of the intensity of the 
light scattered by the diluted DNA and RNA solutions due to the formation of condensed DNA and RNA 
particles upon addition of condensing agents. An EC50 describes the concentration of a compound needed 
to induce 50% condensation of nuclear DNA. WC condenses DNA as well as TriplatinNC.33–35   
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Figure 4.6: DNA and RNA condensation by WC and cobalt hexamine. Plots of the scattered light intensity versus the concentration 
of WC (left panel) or [Co(NH3)6]3+ (right panel) in the presence of calf thymus (CT) DNA (red) or tRNA (blue). The calculated EC50 
values (M) are 0.23:0.01 and 0.31:0.02 for WC DNA and tRNA condensation, respectively. For [Co(NH3)6]3+, the equivalent 
values are 35.4 and >70 for CT DNA and tRNA, respectively. Reproduced from de Paiva et al. 2021.1 

DNA and RNA condensation were also visualized using atomic force microscopy (AFM). WC 
induced the formation of large (several micrometers in diameter) multimolecular condensates of DNA 
molecules at the concentration as low as 1.56 mM (Figure 4.7). WC in combination with tRNA molecules 
generated densely packed particles at the concentration of 12.5 M. In both these cases, WC was much 
more effective than the simple polyamine spermine. Much higher concentrations of [Co(NH3)6]3+ (up to 400 
M) were needed to observe DNA condensation while the compound did not condense tRNA at 
concentrations up to 1.6 mM. Thus, while clearly more effective than the mononuclear 3+ compound, the 
similarity in efficiency of DNA and tRNA compaction between WC and linear TriplatinNC emphasizes that 
despite the superficially different structural types, charge density and the geometrical fit between 
negatively charged phosphates and the positively charged coordination compounds are important 
parameters for efficient DNA collapse.35 



130 
 

 

Figure 4.7: Condensation of DNA and tRNA observed by AFM. Top: Representative AFM images of linearized plasmid pSP73 DNA 
in the presence of WC at A) 1.56, B,C) 3.125, or D) 6.25 M. Bottom: Representative AFM images of tRNA in the presence of WC 
at A) 6.25 and B–D) 12.5 mm. The protocol followed published procedures.34–36 Reproduced from de Paiva et al. 2021.1 

Condensation of DNA and RNA molecules can affect important DNA-related enzymatic activities 
including DNA replication and transcription.37

 WC fully inhibited the transcriptional activity of DNA at 30 
M concentration, whereas 1 mM [Co(NH3)6]3+ was insufficient for full inhibition of RNA polymerase 
activity (Figure 4.8). Overall, charge does appear to be a more important factor in efficiency of 
transcription inhibition—WC has similar efficiency to the 6+ PPC DiplatinNC whereas only low M 
concentrations (approx. 4 M) are needed for the 8+ TriplatinNC.34,35 Nevertheless, WC is much more 
effective than the commonly used spermine, which affects transcriptional activity in a concentration-
dependent manner, and whose inhibitory action is also affected by DNA morphology.38

 Inhibition of 
topoisomerase I (topo 1) catalysis depends on the properties of DNA aggregates.34,35 Relaxation of 
negatively supercoiled pSP73 KB plasmid DNA by Topoisomerase I is inhibited by increasing 
concentrations of WC and [Co(NH3)6]3+. At concentrations of 200 M supercoiled and relaxed DNA 
(corresponding to supercoiled and relaxed forms of plasmid DNA), WC and [Co(NH3)6]3+ begin to inhibit 
Topoisomerase I DNA relaxation at 32 M and 6 M concentrations, respectively. Thus, the impact of DNA 
condensation by WC can be seen in inhibition of transcriptional activity and Topoisomerase I catalyzed 
relaxation of negatively supercoiled DNA; these effects are also seen with TriplatinNC.39 
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Figure 4.8: Plots of the relative transcriptional activity of pBR322 plasmid DNA as a function of cobalt complex concentrations. 
Reproduced from de Paiva et al. 2021.1 

4.1.3 Antiviral Hypothesis  
 The study of non-covalent interactions of PPCs suggested that these should be general for charged 
coordination complexes. As WC is a highly positively charged coordination complex with high GAG and 
DNA affinity, we predicted WC would also possess broad-spectrum antiviral activity by inhibiting the HS-
viral interaction. These results would expand the biological role of cobalt complexes. The redox and 
magnetic properties of Co coordination complexes suggest possibilities for their use in imaging, 
diagnostics, and therapy.40 Earlier studies had examined briefly the use of Co complexes as analytical 
probes for sulfated GAG content,41–45 but no effects on function were examined. In the following section, 
we aim to expand the antiviral chemotype to cobalt coordination compounds with a focus on WC.  

4.2 Studies of anti-HCMV activity  
The antiviral activity of a compound is quantified by its EC50, the concentration at which 50% of 

virus replication is inhibited. Cytotoxicity of a compound is quantified by its TC50, the concentration at 
which 50% of the cells die. To determine the EC50 of WC, its impact on HCMV yield (production of cell-free 
infectious virus) was determined using a luciferase-tagged HCMV, while the TC50 was simultaneously 
determined for replicate uninfected cultures using the CellTiter-Glo cell viability assay.46 Results are shown 
in Figure 9 and summarized in Table 1. WC is less toxic than PPCs such as TriplatinNC and DiplatinNC, but 
maintains M antiviral activity. The selectivity index (SI) is the ratio of TC50 to EC50. A high SI suggests a 
favorable safety and efficacy profile of a compound. Given WC’s minimal cytotoxicity, its SI is favorable.  
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Figure 4.9: Luciferase-based antiviral activity and cytotoxicity of WC in fibroblasts. Anti-HCMV activity (black) was measured by 
incubating MRC-5 fibroblast monolayers in 96-well plates with WC for one h, then infecting with luciferase-tagged HCMV 
RC2626 (125 PFU/well). After five days 50 µL of virus-containing culture medium was transferred to fresh MRC-5 cultures and 
luciferase activities (RLU) in these cultures were measured 48 h later. Cytotoxicity (red) was measured in replicate uninfected 
cultures treated for five days using the CellTiter-Glo® assay. Data are means of three independent experiments.  

Table 4.1 Anti-HCMV activity of WC 
Antivirala (EC50) Cytotoxicityb (TC50) SIc MBd (IC50) 
0.577 ± 0.31  74.95 ± 7.03  129.9 41.4 

Table 4.1: Anti-HCMV activity of WC. aluciferase-based yield assay. bCellTiter-Glo® assay. cselectivity index (TC50/EC50). a,b,dµM; 
means of three independent experiments ± standard deviations. dinhibition of methylene blue binding to Fondaparinux 
(previously published data, 1) 

4.3 WC does not inhibit viral attachment like PPCs  
The yield-based assay used above measured the impact of WC on release of infectious virus 

progeny. However, our hypothesis predicted that WC, like PPCs, would block viral attachment and entry 
and therefore should block viral gene expression. First, we tested this using a GFP-tagged HCMV. Controls 
included heparin, known to block HCMV entry,47 and BAY 38-4766, a terminase inhibitor that acts late in 
infection and does not impact viral gene expression. When added one h prior to infection, heparin 
inhibited GFP expression while BAY 38-4766 and WC did not. When added one hpi, neither WC, heparin, 
or BAY 38-4766 had an impact on GFP expression (Figure 11). When cells were treated with WC then 
washed, GFP expression was not inhibited, unlike PPCs which reduce GFP expression when cells are 
washed.48 Interestingly, even a higher concentration of WC (25 M) did not impact GFP expression 
regardless of when cells were treated. All of these data indicate that unlike PPCs, WC does not inhibit viral 
attachment or entry. 
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Figure 4.10: WC does not inhibit expression of a viral marker protein independent of time of addition. GFP based mechanistic 
studies for WC. (Top) Confluent monolayers of MRC-5 fibroblasts in 96-well plates were treated with medium, 150 µg/ml heparin 
(HEP), 10 µM WC, 25 µM WC, or 8 µM BAY 38-4766 (BAY) for one h then infected with GFP-tagged HCMV BADr (100 PFU/well). 
(Middle) Confluent monolayers of MRC-5 fibroblasts in 96-well plates were infected with BADr (100 PFU/well) for 1 h then treated 
with medium, 150 µg/ml heparin (HEP), 10 µM WC, 25 µM WC, or 8 µM BAY. (Bottom) Confluent monolayers of MRC-5 fibroblasts 
in 96-well plates were treated with medium, 150 µg/ml heparin (HEP), 10 µM WC, 25 µM WC, or 8 µM BAY for one h then washed 
three times with media and infected with GFP-tagged HCMV BADr (100 PFU/well). Six days after infection representative 
micrographs were taken with a Nikon Eclipse TS100 Inverted UV microscope. 

 To further investigate the WC mechanism of action, we used immunofluorescent staining to 
determine the impact of WC on HCMV immediate early (IE) proteins 1 and 2, among the first viral proteins 
to be expressed within an infected cell, or the late viral protein pp28, which is expressed late in infection 
and only after viral DNA synthesis. BAY 38-4766 was a control; as a packaging inhibitor,  it should not 
inhibit either GFP, IE, or pp28 expression.47,49,50 These controls behaved as expected, while WC failed to 
inhibit either IE1/2 and pp28 expression (Figure 12). This suggests a mechanism of action after viral DNA 
synthesis.  
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Figure 4.11: WC does not inhibit expression of HCMV IE protein or pp28 late protein. MRC-5 fibroblast monolayers were treated 
with medium (Ø), 8 µM BAY 38-4766 (BAY), or 25 µM WC one h before infection with HCMV RC2626 (125 PFU/well). Cultures 
were imaged for GFP or fixed and fluorescently stained for HCMV IE proteins 48 hpi or for pp28 late protein 120 hpi. 

To further define the mechanism of action of WC, a time of addition experiment was conducted 
using a luciferase-based yield assay in which inhibitor was added at different times relative to viral 
infection. Heparin was only active when added within a few hours of adding the virus and lacked antiviral 
activity if added as early as 12 h after infection (Figure 13). WC and BAY 38-4766 were active if added 48 
h after infection.  
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Figure 4.12: Time of addition study. Confluent monolayers of MRC-5 fibroblasts were treated with 150 µg/ml heparin, or 25 µM 
WC, or 8 µM BAY 38-4766 (BAY) 1 h before, concurrent with, or at various times after infection with luciferase-tagged HCMV 
RC2626 (125 PFU/well). After five days 50 µL of virus-containing culture medium was transferred to fresh MRC-5 cultures and 
luciferase activities (RLU) in these cultures were measured 48 h later. Data are means of triplicate wells ± standard deviations. 

4.4 WC has a late acting mechanism 
From our preliminary studies using HCMV we conclude that WC does not impact HCMV viral 

attachment, entry, or viral gene expression, but appears to act at later times, coincident with capsid 
assembly, DNA packaging, virion morphogenesis, or egress. HCMV replication begins with circularizing its 
genome, then it employs a rolling circle mechanism to produce concatemers (Figure 14). Prior to 
packaging, pro-capsids are assembled with internal scaffold proteins. One end of a concatemer docks with 
the pro-capsid and as DNA enters the scaffold proteins are proteolytically cleaved and somehow exit the 
capsid. After a full-length genome has entered the capsid, the concatemer is cleaved leaving the monomer 
inside the C-capsid and releasing a slightly shorter concatemer.51 Viral DNA packaging results in three 
types of HCMV capsids: empty A-capsids, B-capsids that contain scaffold proteins, and DNA-filled C-
capsids (Figure 15).52 B-capsids contain proteolytically-processed scaffold fragments but no DNA and are 
thought to result from spontaneous scaffold proteolysis in the absence of DNA packaging. A-capsids are 
thought to arise from unstable C-capsids that have spontaneously ejected their DNA. Thus, DNA packaging 
inhibitors, such as letermovir, prevent formation of normal genome length DNA monomers from and 
result in abnormal ratios of A-, B-, and C-capsids (fewer A- and C-capsids, more B-capsids).  
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Figure 4.13: Overview of herpesvirus replication.53 Following attachment and host cell entry, the viral capsid docks at a nuclear 
pore and delivers its DNA into the nucleus. After genome replication via a rolling circle mechanism, the ends of the concatemers 
dock on the pore of a viral capsid and a monomer of DNA enters and is cleaved. Different capsids are present in an infected cell, 
detailed in the next figure. Finally, capsids exit the nucleus, gain their tegument proteins and envelope and leave the cell. 
Reproduced from Muller et al. 2021. 
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Figure 4.14: Herpesvirus capsid formation and DNA packaging.53 (A, B) Intranuclear capsid formation is initiated by the assembly 
of major capsid protein (black), small capsid protein (black), portal protein (blue), and scaffold proteins (red and grey). (C) The 
terminase complex of pUL56, pUL89, and pUL51 recognizes ‘pac’ motifs (‘cis-acting DNA packaging signals’, pink) and performs 
an initial cleavage of viral DNA. (D) Utiizing its ATPase activity terminase inserts a genome monomer of DNA into the capsid. At 
the same time the maturational protease cleaves scaffold, which exits the capisid. (E) Terminase performs a final cleavage of DNA 
to release the viral DNA and disassociate from the filled C-capsid. Spontaneous cleavage of scaffolding proteins can also result in 
B-capsids lacking viral DNA but containing scaffold fragments, and spontaneous loss of DNA can result in A-capsids that lack both 
scaffolding and DNA. Reproduced from Muller et al. 2021. 

4.4.1 Field-inversion gel electrophoresis 
In standard gel electrophoresis, a constant current runs through an agarose gel in order to 

separate DNA fragments by size, with shorter segments traveling faster than longer segments. However, 
DNA fragments over ~ 15-20 kb in length do not resolve by standary gel electrophoresis. This is believed 
to be due to the propensity of larger DNA molecules to get entangled on agarose fibers. Field-inversion 
gel electrophoresis (FIGE) is a DNA separation technique which has better resolution and band separation 
than standard gel electrophoresis, particularly for DNA molecules larger than 20 kb. In FIGE, the polarity 
of the electrical current inverts periodically, moving the DNA forward for a time and then backwards, 
which presumably allows the DNA to untangle from agarose fibers and reorient. Larger molecules require 
more time than smaller molecules to reorient their migration as the current changes direction. While the 
forward time is longer than the backward time, in order to move the DNA down the gel, the ratio of 
forward to backward pulse times and the total length of each cycle can be varied. As such, shorter 
segments of DNA travel farther than longer segments, as in standard gel electrophoresis, but the more 
time provided for each current direction, the larger the size range of DNA molecules that can be separated 
by FIGE.54 Thus, FIGE can be used to separate large DNA molecules, such as the 235-kb HCMV genome.51  

To assess the cleavage of HCMV concatemer DNA, we performed FIGE of HCMV-infected cells 
cultured in inhibitory concentrations of WC, the DNA packaging inhibitors BAY 38-4766 and letermovir, or 
media-only control. If WC does not inhibit concatemer cleavage, we will see a DNA specie corresponding 
to 235 kb, representing monomeric HCMV genomes, as in the media-only control. If WC inhibits 
concatemer cleavage, we will see a reduction in 235-kb DNA, similar to the impact of letermovir or BAY-
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38-4766.  

 

Figure 4.15: FIGE analysis of DNA species in WC-treated HCMV-infected cells. (A) MRC5 fibroblasts were untreated or treated 8 
µM BAY 38-4766 (BAY) or 25 µM WC for 1 h then infected with HCMV strain AD169 at a MOI of 5. Five days post infection, cell-
associated DNA was isolated, separated by FIGE, and visualized by GelRed staining and UV light . Lanes from left to right: MW 
markers, no drug (1), BAY 38-4766 (2), and WC (3). (B) MRC5 fibroblasts were untreated or treated with 10 µM Letermovir, 8 µM 
38-4766 (BAY), or 25 µM WC for 1 h then infected with HCMV strain AD169 at high MOI. Five days post infection, cell-associated 
DNA was processed as above. Lanes from left to right: MW markers (1), no drug (2), BAY 38-4766 (3), Letermovir(4), and WC (5).  

The results shown in Figure 15A indicate that WC decreases but does not elimiate monomeric HCMV DNA 
in comparison to the media-only control, suggesting a possible mechanism involving inhibition of DNA 
packaging. However, as the MOI of this experiment was not sufficient to initially infect all the cells in the 
culture, it is possible that the observed decrease in monomeric DNA is an indirect effect of WC inhibiting 
secondary spread to cells that were initially not infected. This interpretation was supported by a repeat 
experiment conducted at higher multiplicity of infection in which WC did not significantly decrease the 
amount of monomeric DNA when compared to the control (Figure 15B). Thus, while it is possible that WC 
may have a minor effect on monomer formation, it appears that inhibition of DNA monomer formation is 
not the primary mechanism of action.  

4.4.2 Transmission electron microscopy 
Transmission electron microscopy (TEM) is the only imaging technique capable of the direct 

visualization of viruses. As TEM uses electrons rather than light to magnify images, it is only limited by the 
wavelength of an electron, while light microscopy is limited by the comparatively large wavelength of 
light. Thus, TEM can create more magnified images at a higher resolution. TEM has a long history of viral 
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research; in 1938, the first electron micrograph of poxvirus was published and in the 1940s, smallpox and 
chickenpox infections were diagnosed via TEM.55 In the 1970s and 1980s, TEM contributed to the 
discovery of adeno-, entero-, paramyxo-, and reoviruses.56 Today, TEM is still used to identify infectious 
agents during disease outbreaks and in routine diagnosis to characterize infections not diagnosed by 
molecular assays.55,56 TEM is also used in basic science research to investigate the viral replication cycle 
and the structure of an infected cell as well as to determine a compound’s impact on viral replication.57 

To assess the mechanism of action of WC, we performed TEM to visualize HCMV viral packaging 
and observed the number and ratio of viral capsids in the nucleus. Confluent cell monolayers were treated 
with nontoxic but inhibitory concentrations of WC for one hour with a media-only control then infected 
with HCMV at a high multiplicity of infection for five days. Following fixing with 2.5% glutaraldehyde in 
0.1M sodium cacodylate buffer and staining with 2% osmium tetroxide, TEM micrographs were taken of 
nuclei, where viral DNA packaging occurs. If WC, like letermovir, inhibits viral DNA packaging, the number 
of C-capsids will be reduced and B-capsids will be more abundant.58 In initial TEM experiments, WC-
treated cells displayed an odd phenotype – C-capsids with dark half-moons rather than full circles (Figure 
16). Additionally, there was a lack of B capsids but an appropriate number of A-capsids. This phenotype 
has not been observed in HCMV-infected cells previously. It could indicate a unique alteration of viral DNA 
packaging.  

 

 
Figure 4.16. Novel half-moon capsids in WC-treated cells. TEMs of fibroblasts infected with HCMV strain AD169 six days post 
infection in the absence (Ø) or presence of 25μM WC. Arrows indicate A-capsids (magenta), B-capsids (blue), normal C-capsids 
(red), or half-moon C-capsids (green). Insets show representative normal and halfmoon C-capsids at higher magnification. 

4.5 Antiviral-spectrum activity of WC  
We also evaluated the spectrum of antiviral activity of WC. First, we assessed the anti-GPCMV 

activity via an RFP-based yield assay. Unfortunately, GPCMV was not inhibited by WC except at a toxic 
concentration (Figure 4.17 Left). The anti-adenoviral activity of WC was measured using a GFP-based 
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assay; although WC may have partial inhibitory at very high concentrations (>200uM), it is difficult to 
separate its antiviral activity from its cytotoxicity (Figure 4.17 Middle). Finally, we examined WC’s anti-
SARS-CoV-2 activity using GFP-tagged pseudotyped-lentiviruses. WC has anti-SARS-CoV-2 activity at very 
high concentrations (Figure 4.17 Right). The results for adenovirus and SARS-CoV-2 suggest the possibility 
that, like the PPCs, WC can metalloshied HS to inhibit viral attachment, but only at very high 
concentrations, emphasizing the relationship between DNA and HS affinity with biological activity.  

 

Figure 4.17: Broad-spectrum antiviral activity of WC. (A) Guinea pig lung fibroblasts were treated with serially diluted WC for 1 h 
then infected with a RFP-tagged GPCMV. RFP signal was read 6 days post infection. (B) ARPE-19 cells were treated with serially 
diluted WC for 1 h then infected with GFP-tagged adenovirus; GFP signal was read 5 days post infection. (C) HEK-293T-ACE2 cells 
were treated with serially diluted WC for 1 h then infected with SARS-CoV-2 pseudotyped lentivirus; GFP signal was quantitated 
two days post infection. Cytotoxicity (red) was measured in replicate uninfected cultures treated for two or five days using the 
CellTiter-Glo® assay. Data are means of three independent experiments.  

4.6 Cobalt structure activity relationships 
PPCs inhibit HCMV cellular attachment and entry through inhibition of HS-virus interactions, as 

shown in section 2. 5. The 6+ Werner’s Complex, in contrast, is also an effective antiviral agent but its 
mechanism of action is still not clear and may be more “DNA-centered” than “HS-centered”. It is therefore 
of interest to examine whether we can delineate between these two mechanisms of antiviral activity. 
Given the demonstrated effect on HS-related functions such as heparinase cleavage and cellular invasion, 
we chose a small library of charged coordination complexes (CCCs) varying in charge and nuclearity to 
investigate structure-activity relationships.  

4.6.1 Selection of compounds  
To develop structure-activity relationships in HS-affinity and antiviral activity, we tested a series 

of cobalt compounds (Figure 4.18). Each of the cobalt compounds in this series are mononuclear and have 
a small positive charge (less than +3), with the exception of the dinuclear 4+ Taube dimer (G).  
Hexamminecobalt (III)), ([Co(NH3)6]3+, (B) has a moderate positive charge (+3) and multiple ammine groups 
with the potential for hydrogen bonding. Tris(ethylenediamine)cobalt (III) ([Co(en)3]3+, (C) has increased 
bulk and lipophilicity but maintains the charge of B. Like WC, C is also chiral; as enantiomers are known to 
differ in their biological activities, we tested C as a racemic mixture and also as its + (D) and - (E) 
enantiomers. The effect of planar ligands and diminished hydrogen-bonding were examined using 
tris(2,2’-bipyridine)cobalt (III) (F). The possible effect of covalent bond formation was examined with a 
series of compounds; pentaamminechlorocobalt (III) (H); tetraamminecarbonatocobalt (II) (J); and 
Dichlorobis(ethylenediamine) cobalt (III) (I) which replaces one ethylenediamine ligand with two chloride 
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ligands. Finally, we tested a synthetic intermediate of Werner’s Complex (WC), the Taube dimer (G), which 
has the highest charge of the group and the only dinuclear compound of the series.  

 

Figure 4.18: The structures of substitution-inert mononuclear and polynuclear cobalt complexes. Counterions omitted for clarity. 
Enantiomers of C are not depicted but both + and - enantiomers were isolated and tested.  

4.6.2 Additional Background 
4.6.2.1 Biophysical studies 
Methylene Blue and Ethidium Bromide Competitive Inhibition Assays: Methylene blue (MB) has been 
used to quantify sulfate content on heparin chains and to examine heparin binding interactions; it is 
described in section 1.6.1. The association constant between FPX and MB was previously calculated using 
a Scatchard plot (4.1 x 104 M-1). Results are summarized in Table 1. Although all compounds have some 
affinity for FPX, all have lower affinity when compared to PPCs. However, PPCs are polynuclear with much 
higher charges. A trend of charge is also supported by WC (A) with the highest affinity but one within this 
series, as well as the strongest charge. F also has affinity for FPX, which interesting as it is the only 
compound with aromatic ligands. Also of note, the covalently binding compounds (H-J) have low affinity 
for FPX, although the assay is designed to measure non-covalent interactions only.  

Compound Charge MB-FPX  
IC50

a (𝜇M) 
EtBr-DNA 
EC50

b (𝜇M) 

A 6+ 41.1 ± 0.7* 104 ± 2 
B 3+ 64.5 ± 1.1* 689 ± 17* 
C 3+ 71.0 ± 2.9 156 ±4 
D 3+ 72.0 ± 0.8 154 ± 5 
E 3+ 63 ± 0.2 159 ± 3 
F 3+ 36.4 ± 0.9 N/A 
G 4+ 52.8 ± 0.5 124 ± 6 
H 2+ 75.6 ± 1.2 >1000* 
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I 1+ 116.1 ± 1.6 N/A 
J 1+ >75 N/A 

Table 4.2: IC50 and EC50 values of cobalt compounds for FPX and DNA affinity as measured by ethidium bromide and methylene 
blue reporter assays. Compounds are listed with their overall charge. (a) The MB-FPX IC50 value was determined as the 
concentration of complex required for half-maximal inhibition of MB binding to FPX. (b) The EtBr-FPX EC50 is the concentration 
of FPX required to restore 50% EtBr binding. (*) denotes previously published data 15,59. 

Ethidium bromide competition assay assesses the strength of non-covalent FPX-compound 
interactions; it is described in section 1.6.3. The cobalt results are summarized in Table 1. Once again, all 
compounds have a marked decrease in affinity as compared to PPCs although they do maintain some 
affinity. WC (A) maintains the best affinity, emphasizing the importance of charge or nuclearlity once 
again; this is underlined by G, the dinuclear synthetic intermediate of WC with a charge of 4+. C as well as 
its isolated enantiomers D and E have strong affinity for FPX and the three are not markedly different. 
Finally, B the simplest of the series and a standard to cobalt interactions, had very low affinity, despite 
having the same charge of E, suggesting the FPX interaction requires more than simple ammines.  

Mass Spectrometry: Negative mode electrospray ionization (ESI) is commonly used for identification and 
analysis of heparin. We have previously shown through ESI-MS studies that FPX undergoes sulfate loss in 
the gas phase. Analysis regarding the retention of labile sulfate groups on the heparin backbone has 
shown metal cations stabilize sulfate groups. In the present work we examine the stoichiometry of cobalt 
complexes bound to FPX and their ability to protect against sulfate loss. We again compare the difference 
in covalent and non-covalent interactions. 

Non-Covalent Substitution-inert Complexes. We compared C with previous studies on B. We further 
separated the enantiomers to examine possible enantiospecific effects. Using the MB-FPX system, 
preliminary studies on FPX using showed very little difference amongst the compounds for both FPX and 
DNA binding. ESI-MS showed peaks corresponding to a 1:1 adduct between C and FPX (m/z 3 state). Peaks 
were also observed corresponding to a retained sodium ion at 440.2640 m/z (4-) and loss of one sulfate 
at 414.7801 m/z (4-). Peaks were observed attributable to a 1:2 Co:FPX stoichiometry at 755.1908 m/z 
(1+). The 59Co NMR spectrum of B with D-glucosamine showed a shift of approximately 60 ppm from the 
parent peak with the appearance of two peaks suggesting some enantiomeric selectivity between the 
racemate and the sugar.60 

Covalently Binding Complexes. The monodentate [CoCl(NH3)5]2+, H, and bidentate [CoCl2(en)2]+ have the 
ability to interact both covalently and non-covalently. For H, peaks attributable to both covalent and non-
covalent interactions were observed for the 2-, 3-, and 4- charge states. A 1:1 binding interaction was 
observed covalently at 823.0062 m/z (2-) and 548.3354 m/z (3-) along with loss of one sulfate at 521.6825 
m/z (3-), and 410.9996 m/z (4-). The non-covalent interaction was also observed with a coordinated water 
molecule at 832.0118 m/z (2-), 554.3389 m/z (3-), and 415.5021 m/z (4-). The 59Co chemical shift of 
[CoCl(NH3)5]2+  shifts by -1983 ppm in the presence of glucosamine-6-O-sulfate, while the peak assigned 
to the aquated Co species is also easily observed. 

Both covalent and non-covalent interactions were observed for I in the 2- and 3- charge states. 
Water may also coordinate one of the free ligand sites, still allowing a covalent interaction between cobalt 
and FPX. The covalent 1:1 binding interaction was observed at 560.0038 m/z (3-) and 840.5086 m/z (2-) 
and also associated with one coordinated water at 566.0074 m/z (3-)   and 849.5138 m/z (2-).  Peaks 
attributable to a non-covalent interaction were observed at 571.9964 m/z (3-) and 858.5203 m/z (2-), 
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again associated with 2 coordinated waters. Loss of one sulfate was also observed at 533.3511 m/z (3-) 
with no coordinated water. Significant loss of sulfates from parent FPX was also observed. A 2:1 binding 
stoichiometry of Co:FPX was observed at 928.2545 m/z (2-) including a loss of two sulfates at 849.5138 
m/z (2-). A 1:2 covalent binding interaction was also observed at 695.1204 m/z (1+), while a 1:1 non-
covalent binding interaction was observed at 507.2612 m/z (1-) with no dissociated chlorides. 

In summary, mass spectrometry and NMR confirmed the formation of Co-FPX adducts both 
through non-covalent interactions as well as direct Co-FPX bond formation. Non-covalent interactions 
appear to protect more sulfates as compared to covalent interactions, likely due to the more dispersed 
nature of non-covalent interactions having a greater ability to “metalloshield”, in contrast to more 
localized protection afforded by the covalent interactions.   

4.6.2.2 Biological effects of cobalt complexes: Inhibition of enzyme activity on FPX by mononuclear cobalt 
compounds 

A principal function of HS is cleavage by mammalian heparanase. Cellular invasion through the 
extracellular matrix (ECM) requires degradation of the matrix by HPSE, and cell motility in response to 
growth factors. We have used FPX as a substrate for both mammalian heparanase and bacterial 
heparinase (Hep1). The cleavage patterns of FPX by bacterial heparinase (often used as a model for the 
mammalian enzyme) are shown in Figure 4.19. Colorimetric assays for enzymatic activity and inhibitor 
screening have been developed.26 Using this previously described colorimetric assay, inhibition of 
heparinase cleavage is very effective for the pentaammine complex with only weak inhibition seen for C 
and I in Figure 4.19.  

 

Figure 4.19: Heparanase inhibition. Left – Structure of fondaparinux and cleavage products by F. heparinum heparinase I/P. 
heparinus heparinase II. Lettering denotes anomeric hydrogens. Right - H inhibits heparinase I cleavage of fondaparinux more 
effectively than I or C.  

The ability of the Co complexes to inhibit cell invasion through matrigel basement membrane was 
assayed using a Boyden-chamber assay.61 Serum-starved cells were seeded into the top chamber onto a 
matrigel membrane with or without heparinase I. Compounds were added to the top chamber in serum-
free media. The bottom chamber was filled with media containing 10% serum. In Figure 4.20, we see that 
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the 50 μM pentammine complex was very effective in inhibiting cellular invasion of matrigel by MDA-MB-
231 (triple-negtaive breast cancer) cells. Covalent binding appears to enhance the inhibition and both H 
and I are more effective than C. These results contrast with weak inhibition seen for B, and the inhibitory 
concentrations, especially for H, are comparable to those previously observed for the 6+ WC. The results 
of the two heparinase cleavage assays clearly demonstrate that H exhibits an interesting effect on 
heparinase and growth factor function.  

 

Figure 4.20: H inhibits the heparinase I induced invasion of matrigel by MDA-MB231 cells more than I or C. Left: Growth factor 
reduced Matrigel was treated with either PBS or equimolar amounts of cobalt compound (50 μM) for 1 h, followed by treatment 
with additional PBS or 0.3 units of heparinase I. Matrigel chambers incubated at 37 °C for 16 h to allow digestion of Matrigel. 
Wells were washed 10× times with PBS to remove remaining enzyme or compound. Inserts were filled with media containing 0.2 % 
FBS and placed into wells with media containing 10 % FBS. 8×104 serum-starved MDA-MB-231 cells were seeded onto Matrigel or 
control inserts without Matrigel. After 12 h, cells that invaded through Matrigel were fixed and stained using methanol and crystal 
violet. % invasion was determined by dividing the number of cells that invaded through Matrigel by the number that migrated 
through the inserts without Matrigel. Right: Representative light microscopy images of crystal violet stained cells that invaded 
Matrigel. 

4.6.3 Antiviral activities. Charges greater than 3+ are required for measurable antiviral activity as 
measured through a luciferase-based yield assay or a GFP-based spread assay. 

The anti-HCMV activity of the cobalt series was measured by the luciferase-based yield and GFP-
based spread assays previously described (sections 2.3 and 2.4). Although none of the mononuclear cobalt 
compounds were cytotoxic, none had antiviral activity against HCMV up to 200 µM by either assay, 
indicating they do not inhibit the formation and release of new virions into culture media or the cell-to-
cell spread of viral infection (Figure 2 and Figure 3). However, G was also non-cytotoxic and appeared to 
have some antiviral activity at high concentrations; it is dinuclear and has the highest charge of the series. 
There was some concern about the solubilty of G; experiments were repeated with a different counterion 
but G lacked antiviral activity (Figure 4.23). These data suggest that mononuclear compounds do not 
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sufficiently shield HS in a maner necessary to block viral entry, either due to their charge or size, and thus 
do not have antiviral activity.  

 

Figure 4.21: Luciferase-based HCMV antiviral activities and cytotoxicities of cobalt compounds in fibroblasts. Anti-HCMV activity 
(black) was measured by incubating MRC-5 fibroblast monolayers in 96-well plates with compounds for one h, then infecting with 
luciferase-tagged HCMV RC2626 (125 PFU/well). After five days 50 µL of virus-containing culture medium was transferred to fresh 
MRC-5 cultures and luciferase activities (RLU) in these cultures were measured 48 h later. Cytotoxicity (red) was measured in 
replicate uninfected cultures treated for five days using the CellTiter-Glo® assay. Data are means of three independent experiments 
± standard deviations. 
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Figure 4.22: GFP-based HCMV antiviral activities and cytotoxicities of cobalt compounds in fibroblasts. Anti-HCMV activity (black) 
was measured by incubating confluent monolayers of MRC-5 fibroblasts with CCCs for one h, then infecting with GFP-tagged 
HCMV BADr (100 PFU/well) and measuring GFP levels (RFU) six days after infection. Cytotoxicity (red) was measured in replicate 
uninfected cultures treated for five days using the CellTiter-Glo® assay. Data are means of three independent experiments ± 
standard deviations. 
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Figure 4.23:Repeated luciferase and GFP-based HCMV antiviral activity of cobalt dimer (G) in fibroblasts. (Left) Anti-HCMV 
activity (black) was measured by incubating MRC-5 fibroblast monolayers in 96-well plates with compounds for one h, then 
infecting with luciferase-tagged HCMV RC2626 (125 PFU/well). After five days 50 µL of virus-containing culture medium was 
transferred to fresh MRC-5 cultures and luciferase activities (RLU) in these cultures were measured 48 h later. (Right) Anti-HCMV 
activity (black) was measured by incubating confluent monolayers of MRC-5 fibroblasts with CCCs for one h, then infecting with 
GFP-tagged HCMV BADr (100 PFU/well) and measuring GFP levels (RFU) six days after infection. Cytotoxicity (red) was 
measured in replicate uninfected cultures treated for five days using the CellTiter-Glo® assay. Data are single replicates. 

4.6.4 Mononuclear cobalt compounds do not inhibit viral GFP expression.  
 Gene expression and entry assays signal the timing of viral inhibition. Heparin, a well-known viral 
attachment inhibitor, inhibits viral GFP expression only if cells are treated prior to infection. This cobalt 
series failed to inhibit viral GFP expression if cells are pretreated or treated after infection, indicating they 
do not inhibit viral attachment or entry, unlike heparin or PPCs (Figure 4.25). 
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Figure 4.25: CCCs do not inhibit expression of a viral marker protein. Confluent monolayers of MRC-5 fibroblasts in 96-well plates 
were treated with medium (Ø), 150 µg/ml heparin (HEP), or 25 µM A-G one h before or one h after infection with GFP-tagged 
HCMV BADr (100 PFU/well). Representative fluorescent micrographs were taken six days post infection. 

The mononuclear Co compounds, independent of covalent binding ability varied from 1+ to 3+.  
In the case of HCMV antiviral activity, we conclude that regardless of covalent binding ability, antiviral 
activity is not seen even at 4+ or higher charge for Taube’s dimer (G). 

4.6.5 Discussion 
Cobalt compounds have a long history of antiviral activity.62–64 The simplest compound, cobalt 

hexammine, is well known to have broad spectrum antiviral activity against Sindbis virus, adenovirus, HIV, 
and Ebola virus but at high millimolar concentrations.64,65 Importantly, structural modification of cobalt 
hexammine (i.e. macrocyclic, mixed macrocyclic–monodentate, or substitution of a water or chloride for 
an amine) results in either a lack of or a sharp decrease in its antiviral activity.65,66 Cobalt hexammine was 
well tolerated in vivo and significantly improved the survival of mice infected with Ebola virus.67 Cobalt 
hexammine’s mechanism of action remains unknown; however, it does inhibit an early stage of viral 
replication.66 

The CTC series of Co compounds are based on a chelating Schiff base and demonstrate broad-
spectrum antiviral activity, best demonstrated by CTC-96 (Figure 4.26).66 CTC-96 is an effective antiviral 
against HSV-1, adenovirus, vesicular stomatitis virus, and varicella zoster virus.68,69 CTC-96 targets cell-
virus fusion and inhibits cell-to-cell spread and syncytium formation; however, the molecular mechanism 
is unknown.68 Importantly, CTC-96 is unlikely to specifically inhibit herpes virus fusion glycoprotein gD as 
it also inhibits VZV in a similar manner to HSV, yet VZV does not have a gD homologue; this suggests that 
CTC-96 nonspecifically targets an essential fusogenic apparatus.68 CTC-96 (DoxovirTM) remains the only 
cobalt compound that has entered clinical trials as an antiviral.69 
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Figure 4.26: Structure of CTC-96.69 

Consideration of GAGs as targets and receptors for CCCs has led to the description here of the 
unexpected ability of Co(pentammine) to inhibit heparinase cleavage of FPX (a model for HS) along with 
associated downstream functions such as inhibition of cellular invasion. In assessing potential antiviral 
activity, HS is an attractive target but, in the compounds studied here, incipient activity at reasonable 
concentrations is only seen beginning with the 6+ WC. This series of compounds may lack sufficient charge 
and length for HS affinity and thus be unable to inhibit viral attachment. Nevertheless, these studies 
indicate a systematic structure activity study to optimize activity, including polynuclear CCC, is warranted. 

4.7 Discussion 
The study of WC as well as the mononuclear cobalt series expanded the CCC chemotype. Although 

the mononuclear series was not active against HCMV, WC has micromolar antiviral activity. Diverging from 
PPCs, WC does not impact viral attachment, entry, or viral gene expression. WC appears to act at later 
times, coincident with HCMV capsid assembly, DNA packaging, virion morphogenesis, or egress. 
Preliminary findings suggest that WC may alter viral DNA packaging, displaying a novel phenotype of half-
moon capsids. These conclusions are consistent with the effects produced on DNA by WC, especially with 
respect to the very efficient nucleic acid condensation and its consequences. However, these conclusions 
are at odds with late protein expression (pp28 expression), which indicates that there is no significant 
impact on DNA or its replication to the extent that RNA transcription or protein translation are affected, 
as seen in previous biophysical assays.15  

It is possible that WC is inhibiting DNA relaxation by topoisomerase I or decatenation by 
topoisomerase II, both of which are essential in viral replication.70 Topoisomerase II cleaves both strands 
of DNA to alleviate torsional strain produced by replication; HCMV infections induced expression of 
cellular topoisomerase II, suggesting it as an antiviral target.71 A number of topoisomerase II inhibitors 
halt HCMV replication, only some allowed late protein expression.72–74 Likewise, topoisomerase I cleaves 
a single strand of DNA to allow for untangling and supercoiling in replication; topoisomerase I inhibitors 
block viral replication including that of HCMV.70,72 It is possible that WC inhibits topoisomerase I or II, as 
some of these inhibitors also inhibit late gene expression.  

Still, WC’s mechanism of action appears to be more ‘DNA-centered’ rather than ‘HS-centered,’ 
like that of PPCs.48 Given that the number of half-moon “C” capsids is not decreased compared to the 
control, it seems unlikely that WC inhibits the any mechanism or enzyme effecting the ability of DNA to 
enter the capsids. WC may also induce DNA condensation specific to the capsid environment. However, 
the fact that WC does not inhibit GPCMV and capsid DNA condensation would seem to be a generic 
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herpesvirus mechanism. This may be an indication that WC is specific for HCMV and not for other 
herpesviruses; if that is the case, it would have major implications as to its mechanism of action.  

Although half-moon capsids seen in TEM are fascinating, there is a concern that the half-moon 
capsids could be an artifact of cobalt interacting with the fixing or staining agents. Cobalt has been used 
to stain the nerve cell body in vertebrates and invertebrates in TEM.75–77 To rule out possible staining 
artifacts, we plan to perform additional TEM experiments: (1) MRC5 fibroblasts infected one hour after 
WC treatment, (2) MRC5 fibroblasts infected one hour after cobalt hexammine treatment, (3) infected 
MRC5 fibroblasts treated with WC two hours prior to fixation, and (4) infected MRC5 fibroblasts treated 
with cobalt hexammine two hours prior to fixation. As cobalt hexammine does not have anti-HCMV 
activity and is formally substitution-inert, any observed effect by cobalt hexammine (e.g., half-moon 
capsids) would not be due to an antiviral activity and would indicate an artifact resulting from interaction 
between cobalt hexammine and the fixing or staining agents. In the same vein, cells treated with either 
WC or cobalt hexammine two hours prior to fixing and staining should not contain half-moon capsids as 
the compounds were not present for the majority of the viral replication cycle. Observation of abnormal 
capsids would again suggest an artifact of staining rather than an antiviral mechanism.  

If the control TEM experiments do not suggest half-moon capsids are a staining artifact, additional 
experiments can be performed to detail WC’s mechanism of action. For example, we can determine if the 
half-moon C capsids can exit the nucleus and mature into infectious virions. Maribavir, a HCMV antiviral 
in phase III clinical trials, inhibits UL97, a protein kinase that is required for capsid nuclear egress 78. In the 
same TEM experiment as above, with maribavir as a control, nuclear and cytoplasmic capsids can be 
counted. If WC, like maribavir, inhibits nuclear egress, there will be a marked decrease in capsids in the 
cytoplasm and an accumulation of capsids in the nucleus.  

4.8 Conclusion 
It is possible that WC has two independent mechanisms of action: a late-acting MOA apparent at 

low concentrations, as seen for HCMV, and an early-acting charge-dependent mechanism of action 
impacting attachment at higher concentrations, as may be the case for adenovirus or SARS-CoV-2. The 
distinction between the two limiting mechanisms of action (HS or DNA-centered) could reflect an 
intriguing balance between extracellular (GAG) and intracellular (DNA) binding effects and affinities.79 In 
this respect, this aspect is of broad significance and the analogies we have previously made between the 
phosphate clamp and the arginine fork binding mode on DNA become relevant.80–82

 HS may play a 
regulatory role by interacting with cationic molecules within the nucleus or by transport of cargo to the 
nucleus. Precedence for the latter concept comes from studies on cationic antibodies and the 
polyarginine-based cell penetrating peptides.83

 The interplay of HSPG-mediated cellular accumulation, 
high-affinity GAG binding, and inherent DNA affinity, and indeed potential virus particle binding, needs to 
be unraveled to identify long-term approaches to broad spectrum antiviral molecules with specific modes 
of action. The detailed chemical nature of WC reactions in biological media remains to be elucidated in 
further studies. Regardless, our considerations of the importance of “noncovalent” interactions (rather 
than the covalent binding reactions of, for example, cisplatin) in dictating biological effects has expanded 
the potential for therapeutic applications and demonstrated further unusual properties of formally 
substitution-inert charged coordination complexes, with hitherto underappreciated but exciting biological 
activities. 
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Future work should focus on further detailing WC’s mechanism of action, namely the novel 
packaging phenotype and viral DNA replication. Additionally, WC is a chiral compound and therefore 
should be examined as its separated enantiomers. Many approved drugs are chiral and some enantiomers 
are more active than their counterparts. With that in mind, both the anti-HCMV activity and mechanism 
of action of each enantiomer should be compared to that of racemic mixture. Finally, WC should be 
evaluated in an animal model. As WC’s cytotoxicity is much lower than that of PPCs, it may be a more 
attractive candidate for in vivo study. HCMV cannot infect animals due to the species-specificity of CMV. 
WC was not active against guinea pig CMV, eliminating its use as an animal model for HCMV. Rhesus 
macaque (Macaca mulatta) CMV (RhCMV) can infect a fetus via transplacental infection and disease 
progression is similar to that in HCMV, however the expense of rhesus macaques is prohibitive. Mouse 
CMV is a more viable option; unlike GPCMV and RhCMV, mouse CMV does not cross the placenta to infect 
the fetus. However, newborn mice brain development corresponds to that of a human fetus in the second 
trimester thus, infection of newborn mice can model fetal infection and its effect on the central nervous 
system.84,85 Although less ideal GPCMV or RCMV, MCMV is a viable option for an animal model for WC.  
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4.9 Experimental methods  
4.9.1 Cell and viral culture 

Human MRC-5 fetal lung fibroblasts (ATCC CCL-171), human APRE-19 epithelial cells (derived from 
retinal pigment epithelium) (ATCC CRL-2302), guinea pig lung fibroblast cells (GPL) (ATCC-CCL158), and 
human adenocarcinoma epithelial cells (HeLa cells) (ATTC CCL-2) were purchased from American Type 
Culture Collection. Human Embryonic Kidney Cells (HEK-293T) and HEK-293T expressing human 
angiotensin-converting enzyme 2 (HEK-293T-hACE2; NR-52511) cells were purchased from BEI Resources. 
HeLa cells expressing dipeptidyl peptidase 4 (HeLa-DPP4) were a gift from David Namazee. MRC-5, APRE-
19, HeLa, HeLa-DPP4, HEK-293T, and HEK-293T-hACE2 cells were cultured at 37°C in a 5% CO2 atmosphere 
using Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum, 50 U/mL penicillin, 
50 mg/mL streptomycin, and 29.2 mg/mL L-glutamine (DMEM, all from Life Technologies).  

Virus BADrUL131-Y4 (BADr), a gift from Dai Wang and Thomas Shenk, is a variant of HCMV strain 
AD169 that is epithelial tropic due to repair of a mutation in UL131A and contains a green-fluorescent 
protein (GFP) reporter cassette.86 Virus RC2626 is a variant of HCMV strain Towne that contains an 
expression cassette for firefly luciferase.87 RC2626 and BADr were propagated in MRC-5 and ARPE-19 cells, 
respectively. Guinea pig CMV (GPCMV) with a red fluorescent tag (N13R10r129-TurboFP635) was derived 
from BAC N13R10r129-TurboFP635; it was propagated in GPL cells.88 Virus stocks were derived from 
infected cell culture supernatants, adjusted to 0.2 M sucrose, and stored in liquid nitrogen. Viral titers 
were determined using MRC-5, ARPE-19, or GPFs as described.89 Stocks of GFP-tagged adenovirus, 
provided by Dr. Daniel Conway at Virginia Commonwealth University, were produced using the pAdeasy 
adenovirus-packaging system as described.90,91 

4.9.2 Compounds and compound synthesis  
BAY 38-4766 was a gift from Bayer Pharmaceuticals, foscarnet (phosphonoformic acid, PFA) was 

purchased from InvivoGen, and heparin sodium was purchased from Acros Organics (Lot # B0146868). 
Werner’s complex was prepared according to published methods.92 Letermovir was a gift from Merck & 
Co., Inc.. BAY 38-4766, PFA, and WC were dissolved in water at a stock concentration of 10 mM. Heparin 
was dissolved in water at a stock concentration of 1000 µg/mL. 

Pentaamminechlorocobalt(III) chloride and hexaamminecobalt(III) chloride were purchased from 
Sigma-Aldrich (USA). Tris(2,2’-bipyridine)cobalt(III) tris(hexafluorophosphate) was purchased from TCI 
America (USA). Tris(ethylenediamine)cobalt(III) chloride, t-dichlorobis(ethylenediamine)cobalt(III) 
chloride, and potassium hexacyanocobaltate(III) were synthesized according to published methods.93–95  

Taube dimer synthesis: This synthesis was adapted from published methods.96,97 7.0 grams of 
ammonium carbonate was dissolved in 20 mL of water. Then 20.0 mL of NH3OH was added. In a separate 
beaker, 5.0 grams of cobalt (II) sulfate heptahydrate was dissolved in 10 mL of water. With stirring, the 
ammonium carbonate solution was poured into the beaker containing the cobalt solution. 3 mL of 30% 
H2O2 was slowly added with stirring, and the solution was evaporated to 30-35 mL on a hot plate. The 
solution should not be heated to boiling. Throughout evaporation 2 g of ammonium carbonate was added 
in small amounts. The hot solution was vacuum filtered then cooled in an ice bath. Red product crystals 
were removed with vacuum filtration and washed with a small amount of filtrate. 2.0 grams of the red 
product crystals were dissolved in 55 mL of 0.3 M H2SO4 and CO2 gas bubbled off. 20-25 mL of EtOH was 
added in small portions. The precipitate was filtered off, washed with 50% EtOH until free from acid 
(checked with litmus paper), and air dried. A solution was prepared with the dried precipitate and a small 
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amount of water. NH3OH was added until pH 8, checked with a pH probe. Then, small portions of EtOH 
was added until precipitate stopped forming. The solid was collected, and dried in an oven at 110 ᵒC.     

4.9.3 Luciferase-based yield assay of anti-HCMV activity 
Eleven three-fold serial dilutions of compound were prepared in DMEM; final concentrations 

ranged from 200 µM to 3.4 nM. Black-wall/clear-bottom 96-well plates with confluent monolayers of 
MRC-5 cells were treated with different concentrations of each test compound in triplicate. After one h 
of incubation cells were infected with RC2626 (125 PFU/well). Infected and uninfected wells without 
compound served as controls. Following incubation for five days 100 µL of culture media was removed 
from each well and transferred to wells of a fresh 96-well plate containing confluent uninfected MRC-5 
cells. Following an additional two-day incubation luciferase activity was measured by removing 100 µL of 
media and adding 100 µL of Steady-Glo® luciferase substrate (Promega), incubating ten min. at room 
temperature, and measuring relative luminosity units (RLU) using a BioTek Synergy HT Multi-Mode 
Microplate reader. Prism 5 software (Graphpad) was used to determine 50% effective concentration (EC50) 
values as the inflection points of best-fit four-parameter curves for RLU (means of triplicate data) versus 
log inhibitor concentration. Graphical representations were normalized to % maximum RLU.  

4.9.4 GFP-based assay of antiviral activity 
For HCMV: Confluent monolayers of MRC-5 fibroblasts in 96-well plates were prepared and 

treated with compound dilutions as described in 4.8.3 above. After one h of incubation cells were infected 
with virus BADr (100 PFU/well). Following incubation for six days, relative fluorescence units (RFU) of GFP 
fluorescence were quantified by BioTek Synergy HT Multi-Mode Microplate reader and EC50 values were 
determined as described in 4.8.3. Graphical representations were normalized to % maximum RFU.   

For adenovirus: Confluent monolayers of ARPE-19 cells in 96-well plates were prepared and 
treated with compound dilutions as described in 4.8.3 above. After one h of incubation cells were infected 
with GFP-tagged adenovirus (100 PFU/well). Following incubation for five days, relative fluorescence units 
(RFU) of GFP fluorescence were quantified by BioTek Synergy HT Multi-Mode Microplate reader and EC50 
values were determined as described in 4.8.3. Graphical representations were normalized to % maximum 
RFU.   

For GPCMV: Confluent monolayers of GPFs in 96-well plates were prepared and treated with 
compound dilutions as described in 4.8.3 above. After one h of incubation cells were infected with RFP-
tagged GPCMV (100 PFU/well). Following incubation for five days, relative fluorescence units (RFU) of RFP 
fluorescence were quantified by BioTek Synergy HT Multi-Mode Microplate reader and EC50 values were 
determined as described in 4.8.3. Graphical representations were normalized to % maximum RFU.   

For pseudotyped viruses: Confluent monolayers of HEK-293T-ACE2 or HEK-293T cells in 384-well 
plates were prepared and treated with compound dilutions as described in 4.8.3 above. After one h of 
incubation cells were infected with pseudotyped SARS-CoV-2. Following incubation for two days, relative 
fluorescence units (RFU) of GFP fluorescence were quantified by BioTek Synergy HT Multi-Mode 
Microplate reader and EC50 values were determined as described in 4.8.3. Gaphical representations were 
normalized to % maximum RFU.   

4.9.5 Cytotoxicity  
Replicate MRC-5, ARPE-19, GPFs, or HEK-293T-ACE2 cell cultures were prepared simultaneously 

with those described in 4.8.3 and 4.8.4 but were not infected. After incubation of five or two days cell 
viability was determined by removing 100 µL of culture media from each well, adding 100 µL of CellTiter-
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Glo® reagent (Promega), incubation for ten minutes at room temperature, and measuring RLU using a 
BioTek Synergy HT Multi-Mode Microplate reader. 50% cytotoxicity concentrations (TC50) were calculated 
as inflection points of four-parameter curves as described in 4.8.3. Graphical representations were 
normalized to % maximum RLU.  

4.9.6 Inhibition of GFP expression 
Inhibition of GFP expression was evaluated by treating confluent monolayers of MRC-5 cells in 

black-wall/clear-bottom 96-well plates with compounds for one h before addition of 100 PFU/well virus 
BADr. Six days after infection representative micrographs were taken with a Nikon Eclipse TS100 Inverted 
UV microscope.  

4.9.7 Detection of viral proteins by immunofluorescence (IFA) 
Confluent monolayers of MRC-5 cells in 16-well Nunc™ Lab-Tek™ glass chamber slides 

(ThermoFisher) were treated with compounds and one h later infected with RC2626 (125 PFU/well). Cells 
were fixed and stained for detection of HCMV immediate early (IE) proteins 48 h post infection (hpi) or 
for pp28 late protein 120 hpi. Culture medium was removed and monolayers were fixed with 1% 
formaldehyde in PBS for 30 min., washed three times with PBS, permeabilized by incubation on ice for 20 
minutes with 0.5% Triton-X100 in PBS, washed three times with PBS, then incubated 30 minutes at room 
temperature in blocking buffer (20% fetal bovine serum in PBS). Fixed cells were then incubated one h at 
room temperature with primary antibodies to HCMV IE1 and IE2 proteins (MAB810, Millipore Sigma) or 
to pp28 (CH19, Virusys) diluted 1:600 in blocking buffer. After washing three-four times with blocking 
buffer, cells were incubated in the dark for one h at room temperature with secondary goat anti-mouse 
IgG conjugated to Alexa Fluor 488 (Life Technologies) diluted 1:200 in blocking buffer, then washed three-
four times with PBS and imaged with a Zeiss Axio Imager 2 and 89-North PhotoFluor LM-75.  

4.9.8 Time of addition and treatment/removal studies  
Confluent monolayers of MRC-5 cells in black-wall/clear-bottom 96-well plates were infected with 

RC2626 (100 PFU/well). A single inhibitory concentration of each compound (150 µg/ml heparin, or 25 
µM WC, or 8 µM BAY 38-4766) was added to triplicate wells one h before, at the time of, and 3, 6, 12, 24, 
48, 72, 96, or 120 hpi. Infected or uninfected wells not treated with compounds served as controls. 
Following incubation for five days 100 µL of culture media was removed from each well and transferred 
to wells of a fresh 96-well plate containing confluent uninfected MRC-5 cells. Following an additional two 
day incubation luciferase activity was measured by removing 100 µL of media and adding 100 µL of Steady-
Glo® luciferase substrate (Promega), incubating ten minutes at room temperature, and measuring relative 
luminosity units (RLU) using a BioTek Synergy HT Multi-Mode Microplate reader. Percent maximum RFUs 
were plotted versus time of compound addition (relative to infection) using Prism 5 software. 

To determine if PPCs act by interacting with cells or with virions, confluent monolayers of MRC-5 
fibroblasts were treated with 10 or 25 µM WC, or 300 µg/mL heparin in black-wall/clear-bottom 96-well 
plates. Compounds were then removed from cells by three washes with DMEM. Treated/washed cells 
were infected with 100 PFU/well untreated BADr. Six days after infection representative micrographs 
were taken with a Nikon Eclipse TS100 Inverted UV microscope.  

4.9.9 Tandem FIGE and TEM  
Field-inversion Gel electrophoresis: Confluent monolayers of MRC-5 fibroblasts in 100 mm dishes were 
treated with 25 M WC, 8 M BAY, or no inhibitor, then infected with HCMV strain AD169 (106 PFU). Six 
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days post infection, cells were washed twice with chilled TE (4C) then scraped into a conical tube with 5 
mL of TE. Cells were pelleted by low speed centrifugation, resuspended in melted (52C) 1% Seaplaque, 
and quickly injected into plug molds. After plugs solidified they were removed from the molds, placed in 
a conical tube with TE, and refrigerated at 4C. To remove proteins, the TE buffer was decanted and 
replaced with 1 mg/mL proteinase K in SE buffer (0.5 M EDTA, 1% Sarkosy) and incubated at 52C for 48 
hours. SE buffer was decanted and replaced with TE. The TE buffer was replaced two additional times with 
a minimum of 1 h 4C incubations between replacements. Plugs were stored in TE at 4C.  

 Plugs were cast into 15 cm x 15 cm 1% Seakem agarose (FMC) gels in 0.5x TBE buffer with precast 
yeast chromosome MW markers (BioRad DNA Size standards S. cerevisiae; CAT#170-3605). FIGE was 
performed in a standard gel box with 0.5x TBE buffer circulating through a refrigerated water bath set to 
stabilize buffer temperature in the gel box at 14C. The power supply and FIGE controller were set to the 
following parameters: 120V; starting pulse time = 5 seconds; ending pulse time = 60 seconds; forward to 
backward ratio = 3:1; run time = 36 hours. At completion, the gel was stained with GelRed according to 
standard protocol and imaged using UV light.  

Transmission electron microscopy: Confluent monolayers of MRC-5 fibroblasts in 100 mm dishes were 
treated with 25 M WC, 8 M BAY, or no inhibitor then infected with AD169 (106 PFU). Six days post 
infection, cells are harvested pelleted in PBS, and fixed at room temperature with the primary fixative 
(2.5% glutaraldehyde in 0.1M sodium cacodylate buffer). Following initiral fixation, samples are submitted 
to VCU’s microscopy core. Samples are then rinsed with 0.1M cacodylate buffer and undergo an additional 
fixation with 2% osmium tetroxide in 0.1M cacodylate buffer for one hour. Samples are dehydrated in a 
graded ethanol series (50%, 70%, 80%, 95% for 5-10 minutes each then 100% ethanol for 10-15 minutes 
three times) and treated with propylene oxide three times for 10–15 minutes each. Finally samples are 
infiltrated with 50/50 mix of propylene oxide and EMbed 812 resin mix – 4-6 hours or overnight, infiltrated 
with pure EMbed 812 resin (Electron Microscopy Sciences, Inc.)  mix –  6-8 hours or overnight, and embed 
in molds, place in 60˚C oven for 2 days.  

 To image the samples, specimen blocks are sectioned with the Leica EM UC6i Ultramicrotome 
(Leica Microsystems Inc., Buffalo Grove, IL). A00-900A thick sections on grids, stained with 5% Uranyl 
acetate and Reynold’s Lead Citrate. Samples are viewed with the JEOL JEM-1400 TEM (JEOL USA, Inc.) and 
imaged with the Gatan OneView digital camera (Gatan Inc, Pleasanton, CA). 

4.9.10 Pseudotyping lentivirus  
SARS-CoV-2 pseudotyped lentiviruses were prepared as outlined in Crawford et al.98  

 pHAGE-CMV-Luc2-IRES-ZsGreen-W (BEI catalog number NR-52516): Lentiviral backbone plasmid 
that uses a CMV promoter to express luciferase followed by an IRES and ZsGreen. 

 HDM-Hgpm2 (BEI catalog number NR-52517): lentiviral helper plasmid expressing HIV Gag-Pol 
under a CMV promoter. 

 HDM-tat1b (NR-52518): Lentiviral helper plasmid expressing HIV Tat under a CMV promoter.  
 pRC-CMV-Rev1b (NR-52519): Lentiviral helper plasmid expressing HIV Rev under a CMV 

promoter. 

All plasmid DNA preparations were purified by double CeCl banding and kindly provided by Dr. Anton 
Chestukhin. HEK-293T cells were seaded into 6-well plates overnight to proudce 50%–70% confluency at 
the time of transfection. Cells were transfected using BioT (Bioland Sci entific LLC) following the 



156 
 

manufacturer’s instructions. Each well received the following plasmid mix: 1 µg of pHAGE-CMV-Luc2-IRES-
ZsGreen-W (NR-52516), 0.22 µg each of plasmids HDM-Hgpm2 (NR-52517), HDM-tat1b (NR-52518), and 
pRC-CMV-Rev1b (NR-52519), and 0.34 µg of Spike protein encoding pladmid (SARS-CoV-2 Spike (pGBW-
m4137383; Addgene_149541)). Media was changed 18 to 24 h post-transfection. Pseudoviruses were 
harvested by filtering  the supernatant with a 0.45 µm SFCA low protein-binding filter 60 h post 
transfection and stocks were stored either 4ᵒC for immediate use or frozen long-term at -80ᵒC. Titers of 
pseudotyped lentiviruses were determined after a single freeze-thaw. Serially diluted stock was applied 
to HEK-293T-ACE2 cells and two days post infection, cells were also visually assessed to quantitate the 
titer of the stock (the lowest dilution with GFP positive cells).  
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CHAPTER 5: Flipping the Coin: Broad-spectrum antiviral activity and 
mechanism of action for marine sulfated glycans  
5.0 Contributions  
This chapter is a summary of two published papers and a draft paper. The contributions are as follows:  

Antiviral activities of four marine sulfated glycans against adenovirus and human cytomegalovirus by Mary 
Zoepfl, Rohini Dwivedi, Maggie C. Taylor, Vitor H. Pomin, and Michael A. McVoy.1 RH and MT isolated and 
purified the marine sulfated glycans. MZ performed antiviral studies. 

Fractionation of sulfated galactan from the red alga Botryocladia occidentalis separates its anticoagulant 
and anti-SARS-CoV-2 properties by Seon Beom Kim, Mary Zoepfl, Priyanka Samanta, Fuming Zhang, Ke Xia, 
Reena Thara, Robert J. Linhardt, Robert J. Doerksen, Michael A. McVoy, and Vitor H. Pomin.2 SBK 
undertook most of the work by extracting, purifying, and depolymerizing BoSG, fractionated BoSG oligos, 
conducted all NMR experiments, and performed the anticoagulant assays. PS performed the 
computational analysis. FZ performed the SPR analysis. KX performed the top-down analysis. RT assisted 
SBK in almost all experiments. MZ conducted antiviral studies. 

Draft paper: “Selective antiviral inhibition by marine sulfated glycans.” Dr. Vitor Pomin and his lab 
performed all isolation, purification, and structural analysis on the marine sulfated glycans. Anton 
Chestukhin provided all plasmids and the soluble ACE2. MZ performed antiviral studies.  

5.1 General Background  
 Targeting either cellular HS or viral glycoproteins will disrupt the HS-viral interaction and prevent 
infection. A variety of compounds have been used to bind to HS and shield cells from viral attachment 
including polycationic peptides, small organic molecules, and inorganic molecules; however, none have 
cleared clinical trials. As detailed in the previous chapters, we have developed a series of inorganic small 
molecules which target HS to inhibit viral attachment with broad-spectrum activity. Alternatively a 
compound may bind surface viral glycoproteins, effectively sequestering the virions away from the cell 
and acting like neutralizing antibodies.3 The majority of these compounds are HS mimetics, many of which 
have broad spectrum antiviral activity. The largest issue of these mimetics is anticoagulant activity or 
related side effects and in vivo half-life.  

 This chapter details a collaboration with Dr. Vitor H. Pomin from University of Mississippi. Dr. 
Pomin has studied the structure and biological functions of marine glycans for two decades; specifically, 
he has developed advanced structure-activity relationships for the anticoagulant effects of marine 
glycans. In this collaboration, we aimed to test marine glycans for antiviral activity, determine their 
mechanism of action, and develop structure-activity relationships to balance the anticoagulation effects 
and antiviral activity.  

5.1.1 Coagulation and Heparin  
Hemostasis, the arrest of bleeding, is in a constant balance of pro- and anticoagulation as both 

uncontrolled bleeding and uncontrolled clotting are fatal. Coagulation can generally be separated into a 
physical process, which leads to the formation of a platelet plug, and a chemical process, which leads to 
the formation of fibrin polymers (Figure 5.1).4 
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Figure 5.1: Overview of coagulation.4 The physical process of clotting (A) begins with platelet activation and leads to their 
aggregations into a platelet plug. The chemical process (B) ultimately leads to the activation of factor Xa and formation of fibrin 
polymers. Together, these processes lead to the formation of a clot. Reproduced from Desai et al. 2004.  

Briefly, platelet plug formation, or primary coagulation, begins with platelet adhesion following a 
vascular injury; von Willebrand factor (vWF), a glycoprotein, binds collagen from damaged endothelial 
cells and the platelet glycoprotein complex I receptor on the platelet, forming a bridge. This triggers a 
morphological change in the platelet which becomes irregular. Activated platelets then release α granules, 
containing P-selectin, fibrinogen, fibronectin, factor V, factor VIII, platelet factor IV, platelet-derived 
growth factor and tumor growth factor-α (TGF-α), and δ granules or Dense granules containing adenosine 
triphosphate (ATP), adenosine diphosphate (ADP), calcium (Ca2+), serotonin, histamine and epinephrine. 
Activated platelets also release thromboxane A2, further promoting platelet aggregation and ultimately 
forming the platelet plug to temporarily seal the vascular injury.5  

The chemical process, or secondary coagulation, can be separated into intrinsic and extrinsic 
pathways, both of which converge on factor X activation (Figure 5.2). The extrinsic pathway is activated 
by extracellular tissue factor (TF); under normal physiological conditions, TF is expressed in endothelial 
cells and would not come into contact with plasma procoagulation factors. TF activates factor VII then 
factor VIIa with calcium activate factor X. The intrinsic pathway runs parallel and begins with the activation 
of factor XII by HMW kininogen. Factor XIIa activates factor XI and in turn, factor XIa activates factor IX. 
Concurrently, factor VIII is activated by factor IIa (thrombin). The combination of IXa, calcium, and VIIIa 
activate factor X. Factor Xa catalyzes the activation of factor II (prothrombin) to factor IIa (thrombin). 
Thrombin generation promotes the activation of fibrinogen to fibrin monomers and also activates XIII 
(fibrin stabilization factor), which covalently links fibrins monomers to polymers and strengthens the 
platelet plug. Numerous positive feedback loops amplify this cascade and continuously promote the 
binding of thrombin and platelets.5  
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Figure 5.2: Chemical process of clotting.4 Abbreviations are as follows: Antithrombin (AT), heparin (H), tissue factor (TF), tissue 
Factor Pathway Inhibitor (TFPI), activated protein C (APC), fibrin (F), Thrombomodulin (TM), and anticoagulation factors are 
denoted by their numerals; an “a” indicates they have been activated. Reproduced from Desai et al. 2004. 

When properly balanced, coagulation seals wounds and saves lives. However, when improperly 
balanced, either due to a genetic disorder or traumatic injury, either excessive bleeding or clotting can be 
fatal. The human body has natural anticoagulation factors. The TF plasminogen inhibitor slows the 
extrinsic pathway by inhibiting TF from binding factor VIIa. The protein C pathway contains a series of 
proteins which inhibit factor Va, VIIIa, and IIa (thrombin). Antithrombin, however, is the main inhibitor of 
factor IIa (thrombin) and factor Xa; it is a serine protease inhibitor, catalyzed by heparin. Heparin is a 
heterogenous polysaccharide, existing in low quantities in vivo but also isolated from pigs and licensed by 
the FDA (Figure 5.3).6 A pentasaccharide sequence within heparin binds specifically to antithrombin and 
is the only segment with anticoagulant activity. In two distinct mechanisms, the heparin-antithrombin 
complex inhibits factor Xa and IIa (thrombin). When the pentasaccharide sequence binds antithrombin, 
antithrombin undergoes a conformational change that is better recognized by factor Xa.4 Thrombin 
inhibition, while aided by the conformational change, also requires the full-length heparin to serve as a 
bridge to increase binding.4 These pathways provide the balance of hemostasis. Just as any medication 
can affect metabolism, a therapeutic drug can also shift the balance of hemostasis and therefore it is 
essential to consider a compound’s pro- or anticoagulant activity along with its desired effect.  
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Figure 5.3: Heparin and the pentasaccharide.4  

5.1.2 Structural and functional characterization of marine sulfated glycans 
Like the algal glycans described in Chapter 1, marine glycans are naturally polyanionic, which 

allows them to electrostatically interact with important proteins and other biomolecules. Also similar to 
algal glycans, they are nontoxic, inexpensive, and biocompatible.7 Unlike algal glycans, marine glycans 
tend to have more regular structures, allowing the development of structure-activity relationships. 
Although much of their interactions are due to electrostatic interactions in which sulfation content is the 
largest determinant, the overall structural features of marine glycans (i.e. pattern of sulfation 
glycosylation, anomeric and enantiomeric configurations, glycosidic linkage position, monosaccharide 
type and composition) are more influential.8 Pomin et al. have characterized and described the structures 
of approximately 20 new sulfated galactans (SGs), sulfated fucans (SFs), and GAGs and screened many for 
anticoagulant effects.8–15 Curiously, sulfation level did not correlate with anticoagulant activities; SGs and 
SFs with near equal sulfation level but a different pattern had different anticoagulation activity, suggesting 
that charge density alone is not the structural determinant for the anticoagulation activity of glycans. With 
further investigation of regularly-structured marine glycans, Pomin et al. determined that certain 
structural combinations of sulfation and glycosylation are required for anticoagulant effects.8,16,17  

Marine glycans are structurally distinct from their mammalian counterparts, resulting in differing 
activities. For instance, dermatan sulfate (DS) from ascidian species Styela plicata (SpDS) is composed of 
[→4)-α-L-IdoA-(2R1,3R2)-(1→3)-β-D-GalNAc-(4R3,6R4)-(1→]n where the R1, R2, R3, and R4 are sulfate 
groups at 66, < 5, 94, and 6 percent, respectively.18 SpDS is mostly 2-sulfated at the IdoA unit but largely 
4-sulfated at the GalNAc unit, whereas mammalian DS sulfation is primarily at 2-sulfated IdoA units 
together with occasional C4 sulfation at GalNAc units. Similarly, fucosylated chondroitin sulfate (FucCS) 
isolated from sea-cucumbers is composed of {→3)-β-D-GalNAc-(1→4)-[α-L-Fucp-(1→3)]-β-D-GlcA-(1→}n, 
in which the branching Fucp unit can be sulfated at the 2, and/or 3, and/or 4-positions within different 
percentages according to the species of occurrence.14 Mammalian CS is composed of [→4)-β-D-GlcA-
(1→3)-β-D-GalNAc-(1→]n, in which the GalNAc units can be either mostly 4-sulfated (CS-A) or 
predominantly 6-sulfated (CS-C).19 Differing structures allows for different biological activities.  

As described above, procoagulation proteases (i.e., factor IIa and Xa) are inhibited by serpins 
(serine protease inhibitors, e.g. antithrombin and heparin cofactor II). Heparin’s anticoagulation 
properties are serpin-dependent. Like heparin, the majority of the marine glycans studied by Pomin and 
others exhibit serpin-dependent anticoagulation effects depending on their structural features: the 
ascidian DS,18,20,21 the sea-cucumber FucCS,10,22 the algal SFs and SGs,10,23,24 and the invertebrate SFs and 
SGs.16,17,23 Exceptions exist: FucCS from the sea-cucumber Ludwigothurea grisea (LgFucCS) and the SG 
from the red alga Botryocladia occidentalis (BoSG) exhibit a serpin-independent anticoagulant 
mechanism.25,26 LgFucCS and BoSG inhibit the formation of blood cofactor complexes at the cell surface, 
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preventing factor Xa and IIa generation by inhibiting the activation of tenase and prothrombinase 
complexes, which activate factor X and II respectively.25,26 This mechanism of action has also been 
observed in other SGs but clear structure-activity relationships have yet to be established.27 

Serpin-dependent anticoagulation structure-activity relationships have been established; they 
rely on sugar type, sulfation percentage and stereospecificity, and branching. SF from Strongylocentrotus 
franciscanus (SfSF) and the SG from Echinometra lucunter (ElSG) are homopolysaccharides that differ only 
on sugar type (Fucp or Galp respectively) with the same 2-sulfation pattern, anomeric, and glycoside 
linkages.28 However, ElSG exhibits significant anticoagulant activity (20 IU mg, ten-fold less than 
unfractionated heparin) as compared to SfSF (~2 IU/mg) as measured by the activated partial 
thromboplastin time (aPTT) method.15 In partial explanation, SfSF exclusively inhibits the factor 
Xa/antithrombin system while ElSG inhibits both the factor Xa/antithrombin and the factor IIa/HCII 
systems, suggesting that biological effect is dependent on sugar-type.29 Similarly, algal SGs from the red 
algae Botryocladia occidentalis (BoSG) and Gelidium crinale (GcSG) have identical backbones and differ 
only in their sulfation pattern.24,30 However, they have a 30% difference in anticoagulant activity, 
indicating the anticoagulant activity is proportional to their sulfation content. The stereospecificity of 
marine glycans is important for anticoagulant activity.8,10,11 The site of sulfation has an essential influence 
on anticoagulant activity as demonstrated by 2,4-disulfated units in 3-link α-L-fucans which amplify 
antithrombin-mediated anticoagulant activity. This is also seen in 4-sulfation, which enhances HCII 
inhibition of factor IIa while 2-sulfation decreases this activity.10 Similarly, ascidian DS from Styela plicata 
and Halocynthia pyriformis with 94 and 99% 4-O-sulfated GalNac sulfation and 66 and 70% of 2-sulfation 
IdoA have significant anticoagulant activities (aPTT = 11 and 8 IU/mg, respectively), while bovine DS, which 
is largely 2-sulfation at IdA and minimally 4-sulfated at GalNac, lacks anticoagulant activity.18  This 
reinforces the importance of 4-sulfation in anticoagulant activity.  Finally, in sea-cucumber FucCS, when 
sulfated fucosyl branches are removed, their anticoagulant activity is eliminated, indicating they are 
essential.14 In addition to branching itself, the 1,2-disulfaction of the fucosyl branches is important for 
anticoagulant activity, consistent with 3-linked α-L-fucans described above.31 

Overall, the regular well-defined structures of marine invertebrate glycans enable SAR 
development. The structural combinations necessary for anticoagulant activities are as follows: 2-
sulfation in α-L-SGs, the 2,4-di-sulfation in α-L-fucopyranosyl units in SFs, or increased sulfation of 
homogeneous SGs. Additionally, 4-sulfation enhanced the inhibition of thrombin via heparin cofactor-II 
by invertebrate SFs.29 

5.2 Antiviral activities of four marine sulfated glycans against adenovirus and human 
cytomegalovirus 
5.2.1 Introduction 
 Glycosaminoglycans (GAGs) are linear polysaccharides of repeating disaccharide units containing 
an amino sugar (either N-acetylglucosamine or N-acetylgalactosamine) and a uronic acid (either 
glucuronic acid and/or iduronic acid) or the neutral sugar, galactose. As a result of their structural 
diversity, GAGs have a variety of biological roles, including cell signaling, growth, and wound repair.32 
GAGs are ubiquitous on cell surfaces where they serve as receptors and signals for cellular and pathogenic 
processes. The sulfation of GAGs presents a net negative charge at cell surfaces that viral or other 
pathogens can bind electrostatically to initiate entry either by membrane fusion or endocytosis.33 Virion 
attachment through GAG binding and subsequent entry are often independent events in which 
attachment is thought to be largely nonspecific and charge-dependent, while entry is mediated by highly 
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specific protein-protein interactions. In particular, interactions with heparan sulfate (HS), a highly sulfated 
GAG, is a common requirement for infection by many viruses, and consequently, inhibitors targeting 
virion-HS interactions have potential as broad-spectrum antivirals that could exert a major impact on 
global health. 

 A variety of compounds have been used to bind to HS and thereby shield cells from viral 
attachment, including polycationic peptides, small organic compounds, and inorganic molecules.34–37 
Alternatively, inhibitors may bind virion components to sequester and inactivate virions in a manner 
similar to neutralizing antibodies.3 The majority of the latter inhibitors are HS mimetics and many have 
broad spectrum antiviral activity. Here we describe the antiviral activities of four sulfated marine glycans 
and compare them to heparin, a commonly used HS-mimetic composed primarily of disaccharide 
repeating units of [-4)-N,6-disulfated-glucosamine-(α1-4)-2-sulfated-iduronic acid-(α1-] (Figure 5.4A). The 
marine sugars include: (i) a sulfated galactan isolated from the red algae Botryocladia occidentalis (BoSG) 
composed of the disaccharide repeating unit [-3)-2,4-disulfated-galactose-(α1-4)-2,3-disulfated-
galactose-(β1-] in which sulfation patterns may vary in percentage but never in position (Figure 5.4B);29 
(ii) a fucosylated chondroitin sulfate isolated from the sea cucumber Isostichopus badionotus (IbFucCS) 
composed of the trisaccharide-repeating unit {-4)-[ fucose-(α1-3)]-glucuronic acid-(β1-3)-N-
acetylgalactosamine-(β1-} in which sulfation patterns may vary in percentage but never in position (Figure 
5.4C);38 (iii) a sulfated fucan isolated from the sea urchin Lytechinus variegatus (LvSF) composed of the 
tetrasaccharide-repeating unit of [-3)-4-sulfated-fucose-(α1-3)-2,4-disulfated-fucose-(α1-3)-2-sulfated-
fucose-(α1-3)-2-sulfated-fucose-(α1] (Figure 5.4D);29 and (iv) a sulfated fucan also isolated from 
Isostichopus badionotus (IbSF) composed of the tetrasaccharide-repeating unit of [-3)-fucose-(α1-3)-2,4-
disulfated-fucose-(α1-3)-2-sulfated-fucose-(α1-3)-2-sulfated-fucose-(α1] (Figure 5.4E).39 

 In contrast to heparin and the red algae-derived BoSG, which are heterogeneous in terms of 
sulfation pattern (although BoSG is a homopolymer of galactose, while heparin is composed of more than 
one sugar in the backbone), the other three invertebrate-derived sulfated glycans exhibit chemically 
defined structures with more uniform distribution of sulfation and sugar composition.12,40,41 In addition, 
and again in contrast to heparin and other GAG mimetics that are highly hemorrhagic, no bleeding effects 
have been reported for the marine sulfated sugars BoSG, LvSF, and IbSF.27,42 Therefore, this set of well-
defined and structurally distinct sulfated glycans provides a unique opportunity to identify through 
structure-activity studies those structure(s) associated with optimal antiviral activities or undesirable 
biological effects. These unique chemical and biological properties make the marine sugars promising 
molecular tools in antiviral research. 
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Figure 5.4: Structures and size characterization of the marine sulfated glycans. (A–E) Structures are shown for heparin and the 
four marine sulfated glycans (counterions and carbon-bonded hydrogens omitted for clarity). (F) The indicated sulfated glycans 
(10 μg) were separated by polyacrylamide gel electrophoresis and stained with toluidine blue. To the right are indicated MWs of 
standard compounds LMWH (7.5 kDa), UFH (15 kDa), CS-A, (40 kDa), and CS-C (60 kDa) 

5.2.2 Results 
5.2.2.1 Structures and size characterization of marine sulfated glycans 

Structures for heparin and the four marine sulfated glycans are shown in Figure 5.4A-E. While 
most sulfated glycans have a polydisperse nature, each exhibits a characteristic size range and an average 
MW. To better define the average and range of MWs for the four marine sulfated glycans, IbSF, IbFucCS, 
BoSG, and LvSF were analyzed by polyacrylamide gel electrophoresis and compared with known standards 
(Figure 5.4F). Approximate average MWs were 75, 90, and 100 kDa for IbFucCS, LvSF, and IbSF, 
respectively, and >100 kDa for BoSG. Samples have shown no residual solvent contamination, and specific 
signal patterns consistent to each sugar type. See Santos et al.43 for heparin, Farias et al.24 for BoSG, Chen 
et al. 201239 for IbSF, Pomin et al.44 and Chen et al.38 for IbFucCS. 

5.2.2.2 Studies of anti-HCMV and anti-adenovirus activity  
Our hypothesis predicts that marine sulfated glycans may act as HS-mimetics to inhibit viral 

infection by disrupting virion-HS interactions. If so, they should block entry and subsequent gene 
expression of viruses that enter cells through HS-dependent mechanisms. To test this hypothesis we 
evaluated the four marine glycans for inhibition of two HS-dependent DNA viruses: human 
cytomegalovirus (HCMV), an enveloped herpesvirus, and human adenovirus serotype 5 (Ad5), a non-
enveloped virus. In both cases genetically modified viruses containing GFP reporter cassettes were used 
so that successful infection could be detected and quantified using GFP. Human MRC-5 fibroblasts or 
ARPE-19 epithelial cells were pretreated for one h with increasing concentrations of BoSG, LvSF, IbSF, or 
IbFucCS, while heparin was used as a positive control as it is known to block infection of both HCMV and 
Ad5.45,46 GFP-tagged HCMV variant BADr was then added to MRC-5 cultures and GFP-tagged Ad5 was 
added to ARPE-19 cultures and after six days total GFP fluoresence was measured. As shown in Figure 5.5, 
heparin and all four marine glycans reduced GFP expression in HCMV- and Ad5-infected cultures in a dose-
dependent manner, while all compounds were non-toxic up to the highest concentration tested (400 
µg/mL).  
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To compare relative antiviral potencies the 50% effective concentration (EC50) for each compound 
was determined as the concentration at which GFP levels were reduced by half. Cytotoxicities were 
determined by measuring cell viability in replicate uninfected cultures. As cell viability with all compounds 
remained over 50% at concentrations up to and including the highest tested (400 µg/mL), 50% cytotoxicity 
concentrations (TC50) were reported as > 400 µg/mL. A high TC50 to EC50 ratio, or selectivity index (SI), 
suggests a favorable safety and efficacy profile. Table 5.1 and Table 5.2 summarize these quantitative data 
as derived from the experiments shown in Figure 5.5. As toxicity of all four marine glycans was > 400 
µg/mL, SIs were approximated by assigning TC50 400 µg/mL. The resulting high SIs imply potentially 
favorable safety profiles.  

Table 5.1. Anti-HCMV activities of marine sulfated glycans 

Structure HCMV Antivirala (EC50) Cytotoxicity (TC50)b Selectivity index (SI)c 

BoSG 1.719 ± 1.028 > 400 232.7 
LvSF 1.369 ± 0.477 > 400 292.1 
IbSF 0.662 ± 0.450 > 400 603.6 
IbFucCS 0.422 ± 0.349 > 400 947.5 
Heparin 0.331 ± 0.106 > 400 1211.1 

aGFP-based assay. bLuciferase-based cytotoxicity assay . a,bµg/mL; means of three independent experiments ± standard deviations. 
cSI = TC50/EC50 (TC50 = 400 for these calculations)   

Table 5.2. Anti-Adenovirus activities of marine sulfated glycans  

Structure Adenovirus Antivirala (EC50) Cytotoxicity (TC50)b Selectivity index (SI)c 

BoSG 1.738 ± 0.201 > 400 230.1 
LvSF 0.229 ± 0.129 > 400 1742.4 
IbSF 0.237 ± 0.116 > 400 1685.6 
IbFucCS 0.124 ± 0.034 > 400 3238.9 
Heparin 1.815 ± 0.719 > 400 220.4 

aGFP-based assay. bLuciferase-based cytotoxicity assay. a,bµg/mL; means of three independent experiments ± standard deviations. 
cSI = TC50/EC50 (TC50 = 400 for these calculations) 

 

 

  



171 
 

 

Figure 5.5: GFP-based HCMV and adenovirus antiviral activities and cytotoxicities of marine sulfated glycans. (A) Anti-HCMV 
activity (black) was measured by incubating MRC-5 fibroblast monolayers in 96-well plates with a compound for one h, then 
infecting with GFP-tagged HCMV BADr (100 PFU/well). (B) Anti-adenovirus activity (black) was measured by incubating ARPE-19 
epithelial cell monolayers in 96-well plates with a compound for one h, then infecting with GFP-tagged adenovirus (100 PFU/well). 
After six days GFP activities (RFU) in these cultures were measured. Cytotoxicity (red) was measured in replicate uninfected 
cultures treated for five days using the CellTiter-Glo® assay. Data are means of triplicate wells ± standard deviations. 

5.2.2.3 Time of addition studies indicate an early-acting mechanism of action 
If marine glycans act by blocking virion attachment or entry, they should be ineffective if added 

after viral entry is complete. To address this question, a single inhibitory concentration (150 µg/mL) of 
BoSG, LvSF, IbSF, IbFucCS, or heparin was added to cells one h before or one h after infection with GFP-
tagged HCMV or Ad5 and GFP expression was visualized by fluoresence microscopy. When added to cells 
prior to adding the virus, heparin and all four marine glycans greatly reduced or eliminated GFP expression 
in both HCMV- and Ad5-infected cultures. In contrast, no inhibition of GFP expression was observed if 
heparin or the four marine glycans were added 1 h after cells were exposed to either virus (Figure 5.6).  
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Figure 5.6: Marine sulfated glycans inhibit viral-encoded GFP expression when present prior to HCMV or Ad5 infection. (A) 
Confluent monolayers of MRC-5 fibroblasts or ARPE-19 epithelial cells in 96-well plates were treated with medium (Ø) or with 150 
μg/mL BoSG, LvSF, IbSF, IbFucCS, or heparin (HEP) either 1 h before or 1 h after infection with GFP-tagged HCMV BADr (100 
PFU/well) or GFP-tagged Ad5 (100 PFU/well). Representative fluorescent micrographs were taken six days post infection. (B) 
Confluent monolayers of MRC-5 fibroblasts or ARPE-19 epithelial cells were treated as above either 1 h before, concurrent with, 
or 1, 3, 6, 12, or 24 h after infection with GFP-tagged HCMV BADr (100 PFU/well) or GFP-tagged Ad5 (100 PFU/well). GFP 
expression was quantified on day six days post infection. Data are means of triplicate wells ± standard deviations. 
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To more precisely and quantitatively define the kinetics of inhibition, a time of addition 
experiment was conducted in which cells were treated with compounds before, during, or after infection 
and GFP was measured on day six post infection. Consistent with the qualitative results described above, 
heparin and the four marine glycans were only active in inhibiting HCMV or Ad5 GFP expression if present 
prior to or within the first 1 h post infection, while addition of compounds three or more h after infection 
had no effect on GFP levels (Figure 5.6).  

5.2.2.4 Marine sulfated glycans inhibit HCMV immediate early gene expression and cellular deposition of 
virion-associated tegument protein pp65 

The earliest de novo gene expression events during HCMV replication result in production of the 
viral Immediate Early 1 and 2 (IE1/2) proteins. To determine if marine glycans block IE1/2 expression, cells 
were pretreated with heparin or the four marine glycans prior to infection with HCMV variant RC2626 
(which does not express GFP), and the IE1/2 proteins were detected by immunofluorescence 48 h after 
infection. Again, consistent with inhibition of virion attachment or entry, IE1/2-positive cells were 
undetectable in cultures pretreated with heparin, BoSG, LvSF, IbSF, or IbFucCS (Figure 5.7).  

The HCMV pp65 protein is an abundant component of the virion tegument47 that is deposited into 
the cytoplasm upon infection and subsequently localizes to the nucleus.48 Consequently, detection of 
pp65 shortly after infection indicates virion attachment.49 To determine if marine glycans block 
attachment of HCMV virions to cells, deposition of pp65 was similarly assessed by immunofluorescence 6 
h after HCMV infection. Again, heparin and the four marine glycans eliminated pp65 deposition onto cells, 
consistent with inhibition of virion attachment (Figure 5.7). 

 

Figure 5.7: Marine sulfated glycans inhibit expression of HCMV IE1/2 proteins and deposition of tegument protein pp65. (A) MRC-
5 fibroblast monolayers were treated for 1 h with medium (Ø) or 150 μg/mL heparin (HEP), BoSG, LvSF, IbSF, or IbFucCS, then 
infected with HCMV RC2626 (125 PFU/well). Cultures were fixed and fluorescently stained for HCMV IE1/2 proteins 48 h post 
infection. (B) MRC-5 fibroblast monolayers were treated as above but incubated with HCMV BADr (200 PFU/well) for 1 h at 4ᵒC. 
Cultures were then shifted to 37ᵒC and incubated for 6 h before being fixed and fluorescently stained for the HCMV tegument 
protein pp65. 

5.2.2.5 Sulfated marine glycans appear to target virion rather than cellular factors  
To further define the potential virion target(s) of BoSG, LvSF, IbSF, and IbFucCS, cells were 

pretreated with each glycan for 1 h and then washed three times with media prior to infection with GFP-
tagged HCMV or Ad5 viruses. Detection of GFP by fluorescence microscopy six days after infection 
demonstrated that cells exposed to heparin or the four marine glycans remained susceptible to HCMV or 
Ad5 infection as pretreatment and removal failed to significantly inhibit GFP expression (Figure 5.8). These 
results indicate that heparin and the marine glycans do not act by binding to cellular components, but 
more likely interact with virion components and thereby disrupt the ability of virions to attach to cells. 
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Figure 5.8: Treatment/removal studies. (A) Confluent monolayers of MRC-5 fibroblasts (top) or ARPE-19 epithelial cells (bottom) 
in 96-well plates were treated with medium (Ø) or 150 μg/mL heparin (HEP), BoSG, LvSF, IbSF, or IbFucCS for 1 h then cells were 
washed three times with medium and infected with GFP-tagged HCMV BADr (100 PFU/well) or GFP-tagged Ad5 (100 PFU/well). 
(B) HCMV BADr or adenovirus virions were incubated with sulfated glycans as in (A) for 1 h, then diluted 10,000-fold with culture 
medium to a non-inhibitory concentration (15 ng/mL). Virions with sulfated glycans were then added to MRC-5 fibroblasts (top) 
or ARPE-19 epithelial cells (bottom) in 96-well plates. Representative fluorescent micrographs were taken six days post infection. 

5.2.3 Discussion and Conclusion 
 In 2018 the World Health Organization released a list of priority pathogens to direct research and 
development. These pathogens were chosen based on their epidemic potential and/or lack of effective 
countermeasures (i.e., antivirals or vaccines). As of Fall 2020 there are eleven viruses on the list, namely 
SARS-CoV-1, SARS-CoV-2, MERS, Crimean-Congo hemorrhagic fever virus, Ebola virus, Marburg virus, 
Lassa fever virus, Nipah virus, henipavirus, and Rift Valley fever virus. Of these, seven are HS-dependent 
and one is speculated to be HS-dependent.50,51 An inhibitor targeting virion-HS interactions could 
potentially prevent infections by many or all of these viruses.  

 Compounds targeting virion-HS interactions have seen moderate success as broad spectrum 
antivirals in vitro. Polycationic peptides, like polyarginine, associate with HS and have broad spectrum 
antiviral activity35,52 but are subject to inactivation by proteolytic cleavage. Organic small molecules such 
as N,N’-bisheteryl derivatives of dispirotripiperazine inhibit the attachment of several viruses, including 
strains resistant to traditional specifically-targeted treatments.53–55 Inorganic compounds take advantage 
of the natural affinity between metal cations and GAGs, which in vivo are associated with physiologically 
relevant cations.56 Inorganic polymers and small molecules have both demonstrated broad-spectrum 
antiviral activity although none have progressed beyond the clinical evaluation phase or been 
licensed.36,37,57 

 Alternatively, compounds that disrupt virion-HS interactions by targeting viral glycoproteins can 
also be broad-spectrum but have a number of issues that preclude their general use as antivirals. Although 
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polystyrene sulfonate demonstrated activity against HIV-1, HSV-1, HSV-2, and influenza A virus, high 
concentrations are needed, which increases the likelihood of non-specific binding and reduces 
effectiveness.58–62 Suramin inhibits viral attachment but is also bound by plasma proteins, which reduces 
its efficacy in vivo.63–65 

 A large number of compounds modeled after HS inhibit viral infection by sequestering virions. 
Heparin is a well-known viral entry inhibitor that electrostatically interacts with viral glycoproteins and 
competitively inhibits virion attachment.50,66–69 However, heparin is also an effective anticoagulant and as 
such common side effects of heparin include excessive bleeding and thrombocytopenia, requiring 
constant patient monitoring and, if needed, use of an antidote (protamine).70 In an effort to circumvent 
these issues, a number of other GAGs or HS-mimetics have been tested for antiviral activity. Dextran 
sulfate inhibits viral attachment but suffers from similar issues as heparin.66–68,71 Carrageenans (sulfated 
polysaccharides from red seaweeds) inhibit enveloped DNA and RNA viruses but do not inhibit non-
enveloped viruses, suggesting that enveloped viruses may be more susceptible to GAG mimetic 
antivirals.72–75 Carraguard failed Phase III clinical trials due to a large number of adverse events.76 Sulfated 
derivatives of the K5 polysaccharide from E. coli have also shown broad-spectrum antiviral activity.77,78 
Cellulose sulfate is active against a number of viruses and bacteria, including HSV-1, HSV-2, HPV, HIV-1, 
Neisseria gonorrhoeae, and Chlamydia trachomatis, but failed to show efficacy in phase two clinical 
trials.58,79–82 

 The anticoagulant properties of the marine sugars used in this work have been previously 
described. BoSG and IbFucCS exhibit strong anticoagulant activities of 93 and 183 international units 
(IU)/mg, respectively, as determined by the activated partial thromboplastin time method, whereas the 
two sulfated fucans LvSF and IbSF exhibit negligible activities of 3 and 9 IU/mg, respectively.13,39 From the 
current work both sulfated fucans have sub-µM EC50s against HCMV and Ad5 with no evident cytotoxicity 
at 400 µg/mL (Figure 5.5, Table 5.1, and Table 5.2). These features make these sulfated fucans promising 
candidates for further evaluation and development as potential antivirals. 

 IbSF shows the lowest density of charge due to the presence of lower sulfation content as 
compared to the other polysaccharides tested here (Figure 5.4). From the structure-activity relationship 
standpoint achieved by exploiting the marine sugars of defined structures, it was interesting to see that 
LvSF and IbSF presented similar antiviral activities against both viruses (Table 5.1, and Table 5.2), although 
slightly better for IbSF. We note that LvSF and IbSF are comparatively similar in terms of structure with 
regard to monosaccharide composition of glycosidic bonds, anomericity, and sulfation positions and 
sequencing. However, IbSF is less sulfated than LvSF as the 4-sulfated-fucose in LvSF is replaced by a non-
sulfated fucose in IbSF (Figure 5.4). These observations suggest that a non-anticoagulant sulfated glycan 
can still present antiviral effects and that activity is not merely due to a consequence of sulfation content 
and negative charge density but also due to the potential conformational shapes of these carbohydrates 
in solution and upon interaction with their protein partners. Such conformational differences might lead 
to different affinities for the viral proteins, ultimately resulting in different antiviral actions. Recently 
Pomin et al. showed by NMR and computational simulations the 3D structure of LvSF in solution,83 PDB ID 
7KS6. Pomin et al. are currently investigating through the same methods the conformational view of IbSF. 
Data from these two works concerned with the structural biology of the invertebrate-derived sulfated 
fucans may help to elucidate the antiviral activities of these two sugars as reported here. 
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 Our studies demonstrate the antiviral activities of marine sulfated glycans against two very 
different DNA viruses, one enveloped (HCMV) and one non-enveloped (Ad5). All four compounds had 
µg/mL activities, suggesting that structure and sulfation of the glycans did not have a large influence on 
antiviral activity. Unlike previously studied GAG mimetics and heparin, BoSG, LvSF, IbSF, and IbFucCS have 
homogenous structures; their sulfation levels vary but the pattern of saccharide units is consistent. 
However, BoSG and IbFucCS have anticoagulant activities which, like other GAG mimetics, would 
presumably preclude their general use as antivirals. Consistent with the similarity of their structures, LvSF 
and IbSF have similar antiviral activities, and as both lack anticoagulant activity, they merit further study 
as antivirals. Conformational differences, studied trough NMR and computational simulations, may help 
to explain differences in antiviral and anticoagulant activities of these glycans.  

5.3 Fractionation of sulfated galactan from the red alga Botryocladia occidentalis 
separates its anticoagulant and anti-SARS-CoV-2 properties 
5.3.1 Introduction 

A global pandemic caused by the severe acute respiratory syndrome coronavirus (SARS-CoV-2) or 
coronavirus disease-19 (Covid-19) was declared by the World Health Organization in March 2020.84 The 
virus has rapidly spread to more than 222 countries since February 2020. SARS-CoV-2 is a zoonotic beta 
coronavirus primarily transmitted from person-to-person through respiratory droplets.85,86 During the 
pandemic, global pharmaceutical companies started manufacturing vaccines, some of which have been 
approved by the US Food and Drug Administration under the Emergency Use Authorization. Vaccines have 
prevented many patients from becoming critically ill or dying and assisted in controlling the pandemic. 
Oral treatments of Covid-19, Molnupiravir and Paxlovid, have recently been issued an Emergency Use 
Authorization and are currently awaiting full approval by the FDA.87,88 Nevertheless, discovery of new anti-
SARS-CoV-2 agents is urgently needed, especially for treating infections by highly transmittable 
variants.89,90 

 The cell entry mechanism of SARS-CoV-2 has been well studied. The receptor binding domain 
(RBD) in the S1 subunit of the spike-protein (S-protein) recognizes the heparan sulfate (HS) chains in cell 
surface proteoglycans and the human angiotensin-converting enzyme 2 (hACE2).91–95 Structural analyses 
have revealed the mechanisms behind interactions between the SARS-CoV S-protein RBD and its host 
receptor hACE2.96,97 A heparin binding site has been identified in the SARS-CoV-2 S-protein and the 
interaction with HS has been shown to be essential for hACE2 binding.95 

Since SARS-CoV-2 S-protein depends on cellular HS for cell binding, several recent studies have 
proposed anti-SARV-CoV-2 effects of exogenous sulfated glycans such as unfractionated heparin (UFH), 
non-anticoagulant heparin, or HS-based molecules derived from lung and other tissues, in order to block 
virus binding.98–100 However, heparin and derivatives may present severe side effects or complications 
such as hemorrhage,101,102 thrombocytopenia,103,104 osteoporosis,105,106 hypersensitivity reactions,107 and 
hypoaldosteronism.108 Hence, reports showing potential non-heparin anti-SARS-CoV-2 sulfated glycans, 
including unique molecules from marine sources, have recently appeared in the literature.109–113 However, 
these recent reports have studied the actions of the sulfated polysaccharides only against the Wuhan 
SARS-CoV-2 strain (wild type) and not the mutated variants, including those of more infectious potency. 

Viral mutation is naturally generated by multiple viral replications.114 RNA viruses are frequently 
and randomly mutated at higher frequency than DNA viruses because RNA polymerases lack exonuclease 
proofreading activity.115 Among all RNA viruses, coronaviruses mutate less frequently due to an enzyme 
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that corrects errors during viral replication.115 Nonetheless, the number of variants of SARS-CoV-2 are 
increasing, mainly because of the pandemic. Variants have been identified worldwide, and a few such 
variants have been considered variants of concern (VOC) based on their harmful impact on human health. 
Such VOC may exhibit greater transmissibility, virulence, or immune escape mutations.116 

The N501Y mutation that emerged among the Alpha variants and improves S-protein binding to 
cellular receptors and enhances virulence.117 Current SARS-CoV-2 VOC include Alpha (B.1.1.7), Beta 
(B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529).117 The N501Y mutation located in the 
RBD is found in all the VOCs except Delta. This N501Y mutation is associated with the highest 
transmissibility and has given rise to other lineages with additional mutations in the S-protein RBD.118 The 
emergence of a triple-mutated variant (K417T, E484K, N501Y, B.1.1.28), referred to as Gamma SARS-CoV-
2, has been reported in Brazil.119–122 The Gamma variant has shown high transmissible rates, inherent 
immune escape from neutralizing antibodies,123–125 and increased propensity of reinfection. 

The main sulfated glycan isolated from the red alga Botryocladia occidentalis, a sulfated galactan 
(BoSG), has been well-characterized to possess not only antiviral activity,1,126 but also antimalarial,127 
anticoagulant,30,128–130 and antithrombotic activities.27,129,131 BoSG is structurally homogeneous in terms of 
its backbone, composed of the disaccharide repeating unit [→4)-α-D-Gal-(1→3)-β-D-Gal-(1→], but very 
heterogenous in terms of sulfation pattern (Figure 5.9A). The anticoagulant and antithrombotic properties 
of BoSG have been widely studied and strong responses have been observed in these systems.132–134 
Studies regarding mechanism of action have indicated activity towards heparin cofactor II (HCII) and 
antithrombin (AT), and dependency of molecular weight (MW) on these activities.24 
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Figure 5.9: Structure of BoSG, size fractionation, and MW estimation of low MW derivatives. (A) BoSG is composed of a repeating 
disaccharide unit of the following structure [3-β-Gal2R14R2-(1→4)-α-Gal2R3R-(1→]n, in which R = SO3- or OH, R1 and R2 = 66% 
and 33% sulfation, respectively. (B) Oligosaccharides were produced by mild acid hydrolysis, fractionated by SEC using a Bio-Gel 
P-10 column, and detected by metachromasy using DMB (●). FracƟons Fr1-Fr4 are indicated. (C) The MW distribution of BoSG, 
hydrolyzed unfractionated BoSG (SGhd), and the four low MW fractions (Fr1-Fr4) were analyzed by PAGE along with the following 
molecular markers: low MW heparin (LMWH, ∼8kDa), unfractionated heparin (UFH, ∼15 kDa), and chondroitin sulfate A (CS-A, 
∼40 kDa). Samples (10 μg/each) were separated by 22% PAGE and stained with toluidine blue. 

Here, we analyze the structural, anti-SARS-CoV-2, anticoagulant, and S-protein binding properties 
of BoSG and its low MW derivatives. For this, a multifaceted approach was used through multiple 
analytical and biophysical techniques, including liquid-chromatography, electrophoresis, nuclear 
magnetic resonance (NMR), mass spectrometry (MS), surface plasmon resonance (SPR), computational 
docking, and assays measuring inhibitory activities against blood cofactors or cellular entry by SARS-CoV-
2. Our results demonstrate that we can generate sulfated oligosaccharides from a marine alga with low 
residual of anticoagulant activity while retaining anti-SARS-CoV-2 activity. 
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5.3.2 Results 
5.3.2.1 Purification of BoSG 

Crude polysaccharides were obtained from the body wall of the red alga B. occidentalis through 
nonspecific proteolytic digestion using papain followed by ethanol precipitation, as previously 
described.24,135,136 The crude polysaccharides were subjected to anion-exchange chromatography on a 
DEAE Sephacel column and eluted with a linear NaCl gradient up to 3M concentration. The fractions 
obtained by this chromatography were monitored by metachromasia using 1,9-dimethylmethylene blue 
(DMB).137 The peak corresponding to the B. occidentalis-derived sulfated galactan (BoSG) started to elute 
at 0.9 M NaCl. After pooling the fractions belonging to this peak and desalination, the structural integrity 
of the BoSG preparation was confirmed by 1D 1H NMR, demonstrating a spectral pattern similar to 
previous work.24 

5.3.2.2 Depolymerization of BoSG 
Mild acid hydrolysis is routinely used for depolymerization of sulfated glycans, especially those 

for which specific digestive enzymes are unknown.44,138,139 The choice of 0.1 M hydrochloric acid and 60oC 
temperature was based on previous reports.129,131 To produce low MW derivatives from the above BoSG 
preparation that could be suitable for further fractionation by size-exclusion chromatography (SEC), 
different hydrolysis times (1, 3, 5, 7, 9, and 11h) were evaluated. The MW distributions of the derivatives 
obtained were analyzed by polyacrylamide gel electrophoresis (PAGE). Large-scale production of BoSG 
oligosaccharides was then made by 7 h of hydrolysis, since this time yielded a suitable MW range of 
medium-sized oligosaccharides to be filtered through the Bio-Gel P-10 column. 

5.3.2.3 Production of low MW BoSG derivatives 
Approximately 30 mg of BoSG were employed for production of oligosaccharides. The SEC column 

of choice was based on previous work.44,138–141  The Bio-Gel P-10 column has been reported to be effective 
for fractionation of medium- and/or small-sized sulfated oligosaccharides. Figure 5.9B shows the 
chromatographic profile of fractionation of BoSG derivatives monitored by metachromasy. Although no 
resolved peaks indicative of size-defined oligosaccharides were evident, four fractions (Fr1-Fr4) were 
randomly pooled. As analyzed by PAGE (Figure 5.9C), oligosaccharides with different MW distributions 
were generated. The polydisperse nature of all four fractions indicated a complex and heterogeneous 
mixture of oligosaccharide chains within the samples. 

5.3.2.4 Structural analyses of the BoSG low MW derivatives 
NMR spectroscopy has been extensively used in structural characterization of BoSG.24 The 4-

linked α-Gal unit can be 2,3-O-disulfated with an anomeric NMR 1H signal between 5.45 and 5.65 ppm, or 
2-O-mono or 3-O-monosulfated with an anomeric NMR 1H signal between 5.10 and 5.45 ppm (Figure 
5.10A and Table 5.3).24 The 1H chemical shift of the non-sulfated α-Gal unit of BoSG resonates within the 
same region as the 1H chemical shifts of the monosulfated region (Figure 5.10A and Table 5.3). The 1H 
NMR spectra of the oligosaccharide fractions (Fr1-Fr4) clearly show a profile similar to the spectral profile 
of native BoSG. The major 1H peaks seen in the spectra of the fragments are clearly in the monosulfated 
and/or non-sulfated region of δH at 5.1-5.45 ppm. Hence, desulfation seems to occur during formation of 
the low MW derivatives produced by mild acid hydrolysis of BoSG. The characterization of the desulfation 
units was confirmed by the correlation of the 1H-1H correlation spectroscopy (COSY) spectra and 1H-13C 
heteronuclear single quantum coherence (HSQC) (Figure 5.10B) spectra of Fr4 compared with reference 
δH and δC values.142,143 
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Figure 5.10: 1D 1H NMR, 2D 1H-13C HSQC and top-down LC-MS analyses of BoSG fragments. (A) 1D 1H NMR spectra of native 
BoSG (red), hydrolyzed unfractionated SGhd (royal blue), Fr1 (green), Fr2 (purple), Fr 3 (yellow), and Fr4 (cyan). (B) 2D 1H-13C HSQC 
spectrum of Fr4 recorded in D2O at 50 °C on a 500 MHz Bruker NMR instrument. Chemical shifts are referenced to 
trimethylsilylpropionic acid to 0 ppm for 1H and methanol for 13C. 1H chemical shift ranges related to disulfated, monosulfated, 
and non-sulfated α and β units are indicated accordingly in the 1D 1H spectra in panel A. 1H-13C pairs of α and β units are labeled 
in the 2D cross-peaks of panel B using Greek letters denoting the anomeric (ring) unit followed by a number of the 1H-13C pair of 
the galactose ring. The typical region of the 1H4-13C4 cross-peak of a 4-sulfated β-galactose unit is indicated in the HSQC spectrum 
with dashed circle. (C) Percentage distribution of oligosaccharides of Fr4 according to their degrees of polymerization (dp) and 
sulfation number. 



181 
 

 

Table 5.3: 1H and 13C chemical shifts of α- and β-galactose units with different linkages, anomericities, and sulfation patterns. 
aChemical shifts are referenced to external trimethylsilylpropionic acid at 0 ppm for 1H and methanol for 13C. Values in bold 
indicate sulfate position; those in italics indicate glycosylated positions. 

The chemical shifts of sulfated units allowed identification of the 3-O-monosulfated α-Gal unit by 
the 1H/1H (5.27/4.02 ppm) and 1H2/1H3 (4.02/4.61 ppm) 1H-1H COSY correlation as a [→4)-α-D-Gal-3(SO3

-

)-(1→)] unit and of the 2-O-monosulfated β-Gal unit by the 1H1/1H2 (4.44/4.59 ppm) and 1H2/1H3 
(4.59/4.26 ppm) 1H-1H correlation as a [→3)-β-D-Gal-2(SO3

-)-(1→] unit. SelecƟve desulfaƟon has already 
been observed from mild acid hydrolysis of other marine sulfated glycans44,138,144 and should not be 
unexpected for the case of BoSG in this work.  
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Figure 5.11: Anticoagulant activity-concentration curves of BoSG and derivatives. (A) aPTT, (B) AT-mediated factor IIa inhibition, 
(C) AT-mediated factor Xa inhibition, and (D) HCII-mediated factor IIa inhibition. Sulfated glycans tested were unfractionated 
heparin (UFH, black), native BoSG (red), hydrolyzed unfractionated SGhd (royal blue), Fr1 (green), Fr2 (purple), Fr3 (yellow), and 
Fr4 (cyan). Concentrations of coagulation (co)factors were 10 nM of AT or HCII and 2 nM of factors IIa or Xa. 

Further analyses were conducted through a combination of 2D 1H-13C HSQC spectrum (Figure 
5.10B) and top-down liquid chromatography LC-MS (Figure 5.10C) to assess more structural details of the 
low MW derivatives of BoSG after mild acid hydrolysis. Taking into account that Fr4 showed the most 
homogeneous 1D 1H NMR profile (Figure 5.10A), and is also the fragment of the lowest MW distribution 
and potentially with the most structural modifications caused by the reaction, this fraction was chosen 
for these analyses. 

From the assignments of the 1H-13C HSQC and 1H-1H COSY cross-peaks related to the sulfated sites, 
and comparison of chemical shifts with references in the literature, we were able to clearly identify the 
presence of 3-O-sulfated α-Gal units and 2-O-sulfated β-Gal units in Fr4 (Figure 5.10B). This can be seen 
from the cluster of 1H-13C HSQC and 1H-1H COSY cross-peaks related to monosulfated sites, δH-δC from 
4.40-74.5 to 4.73-80.2 ppm (Figure 5.10B and Table 5.3). Note that there is clearly no 1H4-13C4 signal in 
the typical region of 4-sulfation for the β-Gal unit (δH-δC at 4.94-77.8 ppm) in the HSQC spectrum (Figure 
5.10B and Table 5.3). This demonstrates the absence of 4-sulfation in the β-Gal units of Fr4. The 1H-13C 
HSQC spectrum also showed clear absence of the 1H1-13C1 cross-peak of the native 2,3-O-sulfated unit 
with typical δH-δC at 5.62-100.5 ppm (Figure 5.10B and Table 5.3). 
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The presence of only two sets of anomeric 1H-13C peaks, one with δH-δC at 5.27-102.7 ppm 
belonging to the α-Gal unit and one with δH-δC of 4.40-78.6 ppm belonging to the β-Gal unit (Figure 5.10B 
and Table 5.3), as opposed to at least four anomeric HSQC cross-peaks seen in the native BoSG,30 indicates 
more homogeneous composition for Fr4 than for the native BoSG. From the NMR spectra (Figure 5.10A 
and 2B), this increased structural homogeneity in Fr4 can be attributed to the occasional desulfations that 
can occur on the disulfated Gal units during mild acid hydrolysis. The 1D 1H NMR spectra of fractions Fr2 
and Fr3 (purple and yellow lines, respectively) as well as Fr4 (cyan line) in Figure 5.10A are very similar to 
each other, indicating similar homogeneity. In contrast, both the hydrolyzed unfractionated BoSG sample 
(royal blue line) and the fraction of highest MW (Fr1, green line) still showed some 2,3-O-disulfated α-Gal 
units, as in the native BoSG spectrum (in red). This can be seen from the presence of 1H peaks at the 
downfield region of the 1D spectra (Figure 5.10A). 

Figure 5.10C shows the percentage of the composing oligosaccharides in Fr4 obtained by the top-
down LC-MS analysis. The bars indicate the oligosaccharide composition according to their number of 
hexoses along with their number of sulfate groups. More than half of the composing oligosaccharides in 
Fr4 have a degree of depolymerization (dp) equal to 8. This indicates a great portion of Fr4 as 
octasaccharide components. Two additional dp fractions also observed in Fr4 were dp9 and dp10. The 
major peaks of dp9 and dp10 (23% and 14% of the total content) show even lower numbers of sulfate 
groups/hexose units. This indicates the presence of mono- or non-sulfated units in dp9 and dp10. The 
numbers of sulfate groups in the bars with the highest abundance in the dp8 fraction showed 9-11 
sulfates/8 monosaccharide units, indicating therefore great abundance of monosulfated (and fewer 
disulfated) units in the dp8 fraction. These data corroborate well with the observation of the dominant 
presence of monosulfated units in Fr4 as seen through the 1D 1H (Figure 5.10A) and 2D 1H-13C NMR spectra 
(Figure 5.10B). 

5.3.2.5 Anticoagulant activities of BoSG and derivatives 
The ideal anti-SARS-CoV-2 marine sulfated glycan would be devoid of anticoagulant effects.145 The 

native BoSG, a hydrolyzed unfractionated BoSG sample (SGhd), and the four fractions of different MWs 
derived from BoSG (Fr1-Fr4) were subjected to in vitro anticoagulant assays to investigate the impact of 
MW on the anticoagulant action of BoSG. The methods employed were the activated partial 
thromboplastin time (aPTT) (Figure 5.11A), and protease inhibition assays using purified serpins, AT 
(Figure 5.11B and C) and HCII (Figure 5.11D), over the blood factors IIa (Figure 5.11B and D) and Xa (Figure 
5.11C). Unfractionated heparin (UFH) with anticoagulant activity of 180 IU/mg was used in all experiments 
as a control. Anticoagulant activities of the six BoSG samples obtained from the aPTT curves (Figure 5.11A) 
as well as the half-maximal inhibitory concentration (IC50) values obtained from the catalytic inhibitory 
curves (Figure 5.11B-D) are displayed in Table 5.4. 

 

Sulfated 
glycan 

aPTT 
(IU/mg)a 

AT/IIa AT/Xa HCII/IIa 
IC50 (µg/mL) 

UFH 180.00 0.08 0.0050 0.07 
BoSG 21.09 0.82 0.23 0.55 
SGhd 15.91 ND ND ND 
Fr1 13.19 ND ND ND 
Fr2 9.80 ND ND ND 
Fr3 7.54 ND ND ND 
Fr4 8.64 ND ND ND 
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Table 5.4: In vitro anticoagulant properties of UFH, BoSG and derivatives through activated plasma thromboplastin time (aPTT) 
and inhibition of purified coagulation factors IIa and Xa by antithrombin (AT) and heparin cofactor II (HCII) in the presence of 
different sulfated glycans. ND, not determined.a Values were calculated using a parallel UFH (180 IU/mg) standard curve. 

From the data shown in Figure 5.11, anticoagulant properties can be seen for native BoSG (red 
curves), although it is significantly less active than UFH (black curves). BoSG is active in all anticoagulant 
systems. However, upon depolymerization, the anticoagulant properties of BoSG were significantly 
reduced. Loss of activity begins with the hydrolyzed unfractionated SGhd derivative (Figure 5.11, royal 
blue curves). The fractionated derivatives with different MWs showed reduced activity as the MW 
decrease (Figure 5.11 and Table 5.4). These results confirm that the anticoagulant action of BoSG is MW-
dependent and that native MW is ideal for maximizing its anticoagulant action. Depolymerization of BoSG 
to produce lower MW fragments provides an efficient strategy to mitigate the anticoagulant properties 
of this marine carbohydrate. 

5.3.2.6 Anti-SARS-CoV-2 activities of BoSG and derivatives 
The anti-SARS-CoV-2 activities of UFH, BoSG, and derivatives (SGhd and Fr1-Fr4) were determined 

by measuring reduction in green fluorescent protein (GFP) expression following transduction of hACE2-
expressing HEK293T cells with a lentivirus pseudotyped with SARS-CoV-2 S-protein (Wuhan strain) (Figure 
5.12). Half-maximal effective concentration (EC50) values obtained from curves of GFP vs. polysaccharide 
concentration are shown in Table 5.5. Complete inhibition could be achieved with all samples but in a 
concentration-dependent fashion (Figure 5.12). Similar anti-SARS-CoV-2 activities were observed for BoSG 
and UFH, while anti-SARS-CoV-2 action of SGhd, and Fr1-Fr4 were slightly less active than native BoSG 
(Table 5.5). All polysaccharides (UFH, BoSG, SGhd and Fr1-Fr4) had no cytotoxicity at any tested 
concentration (red curves, Figure 5.12). These results indicate that, although somewhat less active than 
native BoSG, low MW BoSG derivatives retain potent anti-SARS-CoV-2 activity. 

 
Figure 5.12: Anti-SARS-CoV-2 activities of BoSG and derivatives. Confluent monolayers of HEK-293T-HACE2 cells in 384-well 
plates were treated with increasing concentrations of unfractionated heparin (A), native BoSG (B), hydrolyzed unfractionated 
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SGhd (C), Fr1 (D), Fr2 (E), Fr3 (F), or Fr4 (G). After one hour of incubation cells were transduced with a lentivirus pseudotyped with 
SARS-CoV-2 (Wuhan strain) S-protein. Following incubation for 48 h, GFP fluorescence in each well was measured as RFU. Cell 
viability (red) was measured using the CellTiter-Glo® assay as RLU produced from replicate uninfected HEK-293T-HACE2 cell 
cultures treated in parallel for 48 h. All values were normalized to % of maximum RFUs or RLUs. Data shown are means of three 
independent experiments ± standard deviations 

Sulfated 
glycan 

SARS-CoV-2a 

Heparin 2.11 ± 1.44 
BoSG 2.00 ± 0.79 
SGhd 3.55 ± 1.28 
Fr1 6.59 ± 1.48 
Fr2 6.34 ± 2.68 
Fr3 6.29 ± 1.59 
Fr4 5.51 ± 1.74 

Table 5.5: EC50 values of heparin, BoSG, and derivatives in SARS-CoV-2 inhibition. aEC50 (µg/mL) for inhibition of pseudotyped 
SARS-CoV-2 entry. 

5.3.2.7 Binding properties of BoSG and derivatives with blood cofactors and S-proteins 
Competitive SPR using heparin immobilized on a streptavidin (SA)-coated sensor chip was used to 

investigate the binding of UFH, BoSG, and low MW derivatives with blood coagulation factors IIa (Figure 
5.13A), AT (Figure 5.13B), and HCII (Figure 5.13C), and four S-protein RBDs, including wild type (Figure 
5.13D), Alpha N501Y (Figure 5.13E), Delta L452R (Figure 5.13F), and Gamma K417T/E484K/N501Y (Figure 
5.13E). Binding activities were normalized to the protein alone (black bars). Competitive IC50 values 
between the native BoSG and UFH are shown in Table 5.4. Based on these results, BoSG has strong affinity 
for IIa and HCII but low affinity for AT, as expected based on previous reports.24,131 All low MW derivatives 
of BoSG (SGhd and Fr1-Fr4) showed no significant binding to the blood (co)-factors (Figure 5.13A-C). This 
observation is consistent with the MW-dependence of anticoagulant activity of BoSG derivatives seen 
in Figure 5.11. 

 
Figure 5.13: SPR evaluation of protein–heparin binding and inhibition by BoSG and derivatives. Bar graphs indicate normalized 
binding of IIa (A), AT (B), or HCII (C), or S-protein RBDs of wild type Wuhan strain (D), or N501Y (E), L452R (F), or 
K417T/E484K/N501Y mutants (G) to surface-immobilized heparin. Inhibition of binding by sulfated glycans is shown for no-glycan 
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control (black), UFH (grey), native BoSG (red), hydrolyzed unfractionated SGhd (royal blue), Fr1 (green), Fr2 (purple), Fr3 (yellow), 
and Fr4 (cyan). Dashed lines represent the control level in all panels. Numbers above bars indicate average inhibitory values. 

Proteins BoSG 
(µg/mL) 

Heparin 
(µg/mL) 

Thrombin 18.6 ± 0.7 41.6 ± 1.4 
Antithrombin ND 14.6 ± 0.8 
HCⅡ 83.4 ± 5.5 44.5 ± 4.5 
RBD wild type 9.0 ± 1.9 8.5 ± 1.7 
RBD N501Y 4.4 ± 0.9 9.1 ± 1.4 
RBD L452R 10.8 ± 4.0 6.1 ± 2.5 
RBD 
K417T/E484K/N501Y 4.4 ± 0.8 7.7 ± 1.2 

Table 5.6: IC50 values for inhibition of binding by coagulation factors or S-proteins to immobilized heparin. a Means ± standard 
deviations from three independent experiments. b Not determined. 

The binding of native BoSG (red bars) to the four S-protein RBDs was in general very similar to 
that observed for heparin (grey bars) (Figure 5.13D-G). This is consistent with the anti-SARS-CoV-2 data 
in Figure 5.12. Curiously, the BoSG low MW fragments showed very interesting and distinct binding 
properties among the RBD mutants. SGhd (royal blue bars) was able to interact with all RBDs but with 
different levels of affinity (Figure 5.13D-G). The best affinity was observed for the triple mutant (Figure 
5.13G). Fractions Fr1-Fr4 showed strong binding affinity for the Alpha N501Y variant (Figure 5.13E), some 
affinity for the Gamma K417T/E484K/N501Y variant (Figure 5.13G,) and weak binding to wild type (Figure 
5.13D) and the Delta L452R variant (Figure 5.13F). These results indicate that the BoSG derivatives have 
strong affinity for the RBDs that contain the N501Y substitution. In addition, through the competitive SPR 
assay (Table 5.4), it was further demonstrated that the native BoSG has stronger binding affinities for the 
N501Y-containing RBDs than for the single L452R variant or wild type RBD. The binding affinities of BoSG 
to the Alpha and Gamma variants (N501Y-containing strains) were approximately two-fold higher than 
those of UFH (Table 5.4). 

5.3.2.8 Molecular docking of BoSG-derived disaccharide constructs to N501Y RBD 
To define the contributions of different BoSG sulfation patterns to binding with the S-protein RBD, 

four possible BoSG (monosulfated/monosaccharide) disaccharides were constructed and computationally 
docked to the binding site close to the N501Y substitution in Alpha S-protein, which had the highest 
affinity observed by SPR. A heparin disaccharide was also constructed and docked for comparison. The 
binding site examined in this study was the same one previously used for the holothurian sulfated glycans 
in binding analyses to the wild type and the N501Y mutant S-protein RBDs.145 The docking data are shown 
in Figure 5.14 and docking scores of the best-scored docked poses for the heparin disaccharide and the 
four BoSG disaccharides obtained from AutoDock Vina are shown in Figure 5.14F. The best-scoring docked 
pose of the heparin disaccharide to the N501Y mutant S-protein RBD indicated that its IdoA is oriented 
towards R408 and its O3 and O4 hydroxyl groups interact with D405 and R408, respectively (Figure 5.14A). 
Heparin binding to the N501Y variant lacked any interaction with Y501. A similar binding mode was 
observed for the BoSG [4S-3S] disaccharide (Figure 5.14B). However, some residues such as D405, R408 
and Y505 were not seen to be interacting with the BoSG [4S-3S] disaccharide, resulting in a slight 
worsening of the docking score as compared to that of the heparin disaccharide (Figure 5.14F). 
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Figure 5.14: Predicted binding poses of heparin and BoSG (monosulfated/monosaccharide) disaccharides bound to N501Y of 
SARS-CoV2 S-protein RBD. Docked (A) heparin, (B) BoSG [4S-3S], (C) BoSG [2S-3S], (D) BoSG [4S-2S], and (E) BoSG [2S-2S] 
disaccharides in N501Y variant. Selected neighboring interacting residues and the variant residue are shown in gray and purple, 
respectively. Dashed lines indicate polar interactions between the RBD and glycan atoms. (F) Docking scores of the top-scored 
docked poses as obtained from AutoDock Vina. 

The other three BoSG disaccharides [2S-3S], [4S-2S], and [2S-2S], showed a similar overall binding 
mode (Figure 5.14C–E), but one that differs significantly from the heparin and BoSG [4S-3S] disaccharide 
binding modes. In the BoSG [2S-3S] disaccharide, Y501 forms a polar interaction with O6 of its reducing 
end Gal unit which contains the 3-sulfation (Figure 5.14C). An electrostatic interaction between the 3-
sulfation of the reducing end and R403 was additionally observed. Four residues, Y449, Y453, Q493, and 
Q498, formed polar interactions with O6, 2S, and O3 groups of the non-reducing end Gal unit of the BoG 
[2S-3S] disaccharide. Curiously, the Y453 residue showed significant interaction with one sulfate group of 
the non-reducing end Gal unit in each BoSG disaccharide (4S in Figure 5.14B and 6D; and 2S in Figure 5.14C 
and 6E). 

In the BoSG [4S-2S] disaccharide, the 2S in the reducing end Gal unit forms two polar interactions 
with Y449 and Q498 (Figure 5.14D). The altered residue, Y501, and Q493 form polar interactions with O3 
and O6 of the reducing moiety, respectively. Similar to what was found for the BoSG [2S-3S] disaccharide 
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(Figure 5.14C), R403 formed an electrostatic interaction with the 4S group of the [4S-2S] disaccharide 
(Figure 5.14D). An additional polar interaction was observed between R403 and the O3 group of the non-
reducing end unit of this disaccharide. 

Finally, for the BoSG homogeneously 2-sulfated disaccharide (Figure 5.14E), the O1 and 2S groups 
of the reducing end unit formed polar interactions with residues Y449 and Q493, respectively. The O6 
group of the reducing end showed polar interactions with Y501. The non-reducing end of this BoSG 
disaccharide showed two key polar interactions of the 2S and O6 groups with residues Y453 and R403, 
respectively. For the two BoSG disaccharides containing 2-sulfation in the reducing end (Figure 5.14D and 
E), the overall binding orientation of the glycan was similar, with the sub-pocket containing residue Y449 
being occupied by the reducing end of the sugar. Overall, from the docking poses of the RBD–BoSG 
disaccharides, it could be seen that residues Y501, Y449, Q498, R403, Q493 and Y453 play key roles in 
binding with the S-protein RBD N501Y mutant. 

5.3.3 Discussion and Conclusion 
Structural and functional investigations on the sulfated galactan from the red alga B. 

occidentalis (BoSG) are usually complex in nature. This polysaccharide, although highly potent in 
anticoagulation24,26,27,131,146,147 and antithrombosis27,129,148 can also show potential effects towards other 
systems,126,127,147 including virus-associated pathologies.126 In addition, the structure of BoSG is somewhat 
heterogeneous, not with regard to its highly homogeneous backbone (composed of repeating 
disaccharides with alternating 4-linked α-Gal and 3-linked β-Gal units), but in terms of sulfation patterns. 
Sulfation can occur at different sites of this molecule (C2 and C4 positions of the β-Gal unit and C2 and C3 
positions of the α-Gal unit), and at different degrees (Figure 5.9A). This makes structural investigations 
and consequent structure-activity relationships of BoSG laborious and complex. 

Here we decided to follow the strategy of depolymerizing BoSG for production of oligosaccharides 
to diminish the above-mentioned complexities regarding the structural and functional features of BoSG. 
Specific enzymes capable to cleave this marine polysaccharide (galactanases) are not widely known. Since 
chemical hydrolysis based on acidic digestive methods are well-established and commonly used for other 
marine sulfated glycans, such as sulfated fucans,44,83,138,139,141 and also previously reported for BoSG,131 we 
opted to use mild acid for depolymerization of BoSG. The optimal conditions established were 0.1 M HCl 
at 60oC for 7 h. 

BoSG was properly depolymerized, giving rise to polydisperse oligosaccharide-based content with 
different MWs (SGhd, Figure 5.9C). The MW of this digested material ranged roughly from 80 kDa to 2 
KDa and size fractionation (Figure 5.9B) led to a broad profile with no clearly defined peaks, indicating a 
lack of size- or structurally-defined oligosaccharide digestion products. This observation indicates 
nonspecific cleavage of glycosidic bonds of BoSG during the mild acid hydrolysis. In addition, desulfation 
specially at the C4 position of the β-Gal units was observed during the chemical depolymerization, as 
concluded from our analyses using 1D 1H, 2D 1H-1H COSY, 1H-13C NMR and LC-MS (Figure 5.10). Desulfation 
of BoSG during formation of low MW fragments by mild acid hydrolysis was not unexpected since selective 
desulfation (at the C2 position) has been reported during mild acid hydrolysis of other marine sulfated 
glycans.44,138 

From the undefined SEC profile (Figure 5.9B), four random fractions of BoSG oligosaccharides 
were pooled: Fr1 (MW ∼ 80-15 kDa), Fr2 (MW ∼ 40-10 kDa), Fr3 (MW∼15-8 kDa) and Fr4 (MW ∼10-2 
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kDa), as roughly estimated based on PAGE (Figure 5.9C). From the 1D 1H NMR spectra the three lowest 
MW fragments (Fr2-Fr4) showed very similar spectra, in which the α-anomeric 1H region has a dominant 
peak of δH at 5.27 ppm (purple, yellow, and cyan lines in Figure 5.10A). This signal was further 
characterized through the use of the 1H-13C HSQC and 1H-1H COSY spectrum of Fr4, indicating a 
monosulfated α-Gal unit. The 1H chemical shift of the 1H1 of all the 3-O-sulfated α-Gal units is very close 
in the spectrum (Table 5.3). The clear absence of the 1H4-13C4 signal of the 4-O-sulfated β-Gal unit was 
noted in the 1H-13C HSQC spectrum, indicating a lack of sulfation at the C4 of this 3-linked unit. Results 
from LC-MS (Figure 5.10C) indicated three major conclusions: (i) dp8 (octasaccharide) is the major 
oligosaccharide component of Fr4; (ii) the formation of oligosaccharides with odd and even dp numbers 
indicates random cleavage of the glycosidic linkages of BoSG; and (iii) the major components of Fr4 are 
monosulfated/monosaccharides. From the set of structural results we were able to demonstrate the 
structural heterogeneity of the BoSG fragments. For instance, Fr4 is composed of more than 20 different 
oligosaccharides (from dp7 to dp11, also with different sulfation contents per dp) (Figure 5.10C). Further 
purification based on size and charge might be needed in future work concerning the actual development 
of a structurally defined BoSG-derived oligosaccharide as an anti-SARS-CoV-2 drug. 

Previous reports have shown that BoSG is active in the coagulation cascade by enhancing the 
inhibitory activities of AT over factors IIa and Xa, and HCII over factor IIa.30,130,131 Here we investigated 
these anticoagulant systems using the BoSG low MW derivatives (Figure 5.11 and Table 5.4). We observed 
a clear dependence on the MW of BoSG in anticoagulation. In our studies only the native BoSG was 
capable of significant inhibition of coagulation activities in assays based on purified proteins (Figure 5.11C-
D). The BoSG derivatives showed moderate activity in the aPTT system (Figure 5.11A). Since these 
fragments were observed to be very inactive on the serpin-dependent mechanism (Figure 5.11B-D), the 
residual activity observed through aPTT is very likely due to the residual serpin-independent anticoagulant 
action of BoSG, as reported previously.26,27,128 

Although the residual anticoagulant action of low MW BoSG fragments is very weak, prophylactic 
monitoring of anticoagulant side effects should be carried out in case these fragments move on to clinical 
trials and use in human patients. The weak residual anticoagulant action of sulfated glycans used as 
antiviral therapeutics can be neutralized, if necessary, by administration of protamine sulfate, as 
performed for UFH, but this is much less likely to be necessary since the administered doses will be very 
low in the case of BoSG oligosaccharides. It is known that LMWH does not change aPTT very much and 
does not present bleeding risk as a side effect. As opposed to UFH, which requires constant monitoring, 
LMWH-based treatment does not require monitoring. We hypothesize that the BoSG fragments may 
behave like LMWH given their low aPTT values. However, future in vivo studies must be made to confirm 
such a hypothesis. 

A previous report explained the reasons for the necessity of longer chains of BoSG to achieve the 
serpin-dependent anticoagulant action.131 Results have indicated that the template mechanism is more 
dominant than the allosteric mechanism in serpin-dependent thrombin inactivation and that longer BoSG 
chains are likely capable to hold multiple serpins (AT or HCII) and proteases (IIa or Xa) together. Decrease 
in the length of this polysaccharide has the indicated impact on its activity over the coagulation factors, 
with consequential reduction of the serpin-dependent anticoagulant action.131 Here, we demonstrate 
again that reduction in MW of BoSG decreases its anticoagulant effect, at least through the serpin-
dependent mechanism. 
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In contrast, reduction of the MW of BoSG did not significantly impact anti-SARS-CoV-2 activity 
(Figure 5.12 and Table 5.5). For instance, although ∼three-fold less active than native BoSG, Fr4, which is 
mostly composed of octasaccharides and generally monosulfated per monosaccharide, was very active in 
inhibiting entry of SARS-CoV-2 S-protein-pseudotyped lentivirus, while SGhd and Fr1-Fr3 were only 1.5 
and 3-fold, respectively, less active than native BoSG. This data suggests that a medium-sized BoSG 
oligosaccharide would be sufficient for inhibition of S-protein RBD interaction with HS or hACE2. Our SPR-
based binding results have confirmed that reduction of MW of BoSG can significantly impact the 
anticoagulant outcome but not the anti-SARS-CoV-2 effect (Figure 5.5). 

One might question the impact of sulfation versus chain length on the biological systems, since 
besides MW reduction we also observe desulfation during mild acid hydrolysis of BoSG. The contributions 
of these two structural features (sulfation and MW) can be deduced by comparing the results obtained 
from PAGE (Figure 5.9C), the 1D 1H NMR spectra of the BoSG derivatives, and the inhibitory curves (Figure 
5.11C-D and Figure 5.12). As can be seen, desulfation is dominant in Fr2-Fr4 since these derivatives 
showed the most modified 1D 1H NMR spectra as compared to the native BoSG, especially regarding the 
changes on the downfield 1H signals of the 2,3-disulfated α-Gal units (Figure 5.10A). Based on our analysis, 
disulfated α-Gal units are still significantly present in the SGhd (royal blue line in Figure 5.10A) and Fr1 
(green line in Figure 5.10A). Hence, these fragments show chemical changes more with respect to MW 
than to sulfation (Figure 5.9C versus Figure 5.10A). The MW reduction from native BoSG (≥ 100 
kDa, (Figure 5.9C) to the polydisperse MW distribution of SGhd (below 90 kDa) was, however, enough to 
significantly abolish the serpin-dependent anticoagulant property (red and royal blue curves in Figure 
5.11B-C and Table 5.2), but not significantly impact anti-SARS-CoV-2 activity (Figure 5.12B and C and Table 
5.5). This indicates a primary dependence on MW for the anticoagulation capability. 

The anti-SARS-CoV-2 activities of SGhd and Fr1 (more sulfated molecules) as compared to Fr2-F4 
(in which structural changes in these fractions are primarily MW reduction rather than desulfation, 
see Figure 5.10A) were nearly equal (Figure 5.12 and Table 5.5). This suggests little impact of MW or 
desulfation on anti-coronaviral activity. In contrast, the anticoagulant effect of BoSG requires longer 
glycan chains to achieve the template serpin-dependent anticoagulant mechanism seen in the tertiary 
serpin-protease-glycan complex. In addition, longer BoSG chains can enable interaction and inactivation 
of multiple blood proteases by the same glycan chain. As opposed to the anticoagulant effect, SPR data 
(Figure 5.13) indicates that inhibition of heparin binding by S-protein RBD containing the N501Y mutation 
can be accomplished just by medium-sized oligomeric lengths in order to achieve effective molecular 
interactions and consequent viral inhibition (Figure 5.12). 

Docking of the BoSG disaccharides to the N501Y mutant S-protein helped predict the overall poses 
of the BoSG derivatives in the binding site close to the 501Y residue and indicated the various possible 
pairwise mutant–BoSG polar interactions. This will identify all the possibly important S-protein RBD 
residues for potential modification to modulate glycan binding. Negative docking scores of the sulfated 
glycans indicated that the binding to the site close to the 501Y residue was favorable. 

Docking analysis (Figure 5.14) has shown that heparin and the BoSG [4S-3S] disaccharide can 
interact with the S-protein N501Y RBD with similar binding poses between them (Figure 5.14A and B), but 
with different poses as compared with the three other BoSG disaccharides, which showed similar binding 
poses between them (Figure 5.14C-F). For the former two disaccharides, atomic interactions were 
observed between residues K417 and Q409 with the reducing end monosaccharide units (Figure 5.14A 



191 
 

and B). For the latter three BoSG disaccharides, atomic interactions were observed between residues 
Y501, Y449, Q498, R403, Y453, and Y449 and the disaccharides. The studied BoSG disaccharides containing 
2-sulfation at the 4-linked α-Gal unit at the reducing end ([2S-2S] and [4S-2S]) had the best docking scores 
although just slightly better than the other three studied disaccharides. In summary, sulfation and 
monosaccharide composition impact the binding properties of heparin and BoSG to the S-protein RBD 
sites near the 501Y residue. 

In this work, we were able to successfully produce a set of different oligosaccharide fractions from 
the structurally complex sulfated galactan from the red alga B. occidentalis (BoSG). Native BoSG shows 
both significant anticoagulant and anti-SARS-CoV-2 actions. The ideal anticoronaviral sulfated glycans 
would be those lacking activity on coagulation. This would make the polysaccharide more specific towards 
its antiviral action. Through a strategy of depolymerization we were able to virtually abolish the 
anticoagulant action of the BoSG-derived oligosaccharides but still retain the anti-SARS-CoV-2 action. 
Here, we also noticed great selectivity of the BoSG and low MW derivatives towards the SARS-CoV-2 
variants that express the N501Y mutation in their S-protein RBD. In conclusion, the absence of 
anticoagulant effects associated with specific anti-SARS-CoV-2 effects indicates the important and 
selective properties of the red algal sulfated glycan studied here. 

5.4 Selective antiviral inhibition by marine sulfated glycans 
5.4.1 Introduction 

Emerging viruses are an increasingly large issue. In the past 20 years, we have seen the emergence 
of three coronaviruses (SARS-CoV-1 in 2003, MERS-CoV in 2015, and SARS-CoV-2 in 2019) and two 
influenza viruses (H1N1 in 2009 and H7N9 in 2013), not to mention emerging viruses from the 20th 
century.149 With each new virus, we face the challenge of developing new vaccines and therapeutics. 
Broad-spectrum antivirals have the potential to ameliorate this problem; if they were ready for rapid 
deployment, we could then focus on the development of new specifically targeted treatments.  

Previously, viral entry and attachment have been a target for potential broad-spectrum antivirals. 
A large number of viruses utilize glycans, including HS, a highly sulfated glycosaminoglycan, and sialic 
acids, to attach to the cell surface, and then use specific cellular receptors for entry. Peptides, small 
molecules, and glycan mimetics have been used to inhibit viral attachment. As reviewed in Chapter 1, GAG 
mimetics are often plagued with anticoagulant activity, making it difficult to rationalize their use as 
antivirals.  

 Here, we test the antiviral activity of five marine sulfated glycans (MSGs) against SARS-CoV-1, 
SARS-CoV-2, MERS-CoV, and influenza virus, and compare them to heparin, a commonly used HS-mimetic 
composed primarily of disaccharide repeating units of [-4)-N,6-disulfated-glucosamine-(α1-4)-2-sulfated-
iduronic acid-(α1-] (Figure 5.15A). A sulfated galactan isolated from the red alga Botryocladia occidentalis 
(BoSG) is composed of the disaccharide repeating unit [-3)-2,4-disulfated-galactose-(α1-4)-2,3-disulfated-
galactose-(β1-] in which sulfation patterns may vary in percentage but never in position (MW >100 kDa) 
(Figure 5.15B).29 A fucosylated chondroitin sulfate isolated from the sea cucumber Isostichopus 
badionotus (IbFucCS) is composed of the trisaccharide-repeating unit {-4)-[ fucose-(α1-3)]-glucuronic acid-
(β1-3)-N-acetylgalactosamine-(β1-} in which sulfation patterns may vary in percentage but never in 
position (MW ∼75 kDa) (Figure 5.15C).38 A sulfated fucan isolated from the sea urchin Lytechinus 
variegatus (LvSF) is composed of the tetrasaccharide-repeating unit of [-3)-4-sulfated-fucose-(α1-3)-2,4-
disulfated-fucose-(α1-3)-2-sulfated-fucose-(α1-3)-2-sulfated-fucose-(α1] (MW ∼90 kDa) (Figure 5.15D).29 
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A sulfated fucan also isolated from Isostichopus badionotus (IbSF) is composed of the tetrasaccharide-
repeating unit of [-3)-fucose-(α1-3)-2,4-disulfated-fucose-(α1-3)-2-sulfated-fucose-(α1-3)-2-sulfated-
fucose-(α1] (MW ∼100 kDa) (Figure 5.15E).39 A fucosylated chondroitin sulfate (FucCS) from the sea 
cucumber Pentacta pygmaea (PpFucCS) is composed of {→3)-β-GalNAcX-(1→4)-β-GlcA-[(3→1)Y]-(1→}, 
where X = 4S (80%), 6S (10%) or nonsulfated (10%), Y = α-Fuc2,4S (40%), α-Fuc2,4S-(1→4)-α-Fuc (30%), or 
α-Fuc4S (30%), and S = SO3

− (MW ∼10–60 kDa) (Figure 5.15F).145 Overall BoSG and PpFucCS are 
heterogenous in sulfation pattern while LvSF, IbSF, and IbFucCS have chemically defined structures with 
more uniform sulfation and saccharide composition.12,40,41,145 This series of MSGs should allow an 
investigation of the relationships between structure and antiviral activity.  

 

 

Figure 5.15: Structures and size characterization of the marine sulfated glycans and heparin (counterions and carbon-bonded 
hydrogens omitted for clarity). 

5.4.2 Results 
5.4.2.1 Marine sulfated glycans inhibit SARS-CoV-1 and SARS-CoV-2 

The antiviral activity of a compound is quantified by its EC50, the concentration at which 50% of 
virus replication is inhibited. Cytotoxicity of a compound is quantified by its TC50, the concentration at 
which 50% of the cells die. To determine EC50s for MSGs, their impact on viral entry was determined using 
GFP-tagged pseudotyped lentiviruses, while TC50s were simultaneously determined for replicate 
uninfected cultures using the CellTiter-Glo cell viability assay.150,151 Results are shown in Figure 5.16 and 
Table 5.7. 

The selectivity index (SI) is the ratio of TC50 to EC50. A high SI suggests a favorable safety and 
efficacy profile of a compound. The MSGs did not have any cytotoxicity up to 400 µg/mL and as such, have 
large selectivity indices (Table 5.7, and Table 5.8) 
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Figure 5.16: Antiviral activity of MSGs against pseudotyped SARS-CoV-2. Anti-SARS-CoV-2 activity (black) was measured by 
incubating HEK-293T-hACE2 cell monolayers in 384-well plates with MSGs for one h, infecting with GFP-tagged pseudovirus (125 
transducing units/well), and measuring GFP levels (RFU) two days after infection. Cytotoxicity (red) was measured in replicate 
uninfected cultures treated for two days using the CellTiter-Glo® assay. Data are means of three independent experiments ± 
standard deviations. 

Table 5.7: Anti-SARS-CoV-2 activities of MSGs.  

MSG Antivirala (EC50) Cytotoxicityb (TC50) SIc 
Heparin 2.11 ± 1.44 >400 >189.6 

BoSG 2.00 ± 0.79 >400 >200 
LvSF 3.99 ± 0.54 >400 >100.3 
IbSF 3.75 ± 0.87 >400 >106.7 

IbFucCS 1.07 ± 0.85 >400 >373.8 
PpFucCS 1.64 ± 0.78 >400 >243.9 

 aGFP-based assay. bCellTiter-Glo® assay. cselectivity index (TC50/EC50). a,b,dµg/mL; means of three independent experiments ± 
standard deviations. 

Likewise, MSGs were screened for anti-SARS-CoV-1 activity using pseudotyped lentiviruses (Figure 
5.17 and Table 5.8). All MSGs maintained low EC50s, lacked cytotoxicity up to 400 µg/mL, and had favorable 
selectivity indices.  
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Figure 5.17: Antiviral activity of MSGs against pseudotyped SARS-CoV-1. Anti-SARS-CoV-1 activity (black) was measured by 
incubating HEK-293T-hACE2 cell monolayers in 384-well plates with MSGs for one h, infecting with GFP-tagged pseudovirus (125 
transducing units/well), and measuring GFP levels (RFU) two days after infection. Cytotoxicity (red) was measured in replicate 
uninfected cultures treated for two days using the CellTiter-Glo® assay. Data are means of three independent experiments ± 
standard deviations. 

Table 5.8: Anti-SARS-CoV-1 activities of MSGs. 

MSG Antivirala (EC50) Cytotoxicityb (TC50) SIc 
Heparin 1.672 ± 0.21 >400 >239.3 

BoSG 2.504 ± 0.39 >400 >159.7 
LvSF 3.131 ± 0.81 >400 >127.8 
IbSF 3.358 ± 0.94 >400 >119.1 

IbFucCS 3.373 ± 0.99 >400 >118.6 
PpFucCS 3.499 ± 0.77 >400 >114.3 

 aGFP-based assay. bCellTiter-Glo® assay. cselectivity index (TC50/EC50). a,b,dµg/mL; means of three independent experiments ± 
standard deviations. 

5.4.2.2 MSGs inhibit entry of SARS-CoV-2 and SARS-CoV-1 
To assess the mechanism of action of MSGs, we treated cells at various time points before and 

after infection of SARS-CoV-1 or 2 pseudotyped lentiviruses. As seen in Figure 5.18 and Figure 5.19, MSGs 
inhibited GFP expression only if cells were treated prior to infection, similar to heparin. Likewise, a time 
of addition assay with SARS-CoV-1 or -2 revealed that MSGs only inhibit viral GFP expression if cells were 
pretreated, indicative of entry or attachment inhibitors (Figure 5.20). Finally, we treated cells with 
compounds, washed with media, then infected the cells to assess whether MSGs bind a cellular or viral 
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component to inhibit attachment; as MSGs did not significantly inhibit most GFP expression after washing, 
we can conclude that they bind a viral component (Figure 5.21and Figure 5.22).  

 

Figure 5.18: MSGs inhibit GFP expression resulting from transduction of SARS-CoV-2 pseudoviruses. Confluent monolayers of HEK-
293T (top, left column) or HEK-293T-ACE2 (all other columns) cells in 96-well plates were treated with medium (Ø), 150 µg/ml 
heparin, BoSG, LvSF, IbSF, IbFucCS, or PpFucCS, or 300 µg/ml soluble ACE2 one h before (top) or one h after (bottom) infection 
with GFP-tagged SARS-CoV-2 pseudovirus (100 transducing units/well).  
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Figure 5.19: MSGs inhibit GFP expression resulting from transduction of SARS-CoV-1. Confluent monolayers of HEK-293T (top, left 
column) or HEK-293T-ACE2 cells (all other columns) in 96-well plates were treated with medium (Ø), 150 µg/ml heparin, BoSG, 
LvSF, IbSF, IbFucCS, or PpFucCS, or 300 µg/ml soluble ACE2 one h before (top) or one h after (bottom) infection with GFP-tagged 
SARS-CoV-1 pseudovirus (100 transducing units/well).  

 

Figure 5.20: Time of addition study for MSG inhibition of SARS-CoV-2 (Left) or SARS-CoV-1 (Right). Confluent monolayers of HEK-
293T-ACE2 cells were treated with 150 µg/ml heparin, BoSG, LvSF, IbSF, IbFucCS, or PpFucCS 1 h before, concurrent with, or at 
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various times after infection with GFP-tagged pseudoviruses (100 transducing units/well). GFP expression was quantified on day 
two post infection. Data are means of triplicate wells ± standard deviations. 

 

Figure 5.21: MSGs bind a viral component to inhibit SARS-CoV-2. Confluent monolayers of HEK-293T-ACE2 cells in 96-well plates 
were treated with medium (Ø), 150 µg/ml heparin, BoSG, LvSF, IbSF, IbFucCS, or PpFucCS, or 300 µg/ml soluble ACE2 for one h 
then washed thoroughly prior to infection with GFP-tagged SARS-CoV-2 pseudovirus (100 transducing units/well). Representative 
fluorescent micrographs were taken two days post infection.  

 

Figure 5.22: MSGs bind a viral component to inhibit SARS-CoV-1. Confluent monolayers of HEK-293T-ACE2 cells in 96-well plates 
were treated with medium (Ø), 150 µg/ml heparin, BoSG, LvSF, IbSF, IbFucCS, or PpFucCS, or 300 µg/ml soluble ACE2 for one h 
then washed thoroughly prior to infection with GFP-tagged SARS-CoV-1 pseudovirus (100 transducing units/well). Representative 
fluorescent micrographs were taken two days post infection.  

5.4.2.3 MSGs inhibit MERS-CoV 
The anti-MERS-CoV activity of MSGs was assessed with the pseudotyped lentivirus system. Results 

are shown in Figure 5.23 and Table 5.9. MSGs were more potent than heparin but were considerably less 
potent against MERS-CoV in comparison to their activities against SARS-CoV-1 and 2 (Figure 5.16 and 
Figure 5.17). Their selectivity indices remain high as they were not cytotoxic to HeLa-DPP4 cells.  
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Figure 5.23: Antiviral activity of MSGs against pseudotyped MERS-CoV. Anti-MERS-CoV activity (black) was measured by 
incubating HeLa-DPP4 cell monolayers in 384-well plates with PPCs for one h, infecting with GFP-tagged pseudovirus (100 
transducing units/well), and measuring GFP levels (RFU) two days after infection. Cytotoxicity (red) was measured in replicate 
uninfected cultures treated for two days using the CellTiter-Glo® assay. Data are means of three independent experiments ± 
standard deviations.  

Table 5.9: Anti-MERS-CoV activities of MSGs. 

MSG Antivirala (EC50) Cytotoxicityb (TC50) SIc 
Heparin ~400 >400 >1 

BoSG 83.89 ± 14.1 >400 >4.7 
LvSF 35.46 ± 9.4 >400 >11.2 
IbSF 44.64 ± 9.1 >400 >8.9 

IbFucCS 86.72 ± 11.2 >400 >4.6 
PpFucCS 123.01 ± 19.7 >400 >3.3 

 aGFP-based assay. bCellTiter-Glo® assay. cselectivity index (TC50/EC50). a,b,dµg/mL; means of three independent experiments ± 
standard deviations. 

5.4.2.4 MSGs do not inhibit influenza virus 
The impact of MSGs on influenza virus entry was determined using a GFP-tagged lentivirus 

pseudotyped with influenza HA, while TC50s were simultaneously determined for replicate uninfected 
cultures using the CellTiter-Glo cell viability assay.150,151 Results are shown in Figure 5.24; MSGs were not 
active against influenza virus up to 400 µg/mL.  
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Figure 5.24: Antiviral activity of MSGs against influenza HA pseudotyped lentiviruses. Anti-influenza virus activity (black) was 
measured by incubating HEK-293T cell monolayers in 384-well plates with MSGs for one h, infecting with GFP-tagged HA 
pseudoviruses (100 transducing units/well), and measuring GFP levels (RFU) two days after infection. Cytotoxicity (red) was 
measured in replicate uninfected cultures treated for two days using the CellTiter-Glo® assay. Data are means of three independent 
experiments ± standard deviations. 

5.4.3 Discussion and Conclusion 
Emerging viruses such as SARS-CoV-1, MERS-CoV, influenza virus, and SARS-CoV-2 pose a current 

and future threat to public health. Each of these viruses has been shown to be dependent on glycans, 
either HS or sialic acid, for attachment and/or entry. As such, glycan mimetics have been shown to inhibit 
their replication. With high and variable molecular weights and structural variability, anionic GAG 
mimetics are poor candidates for therapeutic applications.  However, the structures of MSGs are more 
regular than their mammalian counterparts; additionally marine and algal polysaccharides are readily 
available in nature, nontoxic, inexpensive, and biocompatible, making them a more reasonable option for 
use as antiviral inhibitors.7  

 The anti-SARS-CoV-2 activity of BoSG, LvSF, IbFucCS, IbSF, and PpFucCS have been previously 
described using pseudotyped baculoviral system.145 Here, the FucCSs (IbFucCS and PpFucCS) were the 
most active, followed by BoSG, heparin, and IbSF, which were approximately equal; LvSF had the lowest 
activity (Table 5.7). This echoes what was previously reported, albeit with different EC50s, which is 
reasonable considering the two different pseudotyping systems. Likewise, the antiviral activities were 
similar to those in SARS-CoV-1 activity (Table 5.8). PpFucCS was the most active and LvSF was the least. 
Considering the similarities between SARS-CoV-1 and 2 spike proteins, this is also reasonable.95,152 
However, the entire series of MSGs was much less active against MERS-CoV but more active than heparin 
(Table 5.9). This may be consistent with MERS-CoV spike’s affinity for HS, which is reduced compared to 
that of SARS-CoV-1 and 2.152 This is also in line with the differing glycan dependence between the three 
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coronaviruses. However it may also indicate that high sulfation is not favored for anti-MERS-CoV activity. 
Finally, none of the MSGs were active against influenza virus up to 440 ug/mL. Given that this is the only 
non-coronavirus tested, it is possible that the structural requirement for the glycan differs too much 
between coronavirus Spike and influenza virus hemagglutinin.153 However, it may also be an incomplete 
broad-spectrum antiviral activity as seen previously. For instance, a highly sulfated exopolysaccharide, p-
KG03, from Gyrodinium impudicum strain KG03 (highly sulfated homopolysaccharide of galactose 
conjugated with uronic acid and sulfate groups) has incomplete broad spectrum antiviral activity against 
encephalomyocarditis virus (EMCV) and  influenza A, but not influenza B.154,155 This was also seen with 
sulfated polysaccharides studied by Baba et al. which were active against HSV, HCMV, VSV, Sindbis virus, 
and HIV, but not against adenovirus, coxsackievirus, poliovirus, and reovirus.72 

 Across the three coronaviruses, MSGs maintained their mechanism of action, as described in 
HCMV and adenovirus.1 MSGs inhibit GFP expression of pseudotyped SARS-CoV-1 and -2 as well as MERS-
CoV only if cells were treated prior to infection. Time of addition revealed that these viruses were only 
inhibited if MSGs were present prior to or at the time of infection. Finally, washing experiments indicated 
that MSGs bind a viral component to inhibit attachment. Presumably, MSGs are binding coronavirus spike 
protein, which is supported by published surface plasmon resonance and molecular modeling.2,145 

 In terms of structure-activity relationships, the molecular weights of MSGs are directly related to 
their activity.44,129,131 In these data, PpFucCS had the best anti-SARS-CoV-2 activity but it has the lowest 
molecular weight. This was also seen by Dwivedi et al., who postulated that PpFucCS may have special 
structure features that compensates for its shorter backbone; the terminal -Fuc-2,4S unit is the major 
feature of PpFucCS and may serve in this role.145 The sulfation level and monosaccharide type pattern has 
been suggested to determine viral-glycan binding.50 Interestingly, PpFucCS and IbFucCS had similar 
antiviral activity despite their structural differences. Of note, BoSG was only slightly less active than the 
FucCSs despite its larger sulfation content and different monosaccharide type. Both sulfated fucans (IbSF 
and LvSF) were less active than the other MSGs, but had similar antiviral activities to each other. Although 
both are homopolymers of -Fuc units, they have different sulfation papers in their repeating 
tetrasaccharide; LvSF is 4-sulfated, where IbSF is unsulfated in the -Fuc units, giving LvSF a slightly higher 
negative charge.39,83  

 While heparin and its derivatives have excellent antiviral activities against a number of viruses, 
heparin has potent anticoagulant activity and is associated with hemorrhage and heparin-induced 
thrombocytopenia.50,104 MSGs have variable anticoagulant activity in comparison. FucCSs are well known 
anticoagulants, targeting serpins HCII and AT as well as tenase complex; PpFucCS has moderate 
anticoagulant activity, less than both heparin and IbFucCS.145,156,157 BoSG has strong anticoagulant activity, 
however its anti-SARS-COV-2 activity has been separated from anticoagulant activity through 
fractionation (Section 5.4).2 Both sulfated fucans have negligible anticoagulant activity.13,39  

In this study, we demonstrated the incomplete broad-spectrum antiviral activity of MSGs. While 
this series of MSGs have similar antiviral activity against both SARS-CoV-1 and -2, they have significantly 
decreased activity against MERS-CoV; this may indicate the drastic difference between the spike proteins 
of these coronaviruses and merits further study. None of the MSGs were active against influenza virus, 
perhaps illustrating influenza’s dependence on sialic acids. That being said, these MSGs still balance 
antiviral activity with anticoagulant activity. In this series, the sulfated fucans had the lowest anticoagulant 
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activity but maintained good antiviral activity, making them candidates for further study for the 
development of broad-spectrum antivirals.  
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5.5 Materials and Methods 
5.5.1 Cell and viral culture 

Human MRC-5 fetal lung fibroblasts (ATCC CCL-171), human APRE-19 epithelial cells (derived from 
retinal pigment epithelium) (ATCC CRL-2302), and human adenocarcinoma epithelial cells (HeLa cells) 
(ATTC CCL-2) were purchased from American Type Culture Collection. Human Embryonic Kidney Cells 
(HEK-293T) and HEK-293T expressing human angiotensin-converting enzyme 2 (HEK-293T-hACE2; NR-
52511) cells were purchased from BEI Resources. HeLa cells expressing dipeptidyl peptidase 4 (HeLa-
DPP4) were a gift from David Namazee (Scripps). APRE-19, HeLa, HeLa-DPP4, HEK-293T, and HEK-293T-
hACE2 cells were cultured at 37°C in a 5% CO2 atmosphere using Dulbecco’s Modified Eagle Medium 
supplemented with 10% fetal bovine serum, 50 U/mL penicillin, 50 mg/mL streptomycin, and 29.2 mg/mL 
L-glutamine (DMEM, all from Life Technologies).  

Virus BADrUL131-Y4 (BADr), a gift from Dai Wang and Thomas Shenk (Princeton University), is a 
variant of HCMV strain AD169 that is epithelial tropic due to repair of a mutation in UL131A and contains 
a green-fluorescent protein (GFP) reporter cassette.158 Virus RC2626 is a variant of HCMV strain Towne 
that contains an expression cassette for firefly luciferase.159 RC2626 and BADr were propagated in MRC-5 
and ARPE-19 cells, respectively. Virus stocks were derived from infected cell culture supernatants, 
adjusted to 0.2 M sucrose, and stored in liquid nitrogen. Viral titers were determined using MRC-5s as 
described.160 Stocks of GFP-tagged adenovirus, provided by Dr. Daniel Conway at Virginia Commonwealth 
University, were produced using the pAdeasy adenovirus-packaging system as described.161,162 

5.5.2 Compounds and compound synthesis  
BAY 38-4766 was a gift from Bayer Pharmaceuticals, foscarnet (phosphonoformic acid, PFA) was 

purchased from InvivoGen, and heparin sodium was purchased from Acros Organics (Lot # B0146868). 
BAY 38-4766, PFA, and MonoplatinNC were dissolved in water at a stock concentration of 10 mM. Heparin 
was dissolved in water at a stock concentration of 1000 µg/mL. 

Purification of BoSG, LvSF, and PpFucCS were conducted as previously described 24,145,163. Sea 
cucumber Isostichopus badionotus was obtained from Gulf Specimen Lab (Gulf of Mexico, Florida keys). 
Polysaccharides IbSF and IbFucCS were isolated from Isostichopus badionotus following a slightly modified 
protocol reported earlier 38,39. BoSG, LvSF, IbSF, PpFucCS, and IbFucCS were dissolved in water at a stock 
concentration of 3 mg/mL.  

5.5.3 Luciferase-based yield assay of antiviral activity 
Eleven three-fold serial dilutions of MSGs were prepared in DMEM. Final concentrations ranged 

from 400 µg/mL to 6.7 ng/mL. Black-wall/clear-bottom 96-well plates with confluent monolayers of MRC-
5 cells were treated with different concentrations of each test compound in triplicate. After one h of 
incubation cells were infected with RC2626 (125 PFU/well). Infected and uninfected wells without 
compound served as controls. Following incubation for five days 100 µL of culture media was removed 
from each well and transferred to wells of a fresh 96-well plate containing confluent uninfected MRC-5 
cells. Following an additional two-day incubation luciferase activity was measured by removing 100 µL of 
media and adding 100 µL of Steady-Glo® luciferase substrate (Promega), incubating ten minutes at room 
temperature, and measuring relative luminosity units (RLU) using a BioTek Synergy HT Multi-Mode 
Microplate reader. Prism 5 software (Graphpad) was used to determine 50% effective concentration (EC50) 
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values as the inflection points of best-fit four-parameter curves for RLU (means of triplicate data) versus 
log inhibitor concentration. Graphical representations were normalized to % maximum RLU.  

5.5.4 GFP-based assay of antiviral activity 
For HCMV: Confluent monolayers of MRC-5 cells in 96-well plates were prepared and treated with 

compound dilutions as described in 5.6.3 above. After one h of incubation cells were infected with virus 
BADr (100 PFU/well). Following incubation for six days, relative fluorescence units (RFU) of GFP 
fluorescence were quantified by BioTek Synergy HT Multi-Mode Microplate reader and EC50 values were 
determined as described in 5.5.3. Graphical representations were normalized to % maximum RFU.   

For Adenovirus: Confluent monolayers of ARPE-19 cells in 96-well plates were prepared and 
treated with compound dilutions as described in 5.6.3 above. After one h of incubation cells were infected 
with GFP-tagged adenovirus (100 PFU/well). Following incubation for five days, relative fluorescence units 
(RFU) of GFP fluorescence were quantified by BioTek Synergy HT Multi-Mode Microplate reader and EC50 
values were determined as described in 5.6.3. Graphical representations were normalized to % maximum 
RFU.   

For pseudotyped virus: Confluent monolayers of HEK-293T-ACE2, HeLa-DPP4, or HEK-293T cells 
in 384-well plates were prepared and treated with compound dilutions as described in 5.5.3 above. After 
one h of incubation cells were infected with GFP-tagged pseudovirus (100 transducing units/well). 
Following incubation for two days, relative fluorescence units (RFU) of GFP fluorescence were quantified 
by BioTek Synergy HT Multi-Mode Microplate reader and EC50 values were determined as described in 
5.5.3. Graphical representations were normalized to % maximum RFU.   

5.5.5 Cytotoxicity  
Replicate MRC-5, ARPE-19, HEK-293T-ACE2, HeLa-DPP4, or HEK-293T cell cultures were prepared 

simultaneously with those described in 5.5.3 and 5.5.4 but were not infected. After incubation for five 
days cell viability was determined by removing 100 µL of culture media from each well, adding 100 µL of 
CellTiter-Glo® reagent (Promega), incubation for ten minutes at room temperature, and measuring RLU 
using a BioTek Synergy HT Multi-Mode Microplate reader. 50% cytotoxicity concentrations (TC50) were 
calculated as inflection points of four-parameter curves as described in 5.5.3. Graphical representations 
were normalized to % maximum RLU.  

5.5.6 Inhibition of GFP fluorescence 
For HCMV: Inhibition of GFP expression was evaluated by treating confluent monolayers of MRC-

5 cells in black-wall/clear-bottom 96-well plates with compounds for one h before addition of 100 
PFU/well virus BADr. Six days after infection representative micrographs were taken with a Nikon Eclipse 
TS100 Inverted UV microscope.  

For adenovirus: Inhibition of GFP expression was evaluated by treating confluent monolayers of 
ARPE-19 cells in black-wall/clear-bottom 96-well plates with compounds for one h before addition of 100 
PFU/well adenovirus. Five days after infection representative micrographs were taken with a Nikon Eclipse 
TS100 Inverted UV microscope.  

For pseudovirus: Inhibition of GFP expression was evaluated by treating confluent monolayers of 
HEK-293T-ACE2, HeLa-DPP4, or HEK-293T cells in black-wall/clear-bottom 96-well plates with compounds 



204 
 

for one h before addition of 100 transducing units/well pseudoviruses. Two days after infection 
representative micrographs were taken with a Nikon Eclipse TS100 Inverted UV microscope.  

5.5.7 Detection of viral proteins by immunofluorescence (IFA) 
Confluent monolayers of MRC-5 cells in 16-well Nunc™ Lab-Tek™ glass chamber slides 

(ThermoFisher) were treated with compounds and one h later infected with RC2626 (125 PFU/well). Cells 
were fixed and stained for detection of HCMV immediate early (IE) proteins 48 h post infection (hpi) or 
for pp28 late protein 120 hpi. Culture medium was removed and monolayers were fixed with 1% 
formaldehyde in PBS for 30 minutes, washed three times with PBS, permeabilized by incubation on ice for 
20 minutes with 0.5% Triton-X100 in PBS, washed three times with PBS, then incubated 30 minutes at 
room temperature in blocking buffer (20% fetal bovine serum in PBS). Fixed cells were then incubated one 
h at room temperature with primary antibodies to HCMV IE1 and IE2 proteins (MAB810, Millipore Sigma) 
or to pp28 (CH19, Virusys) diluted 1:600 in blocking buffer. After washing three-four times with blocking 
buffer, cells were incubated in the dark for one h at room temperature with secondary goat anti-mouse 
IgG conjugated to Alexa Fluor 488 (Life Technologies) diluted 1:200 in blocking buffer, then washed three-
four times with PBS and imaged with a Nikon Eclipse TS100 Inverted UV microscope. A similar protocol 
was used to detect the HCMV tegument protein pp65 except that MRC-5 cells in chamber slides were 
treated with compounds for one h, infected at 4ᵒC with BADr (200 PFU/well) for one h, then shifted to 
37ᵒC and fixed at six hpi. Detection used anti-pp65 primary antibody (CA003-100, Virusys) with secondary 
goat anti-mouse IgG conjugated to Alexa Fluor 594 (Life Technologies) and imaged with a Zeiss Axio Imager 
2 and 89-North PhotoFluor LM-75. 

5.5.8 Time of addition and treatment/removal studies  
Confluent monolayers of MRC-5 cells in black-wall/clear-bottom 96-well plates were infected with 

BADr (100 PFU/well). A single inhibitory concentration of each compound (150 µg/ml heparin or MSGs) 
was added to triplicate wells one h before, at the time of, and 3, 6, 12, 24, 48, 72, 96, or 120 hpi. Infected 
or uninfected wells not treated with compounds served as controls. Following incubation for six days, GFP 
fluorescence was quantified using a BioTek Synergy HT Multi-Mode Microplate reader. Percent maximum 
RFUs were plotted versus time of compound addition (relative to infection) using Prism 5 software. This 
procedure was adapted for adenovirus and pseudoviruses by changing the cell type and/or time of 
addition.  

To determine if MSGs act by interacting with cells or with virions, MRC-5 cells were treated with 
150 µg/mL heparin or MSGs for 1 h, washed three times with media, then infected with 100PFU/well 
BADr. Six days after infection representative micrographs were taken with a Nikon Eclipse TS100 Inverted 
UV microscope. This procedure was adapted for adenovirus and pseudoviruses by changing the cell type. 

5.5.9 Production of pseudotyped lentiviruses 
SARS-CoV-2 pseudotyped lentiviruses were prepared as outlined in Crawford et al.151 SARS-CoV-1, MERS-
CoV, and influenza virus were prepared by adapting the procedure. 

 pHAGE-CMV-Luc2-IRES-ZsGreen-W (BEI catalog number NR-52516): Lentiviral backbone plasmid 
that uses a CMV promoter to express luciferase followed by an IRES and ZsGreen. 

 HDM-Hgpm2 (BEI catalog number NR-52517): lentiviral helper plasmid expressing HIV Gag-Pol 
under a CMV promoter. 

 HDM-tat1b (NR-52518): Lentiviral helper plasmid expressing HIV Tat under a CMV promoter.  
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 pRC-CMV-Rev1b (NR-52519): Lentiviral helper plasmid expressing HIV Rev under a CMV 
promoter. 

All plasmid DNA preparations were purified by double CeCl banding and kindly provided by Dr. Anton 
Chestukhin. HEK-293T cells were seeded into 6-well plates overnight to produce 50%–70% confluency at 
the time of transfection. Cells were transfected using BioT (Bioland Sci entific LLC) following the 
manufacturer’s instructions. Each well received the following plasmid mix: 1 µg of pHAGE-CMV-Luc2-IRES-
ZsGreen-W (NR-52516), 0.22 µg each of plasmids HDM-Hgpm2 (NR-52517), HDM-tat1b (NR-52518), and 
pRC-CMV-Rev1b (NR-52519), and 0.34 µg of viral glycoprotein encoding plasmid (either SARS-CoV-2 Spike 
(pGBW-m4137383; Addgene_149541),  SARS-CoV-1 spike (pcDNA3.3_CoV1_D28; Addgene #170447),164 
influenza HA (pNAHA; Addgene #44169),165 or MERS-CoV spike (pCDNA3.3_MERS_D12; Addgene 
#170448)164). Media was changed 18 to 24 h post-transfection. Pseudoviruses were harvested by filtering 
the supernatant with a 0.45 µm SFCA low protein-binding filter 60 h post transfection and stocks were 
stored either 4ᵒC for immediate use or frozen long-term at -80ᵒC. Titers of pseudotyped lentiviruses were 
determined after a single freeze-thaw. Serially diluted stock was applied to HEK-293T-ACE2, HEK-293T, or 
HeLa-DPP4 cells and two days post infection, cells were also visually assessed to quantitate the titer of 
the stock (the lowest dilution with GFP positive cells).  
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Chapter 6: Conclusion  
Through the years, our understanding of PPCs has evolved from a DNA-targeting potential cancer 

chemotherapy to a DNA- and HS-targeting multifunctional therapeutic. In this work, we expanded PPCs’ 
application to infectious disease, namely viral infections. Collectively, we identified cationic platinum, 
cobalt, and ruthenium coordinated compounds with antiviral activity against a number of viruses, 
however not all compounds acted with the same mechanism of action or spectra of activity. This disparity 
underlines an intriguing balance between DNA and HS affinity and binding.  

These relationships are most prominently illustrated by DiplatinNC, RuRed, and WC; each 
compound has a +6 charge and a number of ammines for hydrogen bonding, but they differ in their 
geometry (square planar or octahedral, linear or nonlinear). Each compound varies in its DNA and HS 
affinity and each compound has a different antiviral activity: DiplatinNC inhibits HS-dependent viral 
attachment across a number of viruses and there is evidence that DiplatinNC binds HCMV virion itself to 
inhibit infection; RuRed inhibits sialic acid-dependent viruses; and WC inhibits HCMV through a late-acting 
mechanism, but may inhibit other viruses such as SARS-CoV-2 via HS metalloshielding. These differences 
clearly demonstrate that the antiviral activity and mechanism of an inorganic compound is not determined 
by charge alone.  

The distinct mechanisms of action highlight a balance between extracellular (HS or SA) and 
intracellular (DNA) binding affinities and effects, recalling the analogies drawn between the phosphate 
clamp and arginine fork in DNA and the sulfate clamp in HS.1–3 Although HS plays a number of roles on the 
cell surface, it is also implicated in the cellular accumulation of cationic molecules and their transport 
within the cell or nucleus; this is well demonstrated by the transport of cationic antibodies and 
polyarginine-based cell penetrating peptides.4 In the case of PPCs and CCCs generally, it is essential to 
decipher the contentions between HSPG-mediated cellular accumulation, high-affinity HS binding, and 
DNA binding, as well as virion binding in HCMV and EV71 in order to establish a method to design inorganic 
broad-spectrum antivirals with specific mechanisms of action, whether they be DNA or HS/SA centered.  

In the future, there are three major issues to decipher: WC mechanism of action in HCMV, sialic 
acid affinity of PPCs, and an animal model for antiviral activity of PPCs and WC. The comparison of 
DiplatinNC and RuRed reveals that CCCs have preferences for specific glycans, overruling the previous 
thought that the glycan-metal interaction was generic and charge dependent. While RuRed has a 
demonstrated affinity for sialic acids, PPCs have yet to be assessed for sialic acid affinity. Structure-activity 
relationships between compound structure, SA affinity, and HS affinity will further expand bioinorganic 
chemistry and display the potential medicinal use of inorganic compounds. 

PPCs’ largest barrier to development is the perceived toxicity issues associated with platinum 
compounds. Cisplatin, a covalently binding platinum cancer chemotherapy, has a large number of off-
target toxicities, limiting its dosage and patient compliance. The series of PPCs studied here are 
substitution-inert and therefore should not see the same level of toxicity; however, this has not been 
formally assessed in a viral animal model. Unfortunately, CMVs are species specific so HCMV cannot be 
tested in an animal model. PPCs were too cytotoxic in guinea pig cells, eliminating GPCMV as an option. 
RhCMV crosses the placenta to infect the fetus, similar to HCMV, however the expense of rhesus 
macaques is limiting. MCMV does not cross the placenta but the brain development of newborn mice 
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parallels human fetal brain development; thus, MCMV is a reasonable option for an animal model.5,6 
Additionally, testing WC in MCMV may aide in determining its mechanism of action.  

While this work demonstrated that WC has a late-acting mechanism, allows HCMV gene 
expression, and displays a unique viral packaging phenotype, we have yet to determine the mechanism 
of action. Possibilities include, but are not limited to, an inhibition of topoisomerase I or II, or condensation 
of viral DNA within the capsid. Testing in MCMV will reveal if WC’s mechanism of action is HCMV specific 
or general to all CMVs; a lack of MCMV activity would rule out generic mechanism such as DNA 
condensation, however it would complicate finding an animal model. It is also important to investigate 
the metabolites of WC in biological media; although formally inert, it remains to be seen if WC remains 
intact or if it has the potential to covalently bind to biological targets. Additionally, we cannot forget that 
WC is a chiral compound and therefore should be examined as its separated enantiomers; both the 
antiviral activity and mechanism of action of each enantiomer should be compared to that of racemic 
mixture, used in this work.  

Overall, our study demonstrates the utility of the metalloglycomics concept – the study of the 
interaction of metal ions and coordination compounds with biologically relevant oligosaccharides and, in 
particular, GAGs and proteoglycans – in design of new antiviral chemotypes.7 The inhibition of viral 
attachment is an attractive target, particularly in light of emerging viruses like SARS-CoV-2; yet, targeting 
HS or the binding viral glycoprotein is underexploited. This work combines glycan targeting and medicinal 
inorganic chemistry into a new innovative field of high clinical relevance, expanding both areas of research 
into hitherto unexplored territory.  
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