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Abstract 
Viruses are obligate intracellular parasites, unable to replicate without exploiting 
machinery and materials from host cells. Pandemics of viral diseases have had large 
impacts on human socieities and are continued threats to global health. The most efficient 
means of controlling viral diseases are preventive measures such as immunization of the 
population, social distancing, and basic hygiene routines. Another mean is development 
of antiviral drugs that could be used as preventive measures and in treatment of infected 
individuals. Coxsackievirus A24 variant (CVA24v) is a highly contagious pathogen that 
cause large outbreaks and pandemics of the eye infection acute hemorrhagic 
conjunctivitis. Human adenovirus D species type 37 (HAdV-D37) causes epidemics of the 
severe eye infection epidemic keratoconjunctivitis, that can become life-threatening in 
immunocompromised individuals. Currently, no specific treatments (vaccine or antivirals) 
are available to combat the diseases caused by these two pathogens.  
 
CVA24v and HAdV-D37 bind to N-acetylneuraminic acid (Neu5Ac) glycans on host cells 
facilitating attachment and subsequent infection. In this thesis, we explored inhibition of 
this common recognition motif by development of pentavalent Neu5Ac containing 
molecules with radial topology to act as decoy receptors. This allowed us to study the 
potential of development of a general inhibitor targeting both these viruses. The developed 
compounds inhibited attachment of CVA24v and HAdV-D37 to cells. Furthermore, we 
developed divalent Neu5Ac tools to validate if targeting the Neu5Ac-mediated attachment 
of CVA24v to cells were a potential target for antiviral drug discovery and development. 
The results from these studies indicate that development of a Neu5Ac-based antiviral 
targeting CVA24v looks bleak as the primary receptor utilized by this virus is ICAM-1.  
The work with developing Neu5Ac tools led to a side project with synthesis of 4-O-alkyl 
Neu5Ac analogs. In this project we provided a method to synthesize 4-O-alkyl analogs of 
Neu5Ac and gave insights into the scope of the reaction. This work could have have value 
in drug discovery.  
 
Targeting enterovirus uncoating is a well explored strategy for the inhibition of enterovirus 
infection. In this thesis, we synthezied novel branched probes of pleconaril (a well-known 
pocket binding molecule) to study if targeting the unique branched pocket of CVA24v could 
have potential as a target for antiviral drug discovery. Further experiments are needed to 
draw conclusions in regards to the future prospects of targeting this unique feature. 
 
At last, two novel classes of trivalent Neu5Ac conjugates were develop using a structure-
based approach targeting HAdV-D37, -D36, and -D26. This led to a more potent 
compound towards HAdV-D37 further validating that targeting the attachment of this virus 
to cells is a reasonable strategy for antiviral drug development. Towards HAdV-D26 the 
inhibitory effect was saturated at 50%, likely due to engagement of other receptors. 
Evaluation towards HAdV-D36 is currently ongoing. Structural biology studies, indicates 
the compounds bind to the viruses via chelation of their trimeric binding sites. Taken 
together, these compounds have potential to be used as chemical tools to study the 
biology of human adenoviruses and perhaps other Neu5Ac binding proteins. 
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Populärvetenskaplig sammanfattning 
Virus är uråldriga enheter som tros ha bidragit till att forma livet på vår planet. I sin mest 
fundamentala form består virus av genetisk information, skyddat av ett skal av protein. 
Virus är intracellulära parasiter och kan därmed inte föröka sig (replikera) på egen hand, 
de måste infektera en värdcell och utnyttja dess maskiner för att replikera. Trots detta har 
virus invaderat alla tänkbara miljöer på vår planet och evolverat till att kunna infektera, i 
princip, alla levande organismer. 
 
Historiskt har infektioner av virus haft stor inverkan på våra samhällen genom pandemier 
av smittkoppor, spanska sjukan, hepatit B och C, humant immunbristvirus (HIV) och 
förvärvad immunbristsyndrom (AIDS), samt den pågående pandemin av covid-19. 
Tillsamman har dessa pandemier orsakat lidande och död av hundratals miljoner 
människor. 
 
För att få tillgång till en värdcell känner virus igen specifika strukturer (receptorer) på 
värdcellens yta och hakar fast vid dessa. Denna vidhäftning gör att cellen luras till att 
släppa in virus, som på insidan av cellen klär av sig sin skyddande rock och exploaterar 
cellens maskineri för att producera en mängd viruspartiklar på bekostnad av cellens egna 
funktioner vilket ofta resulterar i att cellen dör. De nyproducerade viruspartiklarna kan 
sedan infektera nya celler i organismen eller sprida sig till nya värdar via kroppsvätskor. 
 
De mest effektiva åtgärderna för att kontrollera spridning av virus och förhindra 
uppkomsten av sjukdom är vaccinering, basala hygienåtgärder, och social distansering. 
En annan, i stort sett outnyttjad, åtgärd är att utveckla antivirala substanser. Dessa har 
visat sig vara väldigt effektiva mot exempelvis HIV och skulle kunna uppfylla viktiga 
funktioner vid bekämpning av pandemier tills dess att utveckling av vaccin skett och att 
populationen vaccinerats.  
 
I denna avhandling har vi framställt nya antivirala substanser och använt dessa som 
verktyg för att stoppa vidhäftning till värdceller av coxsackievirus A24 variant som orsakar 
akut hemorragisk konjunktivit och humant adenovirus serotyp D37 som orsakar epidemisk 
keratokonjunktivit. Dessa är allvarliga, men ej livshotande, ögonsjukdomar. Den ena 
klassen av substanser är inspirerade av naturen och lurar viruset att binda till 
substanserna istället för receptorer på värdcellens yta. Den andra klassen av substanser 
stabiliserar viruspartikeln och gör det svårare för viruset att klä av sig sin rock på väg in i 
värdcellen vilket förhindrar infektionen. Vi använde dessa substanser som kemiska 
verktyg för att studera och utvärdera substansernas effektivitet mot deras målstrukturer, 
samt potentialen att utveckla antivirala läkemedel mot dessa målstrukturer.  
 
Avhandlingen presenterar även syntes av en modifierad N-acetylneuraminsyra som kan 
ha implikationer för utveckling av nya läkemedel. Sammantaget kan substanserna i denna 
avhandling utvecklas vidare eller användas som forskningsverktyg för att studera andra 
virus eller andra typer av proteiner som binder till samma receptorer som molekylerna 
härmar. 
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1. Introduction  
Viruses are ancient entities that have shaped the evolution of life on our planet.1-3 They 
are ubiquitious in nature and have enourmous genetic diversity.2, 3 Viruses are obligate 
intracellular parasites, unable to replicate without exploiting materials and machinery of 
host cells. Yet, they are known to infect cells from virtually every living organism including 
members of each of the three domains of life: archea, bacteria, and eukarya.2, 3 In the most 
basic form, a virus is composed of genetic material, such as DNA or RNA (never both), 
encapsulated by a protein shell. The protein shell can be enveloped with lipids, such as 
influenza virus, or non-enveloped such as poliovirus and those viruses that are described 
in this thesis. Viral infections have had major impacts on our societies throughout the 
history of human civilizations.4 Pandemics of smallpox5, poliomyelitis6, yellow fever7, 
influenza (most notably the spanish flu)8, human immunodeficiency virus causing aquired 
immunodeficiency syndrome (HIV/AIDS)9, ebola virus disease10, hepatitis B and C,11 the 
current coronavirus disease 2019 (covid-19), and many others are collectively responsible 
for the death and suffering of hundreds of millions of human beings. In addition, pandemics 
of viral infections can cripple societies causing serious and, potentially, long-lasting socio-
economic consequences4 as evident with the covid-19 pandemic. Furthermore, in 2019 
the World Health Organization (WHO) listed four of the ten threats to global health as being 
of viral origin.12 Paradoxically, these devastating historic events have also paved the way 
for genious innovations and major advancements in science and medicine such as the 
application of cowpox virus for vaccination against smallpox that was performed by 
Edward Jenner in 1796 and the more recent advent of highly active antiretroviral therapy 
(HAART) targeting HIV. Indeed, vaccination is widely regarded as one of the greatest 
achievements in the history of medicine13 and led to the eradication of smallpox some 200 
years after Jenners experiments14, while HAART has resulted in transforming a lethal 
disease into a more manageable condition15. Most often, the negative impacts of viral 
infections on human health are at the centre of attention. However, ~8% of our genome is 
composed of sequences of viral origin, so called human endogenous retroviruses. These 
sequences are thought to have contributed in shaping and improving the innate and 
adaptive immune systems of humans by playing a role in the development of the interferon 
response and asserting selective pressure in maintaining diversity of the major 
histocompatibility complex, respectively.16-19  
 
Today, an in-depth fundamental understanding of the basic principles of virology have 
been developed. Virology is defined as the study of the biology of viruses and the diseases 
that they cause. However, the concept of a virus (latin for slimy liquid or poison) was not 
put forth until 1898 after Martinus Beijerinck and Dimitri Ivanovsky independently 
discovered that the agent responsible for causing mosaic disease of tobacco plants could 
not be of bacterial origin as it retained its infectivity after passing through a Chamberland 
filter. Beijerinck also demonstrated that the filterable agent required living tissue to 
reproduce, and therefore could not be a toxin.20 He erroneously defined the agent to be a 
contagious living liquid calling it contagium vivum fluidum21. However, soon thereafter 
Freidrich Loeffler and Paul Frosch proposed that the agent was in fact a particle14. 
Conclusive evidence were not produced until development of the plaque assay in 1917 
that formed the basis for the visualization of the mouse ectromelia (mousepox) virus and 
vaccinia virus in 193822 using electron microscopy. These were the first ever recorded 
images of virus particles.14, 20 Nonetheless, the groundbreaking work by Beijerinck led to 
the realization that other diseases may be of viral origin and resulted in the discovery of a 
plethora of new viruses responsible for specific human and animal diseases.14, 20  
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The most efficient mean to control virus infections and diseases is via the development of 
vaccines and subsequent immunization of the population23, social distancing, and by 
following basic hygeine routines. However, vaccine development have not been 
universally succesful and failed towards a number of viral diseases.24 For some of these 
diseases, the development of antiviral drugs have proven highly efficient.11 Antiviral drugs 
can act to prevent infection but can also be used in treatment as they reduce the viral load, 
thus altering disease progression by alleviating experienced symptoms.25, 26 The 
development of antiviral drugs has been suggested as an integral part in the general 
preparedness towards new pandemics of viral disease due to the ease of administration 
and the possibility of stockpiling which facilitates distribution until vaccines are developed 
and become broadly available.25 Importantly, viruses with pandemic potential are typically 
identified before they cause pandemics. Thus, antiviral agents can be developed in 
advance and can be used in early stages to combat the disease before the spread reaches 
uncontrollable levels. Furhermore, antiviral agents seem crucial for the successful global 
eradication of polio, to stop excretion in chronic shredders and to control outbreaks of 
vaccine-derived poliovirus infections.27 Despite of this, antiviral drugs are currently only 
available for a small number of diseases11, highlighting the need for continued efforts 
towards development of new antiviral drugs. 

1.1 Enteroviruses  
Enteroviruses (EVs) are non-enveloped viruses with single-stranded positive-sense RNA 
genomes packaged into small (~30 nm) icosahedral capsids. The genus Enterovirus is 
classified within the Picornaviridae family and consists of thirteen species, seven of which 
are important human pathogens (Figure 1.1A).28, 29  Viruses are mainly classified 
according to the Baltimore classification system (Figure 1.1B), and by the International 
Commitee on Taxonomy of Viruses (ICTV). The Baltimore system groups viruses 
according to their nucleic acid content, while the ICTV classifies according to defined taxa: 
Order (-virales), Family (-viridae), Subfamily (-virinae), Genus (-virus) and species. 
Nonetheless, poliovirus is the most well-studied EV and it is also by far the most well-
known to the general population due to the disease it causes – poliomyelitis. Apart from 
the three poliovirus serotypes, there are more than 250 pathogenic EVs including 
coxsackieviruses, enteric cytophatic human orphan viruses (echoviruses), numbered EVs, 
and rhinoviruses.29 EVs mainly spread via the faecal-oral route or via respiratory 
transmission.  
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Figure 1.1. Human entereoviruses and the Baltimore classification system. A) The entereovirus genus belongs 
to the family of picornaviridae (omitted), the seven species of entereoviruses infecting humans are shown in addition 
to examples of clinically significant genotypes. (Figure adapted from reference 28  [published under creative 
commons CC BY 4.0 license]). B) The Baltimore classification system. Viruses are divided into seven groups (I–VII) 
based on the genetic material (RNA or DNA) present within the capsid, and the pathway for expression of genetic 
material as messenger RNA (mRNA). (Figure reproduced from ViralZone: www.expasy.org/viralzone, SIB Swiss 
Institute of Bioinformatics. [published under creative commons CC BY-NC 4.0 license]). 
 
The primary sites of replication are located in the respiratory and gastrointestinal tracts, 
from where the virus can spread via circulation to target organs and tissues, including the 
central nervous system.28-30  The majority of non-polio EV infections are asymptomatic, 
but can cause a broad range of diseases with varying symptoms and degrees of severity. 
In accord with many other infectious diseases, the immunocompromised, young children, 
and infants are at risk for developing more severe conditions. Coxsackieviruses, 
echoviruses, and numbered EVs are the principal causative agents of viral aseptic 
meningitis and can cause diseases such as hand-foot-and-mouth disease (HFMD), acute 
flaccid paralysis, encephalitis, neonatal sepsis-like disease, and myocarditis.31 
Echoviruses and coxsackievirus B are thought to contribute to the pathogenesis of type 1 
diabetes mellitus by causing inflammation of pancreatic ß-cells by persistent and/or 
succesive infections.32 Furthermore, rhinoviruses that long were considered as “harmless” 
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exclusively causing mild upper respiratory infections, commonly refered to as the “common 
cold”, have more recently been found to cause chronic obstructive pulmonary disease and 
the excerbation of asthma.33 During the last decades, enterovirus A71 (EV-A71), D68 (EV-
D68), and coxsackievirus A24 variant (CVA24v) have emerged as threats to public health 
due to worldwide outbreaks of disease.29, 34 Typically, EV-D68 causes mild respiratory 
disease symptoms but can result in pneumonia or severe bronchiolitis, and on occasion 
infections have lead to death, especially amongst children. EV-A71 is a major causative 
agent of HFMD. Normally, HFMD is a mild and self-limiting disease but can develop into 
life-threatening neurological symptoms and cardiopulmonary complications.31  
 
CVA24v is the main focus of this thesis. This virus is the primary agent responsible for 
causing the highly contagious eye infection acute hemorrhagic conjunctivitis (AHC).35, 36 
CVA24v belongs to the enterovirus species C, and is a pathogenic variant of the CVA24 
strain.37 AHC is characterized by a sudden onset of ocular pain, tearing, swelling, a foreign 
body sensation, and subconjunctival hemorrhaging. Outbreaks of AHC can be explosive 
as the disease spreads rapidly within communities. In single outbreaks, up to 48% of the 
population can become affected.38 CVA24v emerged in 1970, causing an outbreak of AHC 
in Singapore.39 Since then, CVA24v is estimated responsible for >10 million cases of AHC 
resulting from numerous outbreaks and two pandemics.35 Besides two EV-A71 vaccines 
that are marketed in China 40, there are currently no effective means to treat or prevent 
non-polio enterovirus infections including AHC caused by CVA24v.29  

1.1.1 The enterovirus life cycle 
In general, the life of viruses consist of two different phases. One extracellular phase, 
where the virus is chemically inert, and one intracellular phase, where the virus is highly 
dynamic co-opting the host cell machinery for exertion of pro-viral effects and replication. 
Furthermore, the viral life cycle can broadly be subdivided into: attachment, entry and 
uncoating, translation and genome replication, assembly, and release. In theory, all of the 
viral proteins and host factors that are essentially involved in these processes are potential 
targets for blocking viral replication. Thus, developing a fundamental understanding of the 
virus-host interactions involved in governing these processes, and their interplay, could be 
of great utility in drug discovery and development.29   
 
The following sections describe the general life cycle of EVs (Figure 1.2A). Many steps 
are conserved across the species, especially in regards to the post-entry steps. However, 
different EVs may use different receptors and entry pathways to gain access to host cells. 
The main objective of this section is to provide an overview of each step of the life cycle, 
and highlight selected inhibitors that act to prevent the individual steps (Figure 1.2B).  
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Figure 1.2 Life cycle of enterovirus and structure of selected enterovirus inhibitors. A) Schematic 
representation of enterovirus life cycle. The virus attach to its cognate receptor on the host cell membrane and 
enters the host cell via traversing the cell membrane in endosomes. Subsequently, the virus particle is triggered by 
uncoating stimulus and the viral RNA genome is released into the cytosol. The genome is translated into a 
polyprotein that is processed (proteolytic processing) into structural and effector proteins. The genome is replicated 
by synthesis of a complementary RNA that is used as a template for further synthesis of the viral genome. The 
structural proteins assemble into a capsid into which the protein is packed and finally the virions are released.  B) 
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Structure of uncoating inhibitors (pleconaril, pirodavir, and vapendavir), 3Cpro inhibitor (rupintrivir), 3Dpol inhibitors 
(gemcitabine and GPC-N114), 2C inhibitor (compound 19d), and assembly inhibitors (geldanamycin and hydantoin). 
(Figure A adapted from reference 28  [published under creative commons CC BY 4.0 license]). 

1.1.1.1 Enterovirus structure 
Several EV capsids have been structurally characterized41-48, revealing similar capsid 
architectures.29 The capsids of enteroviruses are constructed by the structural viral 
proteins 1–4 (VP1–4), with a copy of each uniting to form a protomer. The protomers, sixty 
of which, assemble to form the icosahedral shell of the capsid with a pseudo T=3 
geometry, with the RNA genome encapsidated (Figure 1.3). VP1, VP2, and VP3, each 
adopt the typical eight-stranded, antiparallel ß-barrel fold, and are located at the surface 
of the capsid. VP4 myristoylated at its N-terminus is located inside the capsid to confer 
stability.48, 49 Furthermore, most enteroviruses have a characteristic depression that 
encircle the fivefold symmetry axis, called the “canyon” (Figure 1.3).  
 

 
Figure 1.3. Enterovirus structure. Schematic representation of the enterovirus capsid with protomer, pentamer, 
the canyon, and the two-, three-, quasi-three-, and five-fold symmetry axes highlighted. A protomer consists of 
VP1–4, with VP4 located on the interior of the capsid, and a pentamer is constituted by five protomers. To the right 
interior of the capsid is shown with the viral RNA genome attached to VPg. (Figure adapted from reference 40 
[published under creative commons CC BY-NC 4.0 license]). 
 
Typically, this region of the capsid serves as the binding site for receptors.50 The floor of 
the canyon harbours a small hydrophobic pocket formed by VP1, that usually lies beneath 
the receptor binding site. This pocket is ordinarily filled with a lipid molecule, refered to as 
a pocket factor, thought to play a role in regulating particle stability during transmission. 
Most EVs bind to linear pocket factors, however CVA24v bind to a branched one48 while 
rhinovirus C does not bind one at all.  

1.1.1.2 Attachment and uncoating receptors of enteroviruses  
The recognition of cognate receptors on cell membranes is a key determinant of viral 
tropism and pathogenesis.51 EVs recognize a broad range of receptors, thereby partially 
providing an explanation for the diverse spectrum of diseases they cause.29 EV receptors 
can be classified as either attachment or uncoating receptors.29, 52 Attachment receptors 
facilitate viral attachment to host cells and may promote uptake. They can be of importance 
for infection as demonstrated by group B coxsackieviruses, where binding of the 
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attachment receptor complement decay-accelerating factor (DAF, CD55) liberates the 
uncoating receptor coxsackie- and adenovirus receptor (CAR) from tight junctions via a 
signaling cascade.53 In the case of CVA24v, infection is promoted by the attachment to O-
linked N-acetylneuraminic acid (Neu5Ac) containing glycoproteins on host cells, and this 
event has been suggested to have contributed to the virulence and pandemic nature of 
this virus strain.54, 55 Attachment occurs via Neu5Ac binding sites that are situated close to 
the five-fold symmetry axis of the virion48 (Figure 1.4).  
 

 
Figure 1.4. CVA24v in complex with attachment and uncoating molecules. A) X-ray crystal structure of CVA24v 
in complex with Neu5Ac shown in surface representation (pdb code 4Q4V). Neu5Ac (black), and within the marked 
pentagon the capsid proteins: VP1 (light blue), VP2 (green), VP3 (red). VP4 is not visible as it is located on the 
inside. For clarity bondline structure of Neu5Ac has been added. B) cryo-EM reconstruction of CVA24v in complex 
with ICAM-1 (grey). (Figure A prepared by Georg Zocher and reprinted from reference48 [published under creative 
commons CC BY 4.0 license]. Figure B reprinted from reference54 with permission from the publisher). 
 
Typically, Neu5Ac glycans and glycosaminoglycans are used by many EVs as attachment 
receptors.29 The binding of uncoating receptors is essential for EV infection as it 
destabilizes the virus particle triggering conformational changes that primes the particle 
for uncoating. Such receptors are typically proteins belonging to the immunoglobulin-like 
or integrin receptors family. As mentioned, group B coxsackieviruses use CAR as an 
uncoating receptor while many group A coxsackieviruses employ the scavenger receptor 
class B member 2 (SCARB2), including EV-A71. In contrast, EV-D68 is able to initiate 
uncoating by either binding Neu5Ac glycans or the intercellular adhesion molecule 5 
(ICAM-5), an explanation to this ability is currently not understood.29 In regards to CVA24v, 
binding of ICAM-1 to the canyon initiates uncoating and is essential for productive 
replication.54  

1.1.1.3 Uncoating 
The uncoating process of EVs is relatively well understood following a number of 
conserved steps. The pathway involves the sequential and irreversible transitioning 
through a minimum of three distinct particle types (Figure 1.5).29, 56  
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Figure 1.5. Enterovirus uncoating particles. The native particle (160S) encounters an uncoating stimulus (binding 
to the uncoating receptor or low pH), this triggers conformational changes resulting and the loss of VP4, 
externalization of the N-terminus of VP1, and radial expansion of the capsid, to give the A-particle (135S). Further 
uncoating cues stimulate release of viral RNA, resulting in the empty particle (80S). (Figure adapted from reference 
57 [published under creative commons CC BY 4.0 license]). 
 
These particles were identified based on different sedimentation coefficients and antigenic 
properties.56 Stimulation (i.e. receptor binding or low pH) of the native particle (160S) 
results in collapse of the hydrophobic pocket of VP1 with accompanied loss of the 
stabilizing pocket factor. The amino terminus (N-terminus) of VP1 becomes externalized 
and VP4 is released from the interior of the capsid. The N-terminus of VP1 contains an 
amphipathic helix that allows the particle to interact with membranes29, while the 
myristoylated-VP4 proteins mediate subsequent pore formation58. The capsid expands by 
~4% in radius following stimulation, possibly to rearrange the RNA before egress.44 
Globally, tectonic movements occur in the particle56, which rearrange interactions between 
and within protomers resulting in openings at the twofold and at the quasi-threefold 
symmetry axis of the virion. The final result of these architectural changes is the A-particle 
(135S), that has lost the ability to interact with the receptor. Subsequently, the release of 
RNA yields the empty particle (80S).29 The release of RNA is suggested to occur through 
the twofold opening of the viral capsid.29, 46, 47, 57 This is preceeded by VP1-mediated 
anchoring of the particle to the membrane and VP4-mediated pore formation. Both these 
processes are indicated to occur by initial egress of each protein through the twofold axis. 
However, these studies were performed with globally stimulated particles (acid, heat, or 
soluble receptors), while a recent study with an asymmetrically stimulated particle 
(receptors embedded in lipid bilayer nanodiscs) indicates these processes all occur 
through an opening at the threefold axis.45 
 
In regards to CVA24v, the 135S and 80S particles remain to be characterized. High 
resolution structures of EV uncoating intermediates can aid in the discovery of new 
structural features that can be targeted with small molecules to interfere with the uncoating 
process. Thus, obtaining such structures could prove beneficial from a drug discovery 
standpoint and further for the development of selective therapies towards CVA24v, or for 
development of universal therapeutic agents targeting a broad range of EVs or 
picornaviruses.  
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1.1.1.4 Inhibitors of enterovirus attachment and uncoating. 
Several inhibitors of EV attachment and uncoating have been reported.52 In fact, one of 
the earliest and best studied strategies to inhibit EV infections have targeted these early 
steps of the replication cycle.29 The reported inhibitors all have in common that they bind 
within the hydrophobic pocket of VP1, thus displacing the pocket factor which increases 
particle stability preventing the conformational changes required for uncoating and 
egress of the genome. In addition, some of these inhibitors also interfere with attachment 
of the receptor to the canyon by preventing the initial flattening of the hydrophobic pocket 
required full receptor engagement (Figure 1.6). 

 
 
Figure 1.6. Schematic representation of receptor binding to the canyon and inhibition by capsid binding 
molecules. Binding of the uncoating receptor to the floor of the canyon is preceded by expulsion of the pocket factor 
and flattening of the hydrophobic pocket (left). The binding of a “drug” molecule to the hydrophobic pocket of VP1, 
beneath the receptor binding site, stabilize the virus particle preventing flattening of the hydrophobic pocket which 
interferes with receptor binding to the canyon (right). If the binding of the “drug” to VP1 does not prevent receptor 
binding, then the increased stability will provide a barrier to the conformational changes required for release of the 
RNA thus also inhibiting infection. (Figure reprinted from reference 52 with permission from the publishers). 
 
Most of the developed inhibitors show a broad-spectrum of inhibition towards several EVs 
and picornaviruses with low nanomolar activities for the most potent compounds towards 
specific viruses. Several of these inhibitors, that are commonly referred to as “pocket 
binders”, have been brought to clinical trials with pleconaril, pirodavir, and vapendavir 
representing notable examples (Figure 1.2B and 1.6). However, all have failed in phase II 
or in the case of pleconaril in phase III stages owing to a lack of clinical efficacy, the rapid 
emergence of drug-resistant viruses, or concerns regarding the safety profile of the 
compounds.29, 52 Nevertheless, the hydrophobic pocket remains an attractive target for 
development of anti-EV drugs.29 Although broad-spectrum pocket binding drugs are 
attractive, a strategic change towards the development of narrow-spectrum, or virus-
selective, pocket binders may perhaps be a necessity to prove clinical efficacy. Such 
specific inhibitors are likely possible to optimize to sufficiently greater potency that would 
aid in target engagement and possibly in addressing safety concerns. Another, less 
explored, strategy for inhibition that potentially could be effective on CVA24v, is the design 
of multivalent Neu5Ac-based compounds to interfere with viral attachment by acting as 
decoy receptors.59 Multivalent Neu5Ac-based molecules have been suggested to have 

constricts or stiffens the pentamer channel sufficiently that the RNA and/or VP4 cannot exit, thus
preventing uncoating.

Studies with HRV-14 revealed that also shorter, more hydrophilic WIN fragments (WIN 52452
andWIN 58768), consisting of only the phenyl end of the longer activeWIN compounds, could bind
into the pocket beneath the canyonfloor. These compounds caused conformational changes similar to
the longer compounds, and provided some stability to the HRV-14 capsid. It was concluded that these
short compounds mimic the cellular cofactors observed in the hydrophobic pocket for some
picornaviruses, but are unlikely to inhibit viral attachment.97

Anothermajor receptor group rhinovirus serotype,HRV-16,was shown to posses a pocket factor,
similar to HRV-1A.98 Although receptor attachment was prevented upon binding ofWIN 56291, the
presence of the drug did not cause a deformation of the pocket. The authors postulate that the receptor
binding of HRV-16 can occur only when the pocket is temporarily empty, when it is possible for the
canyon floor to be forced downwards into the pocket.98 The interactions of some more WIN
compounds in complex with HRV-16 have been studied more in detail by Hadfield et al.99

Drug-resistant or -dependent variants have been generated for WIN compounds with human
rhinovirus 14, HRV-16, poliovirus type 3 and coxsackievirus B3.71,72,100–105 All these studies
confirm the involvement of residues in the VP1 cleft regarding the interaction between WIN
compounds and the viral capsid. The crucial role of amino acids L1191 and L1092 for pleconaril
resistance of species B rhinoviruses and ofCVB3was demonstrated bymutational analysis and use of
recombinant viruses, respectively.106,107

A systematic evaluation of several reported rhinovirus capsid binding-compounds against all
serotyped rhinoviruses was performed by Andries et al.108 This study revealed the existence of two
groups of rhinoviruses, which were designated antiviral group A and B. Group A rhinoviruses were
preferentially inhibited by compounds with a longer chain, whereas short-chained compounds

Figure 4. MechanismofactionofWINcompounds.Left:Schematicrepresentationofbindingbetween ICAM-1 (heresimplifiedasa
two-domain fragment) andmajorgroupHRV. ICAM-1binds to the floorof the canyon, surroundingeachfivefoldaxis, inducingcon-
formationalchanges thateventually lead touncoatingof the virusandreleaseof the viral RNA.Right:Bindingofa‘‘WINcompound’’
occurs in an interior hydrophobic pocket, located beneath the floor of the canyon. By occupying this pocket (i) conformational
changes occur in the floor of the pocket, hampering the ability of virions to interact with their receptor and (ii) virion rigidity is
increased, preventinguncoatingof the virusandsubsequent release of viral RNA (adapted from376).
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potential as broad-spectrum antivirals as viruses from several different genera interact with 
surface expressed Neu5Ac-glycans facilitating attachment and entry into host cells.59  

1.1.1.5 Genome structure, translation and replication 
The genome of EVs contains a single open reading frame that encodes all the viral proteins 
(Figure 1.7).28, 40 The 5’- and 3’-ends of the genome have highly structured untranslated 
regions (UTR). At the terminal end of the 5’-UTR the genome is covalently attached to viral 
protein 3B, commonly refered to as VPg (for viral protein genome-linked), while the 3’-
UTR contains a poly-(A)-tail. The internal ribosome entry site (IRES), required for cap-
independent translation, is located at the 5’-UTR. The genome of EVs is approximately 
~7,400 nucleotides in length, and is structured into the P1, P2, and P3 regions. The P1 
region encodes for the four structural viral proteins 1–4 (VP1–4), while the P2 and P3 
regions encode for the seven non-structural proteins, 2A–C and 3A–D, respectively 
(Figure 1.7).28  

 
Figure 1.7. Organisation of enterovirus genome. The single-stranded positive sense RNA genomes of 
enteroviruses are ~7,400 nucleotides in length, with untranslated regions (UTR) at both the 3’- and 5’-ends of the 
genome. The 3’-UTR includes a poly-(A)-tail, while the 5’-UTR contains the IRES and at the terminal end is linked 
to VPg. Translation of the genome results in a polyprotein that contains the precursor proteins P1, P2, and P3. 
Subsequent processing by the viral proteases 2Apro and 3Cpro yields the structural proteins (VP0, VP3, and VP1), 
and the effector proteins 2A–C and 3A–D. 3Dpol is the RNA-dependent RNA polymerase responsible for replication 
of the genome. (Figure adapted from reference 40 [published under creative commons CC BY-NC 4.0 license]). 
 
Translation of the genome occurs directly upon entry into the cytosol.28, 29 The genome is 
translated into a single polyprotein, that is proteolytically processed by the viral proteases 
2Apro and 3Cpro yielding the three precursor proteins P1, P2, and P3.49 The P2 and P3 
proteins are further processed to effector proteins that rapidly act to shut off host 
translation, transcription, and DNA replication, while also suppressing the innate antiviral 
responses28, 60, thus optimizing the conditions for viral proliferation. These effects are 
mainly accomplished by the 2Apro and 3Cpro viral proteases that cleave the host translation 
initiation factors eIF4GI–II and polyadenylate-binding protein (PABP).60 Replication of the 
viral genome is performed by the RNA-dependent RNA polymerase 3Dpol and occurs on 
virus-induced replication organelles (ROs). Formation of ROs and their exact composition 
is currently not known. However, it is clear that both viral proteins and host factors 
contribute to the content and formation of these tubulovesicular membranes, with 
postulated origins in the Golgi apparatus and/or the endoplasmatic reticulum.  
 



 

 11 

Replication is initiated by synthesis of a primer. This is achieved by transformation of VPg 
into a primer by the addition of two uridine residues. This transformation employs a cis-
acting replication element, located in the coding region of the genome, as a template and 
is catalyzed by 3Dpol in conjunction with several other viral proteins and host factors. The 
primer is then elongated by 3Dpol resulting in a negative-stranded RNA intermediate that 
is subsequently used as a template for synthesis of the positive-stranded RNA genome. 
In turn, the newly synthesized RNA molecule can be further used for translation or 
replication, or encapsulated to generate an infectious virus particle.28 
 
The mechanisms of translation and replication are highly conserved processes across the 
genus of Enterovirus. As such, both host factors and viral proteins essential to these 
processes are attractive targets for drug discovery, and for the development of broad 
acting antiviral agents.29 Several inhibitors of enterovirus replication have been 
described.52 This includes the nucleoside analog gemcitabine61 and the non-nucleoside 
analog GPC-N11462 that respectively inhibit the action of 3Dpol,29 and rupintrivir that target 
the viral protease 3Cpro.29, 52 Recently, it was reported that the multifunctional 2C protein 
of CVA24v, EV-D68, CV-B3 and EV-A71 was inhibited by N-phenyl-N-(4-
(trifluoromethyl)benzyl)furan-2-carboxamide (referred to as compound 19d in reference63) 
(Figure 1.2B), obtained after hit optimization following a high-throughput screen.64 
Furthermore, the development of resistance towards 19d came at a cost of decreased viral 
fitness suggesting 19d to be a promising candidate for preclinical assessment.63 

1.1.1.6 Assembly and release  
The assembly of viral particles occurs in the cytoplasm and is coupled to replication. The 
assembly process is highly complex and poorly understood.29 However, it is initiated by 
folding of the precursor protein P1 by the host chaperone heat shock protein 90 (Hsp90), 
and subsequent proteolytic processing by 3CDpro resulting in the release of VP0, VP1, and 
VP3. These structural proteins spontaneously assemble into a protomer (Figure 1.8).  

 
Figure 1.8 Model for assembly of enterovirus. A protomer is formed by spontaneous assembly of VP0, VP1, and 
VP3. Five protomers unite to form a pentamer. In one model, the pentamers self-assemble to form a procapsid that 
subsequently is filled with RNA to form a provirion. In a second model, pentamers associate around the replicating 
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RNA directly forming the provirion. Autocatalytic cleavage, induced by the RNA genome, of VP0 to VP2 and VP4 
forms the native virus particle. (Figure adapted from reference 57 [published under creative commons CC BY 4.0 
license]). 
 
In turn, five protomers combine to form a pentamer.28, 45 Two models have been proposed 
for the following steps. In the first model, twelve protomers self-assemble to form a 
procapsid, into which the genome subsequently is packaged to yield the provirion. In the 
second model, the pentamers associate directly around the replicating RNA to form the 
provirion, with the procapsids representing an assembly by-product. Irrespective of their 
formation and biological role, procapsids are isolated from all cells infected by 
enteroviruses.57 The provirions are subsequently converted to mature infectious particles 
by RNA-induced autocatalytic cleavage of VP0 into VP2 and VP4. Finally, the virus 
particles egress the cell via lysis or formation of double-membrane autophagosomes, that 
are exosome-like structure. These structures fuse with the plasma membrane resulting in 
the extracellular release of single-membrane vesicles full of virus particles.28, 29 
 
The assembly and release steps of the EV life cycle are underexplored areas in drug 
discovery. To date, hydantoin and geldanamycin are the only reported inhibitors each 
targeting viral assembly.52, 65  

1.2 Coxsackievirus A24 variant – Acute hemorrhagic conjunctivitis 
CVA24v and enterovirus D70 (EV-D70) are etiological agents of AHC, with CVA24v 
identified as the primary causative agent of the disease.66 CVA24v is a pathogenic variant 
of CVA24 and emerged in 1970 causing a large outbreak in Singapore.55 Until 1985, 
CVA24v circulated in South-East Asia and India but has since spread worldwide causing 
numerous outbreaks of AHC (Figure 1.9).  

 
Figure 1.9. Global outbreaks of AHC caused by CVA24v. Global spread of AHC-causing CVA24v (purple, light 
blue, and blue) and non-AHC causing CVA24 (red) based on VP1 sequences. The size of the circles (top left corner) 
are directly proportional to the number of isolates identified in each outbreak. (Figure reprinted from reference 54 
with permission from the publisher). 
 
This includes two pandemics, with the first one starting in 1985 and the second one in 
2002.31, 35 In total, four genotypes (G–I to IV) of CVA24v have been identified. The G–I 
and G–II isolates were responsible for causing outbreaks during the 1970s to the middle 
of the 1980s, when the G–III isolate emerged causing the first pandemic. Emergence of 
the G–IV isolate caused the second pandemic in 2002. Taken together, this suggests that 
new variants of CVA24v rapidly spread globally infecting large populations and 
subsequently circulate for some time before gradually being replaced by new variants.31 
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Regions with tropical and subtropical climate (e.g. Brazil, Singapore, and Thailand) seem 
to be most affected by outbreaks of AHC. In Thailand the virus has been circulating since 
2002 causing large epidemics every two to three years interspersed with sporadic cases 
and minor outbreaks.67 This is presumably due to herd-immunity falling below a certain 
threshold, with previous studies having shown that neutralizing antibodies only last for a 
few years.31 
 
AHC beings with an abrupt onset of ocular pain and a foreign body sensation followed by 
excessive tearing, swollen eye lids with subconjunctival hemorrhaging. The first symptoms 
appear within 24 hours and typically starts in one eye before spreading to the other eye 
as a result of direct contact (eye-to-hand-to-eye) transmission.66 Direct contact is the 
primary route of transmission; however, fomite and airborne spread have also been 
suggested. AHC is also associated with symptoms in the upper respiratory tract and 
development of systemic symptoms such as fever, fatigue and limb pain. In rare cases, 
patients can develop acute flaccid paralysis. Fatal infections are very rare with a mortality 
rate of 0.0003%.68 AHC is self-limiting resolving in 1–2 weeks.66 However, as AHC is highly 
contagious outbreaks can result in disrupting the economy of affected regions and exhaust 
local healthcare resources.68 

1.3 Human adenoviruses – Epidemic keratoconjunctivitis 
Human adenoviruses (HAdVs) belong to the Adenoviridae family and are classified into 
seven species, A through G, with more than half of these types belonging to species D.69 
HAdVs are non-enveloped double-stranded DNA viruses. The size of adenovirus particles 
ranges from 65–80 nm in diameter, with the capsid constituted by 240 hexon proteins and 
12 pentons that together results in giving a rounded particle of icosahedral shape (Figure 
1.10). 

 
Figure 1.10. Capsid of a human adenovirus. Figure adapted from reference 74 and the RCSB Protein Data Bank 
“Molecule of the Month” series: December, 2010. with permission from the publisher. [Original figure is published 
under creative commons CC BY 4.0 license]). 
 
The penton proteins serve as a base for the characteristic trimeric fiber proteins that 
protrude from the virus particle. At the distal end of these fibers, a trimeric knob domain is 
located. This trimeric protein is involved in mediating interactions to host cells.69 These 
viruses are associated with infections in the airway (species A–C and E), eyes (species B, 
D and E), and gut (species G and F).70 Members from the HAdV species B, D, and E cause 
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conjunctivitis of varied severity, with species D associated with more severe infections.71 
Epidemic keratoconjunctivitis is a severe infection of the eyes where HAdV-D8, -D26, -
D37, D53–56, and -D64 have been reported as causative agents.72 The disease is 
contracted by millions of individuals every year, with outbreaks most often affecting 
densely populated regions although outbreaks have been reported throughout the world.73 
In the acute phase of EKC, patients typically present with unilateral symptoms (i.e. one 
eye is affected) such as ocular pain, a foreign-body sensation, redness of the eye, 
excessive tearing and photophobia. As EKC is highly contagious symptoms in the second 
eye normally result due to eye-to-hand-to-eye transmission.72 In most cases, the disease 
is self-limiting resolving in approximately three weeks, but can become potentially life-
threatening in immunocompromised individuals.70 Furthermore, the visual impairments 
associated with the infection can persist for months or even years.72 Similar to AHC, 
outbreaks of EKC can result in big socioeconomic costs as those infected are encourage 
to abstain from the work place.72 To date, neither antiviral agents nor vaccines are 
available for treating EKC.  
 
HAdVs are known to interact with cellular receptors via the knob domain of the viral fiber 
proteins. However, a recent study expanded on this view by showing that some HAdVs 
from species D mediate these interactions with the hexon capsid protein.75 Nevertheless, 
HAdV species A and C–G interact with CD46 or the coxsackie- and adenovirus receptor 
(CAR) mediating attachment and entry, while HAdV-B engage CD46 and/or desmoglein-
2 (DSG-2).75, 76 In contrast, many EKC-causing HAdVs use Neu5Ac-containing glycans as 
cellular receptors73, including the leading causative agent HAdV-D3777.  
 
Many of the symptoms of EKC are shared with AHC and it has, in fact, proven difficult to 
differentiate these diseases in a clinical setting.78 In addition, both of the leading causative 
agents (HAdV-D37 and CVA24v) of the these disease use Neu5A-containing glycans to 
attach to cells. Thus, development of broad-spectrum Neu5Ac-based compounds 
targeting attachment may be an efficient strategy to combat these diseases.  

1.4 Antiviral drug discovery and strategies  
Drug discovery is the process in which new drugs are found, either by identification or by 
design and synthesis of new chemical entities that may be of value in treatment of 
disease.79, 80 In comparison to the discovery of antibiotics and their subsequent 
development into drugs, the discovery and development of antivirals has been slow and 
full of hurdles.81 A major contributing factor to this could stem from initial attempts to inhibit 
viral replication with antibiotics that led to the erroneous conclusion that selective inhibition 
of viruses was unattainable without causing adverse or toxic effects to host cells.81-83 Other 
factors that have hampedered the discovery, and subsequent development, of antiviral 
agents are a lack of in-vitro systems for virus propagation in cell cultures and relevant 
animal models to predict clinical effect.83, 84 Furthermore, it remains a challenge to optimize 
compounds to achieve favorable antiviral properties, that are: high potency, low toxicity, 
and high barriers towards development of resistance.83 Historically, the discovery of 
antiviral agents has been serendipitous by empirical screening of chemicals using the 
inhibition of virus-induced cytophatic effect as a measure of compound efficiency. 
However, in the late 1980s this approach was complemented by rational (drug design, 
facilitated by technical advancements within the field of x-ray crystallography. Today, 
rational drug design is one of the main approaches used in antiviral drug discovery.82 A 
prerequisite for rational drug discovery is an understanding of the structure and function 
of a protein, or enzyme, and its role in promoting disease. Molecules are then designed to 
interact with the protein of interest in a way that is therapeutically beneficial. The influenza 
virus neuraminidase inhibitor zanamivir was discovered by using a rational approach (as 
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further detailed in section 1.5.1, the structure of zanamivir shown in Figure 1.11).85 High 
throughput screening methodologies are also widely used where targeted/selected 
screens, diversity and high content screens, and RNAi screens have been the most 
popular to date.86  
 
Two strategies have emerged for the selective inhibition of virus infections.87, 88 The first 
one is virus-targeting antivirals (VTAs). VTAs directly exert their effects by affecting virus-
derived components such as proteins or the genome. The second strategy is host-
targeting antivirals (HTAs). HTAs exert their effects by regulating the function of host 
factors that are essential in efficient proliferation of the virus. This includes agents that 
target host proteins, regulate the immune response or other cellular processes in the host 
cells. Today, the great majority of approved small molecules targeting viral infections 
belong to the VTA class of compounds with the lone exception of the HIV inhibitor 
maraviroc that belongs to the HTA class. Maraviroc binds to the host CCR5 used as a co-
receptor by HIV-1. This blocks HIV-1 and CCR5 interactions resulting in inhibition of entry. 
Human type I interferon α (IFN-α) therapy can be also classified as an HTA, but IFN-α is 
a protein and not a small molecule. Nevertheless IFN-α therapy is used with success in 
the treatment of hepatitis C.87  
 
In the projects that form the basis of this thesis we explored the concept of rational drug 
design (from here on refered to as structure-based design) to discover direct acting 
antiviral agents that we used as tools in target validation. 

1.4.1 Carbohydrates in drug discovery and development 
Carbohydrates can be found as monosaccharides, glycans, or glycoconjugates. Glycans 
are complex carbohydrates that are composed of glycosidically linked monosaccharides, 
while glycoconjugates are composed of one or more monosaccharides conjugated to a 
noncarbohydrate moiety typically a protein or a lipid.89 Glycoconjugates decorate the 
surface of all eukaryotic cells, forming a layer known as the glycocalyx.90 Carbohydrates 
are involved in a vast array of biological processes in both health and disease. They have 
been identified to serve key roles in processes such as cellular communication, protein 
folding, inflammation, and cell development, while also being implicated in pathogen 
infection, cancer metastasis, and tumor progression.91, 92 These processes are mediated 
by specific carbohydrate-binding proteins (i.e. lectins) or enzymes such as 
glycosyltransferases or glycosidases that, respectively, catalyze formation and hydrolysis 
of glycosidic bonds.93 To date, several lectins and enzymes have been identified, and their 
roles in disease states elucidated. These discoveries have led to development of several 
carbohydrate-based therapuetics such as: fondaparunix, a synthetic derivative of heparin 
used as a anticoagulant drug in the treatment of thrombosis; miglitol, an imino-sugar 
derivative of glucose that inhibit α-glucosidase and is used in treatment of diabetes mellitus 
type 2, and; TD139, a modified thiodigalactoside that interfere with the lectin function of 
galectin-3 and has potential applications in the treatment of idiophatic pulmonary fibrosis 
(Figure 1.11).90, 92  
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Figure 1.11. Structure of carbohydrate-based drugs. Structures of lectin inhibitor (TD139), glycosidase inhibitors 
(oseltamivir, zanamivir, and miglitol), antibacterial agent (streptomycin), and the anticoagulant drug fondaparunix 
and the heart treatment drug digoxin. 
 
Furthermore, the 2019 version of the essential medicines list produced by WHO included 
the carbohydrate-containing drugs digoxin, used in the treatment of heart disorders, and 
streptomycin, a broad-spectrum antibiotic.94 This list presents medicines that should be 
available at all times within all functioning health care systems. Despite these successful 
examples and others, carbohydrate-based drugs remain underrepresented as 
pharmaceutical entities in relation to the many identified patophysiologically important 
roles of carbohydrate-protein interactions.90 Partially, this can be explained by the 
generally low-affinity of carbohydrate-protein interactions and poor pharmacokinetic 
profiles such as rapid metabolism, short serum half-life, and poor oral availability.90 
However, these drawbacks can potentially be conquered by design of glycomimetics, i.e. 
compounds that mimic the bioactive conformation of the carbohydrate moiety and have 
improved pharmacokinetic properties. A prerequisite for application of this approach is an 
understanding of the structure activity relationship between a bioactive carbohydrate 
ligand to its receptor (lectin or enzyme). This entails identification of the three-dimensional 
pharmacophore and characterization of the contributions made by each group to binding. 
Based on this, compounds are then designed (or identified) that are pre-organized in the 
bioactive conformation.90  
 
A glycomimetic approach was successfully applied in design of the potent influenza virus 
inhibitor zanamivir.85 This was possible due to a pre-existing knowledge of the mechanism 
of catalysis, and by careful examination of the conformation and interactions of the cognate 
ligand, and analogues thereof, with the active site of the enzyme. Unfortunately, zanamivir 
showed poor oral availability and rapid renal excretion in clinical studies and as a result is 
only available as an oral inhalation powder. However, an orally available drug would result 
by the use of a prodrug strategy, and replacement of the dihydropuran ring and the polar 
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side chain of zanamivir resulting in oseltamivir (Figure 1.11).95 Taken together, this 
illustrates the value of carbohydrates in drug discovery and how a carbohydrate lead, 
typically with millimolar affinity towards its receptor, can be transformed into a highly potent 
drug. A predecessing factor that has contributed to these discoveries have been 
advancements in synthetic methodologies that allow efficient preparation of modified 
monosaccharide building blocks and better strategies for oligosaccharides synthesis. As 
such, continued efforts within the field of carbohydrate chemistry have implications in drug 
discovery.96 
 
As will be discussed in the next section, another strategy to transform a carbohydrate 
ligand with low-affinity towards its lectin receptor is to mimic nature by using a multivalent 
presentation of the carbohydrate ligand. Although none of these multivalent ligands have 
been approved as drugs, they have shown remarkable enhancements in potency in 
relation to univalent carbohydrate ligands with activities towards a plethora of bacterial and 
viral lectins. Thus, multivalent carbohydrate ligands have applications in drug discovery 
and holds promise as future pharmaceuticals.  
 
In chapter IV, the synthesis of 4-O-alkyl derivatives of Neu5Ac is presented. This work 
expands the toolbox of modified Neu5Ac analogue synthesis, which could find applications 
in drug discovery, for example as starting points or in structure activity studies. 

1.5 Multivalent glycoconjugates targeting pathogen adhesion  
Carbohydrate-lectin interactions govern a multitude of biological processes. In nature such 
recognition events frequently occur on the basis of multivalency, a strategy to achieve tight 
and highly selective binding interactions in situations where univalent carbohydrate-lectin 
interactions are weak.97-99 This special effect is commonly refered to as avidity, which is 
the accumulated strength of multiple binding affinities. Multivalent binding can broadly be 
defined as associations between an m-valent receptor to an n-valent ligand (where m, n ≥ 
2).100 These interactions can occur intramolecularly via chelation or statistical rebinding, 
or intermolecularly via cross-linking and/or aggregation (Figure 1.12). It is typical that a 
mixture of these mechanisms are operating at any given time. As exemplified in Figure 
1.12, chelation binding is achieved when each ligand of an inhibitor simultaneously occupy 
the binding sites of a receptor which can result in tremendous avidity effects. Statistical 
rebinding can result in potency enhancements as binding of the first ligand to the receptor 
achieves a high local density of ligands around the receptor which favors rebinding of a 
second ligand upon dissocation of the first ligand. Cross-linking and aggregation 
mechanisms occurs if the ligands of an inhibitor engages two separate receptor molecules 
or a larger number of receptor molecules. This can result in potency enhancements as it 
shields pathogen epitopes from attaching to cellular surfaces, and for larger complexes it 
can also result in irreversible precipitation of the formed complexes.101  
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Figure 1.12. Binding interactions of multivalent ligands to a divalent receptor. Intermolecular binding events 
between a divalent receptor by a divalent ligand (chelation), and a trivalent ligand to a divalent receptor (statistical 
rebinding). Intramolecular binding events between a tetravalent ligand and a divalent receptor (aggregation), and a 
divalent ligand and a divalent receptor (cross-linking). (Figure has been reprinted and adapted with permission from 
reference101 (Cecioni, et al. Chem. Rev. 2015, 115, 525–561). Copyright © (2014) American Chemical Society). 
 
Multivalent carbohydrate-lectin interactions are involved in mediating attachment of 
viruses and bacteria, and their toxins, to tissue cell surfaces. As such, design of multivalent 
carbohydrate ligands (i.e. glycoconjugates) have been suggested as a promising strategy 
to inhibit pathogen infection.102 Traditionally, multivalent glycoconjugates have been 
prepared by attaching multiple monovalent ligands to a flexible generic scaffold, such as 
a polyacrylamide, liposomes, or dendrimers.102 Today, an impressive array of molecular 
architectures that allow a multivalent presentation of carbohydrate ligands with different 
valencies and topologies have been developed and evaluated for their inhibitory potential 
towards viruses, bacterial lectins (adhesins and toxins), and other carbohydrate binding 
proteins.98, 103 Particularly, impressive enhancements in avidity have been observed with 
lectins that allow bridging (i.e. chelation) by multivalent glycoconjugates. This can be 
attempted, and achieved, using a structure-based design approach (also called tailored 
multivalency104), where the geometries and dimensions of the multivalent glycoconjugate 
is designed to match the spatial distribution of the binding sites of the lectin.105 In the ideal 
case, the ligand would bind in a single mode to the lectin with the scaffold and spacers 
associating favorably with the protein backbone of the lectin.105 The effectiveness of this 
approach was demonstrated in groundbreaking work with preparing a decavalent 
globotriose inhibitor (termed Starfish) of shiga-like toxins that showed a million-fold 
increase in inhibition in comparison to the monovalent globotriose unit (Figure 1.13).  
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Figure 1.13. Structure of multivalent shiga-toxin inhibitor Starfish and divalent LecA inhibitor. (Figure 
adapted and reprinted from reference 106 with permission from the publishers). 
 
More recently, this concept was applied in the design of divalent galactoside ligands 
tailored to chelate two binding sites of Pseudomonas aeruginosa lectin LecA. The most 
potent compound (LecA inhibitor) of the series contained a rigid glucose-triazole spacer 
(Figure 1.13), proving 125-fold more potent than a divalent reference galactoside 
compound with a flexible polyethylene glycol (PEG) spacer and 7500-fold more potent 
than the corresponding monovalent galactoside.107 Thus, highlighting the importance of 
the spacer for enchancing inhibitory potency. It is possible that precise design of 
multivalent glycoconjugates in this manner could address concerns such as target 
selectivity, biocompatibility, and toxicity that are important for the applicability of multivalent 
glycoconjugates in vivo.100 Due to these concerns few multivalent glycoconjugates have 
been evaluated in vivo. Nevertheless, design of multivalent glycoconjugates is an efficient 
strategy to inhibit pathogen infection and thus holds potential for future development as 
prophylactics or drugs. 
 
In chapter I and II, we applied a structure-based approach in design of pentavalent and 
divalent Neu5Ac ligands targeting the pentameric lectins of CVA24v. The general idea in 
chapter I was to base the design of the pentavalent Neu5Ac conjugates on CVA24v and 
use fairly flexible spacers as we hypothesized this could result in efficient inhibition of 
HAdV-D37 as well.  
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Objectives of thesis 
The basic objectives of the projects that form the basis of this thesis were to develop new 
chemical tools and study their potential as antiviral agents mainly towards CVA24v and 
HAdV-D37, but also against HAdV-D26 and -D36. To achieve this, we applied a 
multidisciplinary approach including structure-based design, chemical synthesis, structural 
biology, and in vitro assays. Specifically, we aimed to validate and evaluate the potential 
of the Neu5Ac binding sites of CVA24v as a potential target for drug discovery. This was 
achieved using structure-based design and subsequent synthesis of di- and pentavalent 
Neu5Ac conjugates. These compounds were evaluated using structural biology 
techniques and infection assays. The aim with the pentavalent Neu5Ac conjugates was 
also to evaluate their effectiveness towards HAdV-D37 and thus study the potential of 
development of general inhibitors of these two viruses that cause eye infections. As a side-
track, the structure-based design of divalent Neu5Ac conjugates led to the development 
of a robust method to synthesize 4-O-alkyl analogs of Neu5Ac, as well as insights into the 
scope of the reaction. Furthermore, we aimed to probe the branched pocket of CVA24v to 
gain knowledge if this unique structural feature could be a potential target in design of 
CVA24v selective pocket binding inhibitors. This was achieved applying a structured-
based approach and by synthesis novel pleconaril probes, that were evaluted by infection 
assays, with structural biology currently ongoing. In regards to the HAdVs (-D26, -D36, -
and -D37) we aimed to developed novel classes of trivalent Neu5Ac compounds with 
ability to chelate the trimeric Neu5Ac binding sites of these viruses. This was achieved 
using structure-based design. The binding of these compounds have been evaluated by 
x-ray crystallography indicating they are capable of chelating the trimeric Neu5Ac binding 
sites of these viruses. Infection assays and biophysical measurements are currently 
ongoing. These compounds could prove valuable as tools to study the biology of these 
viruses, and in specific regards to HAdV-D37 developed further into antiviral drugs for the 
treatment of EKC.  
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2. Targeting attachment of coxsackievirus A24 variant 
and human adenovirus 37 to cells – Design and 
synthesis of pentavalent Neu5Ac conjugates with 
radial topology (Paper I and II)  
 
At the start of this project, multivalent Neu5Ac conjugates were known to block HAdV-37 
binding and infection of human corneal epithelial (HCE) cells108-110, with a multivalent 
liposome-based Neu5Ac conjugate108 set to undergo phase 2 clinical trials. In the group, 
trivalent Neu5Ac conjugates ME0322111 and ME0462112 had recently been developed 
(Figure 2.1A and B respectively).  
 

 
 
Figure 2.1. Trivalent Neu5Ac compouds – HAdV-D37 inhibitors. A) ME0322, 1st generation inhibitor of HAdV-
37, B) ME0462, a 2nd generation inhibitor of HAdV-37. C) ME0462-HAdV-37 complex (pdb code 4XQA). (Figure 
adapted from reference 112 [published under creative commons CC BY-NC 3.0 license]). 
 
ME0462 showed notable in-vitro potency towards HAdV-D37 (IC50 of 2.9 nM in infection 
assays), which on a valency-corrected basis was 400 000-fold more potent than Neu5Ac. 
This enhancement of avidity likely resulted as a consequence of tailored multivalency104, 
with ME0462 fully occupying (i.e. chelating) the Neu5Ac binding sites of the virion (Figure 
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2.1C), that are located in the knob domain of the homotrimeric fiber knob proteins that 
protrude from the virus particle. Furthermore, repeated eye administration of ME0462 did 
not cause any adverse effects in rabbits.112  
 
In regards to CVA24v, it had been reported that the virus attached to and infected cells 
expressing O-linked Neu5Ac-containing glycoproteins55, with the hexasaccharide 
disialyllacto-N-tetraose (DSLNT) suggested as a candidate glycan receptor.48 However, 
the most significant discovery was the structure of an intact CVA24v particle in complex 
with Neu5Ac.48 This structure, demonstrated that CVA24v attach to cells via pentameric 
Neu5Ac binding lectins (Figure 2.2A and B)48, and thus offered an excellent template for 
initiating a project aimed at developing multivalent Neu5Ac-based conjugates capable of 
acting as general antiviral agents or tools targeting both CVA24v and HAdV-37 attachment 
to, and infection of, cells. 
 

Figure 2.2. Structure of the CVA24v capsid. A) The capsid structure of CVA24v in complex with Neu5Ac shown 
in a surface representation. Neu5Ac (black), capsid proteins: VP1 (light blue), VP2 (green), VP3 (red) (pdb code 
4Q4V). B) Zoom-in view of one pentagon of CVA24v in complex with Neu5Ac. (Figure prepared by Georg Zocher 
and adapted from reference 48 [published under creative commons CC BY 4.0 license]). 
 
This chapter summarizes our results from exploring the effect of pentavalent Neu5Ac 
conjugates with radial topology on CVA24v, and HAdV-37, binding to and infection of 
human corneal epithelial (HCE) cells. In paper I the pentavalent Neu5Ac inhibitors were 
based on pseudoradial symmetry and explored for their effect as general inhibitors 
targeting both CVA24v and HAdV-37. In paper II, we replaced the central scaffold of the 
pentavalent Neu5Ac inhibitors resulting in compounds with radial symmetry that were 
explored for their inhibitory effect towards CVA24v.  

2.1 Design of pentavalent Neu5Ac conjugates 
As mentioned, ME0462 and was designed to chelate the Neu5Ac binding sites of HAdV-
37.112 These binding sites are arranged in a symmetric trimeric fashion, and are located in 
the knob domain at the distal end of each the twelve fibers that protrude from the HAdV-
37 particle. In contrast, the Neu5Ac binding sites of CVA24v are arranged in twelve local 
five-fold local symmetries that encircle the 5-fold symmetry axis of the virion (Figure 2.3A 
and B).  
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Figure 2.3. Design of pentavalent Neu5Ac conjugates. A) Schematic representation of CVA24v and zoomed-in 
view of inhibitor (purple) with Neu5Ac (yellow) chelating CVA24v lectins. B) Schematic representation of HAdV-37 
and zoomed-in view of inhibitor (purple) binding to HAdV-37 with three Neu5Ac units (yellow) and the remaining two 
Neu5Ac units unbound (grey). C) Schematic design of pentavalent Neu5Ac conjugate with radial topology. (Figure 
has been reprinted from reference 113 with permission from the publisher, for further use of this material contact the 
American Chemical Society). 

  
Based on this, we hypothesized that the pentameric Neu5Ac lectins of CVA24v could be 
chelated by tailored pentavalent Neu5Ac conjugates (Figure 2.3A). Such compounds 
would also have potential to act multivalently on HAdV-37 by a statistical rebinding 
mechanism. Thus, one to three of the Neu5Ac binding sites of HAdV-37 could 
simultaneously be occupied by a pentavalent Neu5Ac conjugate with the remaining 
unbound Neu5Ac units in close proximity (Figure 2.3B). To match as closely as possible 
the five-fold rotational binding site symmetry of the CVA24v lectins, a core that permitted 
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a radial distribution of ligands seemed most suitable for achieving a tailored chelation of 
the binding sites (Figure 2.3C).  
 
In the initial study (paper I), perpropargylated D-glucose was selected as the core fragment 
as it allows a radial distribution of Neu5Ac units and straightforward access to pentavalent 
Neu5Ac conjugates via the copper azide alkyne cycloaddition reaction.114 Further, 
glucosides are accessible in either a- or b-configuration and therefore we decided to 
synthesize both of these scaffolds in order to study potential differences in binding modes 
and potency. To connect the Neu5Ac units to the core scaffold, spacer fragments that 
allowed tuning of length were selected in order to study a length-potency relationship. All 
of the spacers contained an azide in one end and a primary alcohol in the other. To validate 
the compound design, the pentavalent Neu5Ac conjugates were modelled to CVA24v and 
subjected to conformational searches and energy minimizations. Subsequently, the results 
were evaluated by studying steric interactions and carbon-carbon bond lengths and 
angles. 
 
In the follow-up study (paper II), we replaced the central perpropargylated glucose 
scaffold(s) with a penta-butynyl-corannulene scaffold with the aim of improving the 
inhibitory potency of the pentavalent Neu5Ac conjugates, and to further explore a tailored 
chelation of the Neu5Ac lectins of CVA24v. The penta-butynyl-corannulene scaffold115 
was selected due to its symmetric, aromatic and bowl-shaped topology which could 
facilitate in engaging in additional contacts with the viral capsid and thus generate more 
potent inhibitors. Specifically, the aromatic corannulene backbone could engage in “non-
classical” CH-p bonding116 with the five-histidine residues that encircle the “pore-like” 
formation observed at the five-fold symmetry axis of the virion (Figure 2.4A and B). Dipole-
Interactions to the capsid could also be induced as the bowl-shaped structure of the 
corannulene molecule imparts a dipole moment.116 To probe these potential interactions 
a quantum mechanical molecular modelling approach was used. To reduce the 
computational demands, a penta-propyl sym-substituted corannulene molecule was 
docked to a truncated region of one of pentagon of CVA24v. This region included the five-
fold symmetry axis and the Neu5Ac binding sites, adding up to a total of 340 atoms. The 
docking was initiated with an energy minimized bowl-shaped penta-propyl substituted 
corannulene molecule (not shown), that manually were placed on top of the five-fold center 
of CVA24v. The complex was geometry optimized in Jaguar117 using density functional 
theory (BLYP-D3118, 6-31G**). During this optimization, the molecule was allowed to move 
freely over the protein surface that had fixed atomic positions. The optimization ran for a 
total of 48 cycles before converging according to the direct inversion of the iterative space 
method119. Beneficial arene interactions were indicated to occur between the histidine side 
chains of CVA24v and the scaffold molecule (Figure 2.4C), with no identified atomic 
clashes. This docked structure was then used to study the length of the spacers required 
for chelation of the pentameric lectins by attaching Neu5Ac appendage to the scaffold 
(Figure 2.4D).  
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Figure 2.4. Design of corannulene-based pentavalent Neu5Ac conjugates. A) CVA24v pentagon with Neu5Ac 
bound, pore and histidine residues highlighted. B) Zoom-in view of the histidines encircling the pore at the five-fold 
symmetry axis of CVA24v. C) Quantum mechanical docking of a minimalistic corannulene-scaffold with arene 
interactions to histidine residues of the virion indicated. D) Validation of length of the spacers required for chelation 
building one Neu5Ac appendage to the docked scaffold(D). (Figure prepared by David Andersson and reproduced 
from manuscript II).  
 
Theoretically, the symmetric nature of these inhibitors should result in higher avidity 
binding due to reduced loss of entropy in the inhibitor-lectin interaction.120 121 Further, 
symmetric inhibitors have reduced number of unique binding modes and thus generate 
more ordered binding events to the viral capsid which could facilitate in visualizing the 
inhibitors binding to CVA24v via structural biology. Finally, the effect of scaffold-
replacements in the optimization of multivalent ligand structures is a rather underexplored 
topic as most reports have focused on the refinement of spacer length and 
characteristics.100 

2.2 Synthesis of the glucose-based pentavalent Neu5Ac conjugates 
A convergent synthetic approach was used to synthesize the pentavalent Neu5Ac 
conjugates in order to minimize the number of steps with valuable sialoside intermediates, 
this approach was employed for synthesis of both the glucose- and corannulene-based 
conjugates. Thus, the per-alkynyl scaffolds and the azido spacer fragments were 
synthesized separately. The spacer fragments were then sialidated, and the resulting 
azido sialosides were conjugated to the per-alkynyl scaffolds. The CuAAC reaction was 
selected due to its high efficiency and its mild conditions allowing recycling of unreacted 
azido sialoside starting materials. 
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2.2.1 Synthesis of α- and β-pentapropargylated scaffolds 
The perpropargylated glucose core fragments 1 and 2 were each synthesized in two steps 
from commercial sources (Scheme 1). D-(+)-glucose was subjected to a microwave-
accelerated Fischer glycosylation122 in propargyl alcohol affording a mixture of α- and β-
glucosides. Subsequent O-alkylation of the mixture using NaH and propargyl bromide in 
DMF afforded the pure α-pentapropargylated core 1 in 23% yield over the two steps. The 
acetyl protected β-propargyl glucoside was treated with sodium methoxide in methanol 
affording the deprotected β-propargyl glucoside. Subsequent treatment with NaH and 
propargyl bromide in DMF afforded the β-pentapropargylated core 2114 in quantitative yield 
over the two steps. 

 
Scheme 1. Synthesis of pentapropargylated cores 1 and 2. 

2.2.2 Synthesis of spacer fragments 3 and 5, and 17–20 
Synthesis of spacer fragment 3 was performed in one step by heating 2-(2-(2-
chloroethoxy)ethoxy)ethanol with sodium azide in water, affording 3 in 95% yield (Scheme 
2). Spacer fragment 5 was accessed in two steps by coupling 5-amino-1-pentanol to 3-
bromopropionyl chloride in a water/dioxane mixture employing sodium carbonate as a 
base which afforded 4 in 78% yield. Subsequent treatment of 4 with sodium azide in DMSO 
afforded 5 in 79% yield (Scheme 2).  
 

Scheme 2. Synthesis of spacer fragments 3 and 5. 
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Attempts to couple 3-amino-1-propanol with 3-bromopropionyl chloride using the sodium 
carbonate water/dioxane system were sluggish and gave impure mixtures of 3-bromo-N-
(3-hydroxypropyl)propanamide in low yields (not shown). Thus, an improved method for 
spacer synthesis was needed. Treatment of 3-amino-1-propanol with TBDPSCl in MeCN 
afforded the silylether protected amine 7 in quantitative yield (Scheme 3). Subjecting 7 to 
a two-step procedure including amide coupling with 3-bromopionyl chloride and 
subsequent azide formation in DMF using sodium azide afforded the azido silylether 
protected spacer 13 in 81% yield over the two steps. Treatment of 13 with TFA in DCM 
afforded spacer fragment 17 in 30% yield. Synthesis of spacer 18–20 followed the same 
synthetic sequence (Scheme 3), with the exception that desilylation was performed with 
TBAF in DCM which resulted in significantly improving the yields for this reaction.  
 

Scheme 3. Synthesis of spacer fragments 17–20. 

2.2.3 Synthesis of sialosides 26–33 and glucose-based pentavalent 
Neu5Ac conjugates 50–63 
Synthesis of the azido sialosides 26–35 was achieved using the Neu5Ac donors 23123 and 
24123 that were obtained from Neu5Ac under standard conditions (Scheme 4).123 This 
included methyl ester protection of Neu5Ac by treatment with Dowex 50x8 H-form in 
MeOH to afford 21 in quantitative yield. Subsequent treatment of 21 with a mixture of acetyl 
chloride, MeOH, and acetic acid affords the acetyl protected anomeric chloride 22 in 
quantitative yield. Treatment of 22 with thiophenol and DIPEA in DCM or potassium ethyl 
xanthate in EtOH, respectively, affords the Neu5Ac donors 23 and 24 in 80% and 67% 
yields, respectively. Donor 23 was sialidated using spacer fragments 3 and 5, respectively, 
under promotion of silver trifluoromethanesulfonate and IBr124 affording the corresponding 
protected sialosides. Subsequent treatment with sodium methoxide in MeOH afforded the 
a-anomerically pure azido sialosides 26 and 27 in 28% and 12–14% yields, respectively. 
By performing the sialidation with Neu5Ac donor 24 and decreased concentration of 
spacer fragment 5, the yield improved to 35% over the two steps. Thus, all remaining 
sialidations were performed with donor 24, including synthesis of sialosides 27–32. Azido 
sialosides 33–35 were synthesized in similar manner, with the exception that aliphatic 
bromo alcohols were used as spacer fragments in the sialidation (Scheme 4). Thus, the 
afforded mixture of bromo sialosides were treated with sodium azide in DMF prior to 
removal of the acetate groups which afforded the a-anomerically pure azido sialosides 
33–35 in 31–52% yields over the three steps. Subsequently, 26–35 and 1 and 2, 
respectively, were subjected to copper azide-alkyne cycloaddition in THF/water afforded 
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the corresponding pentavalent methyl ester protected conjugates 36–49 in 27–73% yields 
(Scheme 5). Saponification gave the final pentavalent Neu5Ac conjugates 50–63 in 62% 
to quantitative yields. 

Scheme 4. Synthesis of Neu5Ac donors 23 and 24, and azido sialosides 26–35. 
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Scheme 5. Synthesis of pentavalent Neu5Ac conjugates 50–63. (Scheme has been reprinted from reference 113 
with permission from the publisher, for further use of this material contact the American Chemical Society).  
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2.3 Synthesis of the corannulene-based pentavalent Neu5Ac conjugates 

2.3.1 Synthesis of sym-pentaalkynyl corannulene core 
The sym-penta-(1-butyn-4-yl)-corannulene core 65115 was obtained in three steps from 
corannulene under standard conditions (Scheme 6).115, 125 This included, chlorination of 
corannulene using ICl in DCM to afford the sym-pentachloro corannulene compound 64126 
in 50% yield. Subsequently, 64 was subjected to iron-catalyzed aryl-alkyl cross-coupling 
reaction employing Fe(III) acetylacetonate in THF/NMP with the in-situ formed Grignard 
reagent 4-(TMS)-3-butynyl magnesium bromide affording crude product. Treatment of the 
crude with a solution of NaOH 10% in water, methanol, and THF (1:1:2 ratio) gave 65 in 
49% yield over the two steps. 

Scheme 6. Synthesis of sym-penta(1-butyn-4-yl)-corannulene core 65. 

2.3.2 Synthesis of C5-symmetric corannulene-based pentavalent Neu5Ac 
conjugates 
The azido sialosides 33–35 (Scheme 4), were conjugated to the pentapropargylated core 
65 by the copper catalyzed azide-alkyne cycloaddition affording the pentavalent Neu5Ac 
methyl esters 66–68 in 25–62% yields (Scheme 7). Subsequent saponification provided 
the corresponding C5-symmetric pentavalent Neu5Ac conjugates 71–73 in quantitative 
yields after neutralization.  
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Scheme 7. Synthesis of C5-symmetric corannulene-based pentavalent Neu5Ac conjugates. 

2.4 Biological evaluation of pentavalent Neu5Ac conjugates 
The biological effect of the pentavalent Neu5Ac conjugates were evaluated by measuring 
the CVA24v binding to, and transduction in, HCE cells. Whole particles of CVA24v were 
used in both experiments, and in the binding experiments the particles were 35S-labeled. 
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2.4.1 Glucose-based pentavalent conjugates attenuate CVA24v attachment 
to HCE cells  
Compared with untreated virions, the binding of 35S-CVA24v to HCE cells was significantly 
attenuated upon preincubation with compounds 50–63 (Figure 2.5 and Table 2.1). All the 
inhibitors were significantly more potent than Neu5Ac (IC50 > 10 mM)113 and DSLNT (50% 
reduction of binding at 2 mM, not shown)48. Neither spacer type (PEG vs. amide) nor core 
configuration (a vs. b) seemed to affect potency. Inhibitors with different but comparable 
length were equally potent (50–51 and 56–57, Table 2.1), and no clear trend was observed 
that favored a particular scaffold configuration (Table 2.1). In regards to the scaffold, this 
could possibly be due to an absence of direct contacts with the protein backbone or due 
to high flexibility with several possible binding modes. In contrast, increased spacer length 
resulted in slightly improve inhibitory potency, evident when comparing the inhibitors 
based on the b-glucose scaffold (Table 2.1). However, as expected excessive spacer 
length was not beneficial as observed with inhibitor 62, reflecting the greater entropic costs 
associated with binding a more flexible ligand. Inhibitor 59 (IC50 157 µM) was the most 
potent compound of this series. In a broader perspective, all inhibitors showed similar 
absolute potency to a 13-valent Neu5Ac-HSA conjugate, reported to reduce attachment 
by 75% at 0.5 mM.127 However, in terms of relative inhibitory potency, the ratio of the 
measured inhibition divided by the number of Neu5Ac units, 50–63 were more efficient at 
inhibiting CVA24v attachment. 

2.4.2 Pentavalent conjugates attenuate CVA24v transduction in HCE cells 
Inhibitors 50–53 and the corannulene-based compounds 69–70 were evaluated by 
measuring CVA24v transduction in HCE cells. All seven inhibitors attenuated the 
transduction thus confirming the results of the glucose-based inhibitors in the binding 
assay (Table 2.1). At 4 °C, inhibitors 52–53 proved 5- to 11-fold more efficient than 50–51 
at attenuating the transduction, with inhibitor 52 (IC50 123 µM) being the most efficient in 
this set of compounds. Neu5Ac did not have an apparent effect on CVA24v transduction 
at 4 °C (not shown). 
At 37 °C, the corannulene-based pentavalent Neu5Ac conjugates 69–71 and glucose-
based inhibitor 53 all attenuated CVA24v transduction (Figure 2.5B). Inhibitor 53 gave 
>95% and 50% reduction in comparison to control (absence of inhibitor) at compound 
concentrations of 1.25 mM and 312.5 µM, respectively (Figure 2.5B, and Table 2.1). At 
1.25 mM, compounds 69, 70, and 71 each attenuated the transduction by 75%, 60%, and 
80–85%, respectively. Inhibitor 71, containing the longest spacers had a small effect at a 
concentration of 312.5 µM attenuating 25% of the transduction. At lower concentrations 
none of the inhibitors were efficient in inhibiting CVA24v transduction (Figure 2.5B). Taken 
together, this indicates that a symmetric scaffold in this particular system was not efficient 
in improving inhibitory potency of the pentavalent Neu5Ac conjugates. 
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Figure 2.5. Effect of pentavalent Neu5Ac conjugates on CVA24v binding and infection of HCE cells. A) Effect 
of a representative set of pentavalent Neu5Ac conjugates on CVA24v binding to HCE cells at 4 °C. The selected 
compounds represent a variation in spacer length. B) Effect of corannulene-based pentavalent Neu5Ac conjugates 
on CVA24v transduction in HCE cells at 37 °C. Error bars are shown as the standard error of the mean (SEM). Data 
are presented as the % of control that is the value obtained in the absence of an inhibitor. All experiments were 
performed in duplicates and for a minimum of two times. (Figure A has been reprinted from reference 113 with 
permission from the publisher, for further use of this material contact the American Chemical Society. Figure B has 
been adopted from Manuscript III).  
 
Table 2.1. Summary of the effect of pentavalent Neu5Ac conjugates 50–63 on CVA24v binding to HCE cells, and 
effect of 50–53 and 69–71 on CVA24v transduction in HCE cells.  

    
 

    

X 
 

ID 
 

Binding 
(IC50) 

Transduction 
(IC50) ID Binding 

(IC50) 
Transduction 
(IC50) 

ID 
 

Transduction 
(IC50) 

 50 423 µMa 1.39 mM 51 670 µMa 974 µM - - 

 - - - 62 1.16 mM - - - 

 - - - 63 1.12 mM - 70 c 

 54 445 µM  - 55 524 µM - - - 

 56 446 µM - 57 481 µM - - - 

 52 159 µMa 123 µM 53 248 µM 180 µM / b - - 

 58 272 µM - 59 157 µM - - - 

 60 183 µM - 61 177 µM - - - 

 - - - - - - 69 d 

 - - - - - - 71 e 

All experiments were performed at 4 °C unless otherwise stated and present data taken from experiments that were 
performed in duplicates and for a minimum of two times. avalues from the same experiment, separate from the other 
glucose-based inhibitors. bAttenuated >95% and 50% of the transduction at 1.25 mM and 312.5 µM, at 37 °C.  
cAttenuated 75% of the transduction at 1.25 mM and 37 °C. dAttenuated 60% of the transduction at 1.25 mM and 
37 °C. eAttenuated transduction with 80-85% and 25% at 1.25 mM and 312.5 µM, respectively, at 37 °C. 
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2.4.3 Glucose-based pentavalent Neu5Ac conjugates inhibit HAdV-37 
attachment 
The glucose-containing pentavalent Neu5Ac conjugates 53, 61 and 63 were further 
evaluated for their ability to block attachment of 35S-labeled HAdV-37 to HCE cells (Figure 
2.6). All inhibitors were significantly more potent than Neu5Ac (IC50 1.2 mM) and the GD1a 
glycan (IC50 90.8 µM).77 Compound 63 (IC50 18 nM) was the most potent of the pentavalent 
Neu5Ac conjugates, and was 2- and 11-fold more efficient than 53 (IC50 34 nM) and 61 
(IC50 192 nM), respectively. Thus, in agreement with previous reports111 112 that 
demonstrated that decreased spacer length resulted in improved inhibitory potency. The 
pentavalent Neu5Ac inhibitors were however not as efficient as control compound ME0462 
(IC50 0.38 nM), that in terms of relative inhibitory potency (RIP) were several orders of 
magnitude more potent than any of the pentavalent Neu5Ac conjugates (Figure 2.6). In 
contrast, the pentavalent conjugates all had higher RIP values than ME0322.  

Figure 2.6. Effect of pentavalent conjugates on HAdV-D37 binding to HCE cells. Effect of ME0462 and 53, 61, 
and 63 on binding of HAdV-37 to HCE cells at 4 °C and the calculated relative inhibitory potencies of each inhibitor 
in relation to ME0462 and the GD1a glycan. RIP = relative inhibitory potency, calculated as (IC50)mono/((IC50)inhibitor * 
valency). (Figure has been reprinted from reference 113 with permission from the publisher, for further use of this 
material contact the American Chemical Society). 

2.5 Binding of pentavalent Neu5Ac conjugates to CVA24v and HAdV-37 
Binding of the inhibitors to CVA24v were studied using several methods including x-ray 
crystallography, cryogenic electron microscopy (Cryo-EM), and particle stability thermal 
release assay (PaSTRY), while negative-staining electron microscopy (NS-EM) was used 
to study the binding of the inhibitors to both CVA24v and HAdV-37, respectively. 

2.5.1 X-ray crystallography supports inhibitor binding to CVA24v  
Structures of inhibitors 50–61 and 71 bound to CVA24v were obtained and resolved with 
resolutions up to 1.8 Å. All structures showed clear electron density for the Neu5Ac units 
in all the binding sites in addition to a couple of the closest spacer atoms (Figure 2.7A–B, 
showing the 53-CVA24v complex, PDB code 6TSD). Density for the remaining parts of the 
inhibitors were not detected, likely due to high flexibility that generates several binding 
conformations resulting in unordered structures. The key contributions to inhibitor binding 
are provided by Tyr145, Ser147, and Tyr250 (Figure 2.7A). In regards to Neu5Ac, the C1-
carboxylate interacts directly with Ser147 by accepting hydrogen bonds from its side chain 
hydroxyl and a main chain amide proton. The C5-acetamido carbonyl oxygen of Neu5Ac 
accepts a hydrogen bond from the side-chain of Tyr250, while donating a hydrogen bond 
to the amido carbonyl of Tyr145. The C4-hydroxyl of Neu5Ac forms water-mediated 
hydrogen bond with the main chain of Tyr145 and Pro252, and the side chain of Tyr250, 
respectively. Pro252 also interacts distantly with the C1-carboxylate via a network of 
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water-mediated hydrogen bonds. The C9-hydroxyl of Neu5Ac forms a peculiar interaction 
by engaging in an intramolecular hydrogen bond with the C1-carboxylate. On the basis of 
the structural data, an explanation for this interaction could not be determined.  

Figure 2.7. Crystal structure of pentavalent conjugate 53 binding to CVA24v. A) Interactions of the Neu5Ac 
units of 53 with amino acids residues in the ligand binding site of CVA24v. B) Structure of 53-CVA24v complex, with 
observed electron density (cage) and remaining parts of the inhibitor modelled for clarity. (Figure has been reprinted 
from reference 113 with permission from the publisher, for further use of this material contact the American Chemical 
Society).  

2.5.2 Cryo-EM supports inhibitor binding over the five-fold axis of CVA24v 
To improve the understanding on how the pentavalent inhibitors bind to CVA24v in 
solution, cryo-EM was performed. To minimize the potential of the inhibitors to cross-link 
virus particles, an on-grid binding strategy was applied.128 This allowed the 71-CVA24v 
complex to be determined at an overall resolution of 2.3 Å. This structure shows clearly 
mushroom-shaped density for 71 over the five-fold axis of the virion (Figure 2.8A). 
However, only the Neu5Ac units of the inhibitor were resolved upon map sharpening at 
higher resolution (Figure 2.8B–C). Thus, to study alternative binding conformations of 71 
focused classification was performed on a single five-fold symmetry axis of the CVA24v 
capsid. In this approach, each particle is assigned with 60 symmetrical redundant 
orientations and a mask is applied to focus classification on a substructure of the virus. 
Application of this approach without the use of symmetry averaging, revealed that 71 binds 
in a heterogeneous fashion that deviates from five-fold symmetry (Figure 2.8D). In 
addition, 71 only localized to a subset of available Neu5Ac binding sites suggesting that 
only a couple of Neu5Ac appendages of 71 are in contact with the capsid at any one time 
with the other Neu5Ac appendages adopting random orientations in the solvent. Clearly, 
this indicates that 71 does not chelate the Neu5Ac binding sites of the CVA24v lectins, 
and it is reasonable to speculate that the other pentavalent inhibitors interact with CVA24v 
in similar fashion. 
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Figure 2.8. Cryo-EM analysis of CVA24v in complex with 71. (A) Unsharpened Cryo-EM reconstruction of the 
71-CVA24v complex. The protein surface is colored according to the radial coloring scheme, shown in Å, and density 
from 71 is colored in magenta. (B) Enlarged view of one pentagon from the sharpened cryo-EM map, showing 
density for the Neu5Ac units of 71. (C) Density for a single Neu5Ac unit of 71 in to its cognate binding site on 
CVA24v. (D) 3D classes obtained from the focused classification with no-alignments of the five-fold symmetry axis, 
colored as in (A). (Figure prepared by Dan Hurdiss and reprodced from manuscript II). 

2.5.3 Pentavalent conjugate 53 mildly stabilize the CVA24v particle 
Particle stability thermal release assay was used to study if the pentavalent inhibitors 
affected CVA24v uncoating. Capsid binding molecules have been suggested to act via 
stabilization of the viral capsid resulting in delaying the receptor-mediated changes 
required for uncoating.129 130 In contrast, capsid binding molecules could also cause a 
destabilization of the viral capsid resulting in early release of the viral RNA. Inhibitor 53 
was selected as a representative example of the pentavalent conjugates. Pleconaril and 
Neu5Ac were selected as controls. The melting profile for CVA24v was in the same range 
as other known Enteroviruses129, with a melting temperature for the proteins (Tm protein) 
of 48.40 °C, and 50.25 °C for the release of the viral genome (Tm RNA) (Figure 2.9A). 
Neu5Ac provided mild-stabilization to the CVA24v particle by shifting the release of viral 
RNA with 0.71 °C. Pleconaril shifted the release of viral genome by 1.32 °C, a relatively 
weak effect in comparison to other Enteroviruses where pleconaril had a thermal 
stabilizing effect of 3–6 °C.129 Inhibitor 53 shifted the Tm RNA with 1.01 °C providing a mild 
stabilizing effect. Thus, binding of the pentavalent inhibitors may result in slightly delaying 
the receptor-mediated changes required for uncoating, but do not cause destabilization of 
the capsid and early release of the viral RNA.  



 

 37 

Figure 2.9. Effect of pentavalent Neu5Ac conjugate 53 on thermal stability of CVA24v. Fluorescence curves 
of CVA24v with (solid black line) and without (solid gray line) 53. The dashed lines represent fluorescence of 53 in 
the absence of CVA24v (black) and fluorescence of denatured CVA24v (gray line). The table to the right shows a 
summary of CVA24v Tm and Tm shifts (ΔTm) as measured for protein (measured by SYPRO orange) and RNA 
(measured by SYTO 9) with and without treatment of 100 μM Neu5Ac, 53, or pleconaril. (Figure has been reprinted 
from reference 113 with permission from the publisher, for further use of this material contact the American Chemical 
Society). 

2.5.4 Spacer length of inhibitors affects binding to CVA24v and HAdV-37 
Multivalent ligand systems are suggested to bind to lectins via chelation, statistical 
rebinding, internal diffusion (bind and slide), cross-linking, aggregation, or via a 
combination of these mechanisms which results in enhanced potency via avidity. To study 
if the mechanism of potency enhancements for the pentavalent inhibitors occurs via cross-
linking and aggregation, we performed NS-EM with CVA24v and HAdV-37. ME0462 was 
selected as a control compound as an aggregation mechanism seems unlikely due to its 
short spacers. Inhibitors 53, 63, and 61 were selected from the pentavalent compounds 
as they present a compromise between spacer length and potency against CVA24v and 
HAdV-37. As expected, ME0462 (Figure 2.10) did not cause aggregation or cross-linking 
of viral particles in fact it seems able to break up CVA24v clusters present in the control 
(Figure 2.10). In contrast, formation of CVA24v aggregates is observed upon treatment 
with 53, 63, and 61 and the extent seems related to spacer length as larger aggregates 
are observed with 61 and 53 in comparison to 63. Thus, aggregation and cross-linking 
may be the main mechanism of potency enhancement for the inhibitors towards CVA24v. 
 
For HAdV-37, treatment with ME0462 caused very little to no aggregation of viral particles 
(Figure 2.10). Similarly, virions were largely monodispersed after treatment with 53 and 
63, thus the main mechanism of potency enhancement of these inhibitors likely results 
from a statistical rebinding mechanism. This could also explain the slightly increased 
potency of 63 by reasoning of spatial proximity of bound and unbound ligand in relation to 
the binding sites, with the ligands 63 in closer proximity and thus able to provide a higher 
effective local concentration of ligand. In contrast treatment with 61 resulted in major 
aggregation of viral particles, which for this particular system apparently does not cause 
any additional enhancements in potency in comparison to a statistical rebinding 
mechanism. 
 
Taken together, it seems reasonable to speculate that the main mechanism of inhibition 
for the pentavalent inhibitors involves binding to the virion which blocks the virion from 
interacting with its cognate receptor(s) on the cellular surface. 
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Figure 2.10. Effect of ME0462 and pentavalent Neu5Ac conjugates on cross-linking and aggregation of 
CVA24v and HAdV-37. The results of the NS-EM for HAdV-37 (top row) and CVA24v (bottom row), following 
treatment with PBS, trivalent (ME0462) or pentavalent (53, 63, 61) Neu5Ac conjugates at a final concentration of 2 
mM. Scale bars are visible at the bottom right corner for each image and correspond to 200 nm for images with 
HAdV-37 and 100 nm for images with CVA24v. (Figure has been reprinted from reference 113 with permission from 
the publisher, for further use of this material contact the American Chemical Society).   

2.6 Possible reasons behind the large observed potency differences 
Several factors likely contribute to the observed potency differences of the pentavalent 
Neu5Ac inhibitors towards CVA24v and HAdV-37. In terms of recognition, Neu5Ac forms 
direct contacts with Tyr312, Pro317, and Lys345 of HAdV-37 and engage in a water-
mediated hydrogen bond to Ser344. 112 The presence of a salt bridge between the 
carboxylate of Neu5Ac and Lys345 of HAdV-37 is a notable difference in the recognition 
of Neu5Ac between the two viruses. In CVA24v, the carboxylate of Neu5Ac is engaged in 
hydrogen bonding with Ser147, in addition to forming an intramolecular bond with its C9 
hydroxyl. The overall surface topology of the Neu5Ac lectins differ significantly between 
the two viruses. The Neu5Ac binding sites of HAdV-37 are more recessed and less solvent 
exposed due to the fact they are located on the inner side of the fiber knobs resulting in 
giving the lectin an overall concave topology (i.e. depression between the binding sites) 
when viewed from the rotational symmetry axis of the homotrimeric fiberknob proteins 
(Figure 2.11A). Further, the Neu5Ac binding sites are more rigid since there is less mobility 
in the loops interacting with Neu5Ac. In contrast, the receptor-engaging loops of CVA24v 
are highly mobile and form very shallow binding sites that by comparison are more solvent 
exposed. In comparison to HAdV-37, the Neu5Ac binding sites of CVA24v are located 
further apart from the rotational symmetry axis (Figure 2.11B), and the rising of the protein 
surface when viewed from the rotational symmetry axis of the virion in relation to the 
Neu5Ac binding sites, gives the lectin-receptor an overall convex-concave-convex surface 
going from one Neu5Ac binding site across the center to another (Figure 2.11B). In fact, 
computational work studying the stability of complexes between divalent ligands and 
bivalent receptor with concave (i.e. depression or channel) or convex (i.e. rising or hill) 
surfaces between the binding sites, has shown that spacer-receptor interactions can be 
particularly detrimental in convex receptors and result in vanishing potential avidity 
enhancements.131 Thus, it is plausible that a radial distribution of ligands may not be 
optimal in the case of CVA24v and it is reasonable to speculate that the convex binding 
site topology may be a contributing factor to the modest avidity enhancements achieved 
by the pentavalent Neu5Ac conjugates. Another significant factor that likely affects the 
potency stems from the differences in receptor utilization and dependence. During the 
course of our work with constructing and evaluating the Neu5Ac based inhibitors, it was 
reported that binding to the intercellular adhesion molecule 1 (ICAM-1) was essential for 
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CVA24v replication and that Neu5Ac mainly served as an auxiliary receptor that potentially 
could explain the observed virulence and pandemic potential of the virus.54 In contrast, 
binding to Neu5Ac-containing glycans is an essential step in the replication of HAdV-37.77 
 

Figure 2.11. Geometry and topology of the Neu5Ac lectins of HAdV-37 and CVA24v. A) Trimeric Neu5Ac lectin 
of HAdV-37, B) Pentameric Neu5Ac lectins of CVA24v. (Figure has been reprinted from reference 132 with permission 
from Elsevier). 

2.7 Concluding remarks  
We synthesized two generations of pentavalent Neu5Ac conjugates with different 
scaffolds and with varying lengths of the spacer fragments of the compounds. We explored 
the effect of synthesized pentavalent conjugates on CVA24v and HAdV-37 binding to HCE 
cells, and CVA24v transduction in HCE cells. Further, we studied the binding of the 
pentavalent conjugates to CVA24v and HAdV-37 using multiple methods. The synthesized 
pentavalent conjugates are the first reported inhibitors of CVA24v transduction, and they 
were also efficient in blocking HAdV-37 binding to cells. Cryo-EM analysis showed clear 
evidence that the pentavalent conjugates do not bind to CVA24v via chelation, and thus 
offer a potential explanation to the low observed avidity gains. NS-EM revealed that the 
pentavalent conjugates act by cross-linking and aggregation of CVA24v particles. 
Nevertheless, at the time these results supported efforts towards development of general 
inhibitors against these two viruses that cause highly contagious eye infections. General 
inhibitors are particularly attractive in this case due to clinical difficulties in distinguishing 
these infections and their causative agents. Such compounds could be administered 
directly to target tissue in the eye, thereby circumventing many of the challenges presented 
with oral administration. Likely, off-target effects are also reduced as the Neu5Ac binding 
sites are located on the virus surface, and the inhibitors do therefore not need to permeate 
any cell membranes. Furthermore, such inhibitors could be applied upon development of 
the first symptoms to alleviate the infections, limit the spread in the general population, 
and, most importantly, to help prevent health care-associated infections of 
immunocompromised individuals which can result in potentially life-threatening conditions. 
Circling back, the potency of the compounds presented in these studies may need further 
improvement toward CVA24v before consideration as antiviral drugs. However, one 
should keep in mind that administration is likely possible in millimolar concentrations 
without adverse side effects since Neu5Ac is nontoxic and abundantly expressed 
throughout the human body. Repeated administration of ME0462 in high doses to rabbits 
did for example not result in any toxic reactions or adverse side effects.112 
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3. Targeting CVA24v transduction – Design and 
synthesis of linear divalent Neu5Ac conjugates 
(Paper III) 
Design of multivalent carbohydrate ligands tailored to lectin valency, geometry and 
topology is a powerful method in the quest to overcome the weak affinity of univalent 
protein-carbohydrate interactions.97 However, achieving chelation binding by design of 
multivalent ligands that match lectin valency can become a daunting task due to factors 
such as lectin topology, spatial distribution of binding sites, and vigorous synthetic 
efforts.98, 103, 133 An alternative strategy could in such cases be the design of lower valent 
ligands that engage, or bridge, fewer binding sites of the lectin. Indeed, substantial 
multivalency effects have been attained with tailored multivalent systems containing as 
little as two ligands, capable of bridging (i.e. chelating) adjacent binding sites of lectins.107, 

134 Such compounds are also more attractive based on atom economy, ease of preparation 
(and optimization), and have been suggested to potentially have increased selectivity 
profiles.133 Based on this reasoning, along with the fact that the topology of CVA24v was 
a potential contributing factor to the low observed avidity of the pentavalent Neu5Ac 
conjugates, we decided to explore if tailored linear divalent Neu5Ac conjugates were better 
suited to inhibit CVA24v transduction. 

3.1 Design of divalent Neu5Ac conjugates 
Upon studying the Neu5Ac-CVA24v structure (PDB code 4Q4Z, Figure 3.1), it was evident 
that the five Neu5Ac binding sites of one pentagon are interconnected via a shallow 
canyon that stretches between the binding sites. We hypothesized that this canyon could 
accommodate a spacer bridging neighbouring Neu5Ac residues bound to their cognate 
sites on CVA24v. The closest points of contacts between Neu5Ac residues were identified 
to be from the C9 position of one residue to the C2, or C4, position of an adjacent residue 
with the former slightly closer in space. The hydroxyl groups attached to C2 and C9 serve 
as attractive conjugation spots as they are not key contributors to inhibitor binding and are 
pointing towards the solvent, thus minimizing the potential risk of steric clashes occurring 
with the virion. Both hydroxyls are also directed towards the shallow canyon and the 
spacer connecting the Neu5Ac residues could potentially interact directly with amino acid 
residues decorating the canyon. Furthermore, both C2- and C9-modified Neu5Ac azido or 
alkynyl compounds are accessible via robust and straightforward synthetic methodologies, 
and could be conjugated under mild conditions (CuAAC) to provide access to C2–C9 
linked divalent Neu5Ac conjugates. In contrast, the C4 hydroxyl projects towards the 
protein surface and is engaged in two water-mediated hydrogen bonds with amino acid 
residues of the binding site. Linkage via the C4 hydroxyl is however interesting as the 
shallow canyon is directly accessible through a narrow passage, which either forces 
interactions or steric clashes with the virion. We recently reported on the synthesis of 4-O-
alkynyl Neu5Ac building blocks, accessible via O-alkylation135 (described in chapter 3), 
that could be conjugated to C9 modified azido Neu5Ac building blocks to yield C4–C9 
linked divalent Neu5Ac conjugates. A third, and perhaps more straightforward, method of 
assembling divalent Neu5Ac conjugates is to prepare one common Neu5Ac building block, 
e.g. a-azido Neu5Ac136, and click this to a di-alkynyl spacer fragment yielding C2–C2 
triazole linked divalent Neu5Ac compounds. Such divalent compounds are however less 
likely to interact with the canyon as the a-anomeric triazoles are pointing towards the 
solvent, however chelation binding is still a possibility. We probed each of these strategies, 
and studied the effect of spacer length on potency for each class of the divalent Neu5Ac 
conjugates. 
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Figure 3.1. CVA24v pentagon with bound Neu5Ac with conjugation positions highlighted. The hydroxyl 
groups attached to C2 (black), C4 (yellow), and C9 (white) are highlighted and serve as potential conjugations 
positions for assembling divalent Neu5Ac compounds. Narrow passage from C4 is highlighted with an arrow. (Figure 
reproduced from Manuscript III). 

3.2 Synthesis of three classes of divalent Neu5Ac conjugates 
The synthesis started with the preparation of the C9-amino acetate salt 74137, a common 
intermediate in the synthesis of both C2–C9 and C4–C9 linked divalent Neu5Ac 
conjugates (Scheme 3.1). The 2-chloro Neu5Ac derivative 22 was treated with sodium 
methoxide in methanol to afford the deprotected a-methoxy sialoside 72 in 50-75% 
yields.138 Subjection of 72 to Appel reaction conditions with concurrent azide substitution 
gave the 9-azido derivative 73 in 73% yield. Treatment of 73 with triphenylphosphine in 
methanol followed by addition of acetic acid gave the C9-amino acetate 74 after 
lyophilization in 96% to quantitative yields.137 Compound 74 was then subjected to amide 
couplings in DCM with pentafluorophenyl esters 75–78, respectively. Subsequent 
treatment of the mixtures with sodium methoxide in methanol yielded the corresponding 
C9-amides 79–82 in 29–62% yields over two steps. 
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Scheme 3.1. Synthesis of C9-amide Neu5Ac building blocks. 
 
The C9-amide alkynyl building block 79 was subsequently clicked to the azido sialosides 
26–28 and 30–33, respectively, to afford the corresponding divalent methyl ester protected 
Neu5Ac conjugates 83–88 in 37–72% yields (Scheme 3.2). Saponification provided the 
divalent Neu5Ac conjugates 89–94 in 73% to quantitative yields. 
 

Scheme 3.2. Synthesis of divalent C2–C9 linked Neu5Ac conjugates 89–94. 
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In similar fashion, the divalent C4–C9 linked Neu5Ac conjugates were synthesized by 
clicking the C9-amide azido building blocks 80–82, respectively, to the 4-O-alkynyl 
derivative 95 (synthesis described in chapter 3), affording the divalent methyl ester 
Neu5Ac conjugates 96–98 in 35-78% yields (Scheme 3.3). Treatment with aqueous lithium 
hydroxide in methanol afforded the corresponding conjugates 99–101 in 83-92% yields. 
 

Scheme 3.3. Synthesis of divalent C4–C9 Neu5Ac conjugates 99–101. 
 
Synthesis of the C2–C2 linked divalent Neu5Ac conjugates started with the preparation of 
a-azido sialoside 103136 (Scheme 3.4). The chloro derivative 22 was treated with sodium 
azide and tetrabutylammonium hydrogensulfate in a 1:1 mixture of DCM and saturated 
sodium hydrogen carbonate to afford the acetyl protected a-azido derivative 102 in 65% 
yield. Subsequent O-deacetylation afforded 103 in 71% yield. The a-azido sialoside 103 
was then clicked to the alkynyl PEG spacers 104139 and 105139 affording the divalent 
methyl ester protected Neu5Ac conjugates 106 and 107 in 48% and 59% yields, 
respectively. Saponification gave the corresponding C2–C2 linked divalent Neu5Ac 
conjugates 108 and 109 in 88% and 91% yields, respectively. 
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Scheme 3.4. Synthesis of a-azido Neu5Ac building block 103 and of divalent C2–C2 linked Neu5Ac conjugates 108 
and 109. 

3.3 The C2–C9 Neu5Ac conjugates attenuate CVA24v transduction in HCE 
cells 
The biological effect of the three classes of divalent Neu5Ac conjugates were evaluated 
by measuring the transduction of CVA24v in HCE cells. In comparison to control, the 
transduction of CVA24v was significantly attenuated upon treatment with the C2–C9 linked 
Neu5Ac conjugates (compounds 89–94) with each compound showing dose-response 
effects (Figure 3.2A). Compounds 89–94 were significantly more potent than DSLNT. No 
relationship between spacer length and potency was demonstrated and 89–94 showed 
similar potency. This could be explained by a suboptimal chelation of the binding sites, 
with a high local concentration of ligand imposed upon binding of the first ligand unit,140 141 
or alternatively by flexibility of the spacers. Indeed, previous research have demonstrated 
that, in terms of flexible spacers, the influence of spacer length on avidity is minimal.140, 

141, 142 Nevertheless, in terms of absolute potency, 89–94 were not as effective as the 
pentavalent Neu5Ac conjugate 53. However, in terms of relative efficiency compounds 
89–94 were more efficient at inhibiting CVA24v transduction. In contrast, the transduction 
of CVA24v was not attenuated upon treatment with the C4–C9 linked divalent Neu5Ac 
conjugates (compounds 99–101) at any of the tested concentrations (Figure 3.2B), thus 
supporting a key role of the C4 hydroxyl in binding or alternatively that steric factors 
imposed by the spacer prohibit binding. Similarly, the effect of the C2–C2 linked divalent 
Neu5Ac conjugates (compounds 108 and 109) was equally poor, with CVA24v 
transduction attenuated by 60% following treatment with 5 mM compound (Figure 3.2B). 
A plausible explanation to this observation could be a difference in favored binding modes, 
where chelation binding via (or over) the canyon is disfavored due to the orientation of the 
spacer when linked divalently at the C2-position of each Neu5Ac unit. 
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Figure 3.2.  Effect of divalent Neu5Ac conjugates on CVA24v transduction in HCE cells at 37 °C. A) Effect of 
the C2–C9 linked compounds 89–94 and DSLNT. B) Effect of the C4–C9 and C2–C2 linked divalent Neu5Ac 
conjugates 99–101 and 108–109, respectively. Error bars are shown as the standard error of the mean (SEM). Data 
are presented as the % of control that is the value obtained in the absence of an inhibitor. All experiments were 
performed two times in in duplicates. (Figure reproduced from Manuscript III). 

3.4 Concluding remarks 
We designed and synthesized three classes of divalent Neu5Ac conjugates with 
flexible spacers and studied their inhibitory effect on CVA24v transduction. The 
synthetic routes developed are flexible to study the effect of spacer length on 
potency and provide final compounds in reasonable yields. We identified that 
linkage of Neu5Ac units between the C2 to C9 positions were best suited for 
construction of divalent Neu5Ac conjugates targeting CVA24v transduction. The 
C2–C9 compounds are in terms of relative inhibitory efficiency equal to or better 
than the previously reported pentavalent Neu5Ac conjugates. Structural biology 
could give further insights into compound optmimization, for example using rigid 
spacers that proved efficient in development of divalent galactoside ligands 
targeting Pseudomonas aeruginosa lectin Lec A.107, 134 
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4. Synthesis and scope of 4-O-alkylation of Neu5Ac 
(Paper IV) 
The interest in Neu5Ac analogs and their roles in biological systems is constantly 
increasing.143-146 Thus, synthetic methodologies that allow efficient site-selective 
modifications of the Neu5Ac-template are of great utility for studying Neu5Ac biology and 
for drug discovery.144, 146 This project originated during the course of our work designing 
linear divalent Neu5Ac conjugates targeting CVA24v (chapter 2), where the C4 hydroxyl 
of Neu5Ac presented itself as one of several possible conjugation positions. Synthesis of 
C4-modified analogs of Neu5Ac, based on 2-deoxy-2,3-didehydro-N-acetylneuraminic 
acid (DANA, 108, Figure 4.1) has been of central importance in the development of 
Neu5Ac-based antivirals targeting human influenza virus neuraminidase and culminated 
in Relenza® (109, Figure 4.1)85, 147 Efficient methods to selectively synthesize C4-modified 
analogs of DANA have been reported and include the synthesis of nitrogen147, sulfur147, 
and deoxygenated analogs148. These analogs are accessed via site-selective ring opening 
at position 5 of the allylic oxazoline of 2,3-didehydro-N-acetylneuraminic acid (110, Figure 
4.1). These generated C4-modified DANA analogs can be subjected to further 
transformations to access C4-deoxy and C4-nitrogen analogs of Neu5Ac, but require re-
installment of the glycosidic bond which produces two stereoisomers in equal 
proportions.149 150 However, in the case of oxygen nucleophiles this methodology falters 
as opening occurs at position 2 of the oxazoline ring.148 In regards to selectively 4-O-
modified analogs of Neu5Ac, some examples have been reported and include 4-O-acetyl, 
-allyl151 -benzyl152-156, -methyl150, 157, 158, -ethyl157, -cyanomethyl159, -silyl160, and -
tertbutoxyacetate groups161. Synthesis of these 4-O-modified Neu5Ac analogs all have in 
common that they employ electrophiles that are activated, highly reactive, and with the 
lone exception of the 4-O-ethyl analog lack the presence of b-hydrogens. Furthermore, the 
commercial availability of suitable electrophiles remains limited, and no systematic study 
of the scope of the 4-O-alkylation has been reported. Thus, our overall aim with this project 
was: 1) to establish a synthetic route and method to access 4-O-alkyl analogs of Neu5Ac, 
such as 95 (Figure 4.1), to be used as a building blocks to construct divalent Neu5Ac 
conjugates via the CuAAC reaction; 2) to study the scope of the 4-O-alkylation, and 
thereby further the community’s knowledge regarding synthesis of 4-O-modified Neu5Ac 
analogs. 
 
  

Figure 4.1. Structure of Neu5Ac analogs. DANA (108), Relenza (109), and key intermediate in synthesis of C4-
modified analogs (110) and example of a 4-O-alkynyl Neu5Ac analog (95). 

4.1 Design of the study 
To selectively modify the 4-O-position of Neu5Ac a suitable protective group strategy was 
needed. We hypothesized that 111 and 112 (Scheme 4.1), would be suitable substrates 
with 111 being the preferred substrate. Synthesis of 111 is straightforward and high 
yielding160, with the major advantage that complete removal of all protective groups can 
be achieved in a single step. Further, synthesis of 111 involves the partly protected 
intermediates 113 and 114 that could also be subjected to O-alkylations. The synthetic 
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route to 111, which also allows for the preparation of the N-Boc protected derivative 118 
that could be employed if competing intramolecular lactamizations151, 162, 163 would be 
problematic in the O-alkylation reaction. In contrast to 111, the protective groups of 112 
are orthogonal and allow site-selective removal and functionalization of the glycerol side 
chain (C7, C8, and C9). The benzyl and acetonide protecting groups of 112 have 
increased resistance toward hydrolysis under basic conditions that could overcome 
potential issues arising from the acetate protecting group strategy of 111. In addition, we 
also included the thiophenyl Neu5Ac donor 119 (Scheme 4.1), that allows modifications at 
the C2-position via sialidations or access to 4-O-alkyl DANA analogs via C3-elimination. 
Propargyl bromide was selected as the model electrophile in the optimization reactions. 
The lack of b-protons minimizes the competing E2 reaction, and thus provides a fair 
measure of the effectiveness of the SN2 reaction. In addition, the generated alkynyl product 
could directly be used for the synthesis of divalent Neu5Ac conjugates via CuAAC. 

4.2 Preparation of the Neu5Ac substrates 
Synthesis of the Neu5Ac substrates 111 and 119 followed identical synthetic routes (the 
structures are shown inside the dashed boxes in Scheme 4.1). Synthesis of 72 was 
previously presented (chapter III), while the thiophenyl Neu5Ac derivative 129 was 
accessed from the corresponding tetra-O-acetyl derivative 23 (chapter II) in one step using 
sodium methoxide in methanol that proceeded in 78% yield. From here on, I will 
exclusively describe the synthesis of 111 in text, for the synthesis of 119 the reader is 
referred to Scheme 4.1. Compound 72 was treated with 2,2-dimethoxypropane and p-
toluenesulfonic acid in acetone to afford the 8,9-O-acetonide protected derivative 113 in 
85% yield. Treatment of 113 with TBDMSCl and imidazole in DCM afforded derivative 114 
in 80% yield. Subjection of 114 to a two-step procedure, including treatment with TFA 
(50% aq.) in DCM followed by acetic anhydride in pyridine, afforded the protected 
derivative 116 in 79% yield over the two steps. Removal of the TBDMS group of 116 was 
achieved using TBAF in THF to afford the primary target substrate 111 in 81% yield. 
Alternatively, treatment of 116 with di-tert-butyl dicarbonate (Boc2O) and 4-
(dimethyl)aminopyridine (DMAP) in THF afforded 117 in 62% yield. Subsequent treatment 
with TBAF in THF afforded the N-Boc protected substrate 118 in 52% yield. Synthesis of 
substrate 112 (Scheme 4.1), started with treating 72 with benzaldehyde dimethylacetal 
and camphorsulfonic acid (CSA) in MeCN to afford 125 as a mixture of diastereomers in 
quantitative yield. Selective reduction of 125 using borane dimethylamine complex and 
aluminum chloride in THF afforded the 9-O-benzyl derivative 126 in quantitative yield. 
Subsequent acetonide formation using 2,2-dimethoxypropane and CSA in MeCN afforded 
substrate 112 in 96% yield. 
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Scheme 4.1. Synthesis of Neu5Ac substrates 111, 112, and 119 (inside the dashed boxes) protected at the 7- ,8-, 
and 9-positions and the N-Boc protected derivative 118. 

4.3 Order of addition affects the reaction outcome  
Initial attempts to alkylate 111 using Ba(OH)2/BaO in DMF151, 156, 164, K2CO3 in THF, or 
CsCO3 in MeCN resulted in minimal amounts of the corresponding 7,8,9-tri-O-acetyl-4-O-
propargylated derivative 127 (See Table 4.1 for structure). However, when using THF and 
KHMDS or NaH, promising observations were made with the latter providing superior 
conversion and product formation. Thus, we screened standard O-alkylation conditions by 
treating 111 with NaH (1.1 equiv.) on ice prior to addition of propargyl bromide (3.0 equiv.). 
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This afforded 127 in 26% isolated yield. In addition, substantial amounts of O-deacetylated 
species were observed in the reaction mixture. In contrast, the reaction in DMF resulted in 
nearly complete decomposition and only trace amounts of 127. This prompted us to study 
the alkoxide formation of 111 with NaH in DMF-d7 and in THF-d8, respectively, by recording 
1H-NMR spectras at two different time points. In DMF-d7, 111 was essentially consumed 
within 10 minutes post-addition of NaH (Figure 4.2A and B), resulting in a complex mixture 
of products. In contrast, only minimal signs of degradation were observed in THF-d8 after 
10 minutes (Figure 4.2C and D), and after 1 hour the majority of 111 was largely intact. 
This is perhaps, of no surprise as a variety of substances have been reported since the 
1960s to induce the decomposition of DMF165, with NaH mediating cleavage of the formyl 
group166 and alkoxides inducing the instantaneous formation of DMF radicals167 (Figure 
4.3A and B, respectively). Thus, formation of these species and their subsequent reactions 
with 111 likely explains the observed degradation in DMF. Nevertheless, based on these 
results we decided to reverse the order of addition by mixing 111 with propargyl bromide 
on ice before addition of NaH. This resulted in the isolated of 127 in 55% yield in DMF, 
and improved the yield to 47% in THF. Thus, highlighting the importance of avoiding pre-
formation of the alkoxide in O-alkylations with Neu5Ac substrates, in particular when using 
DMF.  
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Figure 4.2. Treatment of 111 with NaH. 1H-NMR spectra of 111 in DMF-d7 (A–B) and THF-d8 (C–D). A and C) 
reference, no added base. B and D) directly upon addition of NaH. *solvent residual peak. (Figures A–D reproduced 
from Manuscript IV). 
 



 

 52 

 
Figure 4.3 Formation of radicals in DMF upon treatment with alkali. A) NaH-mediated cleavage of the formyl 
group of DMF166. B) Potassium methoxide induced formation of DMF radicals167.  

4.4 Screening and optimization of the 4-O-alkylation of Neu5Ac 
To start, we followed-up on the previous observations of possible O-deacetylated species 
in the reaction mixture and decided to add an extra step before purification. That is, 111 
was treated with propargyl bromide and NaH in THF followed by sodium methoxide in 
methanol. This afforded 128 in 50% yield (entry 1, Table 4.1). Thus, for all the subsequent 
reactions the O-deacetylation step was performed in order to compensate for formation of 
hydrolyzed species during the reaction, and thus facilitate isolation of the desired 4-O-alkyl 
product. Further, the stoichiometry of NaH was increased to 2.0 equivalents to assure 
complete deprotonation of both the hydroxyl and the acetamide of 111. First, common 
solvents were screened (entries 2–6, table 4.1), with THF providing 128 in more than 20% 
higher yield in comparison to the other screened solvents. Next, the stoichiometry of 
propargyl bromide and NaH were screened (entries 3, 7–9, and 10–12, respectively), with 
the cleanest reaction obtained using 5.0 and 1.0 equivalents of propargyl bromide and 
NaH, respectively (entry 12, Table 4.1). The yield was however not improved in 
comparison to the reference reaction (entry 3, Table 4.1). Pleasingly, screening of 
substrate concentration (entries 13–15, Table 4.1), resulted in conditions that furnished 
128 in 70% yield. With the optimized conditions at hand the stoichiometry of NaH was 
adjusted to 1.5 equivalents due to incomplete conversion of 111 in some reactions when 
using 1.1 equivalents providing 128 in 67% yield (entry 16). To conclude, the optimal 
conditions were 5.0 and 1.1–1.5 equivalents of propargyl bromide and NaH, respectively, 
and a substrate concentration of 0.3 M (in THF). The 4-O-alkylated product 128 was 
confirmed by 2D NMR analysis, and by treatment with acetic anhydride in pyridine which 
afforded 127 in 60% yield. 
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Table 4.1. Screening and Optimization of Reaction Conditions.  

 
  

Solvent 
 

(equiv.) 
 

NaH 
(equiv.) 

 

 
[111] 

M 

 
127  

Yield %a 

 
Yield % 

1 THF 5.0 1.1 0.3 59 50 
2 DMF 5.0 2.0 0.1 47 40 
3 THF 5.0 2.0 0.1 61 52 
4 1,4-Dioxane 5.0 2.0 0.1 51 43 
5 MeCN 5.0 2.0 0.1 41 35 
6 Toluene 5.0 2.0 0.1b n.d. n.d. 
7 THF 1.1 2.0 0.1 25 22 
8 THF 2.0 2.0 0.1 45 39 
9 THF 10.0 2.0 0.1 51 44 

10 THF 5.0 1.0 0.1 56 47 
11 THF 5.0 5.0 0.1 37 31 
12 THF 5.0 1.1 0.1 56 47 
13 THF 5.0 1.1 0.05 39 33 
14 THF 5.0 1.1 0.3 82 70 
15 THF 5.0 1.1 1.0b 52 45 
16 THF 5.0 1.5 0.3 79 67 

       
aEstimated yields: based on the isolated yield (85%) of the O-deacetylation of 17. bSolubility issues. n.d. = not 
determined. (Table reproduced from Manuscript IV). 

4.5 O-alkylation of diversely protected Neu5Ac substrates 
Using the optimized conditions, we attempted to improve the yields of the O-alkylation by 
using the N-Boc protected substrate 118. Surprisingly, 118 was completely unreactive 
towards O-alkylation under the optimized conditions (entry 1, Table 4.2). Attempts with 
prolonged reactions times (2.5 h), heating (60 °C, 16 h), or irradiation in a microwave 
reactor (100 °C, 20 min) were not effective for causing conversion. O-alkylation of 112 
gave 130 in 57% yield (entry 2). Thus, supporting the use of orthogonal protecting groups, 
although the yield was not improved in comparison to the alkylation of 111. The thiophenyl 
analog 119 gave 131 in 74% yield over two steps (entry 3), and thus significantly broaden 
the utility of the reaction. The 4-, 8-, and 9-O protected Neu5Ac derivatives 114 and 122 
gave the corresponding 7-O-propargyl products 132 and 133 in 48% and 71% yields, 
respectively (entries 4 and 5). Thus, supporting access to 7-O-alkylated species. Finally, 
the more challenging intermediates 113 and 121 gave 134 and 135 in 31% and 50% yields, 
respectively (entries 6 and 7). Thus, demonstrating that 4-O-alkylated Neu5Ac analogs 
can be accessed in significantly fewer steps, albeit at lower isolated yields.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Br
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Table 4.2. O-alkylation of Diversely Protected Neu5Ac Building Blocks.  
  

Substrate 
  

Product 
  

Yield % 

 
1  

 
118 

 

 
129 

 
n.r. 

 
2 

 
 
112 

 

 
130 

 
57 

 
3  

 
119 

 

 
131 

 
74a 

 
4 

 

 
114 

 

 
132 

 
48 

 
5 

 

 
122 

 

 
133 

 
71 

 
6 

 

 
113 

 

 
134 

 
31 

 
7 

 

 
121 

 

 
135 
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All reactions were conducted in THF (0.3 M substrate), and performed by treating a stirred solution of 5.0 equivalents 
of propargyl bromide and substrate with 1.1–1.5 equivalents of NaH (specific details in SI).  n.r. = no reaction.  aYield 
over two steps. (Table reproduced from Manuscript IV). 

4.6 The scope of the 4-O-alkylation of Neu5Ac 
Commercial alkyl halides and sulfonates were screened to study the scope of the 4-O-
alkylation of 111. As expected, activated alkyl bromides and an alkyl sulfonate gave the 
corresponding 4-O-alkylated products 136–139 in 52–79% yields (entries 1–4, Table 4.3). 
The reaction using the primary halide, 6-iodo-1-hexyne, gave 95 in 10% yield (entry 5). 
However, dipolar aprotic solvents are known to increase the rate of substitution due to 
their ability to solvate cations168, and the use of DMF indeed improved the yield giving 95 
in 45% yield. The corresponding reactions with 6-chloro-1-hexyne only gave trace 
amounts of 95, and the use of additives KI or TBAI did not improve the reaction outcome 
(entry 6). As a result of this, the reaction using 5-bromo-1-pentene was performed in DMF 
affording 139 in 17% yield (entry 6). Ethyl tosylate gave 140 in a mere 8% yield (entry 7), 
with substantial amount of hydrolyzed starting material. Finally, we attempted to substitute 
a 2° alkyl halide. This resulted in trace amounts of the corresponding product 141 (entry 
9), in line with the fact that 2° halides are less reactive in O-alkylation reactions due to 
excess b-protons favoring an E2 pathway over the desired substitution reaction.169 
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Table 4.3. Scope of the O-alkylation Reaction.  
 
Entry 
 

 
Electrophile 

 
Product 

  
Yield % 
 

1 
 

 

136 64a 

2  
 

 

137 52a 

3 
 

 

138 79a 

4   111 58a 

5 
 

 

95 10a 
45b 

6 
 

 95 tracesabc 

7  

 

139 17b 

8  

 

140 8ad 

9 
 

 

141 tracesab 

aTHF as solvent. bDMF as solvent. cKI or TBAI as additives. d80% pure. (Table reproduced from Manuscript IV). 

4.7 Concluding remarks 
In summary, we have systematically studied the 4-O-alkylation of diversely protected 
Neu5Ac building blocks and provided an understanding of the scope of the reaction. We 
demonstrated that activated alkyl halides and sulfonates and primary alkyl iodides give 
products in useful yields. Further, the developed conditions were efficient in the synthesis 
of 7-O-alkyl Neu5Ac derivatives. The use of a thiophenyl Neu5Ac derivative broadens the 
utility of the methodology due to further potential transformations involving the C2-position. 
Taken together, the results presented in this study expand the toolbox of Neu5Ac 
chemistry that are of value for the design of novel chemical tools to study the biochemistry 
and physiology of Neu5Ac lectins and enzymes, and therefore also in drug discovery. 
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5. CVA24v uncoating, and structure-based 
development of branched capsid binding molecules  
During the course of developing multivalent Neu5Ac compounds targeting CVA24v 
(Chapter II and III), the intercellular adhesion molecule-1 (ICAM-1) was reported as the 
primary receptor of coxsackievirus A24, including variant and non-variant strains of the 
virus.54 This discovery advanced the understanding of early events in the viral life cycle of 
CVA24v and provided insights into its evolutionary adaptations. A single amino acid 
substitution in the variant strain was identified as the cause of the enhanced ability to bind 
Neu5Ac. This was suggested to have occurred as an adaptation to a tropism switch 
towards the eye, possibly contributing to the pandemic nature and virulence of CVA24v. 
However, this study demonstrated that the binding to Neu5Ac-containing glycans was non-
essential for CVA24v infection. Contrarily, binding to ICAM-1 was essential for productive 
replication with ICAM-1 serving as the uncoating receptor.54 At a global level the process 
of enterovirus uncoating is relatively well understood, with the pathway involving 
sequential and irreversible transitioning through a minimum of three distinct particle 
types.29 These include the two genome-containing particles 160S (native virus) and 135S 
(altered, A-particle), and the empty particle 80S that has released its genome (see section 
1.2.2.1 of the introduction).29 However, less is known in regards to the exit site and 
orientation of the viral RNA during egress from virus particle.29 In the case of CVA24v, the 
altered and the empty particles remain uncharacterized and the exit site of viral RNA is 
unknown. Detailed structural information of enterovirus uncoating intermediates can aid in 
the development of therapeutic agents by pinpointing structural elements or features 
where attempts can be made to modulate the uncoating process with small molecules. 
Potentially, this could lead to discoveries that makes it possible to develop generic 
therapies against a broad range of enteroviruses posing serious threats to human health. 
 
This chapter summarizes the most interesting aspects of the structural work with 
characterizing the 135S and 80S particles of CVA24v from the viewpoint of possibly 
interfering with the uncoating process. This includes, studying the inhibition of CVA24v by 
pleconaril and the structure-based design and synthesis of branched pleconaril probes. 

5.1 The VP1 hydrophobic pocket of CVA24v accommodates a branched 
pocket factor 
The most significant discovery in the structural biology work with characterizing the 
structures of native, altered, and empty particles of CVA24v using cryo-EM and X-ray 
crystallography was that the hydrophobic pocket of CVA24v binds a branched pocket 
factor, from the ceramide family of lipid molecules. That previously remained 
uncharacterized.48 As for all enteroviruses, the hydrophobic pocket is located within VP1 
at the floor of the canyon that encircle the fivefold symmetry axis of the virion (see section 
1.2.1.1). This region of the viral capsid also harbors the binding site for the uncoating 
receptors of most enteroviruses. Indeed, CVA24v binds ICAM-1 at the canyon situated at 
close proximity to the VP1 GH loop and the VP2 puff region while the Neu5Ac binding site 
is located at the HI loop of VP1 (Figure 5.1). Upon receptor binding and particle expansions 
these regions become disordered indicating an inability to engage with either of the 
receptor molecules, as observed when comparing the structures of the native and empty 
particles of CVA24v (Figure 5.1).  
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Figure 5.1. Atomic coordinates of the structural proteins VP1, VP2 and VP3 of the native and empty CVA24v 
particles. The coordinates from ICAM-1 and Neu5Ac (PDB code: 4Q4Z) are overlaid for clarity. The dashed arrows 
in the empty particle indicate regions that become unordered due to particle expansion. (Figure prepared by Dan 
Hurdiss and reproduced from Manuscript V). 
 
Furthermore, the hydrophobic pocket of VP1 collapses as a result of receptor binding with 
accompanied loss of the pocket factor (Figure 5.2A–C). This occurs due to conformational 
changes in the external walls of the pocket, where movements of Tyr161 and Phe239 
appear to be major determinants of pocket collapse as both of these residues form 
hydrophobic contacts with the pocket factor (Figure 5.2A–C). As mentioned, of particular 
interest is the observation that the hydrophobic pocket of the native CVA24v particle 
harbors a branched pocket factor (Figure 5.2A). This structural feature of CVA24v is 
unique when compared to other structurally characterized human enteroviruses, and we 
became curious to study whether CVA24v could accommodate capsid binding molecules. 
In fact, molecules that bind to the hydrophobic pocket of enteroviruses is a promising 
strategy for development of antiviral agents as they interfere with uncoating by stabilizing 
the viral capsid and thus prevent receptor-mediated uncoating.29  
 

 
Figure 5.2. Zoomed in view of the hydrophobic pocket of native and empty CVA24v structures. A) Cryo-EM 
density and fitted model for the hydrophobic pocket of the native CVA24v capsid. Pocket factor colored in orange. 
B) Cryo-EM density of the “collapsed” hydrophobic pocket of the empty CVA24v capsid. C) Aligned atomic 
coordinates of hydrophobic pocket region of the native and empty CVA24v structures. (Figure prepared by Dan 
Hurdiss and reproduced from Manuscript V). 
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5.2 Pleconaril attenuates CVA24v infection and bind via induced fit to the 
hydrophobic pocket  
To study whether capsid binding molecules could be accommodated within the branched 
pocket of CVA24v, the structure was compared to that of other human enteroviruses 
bound by capsid binding molecules (exemplified with pleconaril in Figure 5.3A). 

 
Figure 5.3. Pleconaril bound enteroviruses and effect of pleconaril on CVA24v infection of HeLa-R19 cells. 
A) Overlay of hydrophobic pockets of enteroviruses bound by pleconaril (orange and turquoise) and the hydrophobic 
pocket of native CVA24v. CVA24v in grey, EV-D68 in turqouiose, CVA21 in purple, and HRV-14 in orange. B) Effect 
of pleconaril on CVA24v and HRV-14 infection of HeLa-R19 cells at 37 °C. CVA24v and HRV-14 were, respectively, 
incubated at a multiplicity of infection of 5 (MOI 5) with 10 or 1 µM of inhibitor(s), or in the absence of an inhibitor 
(virus only), on ice for 30 minutes before HeLa-R19 cells were infected. Virus titers were determined after 8 hours 
at 37 °C, representing a single replication cycle. Virus titers were determined by endpoint dilution assay and 
expressed as 50% tissue culture infectious dose (TCID50). T = 0, indicate the input level of virus.  Error bars shown 
as SEM and represent three biological replicates. C) Aligned VP1 proteins of pocket factor bound CVA24v (colored 
blue) and pleconaril bound CVA24v (colored grey). For clarity, the ICAM-1 molecule is shown to indicate the position 
of receptor binding to the GH loop as indicated by an asterisk. D) An overlaid zoomed-in view of the atomic 
coordinates of select amino acid residues of the hydrophobic pocket of CVA24v bound by pleconaril and the pocket 
factor. (Figures A and C–D prepared by Dan Hurdiss and reproduced from Manuscript V). 
 
This analysis indicated that the hydrophobic pocket of CVA24v may be incompatible with 
capsid binding molecules due to the orientation of Tyr161 that seem to present a steric 
barrier to binding. Nevertheless, the effect of pleconaril on CVA24v infection was studied 
by endpoint dilution assay using HeLa-R19 cells. This demonstrated that CVA24v infection 
was attenuated at compound concentrations of 10 and 1 µM of pleconaril, reducing 
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CVA24v titers by >99% in comparison to control (virus only) (Figure 5.3B). The effect of 
pleconaril on CVA24v infection was comparable to that against human rhinovirus 14 (HRV-
14) that was added as a control (Figure 5.3B). Given the structural analysis, this was 
unexpected. Thus, to gain further insights into the binding interactions the structure of 
pleconaril bound to CVA24v was determined at 1.8 Å resolution using x-ray 
crystallography (Figure 5.3C–D). This revealed that binding of pleconaril to the 
hydrophobic pocket of CVA24v displaces the branched pocket factor (Figure 5.3C–D). 
Although global structural changes in the CVA24v structure are not induced by pleconaril 
binding, it seems that binding of pleconaril occurs via an induced fit as conformational 
changes of amino acid residues lining the hydrophobic pocket are observed. Most notably, 
the side chain of Tyr161 rotates by ~90° in order to accommodate pleconaril and allows it 
to penetrate deeper into the pocket in comparison to the pocket factor (Figure 5.3C–D). 
Small movements are also observed in Leu134, Met136, Tyr207, and Phe139 that form 
hydrophobic interactions with both pleconaril and the pocket factor, respectively (Figure 
5.3D).  

5.4 Structure-based design of novel small molecules targeting the branched 
pocket 
To probe whether the branched hydrophobic pocket of CVA24v could be targeted with 
novel capsid binding molecules and thus could be a potential new target for antiviral drug 
discovery we examined the hydrophobic pocket of native CVA24v bound by pleconaril and 
the pocket factor (Figure 5.3C–D). In comparison, the isoxazole appendage that stretches 
from the phenyl ring of pleconaril towards Leu134, Tyr207, and Phe239 of the hydrophobic 
pocket overlays well with one of the lipid tails of the branched pocket factor (Figure 5.3D). 
Thus, the idea was to use pleconaril as a scaffold and fuse it to the remaining part of the 
pocket factor (structure of pleconaril and the pocket factor shown in Figure 5.4).  
 

 
 
Figure 5.4. Structures of the CVA24v pocket factor, the capsid binding molecule pleconaril, and a schematic 
structure of branched probe. Appendage refers to any to of any group capable of interacting with residues lining 
the branched pocket of CVA24v. 
 
However, this would most likely result in steric clashes between the hydroxyl groups of the 
pocket factor and Tyr161 (Figure 5.3D), and long aliphatic chains as observed in the 
pocket factor could cause issues with solubility. Nevertheless, we hypothesized that 
pleconaril could serve as an excellent anchor to direct pleconaril-based probes into the 
hydrophobic pocket and aid in directing substituents attached to the pleconaril scaffold 
towards the branched part of the pocket. The benzylic position of pleconaril was selected 
as a branching point due to closely matching coordinates with the amide nitrogen atom of 
the pocket factor, that essentially can be viewed as a branching point of the pocket factor 
(Figure 5.3D). Further, to attach substituents to the pleconaril scaffold, we selected ether 
linkages due to their small size and neutral character which minimizes potential steric and 
repulsive interactions with pocket residues. Thus, we deemed that branched pleconaril 
probes (general structure shown in Figure 5.4), where the appendage is any group capable 
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of engaging the residues of the branched part of the pocket, could aid in understanding if 
the unique pocket of CVA24v could be exploited with branched capsid binding probes and 
thus have potential for initiating an antiviral drug discovery program. As an appendage for 
the probes, we became intrigued by the possibility of adding a second isoxazole unit, 
identical to the one in pleconaril. The isoxazole ring aids with solubility due to its hydrophilic 
profile and can interact via hydrogen bonding and p-p stacking to amino acid residues, 
while the aliphatic chain of the appendage can interact in hydrophobic fashion with 
lipophilic parts of the pocket. Thus, we docked the branched probe 142 to the hydrophobic 
pocket of CVA24v (Figure 5.5A–B). This did not indicate the presence of any steric clashes 
between 142 and the pocket residues, with the added isoxazole appendage showing a 
good fit in the branched part of the pocket and a good overlay with the pocket factor. In 
addition, the docking also indicated either isoxazole appendage of 142 could be 
accommodated in the branched pocket (not shown). Thus, making the branched probe 
142 our target compound. 
 

 

Figure 5.5. Branched pleconaril probe. A) Structure of branched pleconaril probe 142. B) Docking of branched 
probe 142 (grey) to hydrophobic pocket of CVA24v, overlaid with pleconaril (blue) and pocket factor (orange). 
(Figure B prepared by Dan Hurdiss and reproduced from Manuscript V). 

5.5 Strategy for the synthesis of branched pleconaril probes 
Pleconaril is accessed in three sequential steps from 3,5-dimethyl-4-hydroxybenzonitrile 
starting with O-alkylation, followed by amidoxime formation, amide coupling and 
cyclization (Figure 5.6A).170,171 The reversed order of the reaction sequence has also 
proved efficient in synthesis of pleconaril analogs171, that is starting with amidoxime 
formation, followed by amide coupling and cyclization, and finally a Mitsunobu 
etherification. In analogy to the synthesis of pleconaril, we hypothesized that the branched 
probe 142, and analogs thereof, could be broken down into similar synthetic equivalents 
(Figure 5.6A–B). Branched probe 142, in addition to analogs thereof (not shown), would 
be obtained from the benzylic alcohol 143 by O-alkylation (Figure 5.6C). Compound 143 
has previously been described172 as a metabolic product of pleconaril, however no 
biological activity has been reported thus making this an interesting intermediate to 
evaluate. Alternatively, the benzylic alcohol of 143 could be transformed to a benzylic 
bromide which potentially could increase its reactivity towards O-alkylation. 143 would be 
accessed from 144 by the corresponding phenolate with commercially available 5-(3-
chloropropyl)-3-methylisoxazole. The diol 144 would be obtained from 145 by protective 
group removal using dilute HCl. In turn, 145 would result from 147 by a two-step procedure 
involving amidoxime formation with hydroxylamine forming 146 and subsequent amide 
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coupling with trifluoroacetic anhydride and thermal induced dehydration and cyclization 
affords 145. The benzonitrile 147 would be accessed from the described intermediate 148 
by cyanation. 148173, would be obtained from the commercially available intermediate 149 
by acetonide protection of the diol. Together, these steps constitute a reasonable path 
towards branched probe 142. 
 

Figure 5.6. Retrosynthetic analysis of pleconaril and branched probe. A) Overview of retrosynthesis of 
pleconaril. B) Overview of retrosynthesis of branched probe 142. C) Retrosynthetic analysis of branched probe 142. 

5.6 Synthesis of branched probes and effect on CVA24v infection using 
HeLa-R19 cells 
The synthesis started from the commercially available 5-bromo-2-hydroxy-3-methylbenzyl 
alcohol 149. However, due to the substantial cost of 149 we eventually elected to start 
from the affordable 5-bromo-2-hydroxy-3-methylbenzoic acid that upon treatment with 
lithium aluminum hydride in THF affords 149 in 95% yield (Scheme 5.1). Microwave 
irradiation of 149 with 2,2-dimethoxypropane and catalytic amount of p-toluenesulphonic 
acid in acetone gave 148 in quantitative yield. Intermediate 148, was subjected to 
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transnitrilation174, achieved by treatment with n-BuLi in THF at -78 °C followed by addition 
of dimethylmalononitrile, that afforded the benzonitrile 147 in 80% yield. Subsequently, 
147 was refluxed with hydroxylamine HCl and K2CO3 in ethanol furnishing the 
corresponding amidoxime derivative. This derivative was directly subjected to amide 
coupling with trifluoroacetic anhydride and DMAP in toluene, and continued heating 
resulted in dehydrative cyclization that gave 145 in 54% yield. The acetonide protective 
group of 145 was cleaved by treatment with 10% HCl in methanol to afford 144 in 88% 
yield. Attempts to selectively alkylate the phenol of 144 with 5-(3-chloropropyl)-3-
methylisoxazole, with the aim to isolate 143, resulted in complex product mixtures (not 
shown). Thus, 144 was treated with tert-butyldimethylsilyl chloride (TBSCl) and imidazole 
in DCM which afforded the corresponding benzyl silyl ether 150 in 85% yield. Subjecting 
150 to a Mitsunobu reaction with 3-(3-methyl-5-isoxazolyl)-1-propanol, PPh3, and 
diisopropyl azodicarboxylate (DIAD) in THF gave the phenyl ether derivative 151 in 80% 
yield. Removal of the TBS group with TBAF in THF resulted in giving 143 in quantitative 
yield.  

Scheme 5.1. Synthesis of branched pleconaril probes 152 and 153. 

 
Attempts to O-alkylate 143 resulted in decomposition. In fact, several different 
methodologies were attempted to convert 143 to 142 including O-alkylation (with and 
without pre-formation of alkoxide), Mitsunobu reaction, activation of the benzyl alcohol with 
tosylate, and converting the alcohol to a bromide with the Appel reaction, with none of the 
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attempts showing promising for the transformation of 143 to 142 (summarized in Scheme 
5.2). However, promising observations were made using ethyl bromoacetate and LiHMDS 
in THF at rt, and resulted in providing the O-alkylated product 152 in 29% yield (Scheme 
5.2). The yield was significantly improved by irradiating the reaction at 90 °C under 
microwave irradiation for 45 minutes, providing 152 in 84% yield (Scheme 5.1 and 5.2). 
These conditions also worked decently with methyl iodide and gave 153 in 42% yield 
(Scheme 5.1), but similar conditions were not efficient to synthesize 142 (Scheme 5.2, 
Condition IV). Both of 152 and 153 are branched analogs and were therefore included in 
the biological evaluation.  
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Scheme 5.2. Attempts to convert 143 to 142 and 152. 
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The failure to convert 143 to 142 forced us to conclude that 143 was not useful for 
synthesizing target compound 142, nor was it a great intermediate for efficient synthesis 
of a small set of branched ether-based probes. Thus, a modification of the synthetic 
pathway was needed and we hypothesized that the isoxazole appendages may need to 
be assembled onto the phenyl scaffold before formation of the trifluoromethyl oxadiazole 
ring. Therefore, 147 was treated with 10% HCl in methanol to afford the unprotected 
derivative 154 in quantitative yield (Scheme 5.3). O-alkylation of 154 was achieved in DMF 
under microwave irradiation using K2CO3, KI, and 5-(3-chloropropyl)-3-methylisoxazole to 
give 155 in 95% yield. Subsequently, Appel reaction using CBr4 and PPh3 in THF 
converted 155 to 156 in 73% yield. Treatment of 156 with the pre-formed alkoxide of 3-(3-
methyl-5-isoxazolyl)-1-propanol in THF gave 157 in 53% yield. Gratifyingly, subjecting 157 
to the two-step procedure previously mentioned afforded the target compound 142 in 76% 
yield. 

Scheme 5.3. Modified synthetic pathway. Synthesis of branched pleconaril probe 142.  
 
The effect of the branched probes 142, 152, and 153 and the suggested metabolic product 
143 on CVA24v infection was evaluated using HeLa-R19 cells (Figure 5.6). In comparison 
to control (virus only), the titers of CVA24v were reduced by ~70% after treatment with 1 
µM of compounds 143, 152, and 153, while pleconaril resulted in reducing CVA24v titers 
by >95%. Compound 142 did not reduce CVA24v titers at 1 µM. At 10 µM, 142 reduced 
CVA24v titers by ~70% in comparison to control, while compounds 143, 152, and 153, 
respectively, reduced CVA24v titers by ≥95%. However, none of the branched probes 
were as efficient as pleconaril. Nevertheless, these results indicate that branched probes 
are tolerated by CVA24v although it currently remains unclear if the probes are able to 
engage the additional pocket of the virus. Structural biology studies are currently ongoing 
and hopefully will provide valuable information in regards to compound binding.  
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Figure 5.6. Effect of branched pleconaril probes 142, 152, and 153 and suggested metabolic product 143 on 
CVA24v infection of HeLa-R19 cells. CVA24v was incubated with 10 or 1 µM of inhibitor(s), or in the absence of 
an inhibitor (virus only), on ice for 30 minutes before HeLa-R19 were infected. The yields of infectious virus particles 
were determined after 8 hours at 37°C, representing a single replication cycle. Virus titers were determined by 
endpoint dilution assay and expressed as 50% tissue culture infectious dose (TCID50). T = 0 is equal to the input 
level of virus. Error bars represents the mean ± standard error of the mean (SEM) of three biological replicates. 

5.7 Concluding remarks 
To conclude, we have used cryo-EM to characterize structures of the native, the altered, 
and the empty particles of CVA24v. A unique structural feature amongst human 
enteroviruses was identified in the hydrophobic pocket of CVA24v. This feature allows 
CVA24v to accommodate a branched pocket factor. Despite this feature, CVA24v is able 
to bind pleconaril with an induced fit and as a result CVA24v infection is inhibited by 
pleconaril. Based on this we performed structure-based design and synthesized the first 
reported branched probes of pleconaril with the aim of exploring the branched pocket of 
CVA24v as a potential target for antiviral drug discovery. All of the branched probes 
attenuated CVA24v infection, but none of them were as efficient as pleconaril. Structural 
studies are currently underway and will provide important insights in the binding mode of 
the probes to the hydrophobic pocket of CVA24v. Irrespective of this, the results presented 
here could be used as a template for development of novel capsid binding molecules. 
Taken together with the results presented in previous chapters (II and III), it would be 
interesting to study the potential of additive, or synergistic, effects upon treatment with 
pleconaril and the multivalent Neu5Ac compounds. 
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6. Structure-based design of Neu5Ac conjugates as 
chemical tools targeting HAdV-D26, -D36, and -D37. 
At the start of this project HAdV-D36 and -D26 had been identified to Neu5Ac-containing 
glycans via their trimeric fiber knob proteins. HAdV-D36 showed a preference for binding 
the rare variant 4-O-Ac Neu5Ac as demonstrated by glycan array screening and x-ray 
crystallography (Liaci, et al. Unpublished data). HAdV-D26 were reported to use several 
receptors including αvβ3 integrin175, CD4675, 176, and Neu5Ac-containing glycans177 with 
the two latter both reported as primary receptors. As described in chapter II, trivalent 
Neu5Ac conjugates had been identified as potent inhibitors of HAdV-D37 binding and 
infection of HCE cells with ME0462 reported as the most potent analog.112 In addition, 
ME0462 demonstrated potent binding inhibition of the EKC-causing HAdV-D53 (IC50 of 
218 nM) and -D64 (IC50 of 3 nM) using HCE cells.73 A trend that emerged in the 
optimization of the trivalent Neu5Ac analogs targeting HAdV-D37 were that compounds 
with shorter spacers gave improved inhibition of binding and infection.111, 112 The 
successive shortening of spacer length eventually resulted in ME0462, that presented the 
limit for spacer length for the particular synthetic strategy employed.111, 112  Thus, to fully 
explore the potential of spacer length of the trivalent Neu5Ac conjugates a re-finement of 
compound design and synthetic strategy was needed. Furthermore, exploratory structural 
biology studies using ME0462 and HAdV-D36 showed a quite crowded binding site with 
electron density observed for only two of the three Neu5Ac entities of ME0462 (Figure 
6.1A). Therefore, design of novel, more compact, trivalent Neu5Ac conjugates could also 
result in efficient chelation of HAdV-D36 in similar fashion to HAdV-D37 (Figure 6.1B). In 
the case of HAdV-D26 and ME0462, structural studies have to yet to be performed. 
However, as the global structure of the Neu5Ac binding sites of these three viruses are 
similar, we aimed to study if all three of these viruses could be chelated by a common 
trivalent molecule. Such a compound could prove to be a useful tool in studies of HAdV 
biology.  

 
Figure 6.1. ME0462 in complex with trimeric fiber knob proteins HAdV-D36 and HAdV-D37. The fiber knob 
proteins are shown in a grey surface and the electron density of the ligands are shown in blue cage. A) ME0462-
HAdV-D36, B) ME0462-HAdV-D37. Figure prepared by Michael Strebl and adapted from manuscript VI. 

6.1 Design and synthesis of trivalent Neu5Ac compounds 
The design was based on ME0462 and thus essentially the same as previously 
described112 with the aim of achieving chelation binding of the trivalent Neu5Ac binding 
sites of HAdV-D37, -D36, and D-26. To further shorten the spacers of the trivalent Neu5Ac 
conjugate ME0462 we decided to use the previously described a-azido Neu5Ac 103136 as 
a building block (synthesis shown in Scheme 3.4).  
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Scheme 6.1. Synthesis of C2 trivalent Neu5Ac conjugates. 
 
This allows keeping the “click-chemistry” as the conjugation strategy while challenging 
rigidity and spacer length to its fullest. Thus, 103 was “clicked” to the amino alkynyl 
scaffolds 158 and 159 affording the corresponding methyl ester protected trivalent Neu5Ac 
analogs 160 and 161 in 18% and 16% yields, respectively. Saponification gave the target 
compounds 162 and 163 in quantitative and 75% yields, respectively (Scheme 6.1).  

6.2 Binding of compounds 162 and 163 to HAdV-D37, -D26, and -D36 
The binding mode of compounds 162 and 163 to the respective fiber knobs of HAdV-D26, 
-D36, and -D37 were evaluated using x-ray crystallography. Structures of all complexes 
were obtained at resolutions from 1.10 Å to 2.05 Å by soaking 162 and 163 to fiber knob 
crystals of HAdV-D26 and -D37, while HAdV-D36 was co-crystallized with each respective 
compound. Both 162 and 163 in complex with HAdV-D37 and HAdV-D26 showed clear 
electron density for the full ligands including the scaffold, spacers, and the Neu5Ac entities 
(Figure 6.2).  
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Figure 6.2. Crystal structures of ME0462, 162, and 163 in complex with HAdV-D37, -D36, and -D26. The fiber 
protein shown as a gray surface and the density of the ligands shown in a blue cage. Figure prepared by Michael 
Strebl and adapted from manuscript VI. 
 
HAdV-D26 also showed full ligand density for the complex with ME0462. Thus, chelation 
binding is observed with the three respective compounds to both HAdV-D26 and -D37.  
The binding of compounds 162 and 163 to HAdV-D37 is highly similar to the binding of 
ME0462, with the compounds adopting a bell-like shape and identical interactions to 
residues located in the Neu5Ac binding sites thus matching previous reports.112 However, 
due to the shorter and more rigid-spacers of 162 and 163 the bell-like structures become 
more flat in comparison to ME0462. In the case of HAdV-D26, it seems that compound 
162 with the shortest spacers results in the best fit with the least congested binding 
conformation. In contrast, neither HAdV-D36 complex with 162 or 163 showed full ligand 
density. The 162-HAdV-D36 complex showed density for two Neu5Ac units and the a-
anomeric triazole rings, that are observed to be pointing upwards and slighty towards each 
other instead of pointing towards the center of the knob as observed with HAdV-D26 and 
-D37. The reason for this seems to be related to a loop of one fiber knob protein that blocks 
access to the third Neu5Ac binding site. The complex of 163-HAdV-D36 showed slight 
improvement with density observed for all three Neu5Ac entities but not for the spacers or 
scaffold. However, due to the distance between the triazole rings, and their orientation, it 
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is unlikely that the density for the Neu5Ac entities are the result a single trivalent molecule 
chelating the Neu5Ac binding sites. Thus, another strategy was needed to chelate the 
binding sites of HAdV-D36. 

6.3 Design and synthesis of trivalent Neu5Ac conjugates targeting HAdV-
D36 
HAdV-D36 preferentially binds the rare variant 4-O-Ac Neu5Ac (Liaci, et al, Unpublished), 
and in the crystal structure of this variant bound to HAdV-D36 the 4-O-acetyl groups are 
projecting towards the center of the trimeric binding sites. Thus, we hypothesized that 
trivalent Neu5Ac compounds linked via the C4 position could result in chelation of the 
trimeric binding sites. Synthesis of C4-linked trivalent Neu5Ac conjugates was achieved in 
nine steps from the methyl ester protected Neu5Ac comnpound 21. Following published 
procedures, 21 was converted over four steps to the C4-azido Neu5Ac analog 168 
(Scheme 6.2). This included, O-acetylation of 21 using acetic anhydride and DMAP in 
pyridine to afford 164 in 73% yield. This was followed by concurrent C2/C3-elimination and 
4,5-oxazoline formation to afford 165 in 76% to quantitative yields, catalyzed by TMS-
triflate in ethyl acetate. Compound 165 was treated with TMS-Azide in tert-butanol 
resulting in selective opening oxazoline opening to give 166 in 76% yield.147 
Bromomethoxylation of 166 using NBS in methanol gave a 1:1 diastereisomeric ratio of 
167 and 168 in an overall yield of 80%178, with the pure a-anomer 168 isolated in 36% 
yield after purification. Subsequently, 168 was reduced using tributyltin hydride and AIBN 
affording a crude product that directly was subjected to copper-catalyzed diazo transfer to 
give 169 in 56% yield over the two steps. Treatment of 169 with sodium methoxide in 
methanol gave 170 in 81% yield. Compound 170 was then “clicked” to the alkynyl amino 
scaffolds 158 and 169 to afford the corresponding trivalent compounds 171 and 172 in 
17% and 16% yields, respectively. Saponification gave the final C4-linked trivalent Neu5Ac 
conjugates 173 and 174 in quantitative and 78% yields, respectively.  
 
As the transformation of 166 to 169 was challenging producing 169 in low yields, we 
attempted to improve on the methodology by accessing 169 by an alternative route 
(Scheme 6.2). Thus, we treated compound 111 with Deoxo-Fluor in DCM. Gladly, this 
resulted in providing the 4,5-oxazoline analog 175 in 96% yield (Scheme 6.2). 
Unfortunately, the oxazoline of 175 was resistant to opening with TMS-Azide using several 
conditions. We also attempted to access the 4-S-Ac analog using thioacetic acid but the 
oxazoline remained resistant (not shown) to this as well. 
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Scheme 6.2. Synthesis of C4-linked trivalent Neu5Ac conjugates.  
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6.2 Binding of trivalent C4-linked 173 and 174 to HAdV-D37, -D26, and -D36 
The binding mode of the C4-linked trivalent compounds 173 and 174 to the fiber knobs of 
HAdV-D36, HAdV-D26, and HAdV-D37 were analyzed using x-ray crystallography. Again, 
soaking of the compounds to the the fiber knobs of HAdV-D26 and -D37 was performed, 
while co-crystallization was used with HAdV-36. The structure of all of the respective 
compound-knob complexes were resolved with resolutions from 1.32 – 1.60 Å. Electron 
density was observed for the full ligands of each respective compound-knob complex 
including scaffold, spacers, and the Neu5Ac entities (Figure 6.3).  
 

 
Figure 6.3. Crystal structures of 173 and 174 in complex with HAdV-D37, -D36, and -D26. The fiber protein 
shown as a greay surface and the density of the ligands shown in a blue cage. Figure prepared by Michael Strebl 
and adapted from manuscript VI. 
 
The binding mode of the C4-linked compounds (173 and 174) differs from the C2-linked 
(ME0462, 162 and 163) compounds. The C4-linked compounds adopt a goblet-like shape 
with the amine scaffold and the spacers pointing towards the floor of the pocket. This 
results in causing and up- and outward shift of the fiber knobs and an accompanied relative 
shift of the positions of the Neu5Ac residues and their respective binding in comparison to 
the native structures. In regards to HAdV-D26, slight reductions in electron density are 
observed for the spacers indicating flexible regions. Nevertheless, the C4-linked 
compounds seem capable of not only chelating HAdV-D36 but also -D26 and -D37.  

6.4 Biological evaluation  
The biological effect of 162, 163, 173, and 174 were evaluated towards HAdV-D26 and 
HAdV-D37 infection using A549 cells at 37 °C. In comparison to control compound 
ME0462 (IC50 of 1.6 µM), the shortest C2-linked trivalent compound 162 (IC50 0.16 µM) 
was 10-fold more efficient at inhibiting HAdV-D37 infection of A549 cells. Compound 163 
(IC50 5.7 µM) was equally efficient to ME0462 despite having a spacer with one less carbon 
atom. The C4-linked compounds 173 (IC50 791 µM) and 174 (IC50 36.4 µM) were less 
efficient than ME0462. The compounds were also evaluated against HAdV-D26 infection. 
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All trivalent compounds did attenuate HAdV-D26 infection but none of them resulted in 
attenuating more than 50% of the infection at any of the tested concentrations, with 1 mM 
being the highest tested concentration. Compound 162 did reach the 50% inhibition 
plateau at a concentration of 0.1 µM but higher concentrations did not result in improved 
inhibition. The results for HAdV-D26 likely reflects its ability to use other receptors, such 
as the reported receptors αvβ3 integrin175 and CD4675, 176. Thus, in contrast to the 
previously reported finding by Baker et al177 it seems that Neu5Ac-containing glycans are 
not the primary entry receptors for this virus. However, those results were based on a the 
HAdV-D26 fiber knob pseudotyped to a HAdV-C5 vector and thus reflect the importance 
of confirming such findings by the use wild-type virus.  

6.4 Concluding remarks  
We applied a structure-based approach to design two novel classes of trivalent Neu5Ac 
compounds that according to x-ray crystallography are capable of chelating the Neu5Ac 
binding sites of two to three human adenoviruses. The C4-linked compounds (173 and 
174) showed an ability to chelate all three viruses, while the C2-linked compounds did not 
chelate HAdV-D36. Nevertheless, these results demonstrate that this design concept can 
be applied with success to receptors with a concave topology (i.e. depression) between 
binding sites. The most potent compound 162, was 10-fold more potent than the previously 
reported ME0462 towards HAdV-D37 infection. In these experiments A549 cells were 
selected as a compromise to adjust for functionality of all three viruses. Synthesis of the 
C2-triazole analogs was not as efficient as synthesis of ME0462, largely due to low 
recovery yields in the “click” reaction which also applied for the C4-linked analogs. 
Evalution towards HAdV-D36 in binding experiments is currently ongoing as well as 
biophysical measurements (microscale thermophoresis and isothermical calorimetry) 
using fiber knobs from each of the three viruses, respectively.  
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7. Conclusions and outlook  
Neu5Ac-based compounds targeting CVA24v 
We applied a structure-based approach to design di- and pentavalent Neu5Ac conjugates. 
The compounds were accessed in reasonable yields and the synthetic strategy used was 
convenient to prepare compounds with varying spacer lengths. Optimization of spacer 
length did not result in a desired enhancement of potency, with small observed differences 
within and between compound classes (i.e. pentavalent vs divalent). Further optimization 
of pentavalent Neu5Ac conjugates with radial topology does not look like a promising path 
forward mainly due to the topology of the lectin receptor that probably does not permit 
chelation by radially distributed ligands. A way forward with the divalent Neu5Ac 
compounds could be to rigidfy the spacers. However, when considering the results from 
these compounds in their totality further development of Neu5Ac-based compound 
targeting CVA24v looks bleak due to the essential nature of ICAM-1. Perhaps, performing 
infection experiments with neuraminidase treated cells using the divalent Neu5Ac 
compounds could give clear direction if spacer optimization of the divalent compounds is 
worthwhile. 
 
From a curiosity standpoint it would be interesting to study if treatment with the Neu5Ac 
compounds could direct the evolution of CVA24v to revert back towards the non-AHC 
causing CVA24.  
 
Pleconaril-based branched probes targeting CVA24v 
A structure-based approach was applied to design novel branched capsid binding 
molecules. The synthesis of these probes proved challenging and is reflected in the limited 
number of analogues synthesized. However, the final synthetic scheme to synthesize 
compound 142 proved quite efficient and is the preferred synthetic route to synthesize 
branched pleconaril analogoues. In these studies, we used pleconaril as a template due 
to its commercial availability which facilitated the initial uncoating studies. Crystal 
structures of the branched probes in complex with CVA24v will help to draw conclusions 
regarding pathways forward. It is entirely possible that pleconaril is not the optimal 
template for design of probes targeting the branched hydrophobic pocket of CVA24v. 
There are several other capsid binding molecules that could be screened and tested for 
improved potency, and a structure-based approach could be applied to design completely 
novel molecules. Nevertheless, the unique structural feature holds promise for design of 
selective and potent inhibitors of CVA24v. 
 
We have also considered the prospects of a heterodimeric ligand with pleconaril in one 
end and a Neu5Ac entity (or a dimeric version of Neu5Ac) in the other. However, it is 
unclear whether such a ligand would be efficient due to the large distance that spans the 
respective binding sites. A starting point for such a project could be to study if additive, or 
synergistic, effects are achieved by a combination treatment with pleconaril and the 
Neu5Ac compounds. 
 
Trivalent Neu5Ac compounds targeting HAdV-D26, -D36, and -D37 
We used a structure-based approach to design trivalent Neu5Ac conjugates with the aim 
of chelating the binding sites of three human adenoviruses. Structural biology studies 
indicate that the conjugates are capable of chelating the trimeric binding sites of these 
viruses. This reflects that chelating inhibitors can be design with success to receptors with 
concave topology between the binding sites. The C2-linked trivalent compound 162 have 
potential for further development into antiviral drugs for the treatment of EKC. It would be 
highly interesting to test their efficiency towards HAdV-D37 binding and infection of HCE 
cells, that in the context of EKC is a more relevant cell line. The trivalent compounds 
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presented in this thesis we believe are excellent tools to study the biology of HAdVs, for 
example gain further insights into the respective roles of the identified receptors of HAdV-
D26.  
 
Neu5Ac-based tool compounds 
In this thesis we have expanded the toolbox of Neu5Ac-based compounds by synthesis of 
4-O-alkyl Neu5Ac derivatives and di-, tri-, and pentavalent Neu5Ac conjugates. These 
compounds have potential to be applied as tools to study the biology of Neu5Ac binding 
lectins or in drug discovery.  
 
There is a wide variety of targets where the compounds presented in this thesis could find 
potential applications. In fact, several viruses have been reported to bind Neu5Ac glycans 
facilitating viral entry, including: adenoviruses, calicivirus, coronaviruses, para- and 
orthomyxoviruses, picornaviruses, polyomaviruses, parvoviruses, and reoviruses. Of note, 
the human coronavirus Middle East respiratory syndrome coronavirus (MERS-CoV)179 and 
the human betacoronaviruses HKU1 and OC43 engage Neu5Ac glycans as receptors180. 
Recently, Neu5Ac glycans were also identified to play a role in the binding and entry of 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) using a SARS-CoV-2 
pseudotyped lentivirus.181 Thus, Neu5Ac-based, or mimicking, compounds may be 
valuable tools to further study these viruses or other ocular or respiratory viruses and could 
offer potential therapeutic approaches. 
 
The pentavalent conjugates have in fact already been used as tools in collaboration with 
El-Schich et al182 to study the detection of Neu5Ac on breast cancer cell lines using 
molecular imprinted polymers.  
 
The di-, tri-, and pentavalent compounds could be used to study other Neu5Ac binding 
lectins. In such a case, the compounds would likely act by a statistical rebinding 
mechanism (section 1.5) as the spacers are unlikely to be of optimal length to achieve 
chelation of binding sites (if more then site one is present).  
 
The C2-triazole linked trivalent Neu5Ac compounds could find applications in influenza 
virus research as previous studies have demonstrated C2-triazole analogs of Neu5Ac 
can inhibit neuraminidase catalyzed hydrolysis.136  
 
As a last note, it is likely that emerging viruses with pandemic potential will rely to some 
extent on Neu5Ac binding as this epitope is abundantly expressed throughout all cells in 
the human body, especially in the eyes and respiratory tract that are sucesptible structures 
for initial viral replication. 
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Appendix I 
Experimental procedure for synthesis of compound 175 from Scheme 6.2. Described in 
chapter VI. 
 
Methyl (methyl 5-acetamido-7,8,9-tri-O-acetyl-3,5-dideoxy-4,5-dihydro-2’-
methyloxazolo[5,4-d]-D-glycero-α-D-talo-nonulopyranosid)onate (175)  
An oven dried roundbottom flask was charged with Compound 111 (505 mg, 1.09 mmol) 
and a magnetic stirring bar and placed under nitrogen atmosphere. To this was added 
DCM (12.5 mL) and the mixture was placed in an ice-bath (-20 °C). To the cool and stirring 
solution Deoxo-Fluor (1.1 equiv.) was dropwise added. After 30 minutes, the mixture was 
quenched by addition of saturated Na2CO3 (aq.) while keeping the solution in the ice-bath. 
The mixture was allowed to warm to rt, diluted further with saturated Na2CO3 (aq.) and 
then extracted with DCM (three times). Purification on automated flash chromatography 
(Toluene/Acetone mixtures. 1:1 Toluene/Acetone, Rfproduct= 0.62, Rfstarting material= 0.18) 
afforded the pure product 175. 1H NMR (400 MHz, CDCl3): δ 1.97 (s, 3H), 2.0-2.06 
(overlapped with solvent, 1H) 2.05 (s, 3H), 2.08 (s, 3H), 2.14 (s, 3H), 2.62 (dd, J = 13.9 
Hz, 6.8 Hz, 1H), 3.31 (s, 3H), 3.71-3.78 (overlapped, 1H) 3.76 (s, 3H), 4.04 (tt, J = 9.7 Hz, 
1.5 Hz, 1H), 4.19 (dd, J = 12.4 Hz, 6.4 Hz, 1H), 4.51 (dd, J = 12.4 Hz, 2.4 Hz, 1H), 4.78 
(td, J = 9.6 Hz, 6.7 Hz, 1H), 5.4 (td, J = 6.4 Hz, 2.6 Hz, 1H), 5.56 (dd, J = 6.4 Hz, 2.4 Hz, 
1H). 
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