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Abstract 
The combat against viral diseases has been, and still is, a major challenge in the field 
of drug development. Viruses are intracellular parasites that use the host cell ma-
chinery for their replication and release. Therefore it is difficult to target and destroy 
the viral particle without disturbing the essential functions of the host cell. This 
thesis describes studies towards antiviral agents targeting adenovirus type 37 
(Ad37), which causes the severe ocular infection epidemic keratoconjunctivitis 
(EKC). Cell surface oligosaccharides serve as cellular receptors for many pathogens, 
including viruses and bacteria. For EKC-causing adenoviruses, cell surface oligo-
saccharides with terminal sialic acid have recently been shown to be critical for their 
attachment to and infection of host cells. The work in this thesis support these re-
sults and identifies the minimal binding epitope for viral recognition. As carbo-
hydrate–protein interactions in general, the sialic acid–Ad37 interaction is very 
weak. Nature overcomes this problem and vastly improves the binding affinity by 
presenting the carbohydrates in a multivalent fashion. Adenoviruses interact with 
their cellular receptors via multiple fiber proteins, whereby it is likely that the ideal 
inhibitor of adenoviral infections should be multivalent. This thesis includes design 
and synthesis of multivalent sialic acid glycoconjugates that mimic the structure of 
the cellular receptor in order to inhibit adenoviral attachment to and infection of 
human corneal epithelial (HCE) cells. Synthetic routes to three different classes of 
sialic acid conjugates, i.e. derivatives of sialic acid, 3’-sialyllactose and N-acyl 
modified sialic acids, and their multivalent counterparts on human serum albumine 
(HSA) have been developed. Evaluation of these conjugates in cell binding and cell 
infectivity assays revealed that they are effective as inhibitors. Moreover the results 
verify the hypothesis of the multivalency effect and clearly shows that the power of 
inhibition is significantly increased with higher orders of valency. Potential inhibi-
tors could easily be transferred to the eye using a salve or eye drops, and thereby 
they would escape the metabolic processes of the body, a major drawback of using 
carbohydrates as drugs. The results herein could therefore be useful in efforts to 
develop an antiviral drug for treatment of EKC.  
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1. Introduction 

For a long time, viral diseases were considered untreatable by chemo-
terapheutic means since viruses were known to be dependent on the machin-
ery of their host cells for replication. Targeting viruses selectively without 
disturbing any of the essential functions of the cell was thought to be an in-
superable problem. Preparates that improve the immune defence to a particu-
lar virus (i.e. vaccines) have indeed been, and still are, very successful but 
they provide modest or no therapeutic effect in individuals already infected. 
Unfortunately, for some major viral diseases it has not been possible to pro-
duce efficient vaccines. To improve the defense against viral infections, an 
additional approach based on antiviral compounds is necessary. Attempts to 
combat viral infections in such ways can be traced to the early 1950s and the 
first drug was introduced in the beginning of the 1960s for prophylaxis of 
smallpox.1,2 However, it was not until 1977 the breakthrough of antiviral 
chemotherapy came by the launch of the nucleoside analogue Acyclovir, the 
first truly selective agent demonstrating that selectivity for viral enzymes 
over human host enzymes was a realistic goal. In addition, in the middle of 
1980s, the human immunodeficiency virus (HIV) was identified as the 
causative agent of aquired immunodeficiency syndrome (AIDS). An inten-
sive search for inhibitors of this retrovirus started and a general increase in 
research on antivirals followed. Fortunately, at the same time, important 
tools such as genome sequencing, structure-based design and high through-
put screening required to carry out effective research appeared and facili-
tated the progress. During the past decade, the development of new antiviral 
agents has been growing rapidly. In 1990 there were only five licensed drugs 
targeting viruses and today there are more than 40 on the market and at least 
as many in preclinical trials.1,3 However, the progress of antiviral drugs is 
still far behind the antibacterial agents. There are several reasons for this but 
the primary one is still the fact that viruses are more difficult to combat in a 
safe way. The need for an improved defense against viruses is growing rap-
idly as more viral diseases are recognized and already existing treatments 
need to be modified due to resistance and drug related side effects. Today 
the majority of the drugs on the market are nucleoside analogues that inhibit 
viral polymerases. However, during the recent years nonenzymatic processes 
of the viral life cycle such as adsorption to host cells, fusion and penetration 
through the cell membrane have became focus for the research of new anti-
viral agents.2,4 
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1.1 Sialic acid conjugates in biology and chemistry  
Carbohydrate–protein interactions are crucial in several physiological proc-
esses.5,6 Cell surface oligosaccharides often serve as cellular receptors for 
many different pathogens, including viruses and bacteria. They are also of 
great importance for recognition and signaling when the immune system 
combats such infections. An important family of carbohydrates involved in 
many biological processes and crucial for the development and life of higher 
animals are the sialic acids.7,8 These are commonly found in terminal posi-
tions of cell surface glycoconjugates such as glycoproteins and glycolipids. 
Thereby they are ideally located to participate in carbohydrate–protein inter-
actions that mediate recognition phenomena. Sialic acids have a very spe-
cific glycosidic linkage pattern and are found either α(2,3)- or α(2,6)-linked 
to hexoses or α(2,8)-linked to other sialic acids. There are about 50 natural 
members of the sialic acid family; all of them comprise the neuraminic acid 
(Neu) scaffold and differ only in the substitution pattern at the amino group 
and at the hydroxyl groups (Figure 1). The amino group of neuraminic acid 
can either be acetylated or glycolylated, and the nonglycosidic hydroxyl 
groups can be acetylated. Usually, there is only one O-acetyl group, often at 
O-9, but di- and tri-O-acetylated derivatives are also known. The most abun-
dant sialic acid is N-acetylneuraminic acid (Neu5Ac, 5-acetamido-3,5-
dideoxy-D-glycero-D-galacto-non-2-ulopyranosonic acid). Other important 
derivatives are the N-glycolylneuraminic acid (Neu5Gc) and the non-
aminated form of sialic acid (3-deoxy-D-glycero-D-galacto-non-2-
ulopyranosonic acid, KDN).  
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Figure 1: A general overview of the sialic acid family. The sialic acids are mostly 
found in terminal positions of cell surface glycoconjugates (Figure inspired by R. 
Schauer7). 
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In cellular interactions sialic acids function in a dual fashion either by mask-
ing recognition sites9 or contrarily by constituting a recognition site them-
selves.10 In their protective role they can mask specific biological epitopes 
and by reversible sialylation (sialidase/sialyltransferase) they may regulate 
cellular interactions. Two essential recognition sites masked by sialic acids 
are galactose residues, involved in many physiological and pathological 
events, and immunological recognition sites where loss of sialic acid could 
lead to autoimmune diseases. In contrast to masking, sialic acids are the 
most frequent ligands for pathogenic and nonpathogenic microorganisms.11,12 
The best known and longest studied example is influenza viruses that attach 
to cellular sialic acid by the viral lectin hemagglutinin prior to entry and 
infection of the host cell.13 A well studied example of pathogenic bacteria 
that colonize tissue via binding to sialic acid is Helicobacter pylori that is the 
causative agent of gastric inflammation and possibly cancer.14,15 This mani-
fold of possibilities makes understanding of the biological role of sialic acid 
glycoconjugates difficult. The availability of complex sialic acid conjugates 
is of key importance to unravel the mechanisms of sialic acid recognition 
and masking. Isolation of pure and structurally defined glycoconjugates is 
cumbersome, whereby effective routes for synthesis of these conjugates are 
crucial. Both chemical and enzymatic routes are used to prepare sialic acid 
containing glycoconjugates but only chemical methods will be discussed in 
this thesis.  

Formation of a glycosidic bond is generally performed through the conden-
sation of an electrophilic glycosyl donor, bearing a potential leaving group at 
its anomeric center, with a nucleophilic glycosyl acceptor. The glycosidic 
reaction can occur at any unprotected hydroxyl group of the acceptor. In 
addition, the glycosylation can result in formation of either the α- or the β-
anomer, making control of the regio- and stereoselectivity of this reaction 
important. This can be accomplished if the hydroxyl groups and the ano-
meric center of the acceptor are protected with appropriate protecting 
groups. A glycosylation normally refers to an O-glycosylation if nothing else 
is specified, but N-, S-, and C- glycosylations are also possible. The field of 
glycosylations has been extensively reviewed.16-18 Therefore, the focus of 
this text is restricted to sialic acid chemistry and strategies to selectively 
synthesize α-O-glycoconjugates of sialic acid, the naturally occurring form 
of sialic acid conjugates involved in the biological recognition events dis-
cussed above. 
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Although glycosylations with sialic acids (sialylations) can be performed 
with similar approaches as for less complicated hexoses, e.g. galactose and 
glucose, the formation of α-linked sialic acids is far more complex and pro-
vides a great challenge for carbohydrate chemists (Figure 2).19 The specific 
difficulties arise from structural features of the sialic acid scaffold.10,20 
Firstly, the electron withdrawing carboxylic acid at the anomeric center (C2) 
disfavors oxonium ion formation and it also restricts formation of the glyco-
sidic bond due to steric hindrance. Secondly, lack of a substituent at the C3 
position precludes neighboring group participation to assist and/or direct the 
sterical outcome of the reaction. Thirdly, this lack of a C3 substituent, in 
combination with the electron deficient anomeric center, makes sialic acids 
prone to 2,3-elimination.  
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Figure 2: Direct chemical synthesis of α-glycosides of sialic acid. An appropriate 
leaving group (L) at the donor and a corresponding promotor for activation, directs 
the stereoselectivity at the anomeric center. Common byproducts are the β-isomer 
and the 2,3-elimination product of the donor. 

To minimize the side reactions and increase the yield of sialylations, other 
donor/promotor strategies compared to those used in classical glycosylations 
are required.10,21 The oldest sialylation approach is the one using anomeric 
halides, chorides in particular, as donors and silver or mercury salts as pro-
motors. One classical example is the Koenig-Knorr reaction,22 using Ag2CO3 
as promotor. These reactions often result in α/β mixures and elimination 
products. Nowadays, the halogen derivatives are only used in sialylations of 
simpler alcohols. When more complex and hindered alcohols like sugars are 
to be sialylated other approaches are preferred. The major breakthrough in 
sialic acid chemistry was the development of new highly efficient and 
stereoselctive donor/promotor systems in the early 1990s.  
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A widely applied approach uses 2-thiosialosides that can be activated in the 
presence of soft electrophiles. The most important 2-thioderivatives includes 
S-alkyl/aryl (e.g. methyl, ethyl, phenyl)23 and xanthate sialosides24 and the 
most commonly used activation reagents are methylsulfenyl trifluoro-
methanesulfonate (MeSOTf), dimethyl(methylthio)sulfonium trifluoro-
methanesulfonate (DMTST) and N-iodosuccinimide (NIS)/trifluoro-
methanesulfonic acid (TfOH). The excellence of the thioderivatives lies in 
their chemical stability making them compatible with a manifold of reaction 
conditions used in carbohydrate chemistry. Another important class of do-
nors are the 2-phosphites25 that are very reactive and only require a catalytic 
amount of TMSOTf for their activation. The phosphite donors have been 
reported to be better than the thioderivatives for sialylation of more sterically 
hindered alcohols. Not mentioned above, but of great importance to ano-
meric selectivity, is the participating solvent acetonitrile (MeCN).21 The 
nitrilium ion replaces the leaving group at the donor and adopts a preferred 
axial configuration. Subsequent nucleophilic substitution with an unpro-
tected hydroxyl group of the acceptor gives mainly the α-isomeric sialyl-
ation product. 
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Figure 3: Indirect synthesis of α- and β-glycosides of sialic acids. An auxiliary is 
incorporated at the C3 position to direct the stereoselectivity (Above: equatorial 
auxiliary/α-glycoside, Below: axial auxiliary/β-glycoside).  

The direct chemical methods discussed above are most common but indirect 
methods where auxiliaries are introduced at the C3 position to control the 
anomeric selectivity are also used.21 The auxiliaries (e.g. 3-O, 3-bromo, 3-
thio or 3-seleno auxiliaries) direct the reaction towards 2,3-trans glycosides 
of sialic acids, whereby α-glycosides are formed by the use of an equatorial 
auxiliary and β-glycosides are formed if an axial auxiliary is used (Figure 3). 
However, these methods require several additional reaction steps in order to 
introduce and later on, remove the auxiliary. In addition, stereoselective 
introduction of auxiliaries at the C3 position is not easily performed.  
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During the recent years, a number of new direct and indirect methods have 
emerged20,26-30 but unfortunately there is still no general method that allows 
sialylations of a wide range of acceptors in high yield and stereoselectivity. 
Each specific sialylation needs to be carefully examined to obtain a success-
ful result. 

1.2 Multivalency in glycobiology  
Despite the central role of sialic acids and carbohydrates in general, there are 
relatively few carbohydrate based therapeutics. One of the reasons for this is 
their poor oral bioavailability and high sensitivity towards metabolism lead-
ing to rapid clearance. Another major drawback with carbohydrates in drug 
development is their weak (millimolar) affinity to proteins making it difficult 
to design high affinity drugs to target specific carbohydrate binding proteins. 
Nature solves this problem elegantly by using carbohydrates in a multivalent 
fashion and thereby makes strong attachments from weak binders. Multiple 
copies of the carbohydrate are linked closely together to produce multivalent 
binding epitopes on one biological molecule or organism (cell surface) that 
could simultaneously associate with multiple binding sites on another entity 
(bacterium, cell, protein, or virus). This results in an increase of the binding 
affinity by several orders of magnitude beyond the multiplication factor of 
the valency.31-33 During the latest decades there has been a considerable in-
terest in mimicking the natural multivalent saccharide display in order to 
design high affinity carbohydrate ligands with potential in drug develop-
ment.34-36 Some notable studies where multivalent carbohydrates have been 
used to inhibit viral and bacterial attachment to cell surface receptors clearly 
demonstrate the promise of multivalency.37-41 To succeed with such conju-
gates it is important to understand the underlying mechanisms through which 
a multivalent ligand can enhance affinity compared to its monovalent coun-
terpart (Figure 4).32,42-44 The most commonly discussed mechanism, simulta-
neous binding of multivalent ligands to multiple protein binding entities, is 
often referred to as the chelate effect and it could be accomplished in several 
ways. Multivalent ligands can bind to oligomeric binding entities (4a), to one 
binding entity with multiple carbohydrate binding sites (4b) or by subsite 
binding if the binding epitope possess an additional binding site close to the 
primary site (4c). In all these cases multivalent carbohydrate ligands could 
receive a tighter binding than their monovalent counterparts due to a smaller 
entropy cost. This primarily results from the fact that most of the entropy 
cost of binding the multivalent ligand is paid with the first carbohydrate–
protein interaction and that the following interactions will occur without 
additional entropy costs (except for conformational costs) presupposed that 
the ligands perfectly match their binding sites. 
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Figure 4: Mechanisms of multivalent ligand binding to cell surface receptors. (a) 
Multivalent ligands can occupy several binding sites simultaneously by interacting 
with oligomeric receptors. (b) Multivalent ligands can bind to more than one binding 
site at one receptor. (c) Multivalent ligands can bind to both primary and secondary 
binding sites on one receptor. (d) Multivalent ligands possess a higher local concen-
tration of the ligands (Picture inspired by L. Kiessling et al.32,42). 

A further contribution to the affinity enhancement is that multivalent carbo-
hydrate ligands display a higher local concentration of carbohydrates that 
can result in higher functional affinity even if only one binding entity is en-
gaged (4d). Another unique effect of multivalent carbohydrate ligands that is 
of great relevance for their potential as inhibitors of adhesion is steric stabi-
lization. Due to the size and hydration shell of multivalent ligands they 
could, if bound to a pathogen, sterically prevent proximity to the cellular 
surface and thereby hinder the pathogen from attachment. A less discussed 
but still very important mechanism by which multivalent ligands could pre-
vent pathogens from infecting cells is the possibility to crosslink pathogens 
and thereby cause aggregation.44 While probing multivalent cell surface 
binding systems, it is important to point out that the strength of the multiva-
lent carbohydrate–protein interaction not only depends on the valency of the 
two molecules but also on their structural arrangement. A compatible orga-
nization of the carbohydrates and the binding sites of the protein is required 
to get a successful interaction.32,45 

Naturally occurring multivalent carbohydrate structures are widespread but 
in general they are only found in limited amounts and are often too structur-
ally complex and heterogeneous to be useful when targeting a specific bio-
logical system. Using synthetic multivalent glycoconjugates makes it possi-
ble to vary the presentation of the carbohydrates in terms of valency, scaf-
fold structure, size, shape and flexibility. There are several different methods 
to generate multivalent saccharide displays. Natural scaffolds such as pro-
teins like serum albumin, shorter peptides or lipids provide easily accessable 
neoglycoconjugates.46,47 
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Such conjugates have been, and still are, used when the purpose is to quali-
tatively show that multivalent binding is involved in a specific system. How-
ever, when the purpose is to explore the specific requirements for binding, 
the scaffold needs to be more properly designed and controlled. Nonnatural 
scaffolds can be constructed to span ranges from flexible to relatively rigid 
structures and display the carbohydrates in a very controlled way.42,44,48 Line-
ar scaffolds have been obtained from polymerization of modified acryl-
amides37,39,49 or from ring opening metathesis (ROMP)50-52. In order to gen-
erate spherical or partly spherical scaffolds dendrimers, highly branched 
oligomeres, have been extensively used. 45,53-55 A noncovalent alternative for 
multivalent presentation of carbohydrates is to use liposomes as scaf-
folds.56,57 Liposomes represent an ideal mimic of the cell surface membranes 
where the carbohydrate moieties could move freely in the two-dimensional 
membrane space. All these different methods will of course have their indi-
vidual advantages and disadvantages and the preferred method for an opti-
mal multivalent carbohydrate display will vary with the target biological 
system. 

1.3 Adenoviruses, causative agents of EKC  
Adenoviruses constitute the Adenoviridae family of viruses and cause infect-
ions in humans and animals all over the world.58-61 Three adenovirus sero-
types, (Ad8, Ad19 and Ad37) have frequently been reported as the major 
cause of the severe ocular infection epidemic keratoconjunctivities 
(EKC).62,63 The virus uses its protruding fibers to interact with cellular recep-
tors. Each viral particle has twelve fiber proteins and the receptor binding 
domain, the “knob”, consists of a homotrimer that presents three separate 
binding sites (Figure 5).64 Although adenoviruses in general use the cox-
sackie adenovirus receptor (CAR), it has recently been demonstrated that the 
EKC-causing serotypes, use sialic acid as a functional cellular receptor. For 
Ad37 it has been determined that the receptors consist of glycoproteins car-
rying at least one terminal sialic acid residue linked by an α(2-3)-glycosidic 
bond to a neighboring galactose saccharide.65,66 Since the fiber knob protein 
of the other two EKC-causing adenoviruses are highly homologous to that of 
Ad37, it is likely that they also use receptors containing terminal α(2-3) 
sialic acids.67 

EKC-causing adenoviruses are usually transferred by direct contact such as 
eye-to-hand-to-eye within an already infected individual or as eye-to-hand-
to-hand-to-eye between infected and healthy individuals. As a result of that, 
EKC is predominant in densely populated areas and has been well docu-
mented in East Asia68-70 but also in North America and Europe.62,71 For ex-
ample, half a million individuals fall ill in EKC every year in Japan alone.72  
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As a result of the infection, the patient is handicapped for several weeks due 
to irritation, tearing, photophobia and in the most severe cases, various levels 
of reduced sight. In some cases the infection leads to permanent reduction of 
eyesight. A major consequence of the longlasting infection in addition to the 
substantial suffering of the patients are economic losses.62 So far there are no 
licensed antiviral drugs for treatment of EKC. It is important to point out that 
the capacity of adenoviruses to cause EKC correlates with their ability to use 
glycoconjugates with terminal sialic acids as cellular receptors.66 In view of 
this it appears possible that sialylated saccharides could act as inhibitors of 
binding of the virus to host cells, i.e. as antiviral agents. Since the eye is 
easily accessable for topical administration by the use of a salve or eye 
drops, the antiviral drug would not have to be administred orally and thereby 
it would be affected by metabolic processes to a less extent. As a conse-
quence, most of the above discussed drawbacks with carbohydrate based 
drugs could be circumvented when using carbohydrate derivatives to treat 
EKC. 

   
 
Figure 5: The adenoviral particle. The virus interacts with a cellular receptor via the 
fiber proteins protruding from the viral particle. The receptor binding domain, con-
sists of a homotrimeric “knob” that presents three separate binding sites. The figure 
is adopted with permission from Prof. W.C Russell, University of St Andrews, St 
Andrews, UK, and reprinted with permission from the publisher, The society for 
general microbiology.73 
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2. Aims of the thesis 

The overall aim of this thesis was to develop potential antiviral agents that 
target adenoviruses of type Ad8, Ad19 and Ad37, the causative agents of the 
severe ocular infection EKC. The more specific objectives were to 
 

i) verify that EKC-causing adenoviruses use sialic acid as cellular 
receptor and that their attachment to the receptor can be pre-
vented by synthetic glycoconjugates of sialic acid,  

ii) identify the minimal binding epitope required for viral recogni-
tion, and 

iii) on the basis that adenoviruses, like viruses in general, attach to 
host cells in a multiple fashion, study the effect of multivalent 
antiviral agents for potential treatment of EKC.  

To achieve these objectives, the work in this thesis focuses on the design and 
synthesis of sialic acid glycoconjugates. When obtained, these derivatives 
were to be transformed into their corresponding multivalent conjugates and 
evaluated for their ability to inhibit EKC-causing adenoviruses from binding 
to and infecting human corneal epithelial (HCE) cells. Development of effi-
cient synthetic routes to the inhibitors and reliable biological assays were 
expected to be critical for the success of this work. 
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3. Sialic acid glycoconjugates as inhibitors of 
EKC-causing adenoviruses  

As described in chapter one, EKC-causing adenoviruses use glycoconjugates 
with terminal α(2-3)-linked sialic acids on HCE cells as cellular receptors. In 
order to develop an antiviral agent that blocks the sialic acid binding sites on 
the viral fiber protein and thereby prevent attachment and subsequent infec-
tion, information of the carbohydrate receptor is of significant value. Since 
all α(2-3) sialyltransferases characterized so far only transfer sialic acid to 
galactose,74 it appears likely that the neighboring saccharide is galactose. In 
addition, unpublished studies of the binding of the viral fiber protein to gly-
colipids using a thin layer chromatography (TLC) overlay assay suggest that 
the carbohydrate receptor consists of the pentasaccharide [NeuAcα2-
8NeuAcα2-3(GalNAcβ1-4)Galβ1-4Glc] (1, Figure 6) or smaller parts 
thereof (2-4, Figure 6).75 Since the virus interacts with the cellular receptor 
in a multivalent fashion it is likely that an antiviral agent should be multiva-
lent in order to be more efficient, e.g. a glycoconjugate prepared by attach-
ment of several oligosaccharides to a suitable carrier. On the basis of this, 
the initial strategy towards an inhibitor was to synthesize the pentasaccharide 
1, the smaller derivatives 2-4 and their corresponding multivalent conju-
gates.  
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Figure 6: The suggested cell surface receptor structure for EKC-causing adenovi-
ruses (1) and smaller parts thereof (2-4). 
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3.1 Synthesis of sialylated oligosaccharides  
A retrosynthetic analysis of the pentasaccharide 1 resulted in the four build-
ing blocks 5-8 (Figure 7). Three of these (5-7) may be readily synthesized 
from commercial saccharides,76-78 whereas the disialic acid derivative 8 can 
be prepared by controlled hydrolysis of colomic acid,79 which is a commer-
cially available linear polymer of α(2-8)-linked sialic acid or by 8-O-
sialylation of sialic acid.80 However, the oligosaccharides 1 and 2 constitute 
significant synthetic challenges due to the disialic acid moiety.80-82 There-
fore, the primary focus of this project was to develop a synthetic route to the 
smaller oligosaccharides 3 and 4 (Figure 6) and their multivalent counter-
parts.  
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Figure 7: Retrosynthetic analysis of the cell surface receptor structure 1. 

The 2-azidoethyl lactoside 12 (Scheme 1) was selected as core structure. It 
allows glycosylation with sialic acid and N-acetylgalactosamine (GalNAc) 
and subsequent conjugation to a carrier via the azide. From lactose, the 3’,4’-
O-isopropylidene-2-bromoethyl lactoside 9 was synthesized by traditional 
carbohydrate chemistry.78 This compound was then successfully converted 
into the 2-azidoethyl lactoside 10 in 97 % yield by treatment with sodium 
azide and crown ether in dimethylformamide (DMF).83  
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Benzylation of the unprotected hydroxyl groups gave 11, and subsequent 
hydrolysis of the 3’4’-isopropylidene acetal resulted in the target lactoside 
core 12, with free hydroxyl groups in the 3’ and 4’ positions that could be 
glycosylated, and an azide functionality that could be used for conjugation. 
From this lactoside it would be possible to synthesize the tetrasaccharide 3 
via a protected precursor of trisaccharide 4 (Figure 6).  
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Scheme 1: Synthesis of the protected cell surface receptor analogues 13 and 14. 
Reagents and conditions: a) NaN3, 15-crown-5, DMF, 97 %; b) BnBr, NaH, DMF, 
68 %; c) TFA/H2O (9:1), CH2Cl2, quant.; d) 5 (Figure 7), AgOTf, MeSBr, –60 °C, 
CH3CN/CH2Cl2 (9:4), 56 %; e) 6, NIS/TfOH, CH2Cl2, –20 ºC, 44 %. 

Due to its well accepted efficiency in stereoselective α-O-sialyations,78,84,21,85 
the sialic acid donor 576 (Figure 7) was used to sialylate the 3’ position of the 
lactoside 12 (Scheme 1). The reaction was promoted by MeSOTf,86,87 gener-
ated in situ by reaction of methylsulfenylbromide (MeSBr) with silver 
trifluoromethanesulfonate (AgOTf),88 and performed in a mixture of di-
chloromethane and acetonitrile at low temperature. The α-isomer of the pro-
tected trisaccharide 13 was obtained in 56 % yield. The regioselectivity of 
this sialylation is due to the greater reactivity of the equatorial hydroxyl 
group compared to the axial C4 hydroxyl group. Further glycosylation at the 
4’ hydroxyl group of 13 with GalNAc to achieve the tetrasaccharide 14 was 
accomplished by the thiomethyl donor 677,89 (Figure 7) and with NIS/TfOH 
as promotor system.77 The protected tetrasaccharide 14 was obtained in 44 % 
yield. In order to conjugate this compound to a carrier all protecting groups 
had to be removed and the azide had to be reduced to a primary amine.  
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The initial strategy was removal of the trichloroethoxycarbonyl (Troc) 
group, deacetylation, hydrolysis of the methyl ester and cleavage of the ben-
zyl groups with simultaneous reduction of the azide in the given order. Un-
fortunately it was more difficult than expected and problems occurred at the 
very first step (Scheme 2, unpublished results). Selective deprotection of the 
Troc protected amine of GalNAc using Zn/acetic acid77,90 was tried but dis-
carded since it also reduced the azide. The second strategy, selective reduc-
tion of the azide with SnCl2, PhSH, Et3N91 followed by protection of the 
generated amine with an orthogonal protecting group (benzyloxycarbonyl, 
Cbz)92, was also unsuccessful and resulted in an uncharacterized mixture of 
products. Despite the fact that other research groups have succeeded in the 
synthesis of similar compounds93,94 the decision was taken not to complete 
the synthesis of the tetrasaccharide at this stage and instead direct the focus 
towards the less complex trisaccharide derivative 18 (Scheme 3). 
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Scheme 2: Two initial strategies for deprotection of tetrasaccharide 14. Deprotection 
of the GalNAc moiety of 14 to get compound 15 was not possible under these condi-
tions without simultaneous azide reduction. Reduction of the azide of 14 to get the 
primary amine 16 resulted in a mixture of products. 

Hypothetically, the GalNAc residue is of less importance for the adenoviral 
recognition compared to the essential sialic acid residue and thereby an in-
hibitor without the GalNAc residue would most likely still be able to bind to 
the fiberprotein and prevent the virus from attaching to the host cell. The 
trisacccharide 13 was completely deprotected in three steps including deace-
tylation, hydrolysis of the methyl ester and cleavage of the benzyl groups 
with simultaneous reduction of the azide (Scheme 3).95 The unprotected 
aminoethylglycoside of sialyllactose, 18, was obtained in 85 % yield from 
the protected trisaccharide 13 and in an overall yield of 11 % from lactose. 
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Scheme 3: Deprotection of the trisaccharide 13. Reagents and conditions:     
a) 1. NaOMe, MeOH, r.t., 2. H2O, r.t., 87 %, 2 steps; b) H2(g), Pd/C, EtOH/HCl, r.t., 
98 %. 

3.2 Conjugation of sialylated oligosaccharides to HSA 
As discussed in section 1.2, a multivalent display of oligosaccharides can be 
obtained by the use of several different carriers. Proteins have been widely 
used as carriers since they provide desirable physicochemical properties such 
as solubility and hydrodynamic size. In addition, the availability of amino 
acid side chains provides suitable functionalities for conjugation. The most 
commonly used carriers for the preparation of neoglycoproteins are the bo-
vine (BSA), rabbit (RSA) and human (HSA) serum albumins since they are 
easily accessable. Generally, most of the conjugation procedures use lysine 
amino groups of the protein for formation of the covalent bond between the 
carbohydrate moiety and the protein. Common methods includes formation 
of a -C(=X)NH-linkage (X = O, S, or NH), or formation of a secondary 
amine by reductive amination.47 During the latest years an alternative 
method for conjugation has been introduced, where an amine on the carbo-
hydrate residue is covalently linked to an amine of the protein by a squaric 
acid diester.96-99 This method relies on the pH dependent reactivity of squaric 
acid diesters compared to squaric acid amide esters (Scheme 4). A dialkyl 
squarate reacts readily with amines at pH 7 affording a squaric acid amide 
ester, for further conversion to the diamide a pH of 9 is required. Advantages 
of this method are that it is compatible with both primary and secondary 
amines and that it is performed under mildly basic conditions making it suit-
able for acid sensitive molecules such as carbohydrates.99 Another major 
advantage of this method is that unreacted squaric acid glycoside derivates 
can be recovered from the conjugation mixture.100 
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Scheme 4: Conjugation of saccharides to proteins by squaric acid. (R1 = Me, Et, Dec 
usually, R2= saccharide-spacer, R3= protein). 

Due to the above discussed properties of proteins and available knowledge 
within our group, a protein was chosen as carrier for oligosaccharide 18 syn-
thesized in section 3.1. When this project was about to start, the cattle dis-
ease bovine spongiform encephalopathy (BSE, “mad cow disease”) was 
frequently reported in the media, whereby the use of bovine material seemed 
inappropriate in development of a potential antiviral drug. Therefore, HSA 
became the choice of protein carrier and the newly reported and successful 
squaric acid method was used for conjugation (Scheme 5).99 By varying the 
number of equivalents of the sialyllactose derivative, the degree of multiva-
lency could be varied with reproducible results. Five neoglycoproteins 20a-e 
ranging from 3-19 incorporated saccharides per HSA were synthesized.* The 
average degree of incorporation was determined by MALDI-TOF MS by 
using the centre of the single-charged neoglycoprotein peak.101  
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Scheme 5: Conjugation of 3’-sialyllactose to HSA. Reagents and conditions: a) 
Squaric acid didecylester, DMF, Et3N, r.t., 40 %; b) NaHCO3 (pH 9.0), HSA, r.t. 
                                 
* The experimental conditions for 20b (4-valent) and 20c (17-valent) were used to synthesize 
20a (3-valent) and 20d (19-valent) respectively, indicating reproducible conjugation to HSA. 
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3.3 Biological evaluation of multivalent 3’-sialyllactose 
as inhibitor of EKC-causing adenoviruses 
In order to investigate whether the multivalent 3’-sialyllactose derivatives 
could work as inhibitors of EKC-causing adenoviruses, two different assays 
were performed.† Firstly, their ability to inhibit adhesion to HCE cells was 
investigated by a binding assay based on 35S-labeled Ad37 virions.102,103 
Secondly, to investigate if they also prevented Ad37 from infecting HCE 
cells, an infectivity assay in which adenovirus-infected cells are visualized as 
fluorescent focus units (FFU) was used.104 65 

Multivalent 3’-sialyllactose inhibits Ad37 from binding to HCE cells 
35S-labeled Ad37 virions were preincubated with a dilution series of 3’-
sialyllactose or the 4-, 12- or 17-valent 3’-sialyllactose HSA conjugates 20b-
d before being added to HCE cells. After incubation, unbound virions were 
washed away, and cell-associated radioactivity was measured in a scintilla-
tion counter. It was found that both commercial 3’-sialyllactose and the syn-
thesized multivalent sialyllactose derivatives were able to inhibit adhesion of 
Ad37 virions to HCE cells. Thereby the hypothesis of the minor importance 
of the GalNAc moiety of the inhibitor proved to be justified. In addition the 
data clearly showed that the inhibition was significantly increased with 
higher orders of multivalency (Figure 8). The multivalent compound with 
the highest degree of multivalency, 20d, shows an IC50 value that is more 
than 100-fold better than 3’-sialyllactose. 

 
Figure 8: Dose-dependent inhibition of Ad37 attachment to HCE cells with 3’-
sialyllactose (3’SLA) and multivalent HSA conjugates of 3’SLA (20b–d). The re-
sults are presented as a mean of two independent experiments. The experiments 
were repeated three times with reproducible results (for details see paper I). Printed 
with permission from the publisher; Wiley-VCH Verlag GmbH & Co. KGaA. 

                                 
† The biological evaluation was performed in collaboration with Dr. N. Arnberg and E. Nils-
son, Division of Virology, Department of Microbiology, Umeå University, Sweden. 
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Multivalent 3’-sialyllactose inhibits Ad37 from infecting HCE cells 
Nonlabeled Ad37 virions were preincubated with a dilution series of 3’-
sialyllactose or the 19-valent 3’-sialyllactose HSA conjugate 20e before 
being incubated with HCE cells. Unbound virions were washed away and 
cell-associated virions were allowed to infect the cells. The cells were finally 
stained with rabbit polyclonal anti-Ad37 serum followed by FITC (fluo-
rescein thioisocyanate) labeled swine anti-rabbit IgG antibodies and exam-
ined in an immunofluorescence microscope. Once again the results demon-
strated the enormous improvement in inhibitory power that can be obtained 
with multivalent structures. The 19-valent derivative clearly inhibited infec-
tion at a nanomolar level whereas 3’-sialyllactose was not able to inhibit the 
infection at a concentration of 1 mM (Figure 9).  

19-valent 3’SLA (mM)

0 0.01 0.1 1
3’SLA (mM)

0 0.01 0.1 1  
 
Figure 9: Dose-dependent inhibition of Ad37 infection of HCE cells with 19-valent 
3’-sialyllactose (20e) and 3’SLA (for details se table 2 paper I). 19-valent 3’SLA 
was 1000-fold more efficient as inhibitor than 3’SLA. 

3.4 Structural simplification of the inhibitor  
From the results above it was clear that the less complex 3’-sialyllactose 
derivative was sufficient to prevent an EKC-causing adenovirus from bind-
ing to and infecting HCE cells. Thus the synthesis of the more complex sac-
charides (1-3, Figure 6) and their corresponding multivalent conjugates be-
came less relevant and was abandoned. Could it be possible to simplify the 
structure further and still maintain the inhibitory power? 

From the crystal structure of the sialic acid interacting domain of the Ad37 
fiber knob protein in complex with sialyllactose it was found that only the 
sialic acid residue contributed to the carbohydrate–protein interaction.105 No 
part of the lactose residue was involved in complex formation in the crystal.  
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Hypothetically, multivalent sialic acid would therefore be able to prevent 
EKC-causing adenoviruses from binding to and infecting HCE cells to a 
similar extent as multivalent 3’-sialyllactose. An initial investigation of this 
hypothesis was made by comparing the inhibitory effect of different sialic 
acid containing saccharides. Sialic acid, disialic acid, trisialic acid, and 3’-
sialyllactose were compared in the binding assay described in section 3.3. 
The results demonstrated that all these saccharides had similar efficiency in 
inhibiting Ad37 virions from binding to HCE cells (Figure 10), with IC50 
values within the 1-5 mM range. Therefore it was decided to base the second 
generation of synthetic multivalent adenovirus inhibitors on sialic acid alone. 
A major advantage of a sialic acid conjugate is that it requires a less compli-
cated synthesis than a conjugate based on sialyllactose. However, sialic acid 
chemistry is always challenging and an efficient synthetic route to a sialic 
acid derivative that could be conjugated to HSA had to be developed. 

 

 
 
Figure 10: Dose-dependent inhibition of Ad37 attachment to HCE cells with sialic 
acid (SA), disialic acid (di-SA), trisialic acid (tri-SA) and 3’SLA. All saccharides 
showed IC50 values within 1-5 mM. Printed with permission from the publisher; 
Elsevier. 

Synthesis of multivalent sialic acid HSA conjugates 
Since sialic acid itself is smaller than 3’-sialyllactose it seemed likely that 
the aglycon in this case should be longer than the ethyl aglycon used previ-
ously. In addition, the optimal spacer derivative would preferably contain 
both the hydroxyl functionality for sialylation and an amino functionality for 
conjugation to HSA in order to save synthetic steps. Therefore, commer-
cially available Fmoc-aminoalcohols were selected as aglycons. The longest 
available aminoalcohol at the time when this project was initiated was Fmoc-
aminohexanol. Different donor/promotor system had to be evaluated in order 
to obtain the sialylated derivative 22 in reasonable yield and α/β-selectivity 
(Table 1).  
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Table 1: Sialylation of Fmoc-aminohexanol with different donor/promotor systems. 
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 R promotor eq  
promotor 

CH2Cl2: 
MeCN 

T  
(°C) 

yield 
(%)  

α:β  
ratio 

21a Cl AgOTf 1.5 9:4 –10 8  not  
estimated 

21b SC(S=)OEt MeSBr/ 
AgOTf 

1 9:4 –60 14-30  3:1 

21c SPh IBr/ 
AgOTf 

1.3 3:2 –72 40-70  3:1-4:1 

 
Since 2-chloro sialic acid is suggested to be the general donor of choice to 
sialylate simple aliphatic alcohols,21,106 21a was the first donor to be used in 
efforts to get the target sialoside (Table 1). Unfortunately, this method re-
sulted in a very low yield of the sialoside 22 (8 %). Moreover, when the 
simple alcohol 1-penten-5-ol was sialylated under the same conditions only 
traces of the sialylated product was obtained (data not shown). Based on 
these results, the 2-chloro donor of sialic acid was discarded. Instead, the 
xanthate donor 21b and its corresponding promotor system used previously 
for the sialylation of the lactoside 12 (Scheme 1) was investigated. The yield 
was still not satisfactory, only 14-30 % and with an α/β ratio of 3:1 at the 
best. Therefore the, at that time, new method relying on the 2-thiophenyl 
donor 21c promoted by IBr/AgOTf26 was evaluated for this reaction. The 
yield was significantly improved (40-70 %) but the α/β ratio was still mod-
erate (3:1-4:1). In order to investigate if the spacer length of the acceptor 
could have an influence on the reaction, the donor/promotor system 
21c/IBr/AgOTf was used to sialylate the one carbon shorter Fmoc-
aminopentanol (Scheme 6). Illustrating the complexity of the sialic acid 
chemistry, the yield of the sialylation was now raised. The sialoside 23 was 
obtained in 60-90 % yield and, more importantly, the α/β ratio increased to 
7:1. However, in order to isolate the pure α-isomer, extensive purification 
via repeated SiO2 column chromatography and preparative HPLC was nec-
essary. Therefore the pure α-isomer was only obtained in 26 % yield. This 
low yield was correlated with the problems of separating the two isomers, 
the more β-isomer of the product, the more α-isomer was lost in the purifica-
tion. Therefore, efforts were made in order to improve the α/β ratio of the 
reaction. Statistical experimental design107 was used to investigate if the α-
selectivity could be increased by variation of the reaction parameters; i) tem-
perature, ii) promotor equivalents, iii) MeCN/CH2Cl2 ratio, and iv) acceptor 
structure. Unfortunately, no significant improvement was achieved.  
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Conditions with potential to increase the α-yield slowed down the reaction 
rate and gave a lower total yield of the product (unpublished results, for de-
tails see Appendix I). It was decided to keep the conditions as for the synthe-
sis of 23 and instead direct the focus on improving the method of purifica-
tion. By using chiral preparative HPLC,108 it was possible to completely 
separate the two isomers and thereby the isolated yield of the α-isomer of 23 
was significantly increased.  
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Scheme 6: Synthesis of multivalent HSA conjugates of sialic acid. Reagents and 
conditions: a) Fmoc-aminopentanol, IBr, AgOTf, CH3CN/CH2Cl2 (3:2), –72 ºC, 60-
90 %, α:β 7:1; b) 1. NaOMe, MeOH, 2. LiOH (aq), r.t.; c) Didecylsquarate, DMF, 
Et3N, r.t., 62 % from 24; d) NaHCO3 (pH 9.0), HSA, DMF, r.t. 

The sialic acid derivative 23 was fully deprotected by deacetylation and si-
multaneous Fmoc removal followed by hydrolysis of the methyl ester to give 
24. It was then conjugated to HSA according to the methodology described 
in section 3.2. Multivalent sialic acid HSA conjugates 26a-c were obtained 
with 3, 8 and 13 incorporated saccharides per HSA respectively (number of 
incorporated saccharides according to MALDI-TOF measurements). 

Biological evaluation of the sialic acid conjugates 
To evaluate the multivalent sialic acid conjugates, the cell binding assay and 
the cell infectivity assay described in section 3.3 were used. Once again the 
multivalency effect was clear and even more interestingly was that the sialic 
acid conjugates were as powerful inhibitors as the 3’-sialyllactose conju-
gates. In both the binding assay and the infectivity assay the multivalent 
sialic acid conjugates were 1000-fold more efficient than sialic acid (Figure 
11). 
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Figure 11: Multivalent sialic acid inhibits Ad37 from binding to and infecting HCE 
cells 1000-fold better than sialic acid. Top: Dose-dependent inhibition of Ad37     
attachment to HCE cells with sialic acid (SA) and multivalent sialic acid HSA con-
jugates 26a-c (3-, 8-, and 13-valent). Bottom: Dose-dependent inhibition of Ad37 
infection of HCE cells with sialic acid or the 13-valent sialic acid HSA conjugate 
26c. Each yellow-green dot corresponds to one infected cell. The data represent an 
average of at least three independent experiments for each assay (for details see 
Paper II). Printed with permission from the publisher; Elsevier. 

3.5 Mode of action 
In section 1.2, different mechanisms by which a multivalent ligand could 
enhance the affinity of a carbohydrate–protein interaction are outlined. In the 
specific example of the multivalency effect obtained above, the binding af-
finity enhancement is most likely due to the mechanisms of aggregation and 
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steric stabilization. This assumption is based on the structures of the HSA 
conjugates and the viral fiber knob protein. HSA is an average sized protein 
with a molecular weight of 70 kDa. The lysine residues to which the saccha-
rides can be conjugated (the most solvent-exposed) are evenly spread at the 
protein surface.109 The theoretical spacing between the saccharide moieties is 
at a minimum 10-20 Å and at a maximum 100-110 Å.‡110 Compared to the 
viral particle (Figure 5, section 1.3), the size of the HSA conjugates are 
equal to the size of the fiber knob proteins. Due to the large distance between 
the fiber knobs, it would not be possible to connect two fiber knobs situated 
at the same viral particle through one sialic acid HSA conjugate. In addition, 
since the distance between the three binding sites on one fiber knob is quite 
small, i.e. around 9 Å,§111 it is not likely that there is enough space for two or 
three saccharide-spacer-lysine units to bind simultaneously. Thereby the 
mechanisms of the chelate effect and the higher local concentration are un-
likely. More likely one HSA conjugate is capable of binding to two or more 
fiber proteins from different viral particles simultaneously. This would result 
in a three-dimensional network of viruses and HSA conjugates as illustrated 
in Figure 12. This network would aggregate the viral particles and thereby 
prevent attachment and infection. In the eye, the aggregates could possibly 
be rinsed out by the tear flow. 

 
 
Figure 12: A schematic illustration (not drawn to scale) of the multivalency effect 
when multivalent sialic acid neutralizes adenoviruses by aggregation. A) In the case 
of a monomeric inhibitor (sialic acid), all sialic acid interacting domains need to be 
occupied in order to prevent each virion from binding to and infecting target cells. 
B) In the case of a multivalent inhibitor (sialic acid conjugated to HSA), the virions 
are aggregated and thereby prevented from binding to and infecting the target cells. 

                                 
‡ Representative distances between the most solvent-exposed lysins were measured from the 
crystal structure of HSA (1BMO.pdb) using the MOE software program.110  
§Distance measured from the crystal structure of the Ad37–sialyllactose complex (1UXA.pdb) 
using sybyl7.2 software.111  
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In order to verify this mechanism of aggregation a centrifugation based ex-
periment was set up.** 35S-labeled Ad37 virions were incubated with or with-
out 13-valent sialic acid on HSA. The mixtures were centrifuged at increas-
ing centrifugal force and the resulting supernatant and pellet were separated. 
Scintillation analysis of the radioactivity in the two fractions showed that 
virions treated with multivalent sialic acid were pelleted more efficiently 
than the virions that were not (Figure 13). At the highest centrifugal force 
most of the untreated virions were still found in the supernatant whereas 
those incubated with 13-valent sialic acid were pelleted at lower centrifugal 
force. These results clearly support the hypothesis that multivalent sialic acid 
neutralizes the virions by aggregation.  

 

 
 
Figure 13: 13-valent sialic acid (26c, SA-HSA) neutralizes Ad37 virions by aggre-
gation (S = supernatant, P = pellet). Printed with permission from the publisher; 
Elsevier.  

3.6 Summary 
Synthetic multivalent sialylated glycoproteins that mimic the cellular recep-
tor of EKC-causing adenoviruses have been synthesized and evaluated in 
two different assays as inhibitors of adenoviral cell attachment and infection. 
It was shown that the 3’-sialyllactose derivatives 20a-e and the less complex 
sialic acid derivatives 26a-c, efficiently prevented Ad37 from binding to and 
infecting HCE cells. Moreover, the results clearly demonstrate that the 
power of inhibition is significantly increased with higher orders of valency. 
The most potent conjugates inhibit Ad37 from binding to and infecting the 
cells with a 1000-fold lower IC50 value as compared to 3’-sialyllactose and 

                                 
** Performed in collaboration with Dr. Niklas Arnberg and Emma Nilsson, Division of Virol-
ogy, Department of Microbiology, Umeå University, Umeå, Sweden. 
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sialic acid. The two classes of conjugates are equally efficient as inhibitors, 
but sialic acid conjugates provide a much more efficient route to an inhibitor 
than the more complex 3’-sialyllactose conjugates. Synthesis of 26a-c were 
performed in only four steps while the 3’-sialyllactose conjugates 20a-e re-
quired 11 steps and gave a lower overall yield. These differences are signifi-
cant considering the time and cost of producing an antiviral drug. In view of 
the size and structure of the multivalent sialic acid conjugates and the virus 
particles, it was proposed that neutralization of the Ad37 virions are due to 
aggregation. This mechanism of the multivalent effect was successfully veri-
fied by quantifying aggregation of Ad37 in presence of multivalent sialic 
acid by simple centrifugation. This fast and simple assay could be applied 
for initial screening of new multivalent inhibitor candidates and the overall 
results presented herein could be useful in efforts to develop an antiviral 
drug for treatment of EKC.  
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4. Design, synthesis and evaluation of 
nonnatural sialic acids and sialylmimetics  

The study in Chapter 3 demonstrated that multivalent sialic acid conjugates 
are effective inhibitors of EKC-causing adenoviruses. However, in order to 
investigate the scope and limitations of a potential antiviral drug it was de-
cided to optimize these structures further. The weak affinity of carbo-
hydrate–protein interactions originates from features of the carbohydrate 
structure, i.e: i) the lack of hydrophobic groups, ii) the low contribution of 
hydrogen-bond interactions from the hydroxyl groups to the overall binding 
affinity due to competing solvatisation and iii) the significant entropy cost 
when several, in general flexible, hydrogen-bonding groups are con-
strained.112 In order to improve the affinity of carbohydrates to target pro-
teins, as well as other properties of significant importance for their use as 
therapeutic agents (i.e. metabolic stability and bioavailability), modified 
carbohydrates or compounds that mimic carbohydrates have been designed. 
This can be accomplished by two main strategies. In the first approach the 
parent carbohydrate core is maintained but the structure is modified to 
achieve appropriate properties by removal, addition or change of functional 
groups. In the second approach, the entire carbohydrate core is replaced with 
a noncarbohydrate framework presenting only those functional groups in-
volved in critical receptor interactions.20,112 Regardless of which method that 
is used, the success is highly dependent on proper knowledge of the inter-
actions between the carbohydrate and the target protein. In this study, struc-
ture-based design and docking were used to increase the understanding of 
the recognition of sialic acid by EKC-causing adenoviruses. Based on these 
results, a library of N-acyl modified sialic acids and a sialylmimetic were 
designed, synthesized and evaluated. 

4.1 Structure-based design and docking of nonnatural 
analogues of sialic acid  
Structure-based design has been used extensively in drug development and is 
proven to be a valuable tool in the design of new chemical entities.113 One 
key methodology used in both hit identification and lead optimization is 
docking of small molecules into the protein binding site. The docking pro-
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cess consists of two parts, accurate prediction of the bioactive conformation 
and orientation (pose) of a ligand in the binding site, and prediction of the 
binding affinity of the protein–ligand complex. Docking has been applied in 
pharmaceutical research since the early 1980s and a large number of docking 
programs have been reported in the literature such as DOCK, FlexX, Glide 
and GOLD. In general, all docking programs consist of three main parts, i) a 
function to place the ligand in the binding site, ii) a search algoritm to ex-
plore different binding modes, and iii) a scoring function to rank different 
binding poses. The key characteristic of a good and reliable docking pro-
gram is its ability to reproduce the experimental binding mode of ligands and 
the ability of its scoring function to score and rank ligands according to their 
experimental binding affinity.114,115 However, before these methods can be 
used to study the interaction of interest, a high qualitative three-dimensional 
model of the protein structure is required. The primary method for determin-
ing protein structures is by X-ray crystallography, discussed in more details 
in section 5.2. Two other methods commonly used for solving protein-
structures, not discussed in this thesis, are solution NMR experiments116 or 
homology modeling.117,118 In the Protein Data Bank (PDB) a large number of 
structures of proteins and other biological macromolecules are available for 
free.  

 

 
 
Figure 14: Left; The molecular surface of the sialic acid interacting domain of the 
fiber protein of Ad37 in complex with 3’-sialyllactose. The fiber protein consists of 
a homotrimer presenting three identical binding sites for sialic acid. Right; Four 
interactions assumed to be essential for recognition and function of sialic acid as 
cellular receptor for Ad37: A salt bridge from the axial carboxyl group to Lys345, 
two hydrogen bonds between 4’OH and Tyr312, and 5’NH and Pro317, and a hy-
drophobic interaction between the N-acetyl group and the hydrophobic bottom of the 
binding site. The surface is colored blue for polar parts, brown for nonpolar parts 
and green for intermediate polarity. 
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From the X-ray structure of the complex of 3’-sialyllactose bound to the 
fiber protein of Ad37, four main interactions between sialic acid and the 
protein were identified (Figure 14).105 The axial carboxylic acid forms a salt 
bridge with the amino group of a lysine close to the surface of the binding 
site, the 4’-hydroxyl group and the 5’-amide are involved in hydrogen bonds 
deeper inside the binding site, and the N-acetyl group of sialic acid is di-
rected into a deep hydrophobic pocket in the bottom of the binding site. 
Most likely all of these interactions are essential for recognition and function 
of sialic acid as a cellular receptor. The glycerol moiety on the other hand, 
does not seem to be involved in any important interactions. Moreover, the 
hydrophobic pocket of the binding site continues into a bigger and even 
more hydrophobic cavity. With this information in hand, the work towards a 
high affinity inhibitor started based on the parent sialic acid structure. It was 
decided to keep all the polar functionalities involved in the four main inter-
actions and to focus the work on the possibilities to increase the affinity 
through hydrophobic interactions. It was hypothesized that a large and hy-
drophobic substituent at the sialic acid amine would be directed into the 
deeper cavity in the bottom of the binding site, and thereby capturing addi-
tional hydrophobic interactions. Removal of the glycerol chain would in-
crease the hydrophobicity and have the possibility to increase the affinity 
due to reduced entropy cost for desolvation of polar functional groups. In 
order to predict the effect of hydrophobic substituents at the amine and re-
moval of the glycerol chain, a set of modified sialic acids were selected to be 
docked into the X-ray structure of the Ad37 fiber protein (Figure 15).  
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Figure 15: A set of six modified sialic acids (A-F) were docked into the sialic acid 
binding site of Ad37 and investigated for their potential to increase the binding  
affinity 
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At the time for this project, GOLD119 had been reviewed as one of the most 
reliable programs in predicting accurate binding poses.115,120 In order to 
evaluate the reliability for GOLD in this specific case, the ability to repro-
duce the experimental binding mode of sialic acid was studied. The 3’-
sialyllactose ligand was taken out of the X-ray structure and a new confor-
mation of sialic acid was docked back into the binding site. All docked poses 
of the ligand were clustered within a 1.5 Å root mean square deviation 
(rmsd) from the experimental binding mode of sialic acid, indicating reliabil-
ity of the docking (Figure 16).120  

 
 
Figure 16: Overlay of the calculated binding poses of sialic acid (displayed as lines) 
and the experimental binding pose of the sialic acid residue of 3’-sialyllactose (dis-
played as capped sticks) in the complex with the Ad37 fiber protein. An average 
rmsd value of 1.5 Å between the X-ray structure and the calculated structures veri-
fies a successful prediction of the binding mode by the docking program. 

Based on these results the same docking method was used on the modified 
sialic acids A-F shown in Figure 15. For all sialic acids, 20 docking poses 
were generated and evaluated manually by visual inspection. Compounds 
with a majority of the docked poses clustered close to the experimental bind-
ing pose of sialic acid, and in a plausible conformation finding the hydrogen 
bonds and the salt bridge were predicted as good binders with potential to 
increase the binding affinity. Compounds with docked poses spread out in 
the binding site and not clustered at all were assumed to have unspecific 
biding modes and predicted to be poor binders. The docked poses of ligand 
F with the glycerol chain removed, were tightly clustered with a similar 
rmsd to the experimental binding mode of sialic acid as docked sialic acid 
(data not shown). This result support the hypothesis that the glycerol chain is 
of minor importance for the binding of sialic acid to the Ad37 fiber protein.  
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The results of the N-acyl modified derivatives A-E revealed that it was not 
as easy as expected to access the deep cavity that extends the binding site 
(Figure 17). Sialic acids with larger substituents failed to adopt conform-
ations with the substituent directed into the cavity and instead they were 
forced to a binding mode not likely to pick up any of the important interac-
tions discussed above. Only the propaneamide was predicted as a good 
binder (Figure 17a). A significant majority of the docked poses were clus-
tered close to the experimental binding pose of sialic acid in a conformation 
with possibility of finding all four important interactions. The poses of the 
butane- and the pentaneamides were not clustered at all and none of them 
were close to the experimental pose of sialic acid (Figure 17b). The isobu-
tane- and the benzamide were expected to give nonclustered poses as seen 
for the butane- and the pentaneamide. Surprisingly, they were closely clus-
tered in one single binding pose for the benzamide and two binding poses for 
the isobutaneamide (Figure 17c and d). These results indicate a plausible 
second binding possibility inside the binding site even though the confor-
mations fails to pick up the three hydrogen bonds.  

B

C D
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Figure 17: Overlays of the calculated binding poses for N-acyl modified sialic acids 
(displayed as lines) and the experimental binding pose of the sialic acid residue of 
3’-sialyllactose (displayed as capped sticks) in the complex with the Ad37 fiber 
protein. A) The docked structures of the propaneamide of sialic acid are clustered 
close to the experimental binding pose. B) The poses of the pentaneamide are not 
clustered at all. The poses of the C) isobutaneamide and the D) benzamide are clus-
tered in new binding modes with major differences compared to the experimental 
pose of sialic acid.  
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The propaneamide was the only modified sialic acid predicted to be a good 
binder based on the criteria discussed above. It is, however, important to 
point out that this prediction is based on a computer simulated protein–
ligand interaction. It can not be excluded that any of the other compounds 
could be active, or that the propaneamide could be inactive in a biological 
system. As for most docking approaches, the docking algorithm used by the 
GOLD program only allows the ligand to be flexible and considers the pro-
tein to be rigid.114,120 Thus, features such as induced fit or other conforma-
tional changes that could occur upon binding are not taken into account for 
example, a structure estimated to be too big to fit the binding site could actu-
ally be a good binder after conformational changes of the protein.113 There-
fore it is relevant to evaluate both good and poor binders experimentally to 
explore the possibilities and limitations of the binding site. On the basis of 
this it was decided to synthesize and evaluate both the promising pro-
paneamide and the butane- and pentaneamides. Since the docking of the 
benzamide and the isobutaneamide indicates other binding possibilities in-
side the binding site than the experimental pose of 3’-sialyllactose, these 
compounds were also decided to synthesize. In order to further expand the 
variation within the library a couple of compounds with small and hydro-
philic substituents were included. The final library selected for synthesis is 
visualized in Figure 18.  
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Figure 18: Structure-based design and docking was used to design a library of ten 
sialic acids with modified N-acyl chains A-J.  

4.2 Synthesis and biological evaluation of N-acyl 
modified sialic acids  
In the first part of this study, the nonnatural N-acyl modified sialic acids 
designed in section 4.1 were to be synthesized, biologically evaluated and 
compared to sialic acid in order get information about how modifications of 
the N-acyl chain affect the affinity to the Ad37 fiber protein. Secondly, the 
multivalent counterparts of potential inhibitors were to be synthesized 
through the same squaric acid/HSA methodology used in the previous study 
with multivalent sialic acid and 3’-sialyllactose conjugates. According to 
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this, it would be valuable if the synthetic strategy to generate the library dis-
played in Figure 18 also provides an efficient route to the multivalent pre-
cursors of the library, i.e. their corresponding aminopentyl sialosides. The 
sialic acid derivatives 27 (Figure 19) fulfill these requirements and were 
thereby chosen as the key building blocks in this study. The anomeric thio-
phenyl group of 27 offers efficient protection of the anomeric center during 
the synthesis of the modified sialic acids21 and can be converted to an ano-
meric hydroxyl group to afford the target structures 28. In addition, sialyl-
ation of Fmoc-aminopentanol with 27 according to the procedure described 
in section 3.4 would provide a route to the aminopentyl derivatives 29.  
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Figure 19: The target structures 27 can be converted to both the N-acyl modified 
sialic acids 28 and to their multivalent precursors 29. 

Synthesis of N-acyl modified sialic acids 
The first challenge in the synthesis of the target sialosides 28 was the deacet-
ylation of the acetamide of sialic acid. Direct hydrolysis of the acetamide 
under either acidic or basic conditions has been reported to cause decomp-
osition of the sialic acid structure.121 Therefore a milder procedure was used. 
The acetamide of sialic acid derivative 30 (Scheme 7) was converted into the 
t-butoxycarbonyl (Boc) acetamide 31, followed by deacetylation and O-
reacetylation to give 32. Subsequent Boc removal gave the amine 33.122,123 
Acylation of 33 to the modified amides 27a-e was performed with the corre-
sponding anhydride in the presence of DMAP. These amide couplings were 
slower than expected and it was observed that when using the larger anhyd-
rides, O to N acetyl migration or possibly direct O-acylation occurred. In 
order to minimize the formation of such products, the reactions were stopped 
when the consumption of the amine seized according to LCMS. To afford 
the more functionalized derivatives 27f-h, benzoic acid activated by HATU, 
methylchloroformate, and methylisocyanate were used respectively in the 
presence of DIPEA. The crude products were purified by column chroma-
tography, and additional preparative HPLC when necessary. This gave com-
pounds 27a-h in 52-89 % yield from 32. 
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Scheme 7: Synthesis of amide functionalized sialic acids. Reagents and conditions: 
a) Boc2O, DMAP, THF, reflux, 2 h; b) 1. NaOMe, MeOH, r.t., 3 h, 2. Ac2O, Py, r.t., 
O.N.; c) 90% TFA (aq), CH2Cl2, r.t., 1-2 h; d) 27a-e: (RCO)2O, DMAP, CH2Cl2, r.t., 
5-11 h, 27f: PhCOOH, HATU, DIPEA, CH2Cl2, r.t., 3 h, 27g: CH3OCOCl, DIPEA, 
CH2Cl2, r.t., 1 h, 27h: CH3NCO, DIPEA, CH2Cl2, r.t., 4 h, (52-89 % from 32); e) 
NIS, MeCN:H2O 10:1, r.t., 3 h, (42-60 %); f) 1. NaOMe, MeOH, 2. LiOH (aq), 
MeOH, (44-94 %). 

Unfortunately, deprotection of compounds 27a-h turned out to be an unfore-
seen challenge. First, hydrolysis of the thiophenyl derivatives 27a-e and 32 
by NIS, H2O and MeCN124 afforded only moderate yields of 34a-e and 35 
(hydrolysis of 27f-h not investigated). Second, and more decisive, the fully 
deprotected sialic acids could not be isolated after the final steps, i.e. deace-
tylation and methyl ester hydrolysis. Although the methyl ester hydrolysis 
was performed under relatively mild conditions (6 eq LiOH (aq) at room 
temperature) structural studies show that the sialic acid scaffold was de-
graded. Deprotection of 34a and b by these conditions resulted in a mixture 
of sialic acids 36a-b and the degraded compounds 37a-b. This is probably 
due to the involvement of the keto α-hydrogens in the open-chain form ac-
cording to the mechanism outlined in Scheme 8, as reported by others.125,126 
Despite several attempts to avoid this transformation it was not possible to 
prepare and isolate fully deprotected N-acyl modified sialic acids. However, 
the corresponding deprotected thiophenyl derivatives 38a-i were synthesized 
in 44-94 % yields from 27a-h and 32 by convenient deacetylation and 
hydrolysis. 
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Scheme 8: Suggested mechanism for the alkaline degradation of sialic acid126. R = 
CH2CH3 or CH2CH2CH3. 

Since the anomeric hydroxyl group of sialic acid plays a critical role in the 
degradation mechanism above it was decided to replace that group so that it 
was not possible to form the open chain of sialic acid. A methyl group was 
considered to be a good replacement for the hydroxyl group in terms of bind-
ing properties. The crystal structure of 3’-sialyllactose in complex with the 
fiber knob of Ad37 showed that the lactose residue is directed out of the 
binding site and therefore a small and neutral substituent in the anomeric 
position of sialic acid is suggested not to affect binding. This was verified by 
comparing sialic acid and α-O-methyl sialic acid as inhibitors of Ad37 at-
tachment to HCE cells using the binding assay described in section 3.3. No 
significant difference between the two compounds could be detected (data 
not shown). In addition, there are published procedures for straightforward 
synthesis of the α-methylglycoside, compatible with the chemistry required 
for the N-acyl substitution.127 Therefore, it was decided to synthesize an 
equivalent library to the one in Figure 18 based on the corresponding α-
methylsialosides (Scheme 9). The functionalization of 41 was performed in a 
similar way as described for the thiosialosides (Scheme 7). However, instead 
of the anhydrides, the corresponding HATU-activated carboxylic acids were 
used to afford 46a-e. This procedure shortened the reaction time and mini-
mized the acetyl migration. Derivatives 46f-h were synthesized by use of 
trifluoroacetic anhydride, methylchloroformate and methylisocyanate, re-
spectively. Pure products were afforded by repeated column chromatography 
and all derivatives were obtained in reasonable yields (26-92 % from 44). 
The target compounds 47a-i were obtained after O-deacetylation and methyl 
ester hydrolysis of 46a-h and 43 (74-100 % yield). However, the 
trifluoroacetamide of sialic acid, 46f, was partly hydrolyzed during the de-
protection. Since it was not possible to separate the amine from the amide, it 
was excluded from the library.  
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Scheme 9: Synthesis of N-acyl modified α-O-methylsialosides. Reagents and condi-
tions: a) Boc2O, DMAP, THF, reflux, 2 h; b) NaOMe, MeOH, r.t., 3 h, 65 % from 
41; c) Ac2O, Py, r.t., O.N., 92 %; d) 90% TFA (aq), CH2Cl2, r.t., 1-2 h; e) 46a-e: 
RCOOH, HATU, DMAP, CH2Cl2, r.t., 3-5 h, 46f: (CF3CO)2O, DMAP, CH2Cl2, r.t., 
0.5 h, 46g: CH3OCOCl, DIPEA, CH2Cl2, r.t., 1.5 h, 46h: CH3NCO, DIPEA, CH2Cl2, 
r.t., 4 h (26-92 % from 44); f) NaOMe, MeOH, r.t., 2 h; g) 2M LiOH (aq), MeOH, 
r.t., O.N. (74-100 %, 2 steps).  

Biological evaluation of N-acyl modified sialic acids 
The N-acyl modified sialic acids 47a-i (f excluded) and commercial Neu5Gc 
(N-glycolylneuraminic acid) were evaluated and compared with sialic acid 
for their ability to inhibit Ad37 attchment to HCE cells, using the binding 
assay described in section 3.3. The experimental settings were adjusted in 
order to minimize the consumption of the compounds, but otherwise it was 
performed as before (Table 2, for details see Paper III). The results varied 
between the experiments and the standard deviations were large, whereby 
only rough conclusions about the inhibitory potency of the compounds could 
be drawn. Compounds that prevented Ad37 from attaching to HCE cells to a 
similar extent as sialic acid were defined as potential inhibitors and are de-
noted + + in Table 2, compounds that were slightly active but not as good as 
sialic acid are denoted +, and compounds with no effect are denoted –. It was 
found that except for sialic acid, only the propaneamide 47a was effective as 
inhibitor of Ad37 attachment to HCE cells. The benzamide 47e and the 
methylcarbamate 47g were as active as sialic acid in one experiment respect-
ively but in the case of 47g the data were very uncertain. All of the other 
compounds were concluded to have no effect as inhibitors.  
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Table 2: Inhibition of Ad37 attachment to HCE cells with the N-acyl modified sialic 
acids 47a-i (f excluded) and commercial NeuGc. The experiments consist of a dilu-
tion series of each compound (2, 4, 8 and 16 mM) and the data presented in this 
table represents an average of two duplicates. Compounds are denoted + + if they 
prevented Ad37 from attaching to HCE cells to the same extent as sialic acid or 
more, + if the were slightly effective, and – if they had no effect at all. 

Compound experiment 1 experiment 2 experiment 3 
SA + + + + + + 
47a + + no data + + 
47b - + - 
47c - - no data 
47d - + - 
47e + + + + 
47g + + + - 
47h + - + 
47i - - - 

Neu5Gc - - - 

In order to obtain more information it was decided to further investigate 
compounds that were somewhat active in the binding assay. Derivatives 47a-
c, 47e and 47g were therefore evaluated for their ability to inhibit Ad37 in-
fection of HCE cells, using the infectivity assay described in section 3.3. The 
experiments were repeated twice and produced reproducible data. The re-
sults confirmed the activity of 47a and 47g (Figure 20). The benzamide 47e 
on the contrary, was found to have no effect in the infectivity assay even 
though it seemed quite promising in the binding assay. Compounds 47b and 
47c were included as negative controls and as expected they had no effect as 
inhibitors. The results from these biological experiments and the docking 
studies in section 4.1 are in good agreement, only the smallest N-acyl sub-
stituents fits into the binding site and compounds with larger substituents on 
the amine fail to bind. It is fascinating that propaneamide 47a is a potent 
inhibitor of Ad37 HCE cell attachment and infection, while the butaneamide 
47b that only differs from 47a by a single methylene group has no effect at 
all. These results indicate that there is little flexibility in the sialic acid inter-
acting site of the Ad37 fiber protein. Although it was a disappointment that 
the sialic acids with larger N-acyl groups failed to occupy the hydrophobic 
cavity of the binding site, it was encouraging to find that different N-acyl 
groups clearly influenced the binding.  
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Ad37 infection of HCE cells in presence of N-acyl modified sialic acids  

 
 

 

 

 
 

 

 
 

Figure 20: Dose-dependent inhibition of Ad37 infection of HCE cells with N-acyl 
modified sialic acids 47a, 47b, 47c, 47e and 47g (black lines), compared to sialic 
acid (SA, dashed lines). The derivatives 47a and 47g were effective as inhibitors in 
the same range as sialic acid while 47b, 47c and 47e showed no or only modest 
activity. The dilution of virions was adjusted in order to obtain approximately 100 
infected cells per view field in the control wells (untreated cells). The data repre-
sents an average of duplicates within one experiment and the experiment was re-
peated twice with reproducible results. 
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4.3 Synthesis and biological evaluation of multivalent 
N-acyl modified sialic acids 
In order to further investigate the differences in inhibition obtained in section 
4.2, the multivalent counterparts of compounds 47a-c were synthesized and 
evaluated. It was assumed that these conjugates would display a similar mul-
tivalency effect as observed earlier and thereby increase the differences be-
tween the compounds. The multivalent conjugates 52a-c were syntesized in 
seven steps starting from the thiophenyl donor 32 (Scheme 10). Fmoc-
aminopentanol was sialylated with 32 using the procedure described in sec-
tion 3.4 and 48 was obtained in 68 % yield. Boc removal and subsequent 
acylation afforded amides 49a-c in 18-64 % yield. Once again, larger sub-
stituents resulted in lower yields. In addition, during the Boc removal step 
small extents of methyl ester hydrolysis and partial O-deacetylation were 
observed, which further explains the modest yield of the amides. The amides 
were deprotected to give 50a-c and the crude products were converted to the 
squarate amides 51a-c in 60-80 % yield from 49a-c. Finally 51a-c were con-
jugated to HSA to afford the multivalent sialosides 52a-c, with 14-17 incor-
porated saccharides per HSA respectively. The degree of incorporation was 
determined by MALDI-TOF MS, using the center of the single-charged neo-
glycoprotein peak. The results were confirmed by gel electrophoresis. 

49a, R = CH2CH3
49b, R = CH2CH2CH3
49c, R = CH(CH3)2
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Scheme 10: Synthesis of multivalent HSA conjugates of N-acyl modified sialic 
acids. Reagents and conditions: a) Fmoc-aminopentanol, molecular sieves (3Å), 
AgOTf, 1M IBr in CH2Cl2, CH3CN:CH2Cl2 (3:2), −72 °C, 4 h, 68 %; b) 90 % TFA 
(aq), CH2Cl2, r.t., 1 h; c) RCOOH, HATU, DIPEA, CH2Cl2, r.t., 9-24 h, 18-64 % 
from 48; d) NaOMe, MeOH, r.t., 1 h; e) 1M LiOH (aq), MeOH, O.N.; f) didecyl 
squarate, DMF, Et3N, r.t., 11 h, 60-80 % from 49a-c; g) NaHCO3, HSA, r.t., 27 h. 
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Biological evaluation of multivalent N-acyl modified sialic acids 
The multivalent sialosides 52a-c were evaluated and compared to multiva-
lent sialic acid (17-valent) for their ability to prevent Ad37 from infecting 
HCE cells (Figure 21), using the infectivity assay described in section 3.3. 
As expected, the conjugates with larger N-acyl substituents, i.e. 52b and c, 
showed no effect as inhibitors. The results obtained with the multivalent 
propaneamide 52a were more surprising. The nonconjugated propaneamide 
47a was equally efficient as sialic acid in preventing Ad37 from HCE cell 
attachment and infection (Figure 20), but its multivalent counterpart 52a had 
much lower effect than multivalent sialic acid. It was only at the highest 
concentration (0.05 mM) that an effect was observed. However, 52a was 
more efficient than 47a that had no effect at concentrations below 4 mM.  

 
 
Figure 21: Dose-dependent inhibition of Ad37 infection of HCE cells with 17-
valent sialic acid (SA) and the multivalent N-acyl modified sialic acid conjugates 
52a-c (14-17-valent). 17-valent sialic acid are the most potent inhibitor.  

4.4 Evaluation of benzoic acids as sialylmimetics  
Although the results from the structure-based design and the docking study, 
indicates that it could be possible to increase the affinity by modifying the 
sialic acid structure, the biological evaluation of the N-acyl modified sialic 
acids indicates no improvements in affinity compared to the parent sialic 
acid structure. In addition, the synthesis of modified sialic acid is very com-
plicated and time consuming, and not suitable for drug development. In or-
der to find high affinity compounds and to decrease the synthetic complex-
ity, it was desirable to replace the entire sialic acid structure with a non-
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carbohydrate sialylmimetic that orients the required functional groups as in 
the parent sialic acid structure. During the recent years a number of sia-
lylmimetics have been reported.20,112 A highly studied area is mimetics of the 
cell surface oligosaccharide sialyl LewisX (sLex, Figure 22) that interacts 
with the cell surface glycoprotein E-selectin. This interaction represents an 
initial step in the recruitment of white blood cells to damaged tissues. The 
sLex mimetic in Figure 22, where the entire sialic acid residue has been re-
placed with a carboxylate group, is one of several mimetics that shows ex-
cellent binding affinity for E-selectin.112,128,129 The success of sLex mimetics 
has encouraged development of sialylmimetics targeting other sialic acid 
recognizing proteins. One remarkable example is the anti-influenza drug 
Relenza, where a modified structure of the dehydrated form of sialic acid, 
Neu2en5Ac, mimics the transition state of terminal sialic acids in complex 
with sialidase during release of new viruses (Figure 22).130 During the recent 
years, a large number of mimetics of this transition-state analogue have been 
reported.131-134 Inspired by these studies, we decided to investigate the poten-
tial of sialylmimetics as inhibitors of EKC-causing adenoviruses. A study 
with sialylmimetics based on a benzoic acid scaffold was therefore per-
formed. 
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Figure 22: Successful mimetics of sialyl LewisX and Neu2en5Ac.20,131,132  

Design and synthesis of benzoic acids mimicking sialic acid 
By using the same procedure as for the modified sialic acids in section 4.1, a 
set of substituted benzoic acids (Figure 23, 53a-i), presenting the important 
functionalities of sialic acid (COOH, 4’OH and NHAc) and with N-acyl 
modifications, were docked in the binding site of the fiber protein of Ad37 
and evaluated manually by visual inspection. The docked poses of structures 
53a, 53b and 53g almost perfectly overlapped their 1-COOH, 3-OH and     
4-NAc substituents with the corresponding functionalites of sialic acid in its 
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experimental binding pose (Figure 23). The structures 53c-f and 53h failed 
to find these interaction points. As for the N-acyl modified sialic acids in 
section 4.1, structures with large substituents, were spread out in the binding 
site and theoretically to big to fit inside the binding site. However, the results 
of 53a, 53b, and 53g indicates that substituted benzoic acids could function 
as silylmimetics and be potential inhibitors of EKC-causing adenoviruses. 
To investigate this, compound 53a was synthesized by published proce-
dures131,135, evaluated and compared to sialic acid.  
 
 

 
Figure 23: Left: Substituted benzoic acids 53a-h investigated by docking as sia-
lylmimetics. Right: Overlay of a calculated binding pose for sialylmimetic 53a (dis-
played as lines) and the experimental binding pose of the sialic acid residue of 3’-
sialyllactose (displayed as capped sticks) in complex with the Ad37 fiber protein. 
The docked structures of the sialylmimetic were close to the experimental binding 
pose of sialic acid, with the substituents on the aromatic ring oriented in the same 
directions as the corresponding functionalities of sialic acid (marked with dashed 
squares).  
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Biological evaluation of a sialylmimetic  
In order to investigate whether the sialylmimetic 53a could inhibit Ad37 
from binding to and infecting HCE cells, it was evaluated in the binding and 
infectivity assays described in section 3.3 (Figure 24). The results were con-
tradictory. The sialylmimetic was potent as inhibitor of Ad37 attachment to 
HCE cells, but it had no effect as inhibitor of Ad37 infection of HCE cells 
unless very high concentrations were used. These results indicate that 53a 
binds to the fiber protein, but since it does not prevent the virus from infect-
ing the cells this is most likely due to unspecific hydrophobic binding at the 
surface of the fiber protein and not at the specific binding site.  

 

 
 

 
 
 
Figure 24: Biological evaluation of sialylmimetic 53a shows that it prevents Ad37 
attachment to HCE cells to the same extent as sialic acid (top) while it has less effect 
as inhibitor of Ad37 infection (bottom) compared to sialic acid. The data represents 
an average of duplicates in one experiment, respectively. The experiments were 
repeated three times for the binding assay and twice for the infectivity assay, with 
reproducible results. 
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4.5 Summary 
In this study, structure-based design was used to study the possibility to en-
hance the binding affinity of sialic acid to the fiber protein of Ad37 by N-
acyl modifications. A docking study of N-acyl modified sialic acids was 
performed, and the results indicated that changes of the N-acyl group would 
affect binding. Ten nonnatural sialic acids were synthesized, biologically 
evaluated and compared to sialic acid using the HCE cell binding and infec-
tivity assays described in section 3.3. During the synthesis of these com-
pounds it was found that the sialic acid hemiketal structure was degraded 
under alkaline conditions. Therefore the N-acyl modified sialic acids were 
synthesized as their α-O-methylglycosides. It was found that only sialic ac-
ids with small N-acyl groups, i.e. CH3CH2- (47a) and CH3O- (47g) instead of 
the methyl group of sialic acid, were efficient as inhibitors. Sialic acids with 
larger substituents showed no activity at all. However, as for carbohydrate–
protein interactions in general, the sialic acid–Ad37 interaction is weak. In 
order to obtain more efficient inhibitors, the multivalent HSA conjugates 
52a-c were synthesized and evaluated. Unfortunately the propaneamide 52a, 
that was as potent as sialic acid in the monomeric case, was found to be a 
much less potent inhibitor as compared to multivalent sialic acid. These re-
sults indicate that the sialic acid–Ad37 interaction is more complex than 
expected. Although N-acyl group extensions seem promising from the crys-
tal structure, the biological results reveal the opposite. The binding site 
seems to be very rigid and sialic acid is the most potent structure. In order to 
find an inhibitor with higher affinity than sialic acid, further structure-
activity investigations are required. Since sialic acid synthesis is complicated 
and time consuming, it would be desirable to use a noncarbohydrate frame-
work to mimic sialic acid. This would be advantageous in terms of less com-
plex synthesis and an increased possibility of structural modifications. In this 
study a benzoic acid scaffold was investigated for its potential to mimic 
sialic acid. From docking studies it was found that benzoic acids substituted 
with a hydroxyl group in position 3 and an acetamide in position 4, could be 
positioned in the sialic acid binding site of Ad37. The functional groups 
were oriented as for the corresponding groups of sialic acid and all of the 
interactions believed to be important were found. The benzoic acid 53a, was 
synthesized, biologically evaluated and compared to sialic acid. Interest-
ingly, this sialylmimetic prevented Ad37 attachment to HCE cells to a simi-
lar extent as sialic acid, but did not affect infection of the cells. However, 
this benzoic acid structure was proven to mimic sialic acid to some extent 
and it is well motivated to examine its structure-activity relationships by 
synthesis of further analogues.  



 54 

5. Structure-based methods to investigate 
interactions of ligands with Ad37  

The two biological assays used to identify inhibitors that prevent Ad37 from 
bindning to and infecting HCE cells are very reliable and of high quality. 
However, these assays require large amounts of the compounds to be evalu-
ated (milligrams). Often these compounds are obtained in limited amounts 
from complicated and expensive synthetic work. It would be preferred to use 
a less consumptive assay for initial screening and identification of potential 
inhibitors and then use the more sophisticated assays to rank identified hits. 
Initially surface plasmon resonance (SPR) using a Biacore 3000 instrument 
was extensively investigated for this purpose but with limited success.††136,137 
In addition, neither SPR nor the binding assay or the infectivity assay pro-
vide any information about how the inhibitors bind in the active site of the 
fiber knob protein. The sialic acid based inhibitors are assumed to bind in a 
similar fashion as sialic acid by using the same interaction points, but in the 
case of sialylmimetics one could assume alternative binding poses or even 
alternative binding sites. Therefore, in order to find a fast and less consump-
tive assay for identification of potential inhibitors, 1H-NMR spectroscopy 
was evaluated for screening of ligands binding to the fiber knob protein of 
Ad37. X-ray crystallography was then used to obtain the binding poses of 
active inhibitors.  

5.1 Relaxation-edited 1H-NMR spectroscopy for 
identification of potential inhibitors of Ad37 
Relaxation-edited one dimensional 1H-NMR experiments make it possible to 
study the binding of small molecules to proteins. The methodology relies on 
the difference in T2 relaxation rate of macromolecules (proteins) compared 
to small molecules (ligands).  

                                 
†† The sialyllactose–Ad37 interaction was used as model system for evaluating the binding of 
sialic acid derivatives to the Ad37 fiber knob protein. The fiber knob was immobilized to the 
sensorchip and sialyllactose was used as analyte. Various coupling techniques where investi-
gated but difficulties in preparing a stable and reproducible sensorchip surface made the 
binding measurements unreliable. 
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Proteins have a very rapid relaxation and the experimental settings can be set 
so as to allow the signals from the protein to disappear, while signals from 
ligands in solution still can be observed, although with somewhat reduced 
intensity. Ligands bound to a protein adopt the relaxation behaviour of the 
protein during the time they are part of the protein–ligand complex. The 
observed T2 relaxation rate of the ligands will be an average of the rate of the 
free and bound forms. As a consequence, the relaxation time and thereby the 
signal intensity of a ligand will decrease as a function of binding strength. 
By measuring the intensity of ligand signals in absence and presence of pro-
tein it is possible to identify ligands that bind to the protein (Figure 25). If 
the investigated ligands have comparable T2 relaxation rates, series of com-
pounds can be investigated and ranked in terms of binding affinity.138,139  

In this study, relaxation-edited 1H-NMR spectroscopy was used to identify 
and rank binding of the N-modified sialic acids 47a-i (f excluded), NeuGc 
and the sialylmimetic 53a to the fiber knob protein of Ad37 (Table 3, unpub-
lished results, for details see Appendix II). Galactose was included as a non-
binding control to allow determination of the observed reduction of signal 
intensities upon binding. The H3ax signal in the sialic acid core was used to 
determine binding of the sialic acids to the fiber knob. For the sialylmimetic 
53a, the aromatic signals were used. Signal reduction was related to sialic 
acid that was used as a positive control. 

 
Figure 25: Binding of sialic acid to the fiber knob protein of Ad37, studied by re-
laxation-edited 1H-NMR spectroscopy. Shown here is the reduction of the H3ax 
signal intensity of sialic acid upon binding. Galactose (not visible within the spectral 
range of this figure) was added as a nonbinding control to allow determination of the 
reduced signal intensity.  
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For a majority of the compounds, the results from this study were in close 
agreement with the results from the binding and infectivity assays in Chapter 
4. In presence of Ad37 fiber knobs, the 1H-NMR signals of compounds 47a, 
47e and 53a were reduced to a similar extent as sialic acid or more, indi-
cating binding. The signals of 47b, 47d, 47h, 47i, and NeuGc were not re-
duced at all, indicating no bindning. For compound 47c and 47g lower signal 
reductions than for sialic acid were observed.  

For the three compounds 47c, 47e and 47g the results obtained in this assay 
differed compared to the results obtained previously in the following way; i) 
compound 47c that had no effect on viral cell binding and infection, was 
here found to bind to the Ad37 fiber knob, ii) compound 47e that had some 
effect in the binding assay but no effect as inhibitor of infection was found to 
bind equally well as sialic acid and, iii) compound 47g that had varied re-
sults in the binding assay but was effective as inhibitor of infection, was here 
found to bind only weakly to the fiber knob. The false positive results of 47c 
and 47e might be explained by unspecific binding to other sites of the pro-
tein due to their hydrophobic N-acyl groups, but the weak binding of 47g is 
more puzzling. It is important to point out that this experiment was only 
performed once and needs to be reproduced. Unfortunately, it was not possi-
ble to reproduce these results within the timelimits of this thesis due to diffi-
culties in preparing fiber knob proteins with sufficient quality for NMR stud-
ies. However, based on these preliminary results and with the assumption 
that they can be reproduced, this method is reliable for screening for poten-
tial inhibitors of EKC-causing adenoviruses. The primary advantage of this 
method compared to the binding and infectivity assays used before is the 
small amounts of ligands (micrograms) required. An additional advantage of 
great importance for fast evaluation of many compounds, is that this method 
directly identifies potential inhibitors from mixtures of compounds.138 
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Table 3: Relative binding to the fiber knob protein of Ad37a (for experimental de-
tails see Appendix II). 
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Compound 53a 47a 47e NeuAc 47c 47g 47b 47d 47h 47i NeuGc 

 
Relative 
affinityb 
 

1.7 1.5 1.2 1 0.8 0.4 0 0 0 0 0 

aAll spectra were scaled to have the same signal intensity for the nonbinding control, galac-
tose. The reduction of the signal intensity upon binding to Ad37 was measured on H3ax for the 
sialic acids and on the aromatic signals for 53a. The binding was related to sialic acid.  
b >15% RSD from baseline variations. Signals reduced less than 15% were set to 0 and as-
sumed to have no affinity. 

Since 53a was shown to bind to the Ad37 fiber knob in this study and in the 
binding assay, but not in the infectivity assay, it was decided to investigate 
its mode of action further. In order to find out if this sialylmimetic binds to 
the same binding site as sialic acid, a competition study was performed. 
Thus, relaxation-edited 1H-NMR experiments were used to study the binding 
of 53a to the Ad37 fiber knob in prescence of sialic acid. As before galactose 
was used as nonbinding control and the samples were prepared as a dilution 
series of 53a with constant concentrations of sialic acid, galactose and Ad37 
fiber knobs (for experimental details see Appendix II). As expected, at low 
concentrations, both the signals from sialic acid and the signals from 53a 
were reduced. Higher concentrations of the sialylmimetic did not result in 
recovered signals from sialic acid and the aromatic sialylmimetic signals 
were still reduced. This indicates that the sialylmimetc binds to the fiber 
knob at a different binding site than sialic acid, or that it binds by unspecific 
binding.  
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5.2 X-ray crystallography studies of nonnatural sialic 
acids in complex with the Ad37 fiber knob  
X-ray crystallography is the primary method to obtain structural information 
with atomic resolution for proteins and other biological macromolecules 
such as DNA and RNA. The method interprets the diffraction pattern that 
emerge from a crystal of the investigated protein when targeted by an X-ray 
beam (Figure 26). The directions and intensities of the X-rays diffracted 
from the crystal are received and measured by a detector and converted to an 
image of the crystal contents by computer simulations. Since the X-ray beam 
is diffracted by the clouds of electrons belonging to the molecules in the 
crystal, the resulting image is a three-dimensional electron density map. 
Conversion of the electron density map to a structure of the crystallized pro-
tein is performed by building a molecular model of the protein that fits real-
istically to the map. In general, a known amino acid sequence of the protein 
is fitted piecemeal to the electron density map followed by a series of re-
finements. The final output is a molecular model of the protein structure 
presented as x, y, z Cartesian coordinates for each atom in the protein (not 
hydrogens). This model can be used in studies of molecular action and inter-
action, protein foldings or protein function. It is thus important to point out 
that the determined structure is a static model describing a dynamic structure 
with vibrations, torsions and movements. Understanding of the shortcomings 
of the crystallographic model such as the uncertainty of the precise positions 
of the atoms, disordered regions, unexplained density and undetected parts 
of the sequence is essential for proper use of the model.140  

 

 
 
Figure 26: Schematic illustration of an X-ray diffraction experiment for biological 
macromolecules. 
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In this study, X-ray crystallography was used to investigate the binding of 
47a, 47e, 47g and 53a to the fiber protein of Ad37.‡‡ From the results of the 
docking study and the biological evaluation of these compounds presented in 
chapter 4 and 5.1 it is suggested that, 47a and 47g bind to the Ad37 fiber 
knob in a similar fashion as sialic acid, whereas the benzamide 47e and the 
sialylmimetic 53a are suspected to bind via other interactions. The aim with 
this study was to determine the active conformation of the potential inhibi-
tors 43a and 43g and to investigate how (if) 47e and 53a bind to the fiber 
knob, in order to explain their action as inhibitors of attachment but not of 
infection.  

Co-crystals of the Ad37 fiber knob in complex with each ligand were grown 
by the hanging drop method.105,140 Data were collected using synchrotron 
radiation and the crystals diffracted to 1.8 Å resolution. The structures were 
solved by molecular replacement using the previous structure of the complex 
of Ad37–sialyllactose105 (unpublished results, for experimental data see Ap-
pendix III). As control, crystals with sialyllactose were reproduced. Unfortu-
nately, the ligands 47e and 53a were not visible in the structure of the known 
binding site of sialic acid or anywhere at the fiber protein, indicating no 
binding. Most likely the results obtained for these compounds as potential 
inhibitors of Ad37 attachment, result from unspecific binding to the fiber 
protein. More successful results were obtained for the structures of com-
pound 47a and 47g. They were both clearly observed within the sialic acid 
binding site and with well defined electron density (Figure 27). Overlays 
with the Ad37–sialyllactose complex showed that both 47a and 47g were 
positioned in the same manner as sialic acid. All of the important interac-
tions were fulfilled and the extra atoms on the N-acetyl group were directed 
into the hydrophobic part of the binding site. In addition, it was found that 
the compounds but not the protein residues were slightly shifted with respect 
to bound sialic acid. These results, in combination with the biological 
evaluations in Chapter 4, indicate that the protein is rigid. However, it is 
surprising that the binding site does not tolerates large N-acyl substituents on 
the sialic acid since it from the crystal structures seems to be space enough 
for N-acyl extensions. 

                                 
‡‡ This study was performed in collaboration with Drs. Delphine Gulligay, Thibaut Crepin and 
Stephen Cusack, EMBL, Grenoble, France. 
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Figure 27: The crystal structures of the N-acyl modified sialic acids 47a (Left) and 
47g (Right), in complex with Ad37 fiber knob protein has been solved to 1.8 Å 
resolution by molecular replacement. Both ligands are observed with well defined 
electron density (Top) within the the binding site of sialic acid (Middle). Overlays 
with the sialyllactose–Ad37 structure (Bottom) show that the N-acyl modified sialic 
acids binds to the binding site in a similar manner as sialic acid, with the extra atoms 
on the acetyl group directed down to the hydrophobic part of the binding site. Black 
electron density map: unbiased difference density (2.50 σ), Blue: final refined map 
(0.95 σ); White residues: chain C of the homotrimer of the Ad37 fiber protein, yel-
low residues = chain B; Orange structure: N-acyl modified sialic acid, Pink: sialic 
acid. 
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5.3 Summary 
Relaxation-edited 1H-NMR spectroscopy was evaluated and confirmed to be 
a fast and efficient method for identification of potential inhibitors of EKC-
causing adenoviruses. Binding of the N-acyl modified sialic acids 47a-i (f 
excluded) and the sialylmimetic 53a to the Ad37 fiber knob was evaluated 
by this method and the results were comparable to those from the cell based 
assays used in Chapter 4. Biological evaluation of ligands by 1H-NMR spec-
troscopy is advantageous since a much lower amount of the ligands is re-
quired and since it is possible to evaluate mixtures of compounds. This 
method could be suitable for initial screening of new potential inhibitors 
assuming that the results observed in this study are reproducible. Com-
pounds 47a, 47e, 47g, and 53a, were crystallized with the Ad37 fiber knob 
protein and studied by X-ray crystallography. The results show that 47a and 
47g bind to the fiber knob in a similar binding mode as sialic acid with the 
extra atoms on the acetyl group directed towards the hydrophobic bottom of 
the binding site. The sialyl mimetic 53a and the sialic acid benzamide 47e 
were not found to bind to the fiber knob, indicating that their efficiency in 
preventing Ad37 from attaching to HCE cells is more likely a result of un-
specific binding than alternative binding poses or binding sites. The results 
obtained in this study could be useful in development and evaluation of fu-
ture inhibitors of EKC-causing adenoviruses. The rate of success will in-
crease by use of efficient methods for fast and reliable hit identification and 
detailed structural information of their interaction with the fiber knob.  
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6. Concluding remarks and future prospectives  

Prior to this work, studies were published suggesting that EKC-causing ade-
noviruses use oligosaccharides with terminal sialic acids as cellular receptor. 
It was also hypothesized that sialic acid could be used as a component in an 
antiviral drug targeting viral adhesion. At present there are no licenced drugs 
for treatment of EKC. This thesis describes the synthesis and biological 
evaluation of sialic acid derivatives as inhibitors of EKC-causing adenovi-
ruses. The main achievements and conclusions from this work can be sum-
marized as follows:  

 

• Efficient synthetic methods to achieve derivatives of sialic acid and 3’-
sialyllactose have been developed, and a general route for conjugating 
these derivatives to a carrier, for example proteins, have been described. 

 
• Multivalent HSA conjugates of 3’-sialyllactose and sialic acid prevent 

EKC-causing adenoviruses from attaching and infecting HCE cells. This 
verifies that EKC-causing adenoviruses use sialic acid as a cellular recep-
tor and support the hypothesis of using sialic acid in an antiviral drug. 

 
• The cellular receptor of EKC-causing adenoviruses most likely consists of 

a complex oligosaccharide with terminal sialic acid. The work in this the-
sis elucidates that sialic acid alone is sufficient for viral recognition, 
whereby the synthesis of potent inhibitors is significantly reduced. 

 
• Carbohydrate–protein interactions are generally weak. Herein the low 

millimolar affinity of sialic acid to the Ad37 fiber protein has been effi-
ciently enhanced by preparation of multivalent sialic acid HSA conju-
gates. The results clearly show that the inhibitory power is significantly 
improved with an increasing order of multivalency.  

 
• The possibilities to improve the binding affinity by structural modifica-

tions of the sialic acid core were investigated by structure-based design 
using the crystal structure of the Ad37 fiber protein in complex with sia-
lyllactose. Synthesis and biological evaluation of N-acyl modified sialic 
acids revealed that only relatively small modifications were tolerated. Un-
fortunately no high affinity structures were found, but valuable know-
ledge for future efforts to find potential inhibitors was gained. 
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• Efficient methods for biological evaluation are crucial for identification of 
potential inhibitors. In this thesis two efficient assays for rapid screening 
of new compounds are presented. Binding of small molecules to the Ad37 
fiber knob protein was studied by relaxation-edited 1H-NMR spectros-
copy.  It was also found that the potency of multivalent structures to neu-
tralize EKC-causing adenoviruses can be studied by an aggregation based 
assay.  

 
Based on these conclusions there are several openings for development of 
the next generation of inhibitors. The primary focus for future research 
would be efficient assays for screening for potential inhibitors. The prelimi-
nary results of the NMR study presented in this thesis were very promising 
and should be further investigated. If Ad37 fiber knob protein could be iso-
lated in sufficient quality for relaxation-edited 1H-NMR studies, this method 
could be ideal for screening of large sets of compounds. An alternative 
method for hit identification, already under investigation, is the use of car-
bohydrate microarrays to study the interaction of ligands with Ad37. A car-
bohydrate array with sialic acid conjugated to microtiterplate wells or glass 
plates could be easily constructed, using the same method of conjugation as 
for the synthesis of HSA conjugates presented in this thesis. By a competi-
tion study, where the sialic acid–Ad37 interaction is studied in presence of 
potential inhibitors, inhibitors with higher affinity to Ad37 than sialic acid 
could be identified. In the search of successful inhibitors it would be interest-
ing to further investigate the potential of sialylmimetics based on benzoic 
acid. Although the sialylmimetic synthesized in this work had modest effi-
ciency in preventing Ad37 from infecting HCE cells, it prevented attachment 
and the docking studies of related structures were promising which moti-
vates a more extensive study. Noncarbohydrate sialylmimetics are advanta-
geous in terms of less complex synthesis and the possibilities to perform 
modifications. They are also more suitably for drug development. Since the 
results in this thesis indicate that the sialic acid interacting site of Ad37 is 
rigid, it seems likely that the multivalent display needs to be more properly 
investigated to find an optimal arrangement of inhibitors. It would for in-
stance, be very interesting to investigate the possibility to link three inhibi-
tors together for simultaneous binding to the three binding sites of the Ad37 
fiber knob.  

To the best of our knowledge, the present study is the first one to reveal that 
synthetic multivalent conjugates can be used to inhibit EKC-causing adeno-
viruses. Efficient inhibitors could easily be transferred to the eye through a 
salve or eye drops, and thereby they could escape metabolism. The results 
presented herein provides valuable information and tools for future efforts to 
develop an antiviral drug and the chances to find a treatment for EKC in 
short time seems promising.  
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7. Populärvetenskaplig sammanfattning  

Virus och bakterier har i alla tider orsakat svåra sjukdomar hos människor 
och djur. Människan har försökt ligga steget före och komma på effektiva 
behandlingsmetoder. Bakteriella sjukdomar har sedan 40-talet kunnat be-
handlas med framförallt antibiotika. Virus är däremot mycket svårare att 
bekämpa eftersom de lever som parasiter på våra egna celler och utnyttjar 
deras maskineri för att föröka sig. Därför är det svårt att oskadliggöra ett 
virus utan att samtidigt skada våra egna celler. Under flera år ansågs det helt 
omöjligt att lyckas med detta och ytterst lite forskning publicerades inom 
området. Det stora genombrottet kom 1977 då man framställde den kemiska 
substansen Acyclovir och fann att den selektivt oskadliggjorde herpesvirus 
utan att skada värdcellernas funktioner. Detta bevisade att det faktiskt var 
möjligt att på ett säkert sätt bekämpa virus med kemiska substanser. I mitten 
av 80-talet fann man att HIV (human immunodeficiency virus) orsakar 
AIDS (aquired immunodeficiency syndrome) och då tog forskningen kring 
virusbekämpning fart på allvar. På 90-talet fanns endast fem licensierade 
läkemedel mot virussjukdomar på marknaden. Idag är det närmare 50 varav 
de flesta är bromsmediciner mot HIV/AIDS. Virusbekämpningen ligger 
dock fortfarande långt efter kampen mot bakterier samtidigt som behovet 
hela tiden ökar. Fler virusrelaterade sjukdomar upptäcks och redan exister-
ande läkemedel måste kompletteras eller ersättas på grund av biverkningar 
eller resistenta virus. Nya substanser och nya bekämpningsmetoder måste 
således tas fram kontinuerligt.  

Den svåra ögonsjukdomen EKC (epidemisk keratokonjunctivit) orsakas av 
virus tillhörande släktet adenovirus och är vanlig i tätbefolkade områden, 
framförallt i Asien. Som ett exempel kan nämnas att enbart i Japan drabbas 
ca en halv miljon individer av denna sjukdom årligen. Infektionen gör pa-
tienten handikappad under flera veckor vilket innebär mycket lidande och 
stora ekonomiska förluster. Viruspartikeln tar sig in i värdcellen genom att 
först binda till cellytan med hjälp av fiberprotein som sticker ut från viruset. 
Nyligen har man funnit att benägenheten hos EKC-orsakande adenovirus att 
infektera värdceller är helt beroende av att de kan känna igen och binda till 
cellreceptorer innehållande kolhydraten sialinsyra. Det huvudsakliga målet i 
det här arbetet har varit att ta fram föreningar som binder till virusets fiber-
protein och därmed inhiberar (blockerar) denna inbindning och förhindrar 
viruset från att infektera cellerna. Varje virus har tolv fiberproteiner som kan 
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fästa till cellreceptorer och det är därför troligt att en inhibitor som binder till 
flera fiberproteiner samtidigt är mer effektiv än en som bara binder till ett. 
Detta kan åstadkommas med så kallade multivalenta strukturer, d.v.s. struk-
turer där flera inhibitorer har kopplats samman. För att efterlikna den natur-
liga cellreceptorn användes sialinsyra (1) som utgångpunkt för inhibitorerna. 
De sialinsyrabaserade föreningarna 2 och 3 syntetiserades och användes för 
att framställa de multivalenta konjugaten 5 och 6 genom att koppla upp dem 
på proteinet humant serum albumin (HSA). De multivalenta HSA-
konjugaten utvärderades biologiskt med avseende på förmåga att förhindra 
adenovirus från att binda till och infektera hornhinneceller. Båda konjugaten 
var effektiva som inhibitorer och en tydlig multivalenseffekt erhölls, d.v.s. 
ett ökat antal inhibitorer på HSA-molekylerna gav en kraftigt ökad inhiber-
ingseffekt. I båda fallen erhölls en tusenfaldig ökning av inhiberingen jäm-
fört med de enskilda kolhydraterna. I ett försök att utveckla ännu effektivare 
inhibitorer studerades en kristallstruktur av sialinsyra bunden till fiberpro-
teinet. Tio nya, icke naturliga, sialinsyraderivat (4) designades, syntetise-
rades och kopplades upp på HSA enligt den tidigare strategin. Ingen av dessa 
strukturer var bättre som inhibitor än sialinsyra men nya kristallstrukturer 
visar att ett par av dem binder in på rätt ställe i fiberproteinet och att de med 
sina nya funktionaliteter hittar nya intressanta interaktionsmöjligheter. Då 
kemi med sialinsyra är mycket komplicerad och ofta leder till låga utbyten 
och många biprodukter var det önskvärt att försöka hitta ett nytt strukturele-
ment som sialinsyra kunde bytas ut mot, ett så kallat mimetikum. Förening 7 
syntetiserades och jämfördes med sialinsyra. Det visade sig att denna fören-
ing aktivt inhiberar inbindning av EKC-orsakande adenovirus till hornhinne-
celler och till och med något bättre än sialinsyra. Dessa studier med icke-
naturliga sialinsyror och ett sialylmimetikum visar tydligt att det finns poten-
tial att hitta nya strukturer för inhibering och ger vägledning mot nästa gen-
erations inhibitorer. I nuläget finns inga licensierade läkemedel för 
behandling av EKC. Eftersom strukturer som inhiberar EKC-orsakande ade-
novirus skulle kunna appliceras direkt i ögat, t.ex. i form av en salva, och 
därmed inte behöver ta sig igenom kroppens nedbrytningsprocesser skulle de 
i förlängningen kunna användas i en behandlingsmetod mot EKC.  
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Figur 28: Föreningar som syntetiserats och utvärderats som adenovirusinhibitorer i 
detta arbete. 
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9. Appendices  

Appendix I 
Statistical experimental design was used to investigate the possibility to im-
prove the α-selectivity of the sialylation of Fmoc-aminoalcohols with 21c 
(Scheme 6). Four factors; temperature, MeCN/CH2Cl2 ratio, equivalents IBr, 
and length of the acceptor, were varied in two levels (high/low) as listed 
below. A 24-1 fractional factorial design107 was generated using the 
MODDE141 software resulting in eight experiments plus three center points 
that were to be conducted (Table 4).  

Variables:  low  high  
Temperature;  -20 °C  -78 °C 
Eq. IBr:  1 eq  2 eq 
% MeCN in CH2Cl2;  50 %  80 % 
Acceptor;           Fmoc-aminoethanol (A)        Fmoc-aminopentanol (B) 
 

General experimental settings: 
21c (Scheme 6, 50 mg, 0.06 mmol), Fmoc-aminoalcohol (4 eq) and pow-
dered molecular sieves (3 Å, 40 mg) were stirred in a mixture of CH3CN and 
CH2Cl2 (3 mL) for 1 h under nitrogen. AgOTf (2 eq relative IBr) was added 
and the reaction mixture was cooled. IBr in CH2Cl2 (1 M) was added drop 
wise during 5 min and the mixture was then stirred for 3 h, DIPEA (8 eq) 
was added and stirring was continued for 0.5 h. The mixture was allowed to 
attain room temperature and was then filtered and concentrated at reduced 
pressure. The residue was partly purified by automated parallel SiO2 column 
chromatography142 (toluene:Acetone; 3:1-3:2). The total α/β-yield and the 
α/β ratio was used as responses (Table 4). The α/β ratio was determined by 
COSY NMR experiments of the α/β mixture. The ratio was calculated by 
integrating the cross peaks of the H3eq/H3ax J-coupling for the α- and β-
residue, respectively. 
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Table 4: The 24-1 fractional factorial design and the afforded responses for sialyl-
ation of Fmoc-aminoalcohols with 21c.  

Entry Run order IBr 
(eq) 

MeCN 
(%) 

Acceptor Temp 
(°C) 

Yield 
(%) 

α/β   
ratio 

1 11 1 50 A -78 81 8:1 
2 7 2 50 A -20 95 4:1 
3 8 1 80 A -20 76 3:1 
4 3 2 80 A -78 64 6:1 
5 12 1 50 B -20 64 9:1 
6 9 2 50 B -78 90 7:1 
7 6 1 80 B -78 58 18:1 
8 5 2 80 B -20 56 12:1 
9 2 1.5 65 B -49 58 20:1 
10 10 1,5 65 B -49 58 15:1 
11 11 1,5 65 B -49 70 26:1 

Results: 
No valid model could be calculated for the data due to large variation in the 
center points. The design needed to be completed with additional experi-
ments but at that point there were no time for more synthesis. However, 
since the α/β ratio are as high as 20:1 or more for some entrys in the table 
above, it was decided to investigate some of those further. The settings of the 
center points (i.e. entry 9-11) was used in two independent experiments to 
synthesize 23 (Scheme 6) in the same scale as before (200 mg of 21c). These 
conditions resulted in a much lower yield and a large amount of unreacted 
starting material. In addition it turned out that the value of the α/β ratio var-
ied with the method used to determine it. If measured by COSY experiments 
as in the design above, the ratio for these reactions was 15:1 and 18:1 respec-
tively, but if calculated from 1D 1H-NMR the ratio was only 7:1 and 8:1. 
This is due to baseline variations in the 1D spectra. Since the α/β ratio of 23 
originally was determined to 7:1 from 1D 1H-NMR it is likely that the origi-
nal ratio is in the range of the best entrys in the experimental design above. 
Therefore it was concluded that the original settings were the best to use and 
that the isolated α-yield should instead be increased by improved procedures 
for purification. 
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Appendix II 
Expression and purificaion of Ad37 fiber knob protein were performed by 
published procedures143 in collaboration with Emma Nilsson, Division of 
Virology, Department of Microbiology, Umeå University, Umeå, Sweden. 
The prepared stock solution of the protein contained large amounts of impu-
rities (mainly glycerol) that obscured important spectral peaks. Purification 
by buffer exchange was performed by centrifugal filtration. Glycerol was 
still present in the samples during recording of spectra but the glycerol 1H-
NMR signals did not overlap with the signals used for measurements. In 
attempts to repeat the experiment, the fiber knob was purified more exten-
sively to remove all glycerol residues. However these purifications inacti-
vated the protein and it could not be used to study binding. Due to difficul-
ties with preparing fiber knobs with sufficient quality for NMR studies, these 
experiments were only possible to perform once within the timelimits of this 
thesis.  
 
Experimental procedure for relaxation-edited 1H-NMR experiments 
Each sample contained fiber knob protein of Ad37 (50 µM), ligand (N-acyl 
modified sialic acids 47, sialylmimic 53a, NeuGc or sialic acid, 50 µM), and 
galactose (included as a nonbinding control, 50 µM) in phosphate buffer 
with 10 % D2O. The samples were prepared from a solution of fiber knob 
protein in phospate buffer (16 mg/ml) and stock solutions of the ligands and 
galactose (1 mM in phosphate buffer). Additional phosphate buffer was 
added to obtain a total volume of 550 µl. A 200 ms cmpg spin-lock filter was 
used to efficiently remove the signals from the fiber knob protein and bound 
ligands.139 Suppression of the water signal was accomplished with a WA-
TERGATE sequence.144 Spectra were recorded at 25 °C on a Bruker DRX 
600 MHz spectrometer. Reduction in signal intensity was related to sialic 
acid measured on the H3ax proton for sialic acids and on the aromatic signals 
for 53a. 

Experimental procedure for competition study of 53a and sialic acid 
binding to the fiber knob protein of Ad37 
Each sample contained fiber knob protein of Ad37 (50 µM), sialic acid (50 
µM), and galactose (included as a nonbinding control, 50 µM) in phosphate 
buffer with 10 % D2O. To three individual samples were added 25, 50 and 
100 µM of 53a respectively. The samples were prepared and specra were 
recorded as above. 
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Appendix III 
Ad37 fiber knob protein purification, crystallisation and structure de-
termination 
Performed by Drs: Delphine Gulligay, Thibaut Crepin and Stephen Cusack, 
EMBL Grenoble, France. 

Protein expression and purification.  
Ad37 fiber knob (residues 177-365 of the full length fiber) was cloned into 
the pPROEX HTb plasmid. The protein was expressed in BL21 Star (DE3) 
bacterial strain in LB medium at 37 °C for 4 h after induction with 1 mM 
IPTG. The pellet was resuspended in buffer (150 mM NaCl, 30 mM Tris pH 
7.5) and incubated with lysozyme (1 mg/ml) on ice for 30 min and sonicated 
12 times for 10 s each time. After centrifugation at 45,000 g for 30 min at 4 
°C, the cleared lysate was loaded on 10 mL of Ni-sepharose resin in column 
in presence of 10 mM imidazole, washed first with 50 mL of 150 mM NaCl, 
30 mM Tris pH 7.5, 10 mM imidazole, then with 40 mL of 150 mM NaCl, 
30 mM Tris pH 7.5, 20 mM imidazole and then eluted in several 5 mL frac-
tions with buffer (150 mM NaCl, 30 mM Tris pH 7.5, 0.5 M imidazole). The 
His tag was cleaved off by an overnight incubation with 1/100 His-tagged 
TEV protease at 10 °C. Imidazole was eliminated by dialysis against buffer 
150 mM NaCl, 30 mM Tris pH 7.5, 20 mM imidazole. Cleaved protein was 
then incubated with 5 mL of Ni-sepharose for 1h at 4 °C, and recovered in 
the flow through and washing fractions (5-6 x 5 mL). These fractions were 
pooled, concentrated 7-8 mg/mL, purified over a Superdex 200 column and 
the peak collected concentrated to 15 mg/mL for crystallization. 

Crystallization and structure determination.  
Co-crystals of Ad37 fiber knobs (at 13 mg/mL) with each ligand were grown 
by the hanging drop method105,140 using a reservoir solution of 25-27 % 
polyethylene glycol 8000, 50 mM zinc acetate, and 100 mM HEPES (pH 
7.15, 7.3 or 7.5). Crystals have been fast frozen in nitrogen prior to data col-
lection without cryoprotection. Data were collected on beamline ID14-2, and 
ID14-4 at the European Synchroton Radiation Facility (Grenoble, France). 
As a control, crystals with 20 mM sialyllactose were reproduced.105 The best 
diffraction was obtained with crystals grown in condition 25 % PEG 8000, 
50 mM Zinc acetate, 100 mM HEPES pH 7.5. Data were collected on 
ID14.4 beamline at 1.8 Å resolution.  
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For 47a, 47e, and 47g the best diffracting crystals were grown in presence of 
20 mM of ligand in the same crystallization condition as for sialyllactose. 
Data were collected on ID14-eh2 beamline at 1.8 Å resolution. Structure was 
solved by molecular replacement using the Ad37–sialic acid structure. Data 
collection for 47e at 1.8 Å resolution and structure resolution were per-
formed in the same way but the ligand was not visible in the structure in the 
known site for sialic acid. For 53a, crystals were obtained in presence of 5-
10 mM ligand instead of 20 mM. The best diffracting crystals were grown in 
presence of 10 mM ligand in crystallization solution 27 % PEG 8000, 50 
mM Zinc acetate, 100 mM HEPES pH 7.5. Data collection at 1.8 Å resolu-
tion and structure resolution were performed in the same way as before but 
the ligand was not visible in the structure in the known site for sialic acid. 

 

Table 5: Data collection and refinement statistics for structures of Ad37 fiber pro-
tein in complex with the N-acyl modified sialic acids 47a and 47g. 

 47a 47g 
Space-group P21 P21 
Unit-cell dimensions:   
a (Å) 61.27 61.14 
b (Å) 69.99 69.93 
c (Å) 75.00 74.45 
β (°) 94.42 94.35 
Range of resolution (Å) 30-1.8 30-1.8 
R-merge 4.5 (46.7) 5.3 (60.8) 
Completeness 99.8 (99.8) 99.3 (98.2) 
Refinement:   
No. of unique reflections 58537 57656 
R-factor 0.183 0.183 
Rfree 0.226 0.223 
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