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Abstract

The human parainfluenza viruses (hPIV) are leading causes of respiratory discase
in young children, the immunocompromiscd and the elderly, All subtypes can cause
lower and upper respiratory disease. The surface of human parainfluenza virus and a
number of other paramyxoviruscs contains, amongst other biomolecules, a
multifunctional glycoprotein known as haemagglutinin-neuraminidase (HN). The HN
has three roles in viral pathogenesis; the binding to terminally bound sialic acid residues
of cell oligosaccharides, thereby mediating viral attachment to the host cell; the
promotion of viral and host cell fusion; and the cleavage of cell surface sialic acids to
promote viral elution from host cells. The important role of HN in the viral life-cycle
makes it an attractive target for therapeutic intervention. This thesis details an
investigation into the design, synthesis and assessment of novel inhibitors of

paramyxoviral haemagglutinin-neuraminidase.

Chapter 1 presents an infroduction to the paramyxoviridae family. The role of HN
in the life cycle of the paramyxoviruses hPIV and Newcastle Discase Virus and the
characteristics of the glycoprotein are discussed. Included in this chapter is a discussion
of the ligand for HN, the terminal glycoconjugate monosaccharide N-acetylneuraminic
acid. Also discussed is the development of influenza virus sialidase inhibitors, as the

processes used for their discovery were utilised within this project.

Chapter 2 describes the computational evaluation of the HN of Newcastle Disease
Virus, a comparison with hPIV-3 HN, and the design of ligands to take advantage of
potential interactions within the sialic acid binding site. The computational design
process utilised de nove design on the C-4 position of 2-deoxy-2,3-didehydro-N-
acetylneuraminic acid (Neu5Ac2en), a known sialidase inhibitor. The interactions
within the C-4 pocket of HN are predominantly hydrophobic in nature, thus designed
ligands incorporated a hydrophobic functionality at C-4 linked through ¢ither sulfur or
oxygen. Also discussed is the de novo design of new templates principally using

benzoic acid as the core structure.

Chapter 3 details the chemical synthesis of the ligands designed in Chapter 2 based
on the NeuSAc2en template. A series of 4-S-alkylated 4-thio-NeuSAc2en derivatives

and a series of 4-O-alkylated 4-cther-NeuSAc2en derivatives were prepared, both serics
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starting from N-acetylneuraminic acid. Also discussed in this chapter is the observed
epimerisation at C-4 of the C-4-thioether NeuSAc2en derivatives upon deprotection

mediated by sodium methoxide.

Chapter 4 describes the biological evaluation of the synthesised C-4-thioether and
C-4-cther NeuSAc2en derivatives as inhibitors of the sialidase activity of the HN’s of
human parainfluenza virus subtypes 1 and 3. Included in this chapter is the analysis of
the X-ray crystallographic complex of one of the designed inhibitors, 4-O-benzyl-
Neu5Ac2en and the HN of Newcastle Disease Virus. This chapter also draws together
the final conclusions and remarks regarding the design, synthesis and assessment of

novel inhibitors of haemagglutinin-neuraminidase.

Chapter 5 presents the experimental procedures that were utilised to gather the
results described in Chapters 2 and 3. Computational input and parameter files to
reproduce computational results discussed in Chapter 2 are presented in Appendix A,
All computational data obtained for templates other than NeuSAc2Zen is given in
Appendix B. Representative NMR spectra of selected compounds and HPLC data of
the deprotected C-4-thioether NeuSAc2en derivatives to support the synthetic methods

are presented in Appendices C and D respectively.
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Nomenclature

Within this thesis, the carbon atoms of Neu5Ac/NeuSAc2en are numbered from 1 to 11 as

shown below,

HOH  HO
Neu5Ac H Neu5Ac2en

Within this thesis, 4-thioether linked NeuSA2en derivatives are presented in the text as 4-S-
alkyl-NeuSAc2en and not 4-S-alkyl-4-thio-NeuSAc2en for simplicity. For example: the
derivative 4-S-benzyl-4-thio-Neu5Ac2en is named within this thesis as 4-S-benzyl-NeuSAc2en.

XXV



XXVi



1 Introduction

1.1 Carbohydrates: A brief overview

Carbohydrates are a class of compounds that is comprised of many varied
molecules, classified by the broadly generalised formula (CH20), where n > 3; it is
from this formula that their name is derived.! Originally the role of carbohydrates was
thought to be two-fold; the production of energy derived from monosaccharides and
secondly, structmal scaffoldmg in the form of poiysacchaudes A third role has also
been attributed to carbohydr ates the role of cell cell recognition. Cell-cell recognition
involves a pair of complementary structures (hgand and 1eccpto1) at the cell surface that
bind together; a number of classes of biomolecules are mvolved in this process.

Carbohydrates, proteins and nucleic acids to name a few serve in this function.’

The structure of most carbohydrates is complex. This complexity is due to the poly-
hydroxylated nature of carbohydrates which can form a vast number of glycosidic
linkages; this allows the carbohydrates to form complex multiply branched
polysaccharides. The general structure of carbohydrates is well suited to the role of
information transfer; for example: 35,560 unique tctrasaccharides may be formed from
four different monosaccharides, however only 24 unique tetranucleotides may be
formed from four different nucleotides”  This structural diversity allows the
carbohydrates to carry more information per unit weight than either the nucleic or
amino acids. This is not to say that carbohydrates exclusively are used for information
transfer and cell recognition. As an example, an important class of proteins known as
lectins (carbohydrate-recognising proteins) are involved in cell recognition. Hormones
which are generally protein based are also utilised by the body for information transfer,
and the nucleic acids make the basis of cellular genetic material, which transfers genetic

information from one generation to the next.?

For pathogenic bacteria and viruses to infect a host, they must be able to interact
with at least one receptor on the target host cell otherwise the pathogen would be
cleared from the body rapidly vie the host’s gastric, circulatory and/or immune
systems.” A number of bacterial and viral pathogens utilise carbohydrates found on the
cell surface, as shown in Figure 1.1, for this purpose. Within the group of pathogens
that recognise cell surface carbohydrates, some preferentially recognise a specific class

of carbohydrate known as the sialic acids.
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Figure 1.1; Utilisation of carbohydrates as a receptor for adhesion to cells.

1.1.1 Sialic acids: A general overview
Sialic acids are monosaccharides that contain a 9-carbon backbone with
5-acetamido-3,5-dideoxy-D-glycero-D-galacto-2-nonulosonic acid (1) as the core

* The sialic acid family is large and diverse, with more than 50 naturally-

stracture.,
oceurring derivatives reported to date,’ The majority of the sialic acids are based on the
5-amino-5-dcoxy parent that is known as neuraminic acid (Neu, 2). The neuraminic
acids are N-acylated to form either N-acetylneuraminic acid (NeuSAc, 1) or
N-glycolylneuraminic acid (Neu5Ge, 3),° or the non-aminated 3-deoxy-D-glycero-D-
galacto-2-nonulosonic acid (2-keto-3-deoxy-D-glycero-D-galacto-nononic acid, KDN,
4).* Most additional modification of the sialic acids typically involve O-acctylation at

one or more hydroxyl groups on the carbohydrate ring or the glycerol side chain.”

1, COOH
2. =0
H—r—H 3.
4. —OH
A= D-galacto
1 NeubAc: R = NHC{O)CHj4 HO— ©.
2 Neu: R =NH> 7. —OH
3 NeubGe: R = NHC{QO)CH»OH
4KDN: R=0H % oH ] D-gfycero
9. -—0OH

Sialic acids have been found to have a widespread distribution throughout nature.’

They occur mainly as the terminal components of glycolipids and glycoproteins that are



found on the cell surface and play a major role in the chemical or biological activity of
many glycoconjugates. Sialic acids are negatively charged at physiological pH and as
such have a role in the charge of cellular membranes. Sialic acids have been shown to

have roles as biological receptors for toxins, viruses, enzymes and bacteria, >’

Many derivatives of the sialic acid family have been synthesised, with many
diverse modifications created on all carbons of the pyranose ring and the glycerol
side-chain. A number of good reviews detailing the modifications performed have been
recently published for the interested reader.™*?

1.2 Sialic acid recognising proteins.

The receptors for sialic acids are commonly referred to as sialic acid recognising
proteins (SARPs) and the proteins involved in pathogenic processes that utilise the
recognition of sialic acids may provide attractive targets for drug design® A number of

SARPs have been identified.

In the mammals for cxample, a family of cell adhesion molecules consisting of
three members have been identified known as selectins. The three members are known
as E—selectin, L-selectin, and P-sclectin.'® E-selectin is located on activated endothelia,
L-selectin is located on leukocytes, and P-selectin is located on both activated platelets
and endothelia. Another example of sialic acid recognising proteins is the Siglec
family, of which there are 11 functional members and one Siglec-like molecule.’
Sialoadhesin (Siglec-1), located on specific macrophages; and CD22 (Siglec-2) located
on B-cells of the immune system.,'® Many Siglecs are involved in the human body’s
innate immunity.” Complement Factor H, the first reported cxample of a SARP is also
involved in the early stages of the innate immune system,” SARPs have also been
found in pathogenic microorganisms, influenza virus haemagglutinin is a well
characterised sialic acid recognising glycoprotein. Influenza virus haemagglutinin is
essential in the pathogenicity of influenza virus. Tt is involved in the initial attachment
of the virus to the host cell, it is also involved in the penetration of the virus with the

1

host cell by triggering fusion.!!  Another well characterised class of sialic acid

recognising proteins are the sialidases which are discussed in the following section.



1.2.1 Sialidases

Sialidases are sometimes referred to as neuraminidases and the names are generally
interchangeable, however a neuraminidase is more specifically targeted io the
N-acetylneuraminic acids (C-5 acylamino derivatives).'? They are exo-glycohydrolases
that cleave the terminal o-ketosidically-linked sialic acids on cell surface

12-14

glycoconjugates. Oligosaccharides with terminal KDN residues are resistant to

N-acetylneuraminidases. s

The mammalian sialidases regulate the sialic acid profile of cells, and some
cellular functions, such as apoptosis, cell adhesion and growth. They have also have
been shown to regulate red blood cell destruction and tumour metastasis.”> Mammalian
sialidases have becen located membrane-bound, in the cell cytosol and in the
extracellular compartment, Experimentally, they have been cloned from the cell

lysosome, brain tissue,'® and more recently the human cell cytosol.”’ 18

Sialidases have been found to be involved in viral and bacterial pathogenesis. They
mediate metabolism, adherence and infection. Not all sialidases are involved in
pathogenicity, some bacteria utilise the enzyme for nutritional purposes, with terminal
sialic acids cleaved from surface glycoconjugates being used as a carbon source. 1t has
been suggested that the bacteria that posses sialidase activity have received the genes
encoding the enzyme via horizontal gene transfer.'® A sialidase with a different
function is located on the parasite Trypanosoma cruzi. 1t is a trans-sialidase, which is
used by the parasite to transfer sialic' acid from the host cells to the parasite. It also
functions in the pathogenesis of Chagas' Disease.”’ Sialidases have not been found in
plants. The only source of sialidase found amongst viruses is found within the
myxovirus families; which includes human influenza virus, human parainfluenza virus,
mumps, Sendai virus and Newcastle discase viruses amongst others.2 22
1.3 Anintroduction to Paramyxoviruses

The human parainfluenza viruses (hPTV) are members of the paramyxoviridae
family of the genus paramyxovirus, as are the measles virus, Newcastle disease virus
(NDV), mumps virus and respiratory syncytial virus.® Infection with hPIV usually
causes upper respiratory tract symptoms, such as coughing and wheezing, however life
threatening pneumonia can occur, and the fact that these viruses preferentially infect

infants, is of major concern.* NDV is a highly infectious discase of birds which has



enormous impact, in terms of both economic impact and the number of

infections/deaths per year.?®

The general structure of a paramyxovirus is a pleomorphic enveloped particle that
is 150 to 300 nm in diameter.”® The genome of paramyxoviruses are a single strand of
non-segmented negative-sense RNA  (approx 15kb), consisting of six or seven
individual genes, which encode eight or nine different gene products, including fusion
protein, nucleoprotein, large protein, matrix protein, phosphoprotcin, and haemagglutin-
neraminidase (discussed in Section 1.3.3).26 The nucleocapsid core is a filamentous,
herringbone-like structure surrounded by a lipid envelope containing virus-specific

glycoprotein spikes.26

Figure 1.2: Electron micrograph of hPTV-3% (left) and NDV*(right) virions

1.3.1 Human Parainfluenza Virus

There are four known subtypes of human parainfluenza viruses: 1, 2, 3 and 4. All
four subtypes cause lower and upper respiratory tract infections in humans of all ages,
but the most commonly infected with severe illness are children. The parainfluenza
viruses are the second most important cause of lower respiratory disease in young
children, second only to respiratory syncytial virus. The parainfluenza viruses can also

reinfect older children and adults to produce upper respiratory disease.”>

The first parainfluenza virus isolated from a human source was in 1956 and was
designated “croup-associated” virus.”® Another two were isolated in 1958 and the three
known to exist were redesignated Para 1 (hPIV-1), Para 2 (hPIV-2) and Para 3
(hPIV-3).*° Parainfluenza virus type 4 (Para 4, hPIV-4) was isolated in 1960.”



1.3.1.1 Clinical information

The transmission of the parainfluenza viruses is by large respiratory droplet spread
or by direct person-to-person contact.** The viruses generally do not live well in the
environment, but hPIV-1 virions have been collected from the air around an infected
person, and up to 10% of hPIV-3 virions may be viable after 1 hour in an aerosol. hPIV
has been demonstrated to infect animals such as hamsters, guinea pigs and ferrets.”
The incubation period of hPIV in human ranges from 3 to 6 days. A severe
inflamnmatory response in the glottic tissues has been noted in a scvere case of croup,
and chemical mediators such as histamine may contribute to the observed inflammatory
response,  Viraemia has been reported with both primary viral infection and

reinfection.?*

The dxagnosm of acute respiratory discase is d;fﬁcult but }nfectlons are usually
diagnosed - based on the symptomology and the known epldclmologmal patteln
Labmatmy d1agn031s of hPIV infection is pelfouned on 1espnatory secwtlons by
v1sua11sat10n due to cxoss 1eact10ns occuumg dulmg sewloglcal tests. The collectlon of
aspirations of washmgs of the uppel respiratory nact can allow f01 v1suai 1dent1ﬁcat10n

of the virus in infected eplthehai cells that have been shed %

The manifestations of primary parainfluenza infection are usually symptomatic and
range from afebrile upper respiratory disease to severe, life threatening lower
respiratory disease.”® > hPIV-1 causes croup or laryngotracheobronchitis in children,
hPIV-2 also causes croup but serious disease states occur infrequently.” ** In rare
cases, death has been reported with infection of the hPIV-1 and 2 virus. The clinical
manifestations of hPIV-3 vary with the age of the affected patient. In infants less than
12 months old, bronchiolitis or pneumonia is found whereas infants fiom 6 to 18
months more commonly have croup. Older children generally present with
tracheobronchitis and a severe infection generally results in pneumonia.® The
understanding of the hPTV-4 subtype has been hampered by the lack of epidemiological
data. hPIV-4 is found infrequently and the associated symptomology is generally of no

COHSGC{UGHCG.32

Maternal antibodies to the hPIV-1 and 2 viruses are generally accepted as the
reason why these viruses do not causc serious disease in infants less than 4 months

old** The initial infection with hPIV-3 virus occurs early in life with 62% of infants
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infected during the first year of life. This percentage is raised to 92% during the second
year of life.?* Children under the age of six are the most susceptible to parainfluenza
virus infection, with males most frequently infected, and adolescent or adult infection is

uncommon. After the age of six the sex difference disappears. #

Epidemics of hPTV-1 generally occur in the autumn of every other year and hPIV-2
is also epidemic during the same period as hPIV-1 appearing to be as ubiquitous.
hPIV-3 is generally considered endemic and occurs throughout the scasons.”* No
predictable pattern is detectable with respect to hPIV-3 occurrence although it has been
noted that hPTV-3 infection can occur during the spring months when either hPIV-1 or 2
are active, hPIV-3 has also been found to be active during other viral epidemics.
Having said this, hPIV-1, 2, and 3 virions can be isolated throughout the year but

generally can be found during the periods specified above.”*

1.3.2 Newcastle Discase Virus

Newcastle disease virus (NDV), also known as avian paramyxovitus 1, is a member
of the paramyxoviridae family, genus Rubulavirus. The first outbreaks were reported in
poultry from Java, Indonesia and Newcastle-upon-Tyne in 1926 Twenty-seven of the
50 orders of birds are reported® to be infected with NDV?* The virus also has a world
wide distribution, causing severe losses to both governments and farmers each year.”?
An example of the impact of NDV is demonstrated by the fact that at least 90% of the
infected poultry in Nepal is estimated to die each year as a direct result of NDV
infection.” Humans exposed to NDV develop granular conjunctivitis, which can lead
to some lasting impairment of vision. Other symptoms include headache, malaise,

chills and lymphadenitis.*®

1.3.2.1 Aetiology

The virus is transmitted via ingestion or by the inhalation of infectious particles and
three main pathotypes categorise isolates of NDV .2
1. Lentogenic — Do not usually cause disease in birds.
2. Mesogenic — Viruses of intermediate virulence that cause respiratory disease.
3. Velogenic — Virulent viruses that cause high mortality split into two
sub-categories.
a. viscrotropic — haemorrhagic lesions of the gastrointestinal tract

b. neurotropic — neurological disease



A velogenic viserotropic infection is characterised by acute systemic illness with
extensive necrosis of the spleen and intestinal lymphoid tissues. Infection by a
velogenic neurotropic strain is characterised by central nervous system discase.
Infection by the mesogenic or lentogenic strains causes no overt disease but may lead to
decreased egg and meat production.”” Surviving birds show impaired growth, poor food
utilisation, reduced egg production, impaired eggshell formation, reduced fertility and
hatchability of eggs. NDV is readily isolated during active infection, however the
persistence of the virus has not been determined® The clinical signs seen in a bird
infected with NDV can vary widely depending on a number of factors such as the virus,

. . ) . . s 35
age, host species, environmental stress, and infection with other organisms,

Analysis of birds that died in an outbreak of NDV in Canada in 1999 revealed that
NDV and Salmonella typhimurium infected the brain and lung tissues. The infected
birds showed symptoms of nervous system disease. The birds suffered from unilateral
wing and leg paralysis. The strain which caused this outbreak was characterised as a
mesogenic. It was suggested that pathogens such as S. typhimurium could influence the

presentation of symptoms froin the mesogenic strains of NDV.®

Interestingly, the macrophages from chicken peripheral blood cultured in vitro with
NDV show signs of apoptosis when inspected. The infected macrophages have also

been found to support the growth and replication of NDV.*

1.3.3 The haemagglutinin-neuraminidase of the paramyxoviruses
The entry of paramyxoviruses into the cells of the respiratory tract is mediated by

40, 41
%, as shown

two proteins; haemagglutinin-neuraminidase (HN) and fusion protein (F)
in Figure 1.3, The haemagglutinin-neuraminidase protein is a type 2 glycoprotein. The
transmembrane domain both anchors the protein and has a signal transduction function.
Sequence analysis of the transmembrane region of NDV HN has shown that the region
is the least conserved of the protein.*” Within the transmembrane region of NDV, three
leucine residues in a heptad-repeat motif are found. This motif is found in most NDV
isolates, Mutations of these residues have resulted in viruses with HN proteins with

altered structure and/or function.®?



Membrane
Protein

Figure 1.3: Schematic representation of parainfluenza virus, its genome and surface

glycoproteins. HN = Haemagglutinin-neuraminidase, I = Fasion protein.

In humans and avians, HN binds to molecules on the target cells that contain
Neu5Ac. The fusion protein mediates the actual process of the fusion of the virus with
the target cell. The interaction of the HN glycoprotein is also required for the fusion of
the virus.** The fusion protein is produced as a precursor and cleaved to its active form
by a protease. In NDV it has been shown that the expression of the fusion protein and
the HN protein to induce syncytium formation will only occur if the proteins are from

3 It has been suggested that HN is involved in a virus-specific

homologous viruses.*
interaction with the fusion protein. Results imply that the fusion protein and HN
contain a specific domain that allows the proteins to communicate with each other to
promote fusion.** The removal of sufficient sialic acid residues (by the sialidase action
of HN) to prevent cell fusion but still allowing the attachment of viral particles and cell

infection lead to persistent infection,*

The elucidation of dual roles of the haemagglutinin-neuraminidasc glycoprotein has
been the subject of research for many years. A single site model has been proposed,
with the active site of the glycoprotein being flexible and undergoing a conformational
change to induce either the receptor binding or 1‘ecepfér destroying activity.*® A second
sialic acid site has been identified on NDV HN that upon binding a sialic acid, is
thought to drive the structural changes necessary for the HN protein to trigger the fusion

protein, which in turn mediates the actual process of viral fusion.*

The combined haemagglutinin-neuraminidase moiety performs the same roles as
the separate molecules; hacmagglutinin and sialidase found on the surface of influenza

virus. Both the fusion and haemagglutinin-ncuraminidase biomolecules have been



suggested to mediate viral fusion. The HNof hPIV consists of four identical subunits,
arranged into dimers that are linked via disulfide bridges. The tetramer is linked to the

viral coat vig the N-terminal region of the protein.41

There is roughly 50 % sequence similatity between the different strains of
parainfluenza haemagglutinin—neﬁréminidase, and some cysteine and glycine residues
that arc structurally important are conserved.”  Structural séquence alignment of the
HN of both hP1V and NDV with inﬂueﬁza virus sialidase show that the important active
site residues of influenza virus sialidase have anah;gues in HN.*’ The triarginy! cluster,
putative catalytic aspartic acid, tyrosine residue which interacts the sugar ring of
NeuSAc, and glycerol side chain (2 interactions) in influenza virus sialidase are all

present in parainfluenza virus HN.*

1.3.3.1 Haemagglutinin-neuraminidase of NDV

The crystal structure of the multifunctional HN of NDV was solved to 2.5 A in
2000.*® The topology of the head of one monomer of the enzyme with bound inhibitor,
5-Acetamido-2,6-anhydro-3,5-dideoxy-D-glycero-D-galacto-2-non-2-enoic acid

(NeuSAc2en), 5, is shown in Figure 1.4. Two additional crystal structures were solved;

one ligand-free and one with bound ligand NeuSAc, 1,%8

m CO.H
HO - O/ 2
SR
HOH  oOH

5 R = NHAc, NeubAc2en

Figure 1.4: The structure of the NDV virus haemagglutinin-neuraminidase with bound

inhibitor, NeuSAc2en, 5,% %
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The crystal structure of NDV HN shares many features with the other sialidases
that have been orystallised.>>® The carboxyl group of the inhibitor 5 has been shown to
interact with the Arg triad (Arg 174, Arg 416, and Arg 498) located in the active site.
This interaction has been seen in many other bacterial and viral sialidases.”’™ The
hydroxyl groups of the glycerol side chain have been found to interact with three highly
conserved residues: Glu 258, Tyr 317, and Tyr 262, The glycerol side-chain binding to
three residues (two previously) has not been observed with other sialidases and may
suggest that the glycerol side-chain hydroxyl groups may be a requirement of substrate
1'eco,g,;nition.48 The residucs Glu 258 and Tyr 262 are stabilised by a calcium ion and if
the ion is removed enzymatic activity is lost.®® The 0-4 hydroxyl of Neu5Ac2en points
into a large cavity lined with several invariant residues (based on alignment of Sendai,
mumps, hPIV-1, 2 & 3, Simian virus 5, and NDV HN’s) but does not have any
interaction with the residues. The pocket is larger than the corresponding O-4 pocket
seen in influenza virus sialidase.”® The primary sequence alignment of NDV HN with

influenza virus sialidase has yiclded 7.1 to 10% similarity,>
Sialidase activity of NDV HN

In the case of paramyxoviruses, most information available about the receptor
determinants is regarding Sendai virus or Newcast_lc disease virus. Receptor
determinants arc N-acetylneuraminic acid o(2-3) _linkéd;to a galactose moiety, with
disialo NeuSAca(2—8)NeuSAca(2—3)Gal groups being more efficiently recognised 2
Recognition of sialic acids is determined by seyé:ra_l faqt_érs: the type of sialic acid, the
linkage of the sialic acid, the oligosaccharide structure, the number of sialic acids

molecules present and the arrangement of the sialic acid moieties.”

The optimal pH of the NDV HN for sialidase activity is found within the range pH
5.1 — 5.3, most strains also have a second pH optimum; at pH 6.3.>° The K, of NDV
HN catalysing the cleavage of sialic acid from N-acetylneuraminyl-o(2—3) lactose is
1.06 x 10° M with a Vinax of 6.70 umol of sialic acid relcased per minute. In
comparison the K, of influenza A virus sialidase catalysing the same reaction is .25 x
10™ M and the Vi is 4.70 umol of sialic acid released per minute.”® K, is a measure
of the substrate concentration required for effective catalysis to occur.” The fact the K,
of NDV HN is lower than that of influenza A virus sialidase means that NDV is more
effective at catalysing the hydrolysis of the substrate. The higher the Vi, of an enzyme

results in more substrate that can be processed in a given time.! So with the above
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results NDV requires lower concentrations of substrate for effective catalysis and can

produce mote product per unit time than influenza A virus sialidase.

1.3.3.2 Haemagglutinin-neuraminidase of hPIV-3

The crystal structure of the multifunctional HN of hPIV-3 was solved to 2.8 A in
2004.>7 The topology of the head of the enzyme with bound inhibitor, NeuSAc2en, 5, is
shown in Figure 1.5. Four additional structures were solved, two are ligand-free, onc
contains the ligand NeuSAc, and another contains the inhibitor 4-deoxy-4-guanidino-
Neu5Ac2en,(6).”

Figure 1.5: The structure of the hPTV-3 haemagglutinin-ncuraminidase with bound

inhibitor, NeusAc2en,* >

Sequence analysis of hPIV with influenza virus NA suggested that the tertiary fold
of the globular head of hPIV3 HN would conform to a six-blade anti-parallel B-sheet
propeller (analogous to that found in influenza virus sialidase).” The crystal structure
of the hPIV3 HN monomer has indeed shown this to be the case. The sequence identity
of the HN of hPIV-3 is 24% over the globular head domain in comparison to NDV

HN.*" The carboxyl group of the inhibitor NeuSAc2en, 5, has been shown to interact
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with the Arg triad located in the active site and structural changes in the active site
oceur to accommodate the ligand.”’ The side-chain of Arg 192 is positioned deeper in
the active site and creates the potential of four hydrogen bonds. The C-7 and C-9
hydroxyl groups of the glycerol side chain have been found to interact with Glu 276.
The methyl group of the C-5 acctamido chain forms a hydrophobic interaction with Tyr
319, Analysis of bound NeuSAc, 1, shows the presence of a crystallographically
observed water molecule beneath the sugar, and also shows that the C-4 OH group and
the nitrogen of the C-5 acetamido group make interactions with the surface of the
protein via hydrogen bonding with water molecules. >’ Upon binding of a ligand no

significant structural changes are seen outside the active site.”’
Sialidase activity of hPIV HN

Recently, a study of the receptor determinants of hPIV-1 and hP1V-3 have shown
that hPTV-1 HN preferentially binds to «(2-3) linked NeuSAc and not a(2-6) linked
Neu5Ac, in contrast hPIV-3 HN recognises a(2-3) linked and «(2-6) linked NeuSAc.’ 8

hPIV-1 HN was expressed and characterised in 2001 The optimal pH for
recombinant purified hPTV-1 HN sialidase activity is 4.5 and the binding affinity for the
fluorogenic substrate 4-methylumbelliferyl-N-acetylneuraminide, MUN, 7, was found
to be 234 M, in comparison the optimal pH for native HN obtained from the hPIV-1
lysate is 5 and the binding affinity of 7 was found to be 176 um.>

H OH COoH N
HOL A 0
\/%@j\o 0 O
HO 4 Ho
7 R = NHAc

1.4 Current prevention and treatment of paramyxovirus infection

1.4.1 Vaccines

Vaccines against the parainfluenza viruscs have been developed in the form of
monovalent, trivalent or multivalent formalin-inactivated, parentcrally administered
vaccines. All trialled vaccines failed to show protection even if the immune system was

60

adequately activated.”* Recently, a live attenuated chimeric rccombinant

parainfluenza virus vaccine has been shown to be protective in the experimental
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infection of hamsters.®" The virus was produced via reverse genetics to produce a virus
that encodes the internal proteins of hPIV-3 and the external proteins of hPIV-1. The
vaccine candidate (known as tPIV3-l.cp45L) has been shown to induce complete
resistance to hPIV-1 infection and confer partial resistance to hP1V-3 infection.®’ The
partial resistance is found to be short lived and disappears after four months,%
However, resistance induced by prior infection with hPIV-3 is found to remain high
after four months, PIV3-1.cp45L has been shown to be immunogenic to hPIV-1 in
animals even if the animals are immune to hPIV-3, this study demonstrated that a

sequential immunization schedule is feasible with rPIV3-1.cp45L.%

In the case of NDV, currently the control of NDV in poultry is aimed at vaccinating
the bird population. Effective vaccines against NDV have been developed, the most
widely used efficacious live-virus vaccines for prevention of NDV are the distribution

of mildly virulent B1 and La Sota strains in food, water or by large droplet spread.”

1.4.2 Therapeutic agents

An extensive scarch of the publicly available literature has shown that currently
there is no drug on the market that can effectively treat paramyxovirus infections. The
use of ribavirin has been limited due to expense and unproved therapeutic efficacy.®’
However recently, a number of drugs for the effcctive treatment of influenza virus

infection have become available. ' These drugs are known as sialidase inhibitors,

1.4.2.1 Sialidase inhibitors.

Many enzymes inn order to cleave biological substrates induce a conformational
change in the substrate to make it more like the transition state of the catalysed reaction.
The active site residues are positioned so as to create the most efficient binding to the
transition state. As such transition state analogues arc one of the best for the design of
therapeutic drugs to interact with an enzyme.” The reaction mechanism of the influenza
virus sialidase showing the proposed®® structure of the transition state (proceeding via
Sn1 mechanism) is provided in Scheme 1.1 An alternate reaction mechanism utilising a
mixed Sy1-Sy2 mechanism that gives a covalently bound intermediate has also been

proposed.67
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Scheme 1.1; Proposed Syl mechanism for influenza virus sialidase.®® The putative proposed
ransition state structure is shown in the square brackets.

The first derivative of N-acetylncuraminic acid to be synthesised that potentially
inhibited sialidases S-acetamido-2,6-anhydro-3,5-dideoxy-D-glycero-D-galacto-2-non-
2-enoic acid (Neu5SAc2en, 5) was prepared in the mid-60’s to inhibit sialidases.
NeuSAc2en is a transition state analog by virtue of it’s flattened half-chair structure.
This compound was found to have good inhibitory effect on a number of sialidases
(with K; range of 10” to 10" M), however it lacked specificity for any one sialidase."™
68 & This compound has been used as a template to design new potent, selective
inhibitors of the influenza virus sialidase.

e COzH
HO - 0 2
SR

HO | OH
5 R = NHAc, NeubAc2en

A potent and selective influenza virus sialidase inhibitor (K ~10""" M) was

developed in the early 1990’s. The compound is known as 4-deoxy-4-guanidino-

NeuSAc2en (6) or by it’s tradename Zanamivir,"> 147
H OH con
HOo A © 2
S R

RO/ NH
>=NH

HoN

6 R = NHA¢

Zanamivir, 6, was the result of a decade of collaborative rescarch by a small
number of Australian research groups. The solving of the influenza virus sialidase

structure in 1983°" allowed the von Itzstein research group to begin looking for potential
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inhibitors of the enzyme. The von Itzstein group's research centred on modifying the
compound Neu5Ac2en, 5, to develop a molecule that tightly binds to the enzyme’s
active site thus blocking activity. The result of their research was Zanamivir (6)." '
Modelling studies initially indicated that the incorporation of an amino functionality at
C-4 of NeuSAc2en should improve binding.”t  4-Amino-4-deoxy-Neu5Ac2en, 8,

showed a 100-fold improvement in potency over NeuSAc2en, 5.1
H OH

. COH
HO O / 2
N R
HO 4 NH,
8 R =NHAc

Extending the substitution at C-4 to the guanidino functionality gave the potent and
selective inhibitor, Zanamivir (6)."* The specificity of 6 for influenza virus sialidases
arises from the fact that two conserved glutamic acid residues (Glu 119 and Glu 227)
are located in the O-4 pocket to which the guanidino group binds. These residues are

lacking in bacterial sialidases.”? Indeed, in the casc of Vibrio cholerae sialidase the O-4

pocket is to smali to accommodate the size of the guanidino functionality.53

Zanamivir has been licensed in a number of countries for the treatment and
prophylaxis of influenza A and B strains. The oral bioavailability of Zanamivir is low,
however topically administering the drug by inhalation has solved the problem.'
Twice daily inhalation of 10 mg of Zanamivir for five days has been found to be highly

™7 The plasma half-life of Zanamivir ranges

effective in the treatment of symptoms.
from 2.5 to 5.1 hours, with the compound being excreted in the urine unchanged within

24 hours.™ "

1.4.2.2 Zanamivir mirmetics

From the time of the discovery of Zanamivir, other research groups have been
searching for other sialidase inhibitors as potential compounds for anti-influenza
therapeutics, The result of this research has been mixed, with many compounds being
synthesised but only a handful showing similar activity to that of Zanamivir.”® Most
compounds developed using a modified structure of Zanamivir have resulted in

inhibitors that are weaker than the starting con‘zpound.13

Zanamivir mimetics based on non-carbohydrate core structures have yielded

another potent selective inhibitor of influenza virus sialidase. GS4071 or Oseltamivir
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[4-acctamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexenc-1-carboxylate, 9] is a
carbocyclic mimetic of 4-amino-4-deoxy-NeuSAc2en derivative, 8, with potency cqual
to that of Zanamivir (ICss = 1 x 10° M)."*** ™ Key alterations to the structure are the
position of the double bond and the replacement of the glycerol side-chain with a
hydrophobic 3-pentyl side-chain. The hydrophobic side-chain leads to an inhibitor

more potent against influenza virus A than B.”

\\;::L\ CO,H

5 _

AcHN
NH,

9
Osecltamivir, 9, differs from Zanamivir, 6, in that it can be administercd orally as a
prodrug, which is the cthyl-cster of Oseltamivir. Hepatic enzymes within the liver
convert the prodrug to its active form.” Twice daily administration for five days is the
normal treatment regime, with eighty percent of the 75 mg oral dose converted into the
active form.™ The plasma half-life of Oseltamivir ranges from 6-10 hours, The major

route for the elimination of Oseltamivir is excretion unchanged in the urine.”® ™

In 1999 another inhibitor of influenza virus sialidasc based on planar benzoic acid
was reported. The inhibitor 4-(N-acetylamino)-5-amino-3-(3-pentyloxy)benzoic acid
(10) was found to be highly sclective for influenza A sialidase (ICsq 1 pM) compared to

influenza B siatidase (ICsp 500 uM).”®
CO,H

H,oN o)
NHAG
10

More recently Biocryst Pharmaccuticals, Inc reported the inhibitor BCX-1812
(3-(1-acetamindo-2-¢thylbutyl)-4-guanidino-2-hydroxycyclopentane-1-carboxylic acid,
11).” In the mouse model, orally administered BCX-1812 was found to inhibit lethal
concentrations of influenza virus at doses as low as 1 mg/kg/day, with a lack of toxicity.
The compound was expected to enter phase 111 clinical frial in the northern winter of
2000-2001,™ However, in 2002 BCX-1812 was removed from clinical trials due to lack

of statistically significant reduction in the severity of influenza symptoms.®
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Interestingly the structure of 4-amino-4-deoxy-NeuSAc2en, 8, and the Zanamivir

11

mimetics 9, 10 & 11, while different to Zanamivir in primary structure, all contain key
elements of the Zanamivir template. All three mimetics mentioned above maintain the
carboxylic acid and NHAc groups found in Zanamivir, Another point of note is that 10
and 11 also contain the hydrophobic side chain that is located on Oseltamivir. This side-
chain binds in the same pocket as the glycerol side chain, but induces a change in the
shape of the protein in influenza virus A sialidase to produce a hydrophobic pocket.
This conformational change occurs to a lesser cxtent in influenza virus B sialidase

leading to the difference in the activity against influenza virus A and B sialidase.”’

A highly potent novel pyrrolidine-based compound was developed by Abbott
Laboratories in the US in 2002, 5-[(1R,25)-1-(Acetylamino)-2-methoxy-2-
methylpentyl]-4-[(1Z)-1-propenyl]-(45,5R)-D-proline, (A-315675), 12, has been shown
to inhibit influenza virus A (N1, N2, & N9) and B sialidases in the order of 0.024 to
0.34 nM (K)).»

HOOCH,,,

1.4.2.3 Inhibition of paramyxovirus haemagglutinin-neuraminidases

There is not a great deal of data available with regard to the inhibition of
paramyxovirus HN by sialic acid analogues or derivatives. The data available relates to
the inhibition of hPIV-2 by 4-substituted NeuSAc2en derivatives (X of 8 x 10 M for
4-deoxy-4-guanidino-Neu5Ac2en, 6, tested against hPIV-2)."  Also S5-modified
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Neu5Ac2en derivatives have been tested against NDV HN (K of 1.9 x 10¢ M for
2-deoxy-2,3-dehydro-N-trifluoroacetylneuraminic acid, 13, tested against NDV).%®

H OH

-, CO,H
HO O/ pl
\.g' R
HOQ oOH

13 R = NHC(=0)CF;3

Both of these studies also tested the same derivatives against influenza virus

6% %9 The inhibition of 4-deoxy-4-guanidino-Neu5Ac2en, 6

sialidase for comparison.
against hPIV-3 has also been investigated and found to inhibitory activity in the order of
2.5 x 10 M (ICso).48’ 8 Suzuki ef al. reported mono and di-substituted derivatives of
NeuSAc2en as inhibitors of hPTV-1 HN in 2001, Inhibition exhibited ranged from 1.0 %
10° M (ICsg) with 5-acetamido-4-O-thiocarbamoylmethyl-2,3-didehydro-2,3-dideoxy-
D-glycei'onD—galacfo-Z-nonulopyranbsic acid, 14, to 10 x 107 M (ICsp) with
5-acetamido-4-0-amidinomethyl-2,3-didehydro-2,3-dideoxy-D-glycero-D-galacto-2-

nonulopyranosic acid, 15.%

Z, 0 COsH

J R
HOH  RE

14 &' = NHAc, R? = OCH,C(=S)NHj,, R® = OH

15 B' = NHAG, B? = OCH,C(=NH)NH,, R® = OH

16 R = NHAG, R? = OCH,C(=8)NH,, R® = NHA¢

The disubstituted 5,9-diacetamido-4-O-thiocarbamoylmethyl-2,3-didehydro-2,3-

didcoxy-D-glycero-D-galacto-2-nomulopyranosic acid, 16, inhibited hPTV-1 HN with an
[Csp0f 42 x 10° M.B Greengard et al. have reported that Zanamivir, 6, NeuSAc2en, S,
and 4-amino-4-deoxy-NeuSAc2en, 8, inhibits cell fusion mediated by hPIV-3 HN.* ¢
was found to be most effective (ICsp 0.19 mM) compared to 5 (ICsp 3.2 mM) and 8
(ICso 4.0 mM).**

Alymova er al. recently (2004) reported two novel inhibitors of hPIV 1, 2 & 3 HN,
BCX-2798 (4-azido-5-isobutyrylamino-2,3-didehydro-2,3,4,5-tetradcoxy-D-glycero-D-
galacto-2-nonulopyranosic acid, 17) and BCX-2855 (4-dichloromethanesulfonylamino-
5-isobutyrylamino-2,3-didehydro-2,3,4,5-tetradeoxy-D-glycero-D-galacto-2-

nonulopyranosic acid, 18).84
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17 R = NHC(=0)CH{CH;)CHy (BCX-2798) 0=5=0

Cl
18 R = NHC(==0)CH{CH3)CH3; (BCX-2855)

Compound 17 is found to inhibit the sialidase action of hPIV-1, 2, 3 HN with an
ICsg 0f 0.04, 1.6 & 20 pM and the haemagglutinin activity with an ICsp 0f 0.1, 2.2 & 4.8
1M, 18 has an ICse of 1.2, 1.9 and 4.3 pM and 6.0, 2.7 & 2.0 uM respectively.** These
two compounds represent the most potent inhibition of hPIV HN reported in the

examined literature to date.

1.5 Aims and objectives

The aim of this project was to design novel, potent sialidase inhibitors of hPIV. At
the commencement of this research project the crystal structure of hPIV HN was not
available and therefore the crystal structure of the HN from NDV was probed via
computational modelling as a model system for hPIV. The crystal structure of NDV
theoretically can be used to model inhibitors for the treatment of hPIV, because there is
good conservation of amino acid residues about the active site.®® Subsequent to the
design phase of this project, a crystal structure of hPIV-3 HN was published.”” This
allowed for the validation of the designed compounds and the confirmation of the

hypothesis the NDV HN could be used in place of hPIV HN.

e Computer programs such as Insight II, AutoDock and GRID were used to
characterise the potential interactions of the binding/active site of the HN
glycoproteins, Once the interactions were characterised, potential ligands were
de novo designed using NeuSAc2en, 5, as a seed template. The ligands that were
designed were refined into suitable synthesisable structures and the ligands were
re-scored and re-ranked. Other work performed involved the development of

alternate starting templates (Chapter 2).

e The designed ligands were chemically synthesised (Chapter 3).

e The synthesised ligands were tested using screening assays against the HN’s of

hPIV-1 and hPIV-3. With successful binding of designed ligands to the HN
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protein, a crystallography study on one ligand was performed to ascertain the
ligand’s conformation, which was subsequently used to validate computational

docking experiments (Chapter 4).
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2 Computational analysis of the paramyxoviral HN glycoprotein

2.1 Introduction

Computer-aided molecular modelling is a term that encompasses the calculation,
visualisation and analysis of the molecular properties of the target of interest.
Molecular modelling utilises force fields to explain the interactions between atoms, such
as electrostatic and van der Waals interactions, Force fields also contain
parameterisation to explain interatomic bond lengths, angles and torsions. These
parameters allow the in silico construction of a model of a target (small or
macromolecule). It was the discovery that similar molecular fragments were found to
possess. similar propertics in varying environments that altowed for the creation of force

fields to parameterise molecules.®

The three dimensional structural elucidation of proteins has become an area of
intense interest, with respect to the design of novel therapeutics, especially through the
engagement of computational modelling. Structural clucidation can take many forms
including X-ray crystallography, homology modelling, NMR spectroscopy
experiments™ and electron mystallog,raphy.87 The 3D structure of a protein allows one
to visually inspect the binding domain, and to design ligands that fit into the shape,

hopefully with greater affinity than the natural substrate.®

Gencerally, the first step taken in the computational characterisation of a protein is
the validation of the structure. This is typically done by visualising the protein, using a
visualisation program such as InsightIl, and using programs such as Reduce*®
Procheck,” Whatcheck,” or prlus91 designed to compare the experimental variables
to those considered ideal. The program Reduce is used to evaluate and optimise the
internal H-bond network of a protein by rotating the side-chains of the amino acids
asparagine, glutamine and histidine. This is necessary due to the ambiguity in assigning
these amino acid side chains in the X-ray crystal structure electron density. Procheck is
utilised to assess how normal or unusual the geometry of the residucs of the protein
are.”” The purpose of Whatcheck is to verify if the crystal structure proposed is indeed
possible, given that torsion angles, interatomic distances etc. for a given pair of atoms
are restricted to a finite range.”® Hbplus checks (by measuring the distances and angles

between H-bond donors and acceptors) the H-bond network of a protcin.91 This
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analysis will characterise the initial state of the structure and the suitability of the

structure for computational modelling.

The next step in the in silico characterisation of a protein will normally involve the
characterisation of the electrostatics of the protein, to determine potential arcas of
interaction. A program used to determine the electrostatics of a molecule is DelPhi.”
The electrostatic potential of a protein arises from the unequal distribution of electrons
within atomic bonds; this is due to the withdrawing effect of electronegative elements.
Tonised functional groups also play a substantial role in the charge distribution of a
protein. This unequal distribution of electrons between the atoms of the protein is
represented as a fractional charge on cach atom of the protein. The electrostatic
potential at a point on the protein is the force acting on a unit positive charge placed at

that point on or surrounding the protcin.92

The areas of potential interaction of a protein are further characterised by the usc of
programs designed to probe the surface of the protein for areas of hydrogen bond donor
or acceptor sites. Also probed for are areas of van der Waals (hydrophobic) interaction.
A program designed to probe a protein in this fashion is GRID.” The Molecular
Discovery suite of programs (GRID) is utilised to identify optimum areas of interaction
of a receptor structure with a set of functional group probes. Since being first described
in 1985, the suite of programs have been used most notably in the successful design of
the commercially available anti-influenza drug Relenza® ! GRID predicts specific
non-covalent interactions (steric and electronic) between a known protein structure and
a probe.”* Multiple sets of probes are available with GRID version 22.°* The probes
consist of traditional single atom probes containing one heavy atom, multi-atom probes
containing more than one heavy atom, and special probes that include covalently-bound
halogen atoms. The use of GRID to predict areas of interaction is highly advantagcous
in the derivatisation of a lead template in the drug discovery process. The use of this
program in this work will allow for the focused analysis and discovery of potential

inhibitors of the HN glycoprotein,

With the interactions of the protein characterised, the next step in the computational
design process is to design potential ligands. This can be done in a number of ways,
one of which is the in silico screening of large databases to obtain potential compounds

that fit the sites of interaction. A program ideal for this method is DOCK.” DOCK

24



(version 4) is a molecular docking program that is used to explore the possible
conformations of a ligand within a protein binding site. It assumes that the protein is
rigid, the ligand on the other hand can be considered flexible (with the exception of
rings), DOCK calculates the negative image (available conformational space) of the
binding site with a series of binding site points. The ligand is then matched to these
points (and optimised) using a process which generates multiple orientations of the
ligand. Each conformation is given a score based upon the intermolecular interaction as
defined by a molecular mechanics force field. The molecular docking algorithm is fast
and allows the searching of databases of compounds.’® In silico screening is especially
uscful if no ligand information is available during the initial computational modelling
phase. In this study, however as a lead structure was known and available with the

X-ray crystal structure, in silico screening was not utilised.

An alternate method of ligand design is fragment-based de novo design. De novo
design involves the mapping of sitcs of potential interaction within the binding site,
followed by the creation of ligands using fragments to from grow a core structure or by
linking separate fragments together. One¢ program that docs this is LigBuilder.”
LigBuilder is utilised in three steps: characterisation of the protein (Pocket), the ligand

creation (Grow/Link), and processing of ligands for suitability (Process).

Pocket is utilised to characterise the interactions of the protein around a pre-docked
ligand.?”” The site is probed with hydrogen bond donor and acceptor probes and a
hydrophobic probe. The probing also identifies areas that cannot be built into, ie: areas
too close to the protein surface. Once the active site has been characterised by Pocket,
the next step is the creation of the ligands using either a grow or link strategy.” Both
strategics utilisc a fragment-based algorithm to build the ligands. Upon the formation of
a bond between the user specified core fragment and the selected growing fragment, the
newly formed bond is energy minimiscd by the rotation of the fragments to form the
optimal interaction with the protein and to reduce intramolecular steric energy. The
process of energy minimisation around the dihedral angles of the ligands allows for the
flexibility of the ligand to be considered during the calculation. The Grow strategy
“grows” from a user selected core fragment until the user specified criteria is satisfied.
The Link strategy “links” multiple user selected core fragments with fragments from the

library, which can be cxpanded with user defined ﬁ'agments.w
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The output from Grow or Link needs to be processed by Process before it can be
viewed or utilised in further calculations. Process has a parameter file that contains user
specified criteria to select the most suitable ligands from the generated population of

8 and as such take into

structures. These criteria are based on the Lipinski rules,’
account drug oral bioavailability. The library of suitable structures is characterised by
the molecular formula, predicted octanol/water coefficient, and predicted binding
score.”’ De novo ligand design is useful if a lead structure is known and derivatives of
the lead are required, and as such was cnvisaged to be very useful in this particular

study as a lead structure was already known.

A technique used to imprbve structures or structural interactions is the minimisation
of structures. The minimisation of the protein is utilised to shift the atoms of a protein
to the nearest local minimum, although this is not necessarily the global minimum of the
system. The conformation generated may or may not be a conformation adopted at 0 K.
Minimisation relieves the strain placed on residues within the structure (by reducing bad
van der Waals interactions), and can help to relieve some errors found in the crystal
structure.”” Two programs are used to minimise proteins and protein/ligand assemblies:
Discover” and Sander'® (part of AMBER 7). The use of minimisation in this study
will allow some protein flexibility in the calculation process once the ligands have been
docked and thus should hopefully result in an increase in the energy of interaction of the
protein ligand complex. Both Discover and Sander can also be used to perform
molecular dynamics, Molecular dynamics provides a simulation of the motion of atoms
at a given temperature and therefore sample the flexibility of molecules.” The energy
of interaction of a ligand to a macromolecule can also be calculated using molecular
mechanics.® ' Molecular dynamics is a computationally expensive procedure and it
was envisaged that the technique would not be employed in a large way during this

study.

Once the ligands have been designed they need to be ranked and characterised
based on their ability to bind or dock to the protein structure of interest. Computational
molecular docking involves finding the low-energy binding states between a ligand
within an active site of the protein. This docking procedure requires accurate modelling
of the force field paramecters to cxplain the interactions of the systems, as well as an

efficient search algorithm to examine the potential binding modes of the ligand.*
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Consensus scoring is utilised to obtain greater positive hits in the score of databases

1 Consensus scoring involves the use of a number of molecular docking

of molecules.'
programs to score the molccules of interest. The scores are then ranked and molecules
that consistently rank in the top scores between a large proportion of programs arc
included in future modclling calculations/consideration in the design process of novel

197 The use of multiple programs will potentially also reduce the number of

ligands.
false positives as individual programs are parameterised differently. The differences in
parameterisation will test the properties of the molecules in different ways, such as the
use of different force-fields to explain bond and torsion parameters, charges, and
charge-charge or hydrophobic interactions. These differences will potentially find the
false positives, if a molecule scores well in one program but does not score well in the
others, There are many programs that dock ot score or do both of which, AutoDock'®

and X-Score'® are examples,

AutoDock is a molecular docking and scoring program. That is, it is utilised to
flexibly dock small molccules into the active site of a protein, and can also be used to
score the static (rigid) conformation of a ligand. The program uscs a genetic algorithm
to reduce the time to scarch the conformational space within an active site.'% Upon
small molecule binding the program can cstimate the free energy of binding.'” The
receptor is considered static throughout the calculation in AutoDock version 3.05,
however the ligand can be considered either flexibly or statically (to score a previously
obtained conformation).!” The root ring structure of the ligand is considered rigid
throughout the calculation and thus careful thought about the ligand conformation
before commencing the calculation is required. The ability of this program to dock
flexibly and score statically is highly advantageous for this study within the consensus
scoring routine as it will allow the flexible docking of the ligands and the rescoring of
the ligands after energy minimisation. This will allow the examination of the protein-
ligand complex energy of interaction both before and after the process to examine if the

interactions are improved during in the energy minimisation process.

X-Score,'® formally known as X-CSCORE,"™ is a program that utiliscs a
non-force field empirical method to estimatc the binding affinity of a protein-ligand
complex. The interactions of each atom of a ligand with the protein are classified as
good, bad, or neutral by X-Score. The classification is based on an atomic binding

score, This was considered a good program to include in the consensus scoring routine
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as it is non force field based and as such is not biased by the force-field parameterisation

and will give a different perspective on the protein-ligand complex interaction.
2.1.1 Structure-based drug design

2.1.1.1 Influenza virus sialidase

The process of structure based drug design has been used to develop inhibitors of
many classes of enzymes, the most pertinent example in relation to this project being
influenza virus sialidase.'* The techniques used in the structure-based drug design of
influenza virus sialidase inhibitors X-ray crystallography,” various computational

193, 19 and biological evaluation. A brief discussion of

techniques,”’ chemical synthesis
influenza virus sialidase is presented herc to highlight the information that could be

obtained during a structure based drug design study.

Influenza virus sialidase has two postulated biological roles. The first is that it
helps the invading virion through the mucus of the respiratory tract, by removing sialic
acid from the mucins and sialoglycolipids, thereby facilitating access of the virion to the
target epithelial cells. Secondly, it may assist the nascent virions to elute from the
infected cell; it has been postulated that if the sialic acid residues found on the cell
surface were not removed the nascent virions would clump together and would be easily

cleared by the body’s immune system, '™ 1% 1%

The X-ray crystal structures of the sialidase from influenza A (N2) strains
A/Tokyo/3/67 and A/RI/5'/57 were solved to 2.9 A by Varghese ef al, in 19835 The
X-ray crystal structure of influenza B sialidase from B/Beijing/1/87 solved to 2.2 A,
was determined in 1991."” Subsequently a large number of structures at the time of

writing have been solved of both apo enzymes and complexes with inhibitors,

The sialidases of the influenza viruses are composed of four identical subunits,
whose general shape is that of a mushroom (molecular weight approximately 240
kDa).!® The tetramer of identical subunits is located at the top of a long thin stalk that
is anchored into the viral coat by the N-terminus of the protein, Disulfide bridges link
the subunits of the sialidase, and the mushroom head of the enzyme is located 60 A
from the viral coat.!'” Each subunit of the sialidase head is composed of six four-

stranded antiparallel B-sheets. Through the centre of each subunit lies a pseudo 6-fold
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symmetry axis. The structure of a monomer of the influenza virus sialidase is shown in

Figure 2.1.

49, 50

Figure 2.1; The structure of an influenza virus sialidase monomer.

Investigations of the viral sialidase show that up to 50% sequence variation in the

% However the

amino acid sequence may be found between the different strains.''
sialidase has been found to have very similar three-dimensional structure and the amino
acids that mediate active-site binding are highly conserved across all influenza A and B
strains found.!'® The active site is highly charged with a majority of residues at
physiological pH carrying a charge, Two calcium-binding domains have been located
and it is postulated that the calcium may have a role in the release of nascent virions
from the cell by positively modulating t'h_é;:-éiali'dé:éé'.-activity.l10 The calcium ions arc

also believed to stabilise the symmetry of the sialidase heads.'"!

The structure of N-acetylneuraminic acid when bound into the active sitc of

"2 When a N-acetylneuraminic acid

influenza sialidase h’;_t__s'i_been examined previously.
binds to the sialida’sé_'_'fe__l'ctive site, the pyranose ring structure of the NeuSAc residue is
distorted from the normal 2Cs glycoside chair conformation to bind in a pscudoboat

®  As previously disgu'ssed ‘in_Section 1.4.2,1, the next step in the

conformation.''
enzyme mechanism jnvolves the donation of a proton from the solvent facilitating the
formation of an endocyclic sialosyl cation transition-state intermediate. The final step
involves the formation of N-acetylneuraminic acid and it’s release.''® An alternate
reaction mechanism utilising a mixed Sy1-Sy2 mechanism that gives a covalently bound

intermediate has also been proposed.”’
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The binding of N-acetylneuraminic acid into the active site involves interactions
with key residues in the active site. The carboxylate group is drawn into an equatorial
conformation by interactions with the triarginyl cluster (Arg 118, 292 and 371). When
the NH group of the acetamido side chain binds into the active site it is directed to the
floor of the active site.''> The methyl carbon at the terminus of the acetamido group is
used for molecular recognition of the substrate and is located close to residues Trp 178
and Ile 222, these residucs form a hydrophobi(_:-poqi{e::_tg.m The hydroxy! groups of the
glycerol side-chain hydrogen bond to one glutazmcamd moiety, Glu 276, and through
water interactions to Glu 277 and Glu 227.1;}_0-: _An_alj_rsis of the C-4 binding pocket of
influenza virus sialidase with the program :GRID% -i&entiﬁed a favourable interaction

7 \When the 4-amino-4-deoxy-NeuSAc2en derivative was

with an amino probe.
tested, it was found to inhibit influenza virus sialidase at 4 x 10® M.”" Further visual
analysis of the C-4 pocket revealed a pocket that was large enough to accommodate a
guanidino functionality that would be able to form salt-bridges to two invariant glutamic
acid residues: Glu 119, Glu 227. It was these glutamic acid residues that were exploited
in the design of the first potent inhibitor of influenza virus sialidase, Zanamivir,'*”!
2.2 Computational design

The design process for the development of inhibitors of NDV HN (and by

extension hPIV HN) is presented in Figure 2.2.

Figure 2,2; Flow diagram of design process.

The computational design process initially involved the analysis of the crystal
structure. This involved the visualisation of the three dimensional structure of the
enzyme using molecular visualisation software such as Insightll, and the analysis of the

suitability of the structure for drug design using the programs Procheck and Whatcheck
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(detailed in Section 2.3.1). The characterisation of key interaction sites and the
clectrostatics of the active site of the enzyme were performed using the programs GRID,
PASS, Ligplot and DelPhi (detailed in Section 2.3.2). The next step in the
computational process involved the validation of the various docking and scoring
programs; the programs selected include DOCK, AutoDock, SCORE, X-Score,
Discover (MMI), and AMBER (MMPBSA). The validation involved the benchmarking
of the docking programs (AutoDock and DOCK, Section 2.3.3) with a known
compound. In this case, S-acetamido-2,6-anhydro-3,5-dideoxy-D-glycero-D-galacto-2-
non-2-cnoic acid, NeuSAc2en (8) was selected. Docking programs (AutoDock, DOCK)
were then analysed to examine whether they could reproduce the crystal structure, and
the scoring programs (SCORE, X-Score, MMI and MMPBSA, Section 2.3.3 and
Section 2.3.7.3.1) were analysed for a base (benchmark) score for comparison with the
designed ligand scores. Following the validation of the various programs used, the de
novo design process was performed using the program LigBuilder (detailed in Section
2.3.7). This involved a fragment-based construction process guided by active site
interaction points. The ligands that werc designed via the de novo process were then
ranked, scored, and the top molecules were refined. The refined ligands were then
docked, scored, and ranked (detailed in Section 2.3.7.2 and 2.3.7.3) which gave the final
structures to be chemically synthesised (Chapter 3).

2.3 Computational analysis of NDV HN

2.3.1 Validation of NDV HN crystal structure

Three crystal structures of the globular head of NDV HN (Kansas Strain) have been
solved.® A ligand-free structurc at pH 4.6 (2.5 A, PDB code: 1E8T), a complex with
sialic acid at pH 4.6 (2.0 A, PDB code: 1E8U), and a complex with NeuSAc2en at pH
6.5 (2.8 A, PDB code: 1E8V). Overall the topology of the globular head is a six-bladed
B-propeller, similar to that of influenza viras sialidase. However, an additional a-helical
domain not scen in influenza virus sialidase is present. Calcinm is found co-ordinated
in a pentagonal bipyrimidal arrangement with residues Asp 261 and Ser 264." The
crystal structure is organised into two monomer chains, A and B. Each chain is
comprised of residues 124 to 570 (residues 1 - 123 comprise the stalk region which is
cleaved before crystallisation®), with 129 water residues complexed with chain A and
110 water residues complexed with chain B. Two glycosylation sites are present on

cach chain, The results presented in Chapter 2 are for the NDV HN crystal structure
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complexed with NeuSAc2en (1E8V) unless otherwise stated. This structure was chosen
on the basis that the structure-based drug design would entail looking for an optimal
transition state based inhibitor. As the structure of NeuSAcZen is close to the proposed
transition state for a sialidase, the structure 1E8V was chosen for computational drug

design.
2.3.1.1 Procheck

The program Procheck™ was used to asses the NDV HN X-ray crystal structures
that were available for how each structure deviates from ideal values. Table 2.1 shows
the Procheck results of all three available NDV HN crystal structures. The
Ramachandran plot profile is less than ideal (favoured < 90%) for each of the structures,
however the structure with bound inhibitor NeuSAc2en 5 (1E8V) is marginally the best

available structure.

Table 2.1: Procheck results of NDV HN crystal structures | EST, 1E8U and 1E8V.

IE8T {ESU IE8V*
Ramachandran Plot
Favoured | §2.4% 83.5% 83.9%
Allowed | 16.5% 15% 14.5%
Generously Allowed | 0.5% 0.8% 0.8 %
Disfavoured | 0.6% 0.4% 0.8%
Main-chain bond 100% within limits 100% within limits 100% within limits
Main-chain angles 98.2% within limits 98.1% within limits 98% within limits
Planar atoms 99% within plane 97.3% within plane 100% within plane

* Complex with NeuSAc2en

2.3.1.2 Whatcheck

The structure 1E8V was analysed using Whatcheck®™ to identify potential problems
with the structure. Multiple Gin and a single Asn residues were found to be detrimental
to the hydrogen-bond network of the NDV HN duc to incorrect protonation states or
incorrect side-chain orientation.'™ The residues located were: Gln 157, Gln 204, Gin
280, Asn 298, Gln, 371, Gln 496. None of these residues are seen fo make interaction

with NeuSAc2en 5, or the active site,

Other problems found by Whatcheck with the protein structure were a high
Matthew’s coefficient, unusual bond and torsion angles, too tightly restrained omega
angles, abnormal backbone torsion angles, abnormally short inter-atomic distances, and

unusual backbone conformations.
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2.3.1.3 Hbplus

Hbplus® was used to calculate His, Gln and Asn residues that contribute
detrimentally to the hydrogen-bond network. The residues found were: Gln 157, Asn
298, and Gln 496.

2.3.1.4 Correlation of results from Whatcheck and Hbplus

Of the Gln and Asn 1'e_s_idues idenfi:ﬁed by Whatcheck, three correlate with the
findings of Hbplus: GIn 157, Asn 298, and Gln 496. By reorienting the side-chains of
these residucs by 180°, theoretically the hydrogen bonding network of the protein
should be improved.' The torsions changed can be seen in Table 2.2. The three
residues identified by Whatchcck but not by Hbplus, namely Gln 204, Gln 280 and Gin
371 were not ﬂlpped These residues were visually mspected for distances and anglcs.
The lack of consensus between Hbplus and Whatcheck is expected as both programs do
not test for solvent accessxblhty There His, Gln or Asn residues on the surface of the
protein would be calculated by prlus as: able to form H-bonds to solvent whereas
Whatcheck only calculates p10tem medlated H-bonding. A consensus would be

expected for any: H -bonding within the pmtcln

Table 2.2: Rcmdues w1th 31de chams ﬂlpped 180° S

Residue Torsmn Original Angie Flipped Angle

Gin 157 %3 103.94° -76.06°
Asn 208 2 101.51° T849°
Gln 496 %3 75.98° 104.02°

With the initial evaluation of crystal structure 1E8V finished, with minor
improvements made, the next stcp was to evaluate interactions within the active site of

NDV HN.

2.3.2 Initial investigation of NDV HN

2.3.2.1 The interactions of the active site of NDV HN with Neu5Ac2en.

The hydrogen bonds that are formed between the atoms of the active site and
NeuSAc2en can be scen m Table 2.3, and are indicated in Figure 2.3 (generated by

114

Ligplot'™™) by dashed green lines. Hydrophobic interactions are indicated in Figure 2.3

by red arcs labelling active site residues and ligand atoms. Neu5Ac2en is secn to make
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six hydrogen bonds between the carboxylate group and the triarginyl cluster (Arg 174,
Arg 416, and Arg 498), similar to interactions found for NeuSAc2en in other sialidase

48,5153 The three glycerol-side chain hydroxyl groups each make at least one

structures,
hydrogen bond to the active site of NDV HN. Almost all carbon atoms of NeuSAcZ2en
with the exception of C-5 make hydrophobic interactions with numerous active site

residues.
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Figure 2.3; Ligplot of interactions of NeuSAc2en with NDV HN,
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Table 2.3; NDV HN and Neu5Ac2en H-bond interactions.

Protein Residue Atom Ligand Residue Atom Distance (A)
Arg 174 ~ NHI DAN O1A 2.98
Arg 174 COUNH2Z - DAN O1A 2.83
Glu 258 ORl DAN 07 2.91
Glu 258 OE2 . " DAN 09 2.73
Tyr317 ‘O DAN 08 273
Arg 416 NHI =  DAN 01B 3.45
Arg416 NHI - DAN 06 3.55
Arg 416 NH2 "~ DAN . O1B 3.45
Arg 498 NH1 DAN : O1A 2.98
Arg 498 NH2 DAN OB 2.63
Tyr 526 OH DAN 06 3.23

2.3.2.2 Analysis of putative catalytic residue Asp 198,

The side-chain conformation for the putative catalytic residue Asp 198 is different
between the high and low pH stractures of NDV HN (1EST and 1E8V).*® The side-
chain of Asp 198 in the low pH structure (apo enzyme) is found to be oriented towards
the bound Neu5Ac2en 5, of the superimposed high pH structure in Figure 2.4, The
measured distance between the side-chain atom OD2 and C-2 of NeuS5Ac2en is 7.88 A.
By comparison the distance between the side-chain atom OD2 of high pH Asp 198 and
C-2 of NeuSAc2en is 16.31 A. Superimposition of the triarginyl clusters of low and
high pH HN and influenza virus N9 sialidase (Figure 2.4) allows for comparison
between HN and N9 catalytic residues. The RMSD of these superimposed residues was
266 A The c.i.is.ta.nc.e beﬁ%reen the cataiyti.c.rcsiduc Asp 152 of NO sialidase and bound
NeuS5Ac2en was measured at 3.81 A (between OD2 and C-2). This is 4.07 A less than
the distance between Asp 198 in the low pH HN and NcuSAc2en atoms. There is
however the potential for water intcraction between the low pH Asp 198 and
Neu5Ac2en. These results suggest that the catalytic activity of Asp 198 in HN is

mediated via a water molecule.
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Figure 2.4: Superimposition of NDV HN and influenza virus N9 sialidase triarginyl
clusters. The low pH HN structure is depicted in red, the high pH HN structure in
yellow, and N9 sialidase in blue. The green NeuSAc2en is from high pH HN, while the
purple NeuSAc2en is from N9 sialidase.

2.3.2.3 DelPhi of unminimised NDV HN

DelPhi was used to analyse the electrostatic potential of the active site of NDV HN,
this can be seen in Figurc 2.5. The active site of NDV HN is dominated around the
carboxylate group of NeuSAc2en 5 by a positive field potential. This positive potential
around the triarginyl cluster is to be expected. The floor of the active site under the ring
of 5 is mixed with large areas of ncutral and negative potential. The glycerol binding
pocket is lined by positive field potential on one side and negative on the other. This is
separated by a very small arca of ncutral ficld potential. An area of ncutral ficld
potential is found around the end of the pocket, this is primarily contributed by Phe 364.
The C-4 binding pocket is very large and has a predominantly positive potential, small
neutral and negative areas arc also found within the pocket. Electrostatic analysis
suggested a number of modifications to the NeuSAc2en, 5, template; in the glycerol-
side chain pocket a hydrophobic group at C-9 could potentially pick up an interaction
with Phe 364, and in the C-4 pocket, negatively charged groups could provide
interactions with a number of positively charged amino acids. Interactions with the C-4

binding pocket are detailed in the next section.
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Figure 2.5: Initial DelPhi clectrostatics calculation results of NDV HN. Blue: positive

field potential, red: negative field potential, and white: neutral field potential.

2.3.2.4 C-4 binding pocket

The following amino acid residues are located around the C-4 binding pocket: Ser
237, Arg 235, Hle 175, Lys 236, Ser 177, His 199, lle 192, Arg 174, Asp 198, Asn 190,
Gln 204, Arg 197, Cys 238, His 189, Cys 251, and Cys 196. The following crystal
water residucs are located in the C-4 binding pocket: Z128H, Z55H. However, the
temperature factors of Z128H suggest that it is not entirely stable (61.37). The crystal
water residues can be seen in Figure 2.6. Also shown is the positive nature of the
pocket, contributed to by at least six positively charged residues on the solvent
accessible surface. The colouring of the surface is in the DelPhi electrostatic spectrum.
The charges used for this calculation were from the CVFF force field with DelPhi radii
applied, a soﬁrént dlelectuc of 80 and sblﬁf:e .(.ii.é.ie::c_tric of 4 wére appli.ed with no ionic

parameters utilised.
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Figure 2.6: C4 bihdi11g po.c.,“ket .(.)f NDV HN with crystal waters CPK rendered.

2.3.2.5 PASS

The volume of the C-4 binding pocket of NDV HN was determined by the program
PASS to be 612 A% The C-4 pocket was the largest found on the protein. The glycerol
side-chain binding pocket was also found to be large (though only approx half of C-4
binding pocket volume). Pockets identified by PASS in NDV HN can be scen in Figure
2.7, with the large red spherc indicating the C-4 binding pocket. The glycerol side-
chain pocket is indicated by the large white sphere found above the red sphere. PASS
highlights that the available space within the C-4 pocket is very large and thus should
accept large C-4 modified NeuSAc2en derivatives carrying bulky substituents at C-4.

Figure 2.7: Invaginations in the HN protein surface located by PASS. The arrow

indicates the C-4 binding pocket sphere.
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2.3.2.6 GRID study of NDV HN crystal structure.

Initially the PDB file of the high pH structure of NDV HN (1E8V) was prepared for
GRID calculations (see Section 2.1) by the program Greater (available with version 22
of GRID). The program Greater is a GUI to the other programs of the Molecular

Discovery suite of programs. '

GRIN is utilised to create the input necessary for GRID. Two input files are
required for the GRIN calculation,’ One 1s thc talget p10te1n PDB file containing the
XYZ co-ordinates of cach atom of the plotem The othel mput for GRIN is a set of
energy variables supplied by the pmglam ‘The enelgy var:a‘olcs are based on the

“cxtended” atom concept from-the program CHARMM, 3. The ‘extended” atom
concept consists of a single hcavy atom wzth modified energy palametms to explain the
corresponding heavy atom w1th ancillary hydlogens attached Thus a methy! group is
represented as a single caz_bon atom, modified to 1ncmp01atc the energy parameters of
the attached hydrogen atoms.” The primary purpose of thc_pgogram GRIN is to merge
the XYZ co-ordinates and the cdil'éspondillg energy param'c't.e.rél to specify the correct
interactions with the probes of interest for cach atom of the target protein of inferest.
Hydrogen-bonding hydrogen atoms arc added to the protein by GRIN if not in standard
geometry.”

The input files required for GRID are the output files from the program GRIN and
the GRID input file. The setup of the GRID job requires information on the size of the
grid required for the calculation, whether it smrrounds the entire protein or whether it
surrounds a particular region of the protein. Also at least one probe needs to be
specified. The specification of the probe is necessary to utilise the correct energy
parameters, as cach probe has a different set of parameters.'”®  Four probe types are
available with version 22 of GRID; traditional probes containing one heavy atom, multi
atom containing more than one heavy atom, group probes such as glucose, and molecule
probes such as methotrexate and special probes. During the calculation, water
molecules, co-factors and chloride ions are generally not treated as part of the protein
molecule. The main consideration in calculating the energy of interaction between the
protein and the probes is the Lenard-Jones potential or the attractive/repulsive non-
bonded interactions, with electrostatic force and hydrogen-bond contributions also
calculated. The protein is considered to be a rigid molecule with tautomeric hydrogens

by default. Different conformations of the target protein can be studicd. The protein
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can also be studied flexibly with the structure divided into a “core” region with flexible

side chains. Upon interaction with the probe the side-chains alter their conformation.!’

One significant area of interaction was found with the carboxylate probe as seen in
Figure 2.8. The arca cotresponds to the carboxylate of NeuSAc2en, with interaction
occurring with the triarginyl cluster. Maximum interaction with the probe occurred at

~25,13 keal/mol.

Figure 2.8: Area of interaction with the carboxylate (COO-) probe, contoured at 17

kcal/mol.

Many arcas of interaction were found with the water probe, as seen in Figure 2.9,
arcas of interaction were located along the glycerol side chain, and around the
carboxylate group of NeuSAc2en. Most significantly, the water probe predicted areas
of interaction within the C-4 pocket of the active site corrcsponding to the arcas
occupied by crystal water residues. Maximum interaction with the water probe

occurred at —15.22 keal/mol.
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Figure 2.9: Areas of interaction with the water (OH2) probe, contoured at —6 kcal/mol.

Many areas of interaction with the hydroxyl probe were located as seen in Figure
2.10. Interactions were found along the glycerol side-chain, in the region of the C-4
hydroxy! group, and near the carboxylate group. Maximum interaction with the

hydroxyl probe occurred at —13.02 keal/mol,

Figure 2,10: Areas of interaction with the hydroxyl (OH) probe, contoured at —8

kecal/mol.

Within the NDV active site threc main areas of interaction were found with the
methyl probe, as seen in Figure 2.11. Interestingly, the methyl probe was found to
interact with a large region of the glycerol side chain pocket. Methyl interactions were
also found within the C-5 binding pocket at the terminus of the NHAc group.

Maximum interaction with the methyl probe occurred at —5.41 keal/mol.
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Figure 2,11; Areas of interaction with the methyl (C3) probe, contoured at -3 keal/mol

Four areas of interaction with the hydrophobic probe were located within the NDV
active site, as seen in Figure 2.12. Interaction regions were found at the terminus of the
glycerol and NHAc¢ side chains, and two areas of interaction were found within the C-4

binding pocket. Maximum interaction with the hydrophobic probe was —1.41 kcal/mol.

Figure 2.12: Areas of interaction with the hydrophobic (DRY) probe, contoured at —0.2
kcal/mol.

Two areas of interaction with the guanidino probe were located within the active
site, as seen in Figure 2.13. The major arca of interaction was within the glycerol side-
chain binding pocket. An area is also located at the base of the C-4 binding pocket.
Maximum interaction with the guanidino probe occurred at —32.84 kcal/mol. The
aromatic version of the probe also scored a maximum interaction energy of —32.84

kcal/mol,
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Figure 2.13: Areas of interaction with the guanidino (AMIDINE) probe, contoured at
—12 kcal/mol.

Interactions with the amine probe were located within the glycerol-side chain
pocket, and at the base of the C-4 and C-5 bonding pockets, as scen in Figure 2.14. The
protonated form of the amine probe identified similar interactions. The maximum
interaction with the amine probe occurred at ~25.73 kcal/mol. The protonated amine

probe identified maximum interactions at —25.57 kcal/mol.

Figure 2.14: Areas of interaction with the amine (N1=) probe, contoured at —6

kcal/mol.

One significant arca of interaction with the calcium ion probe was found, as seen in
Figure 2.15. The calcium ion probe accurately located the arca of maximum interaction
in the position of the crystallographically observed calcium ion. Maximum interaction

with the calcium ion probe occurred at —139.11 keal/mol.
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Figure 2.15: Area of interaction with the calcium ion (CA+2) probe, contoured at —130
keal/mol.

No competition between the structural water molecules and the probes tested (N3+
and DRY) was detected for NDV HN. Therefore the structural water residues observed
in the C-4 pocket in NDV HN should be able to be displaced by ligand interactions with
the active site. This observation coincides with the mid to high temperature factors of
the crystal waters in the active site C-4 pocket, suggesting that the crystal waters are not

entirely stable,

GRID analysis of NDV HN has given valuable insight into the interactions of the
active site. The program'boi‘rectly .identiﬁe_d the binding region of the carboxylate
group of NeuSAc2en and the bin&ing region of the calcium ion with the protein. In the
analysis of other probes tested, positive (amino, guanidino) probes located interactions
along the glycerol side-chain and smali éreas within the C-4 and C-5 binding pockets,
suggesting that amongst other rhodiﬂcations, that amino/guanidino modification of the
glycerol side chain may increase NeuSAc2Zen interaction with NDV HN. Hydrophobic
probes (C3 and DRY) found extensive interactions within the terminal end of the
glycerol side-chain pocket due to interaction with Phe 364. The DRY probe in
particular found extensive interactions within the C-4 and C-5 pockeis suggesting that
hydrophobic groups off C-4 may increase the binding affinity over the normal
4-hydroxy-NeuSAc2en.

2.3.2.7 Pocket characterisation of NDV HN active site interactions

Pocket, part of LigBuilder, is a program used to characterise the interactions of a
binding/active site. As shown in Figure 2.16, pocket characterisation of the active site

identified a large arca for hydrogen-bond formation (blue spheres) around the triarginyl

44



cluster, tyrosine residue 526, and into the C-4 binding pocket. A large area of H-bond
donors (red spheres) is found adjacent to a H-bond donor region along the C-5
acetamido group and the C-7 hydroxyl group. Hydrophobic interactions (green spheres)
are found at the terminus of the N-acetyl group binding pocket, at the end of the
glycerol side-chain binding pocket (contributed by Phe 364), and within the C-4 binding
pocket. o : o

Figure 2.16: Pocket analysis of NDV HN active site. Blue — hydfogen bond acceptor

site, red — hydrogen bond donor site, green — hydrophobic interaction,

Pocket analysis of the active site, while more gencralised than GRID, has found
many similar interactions to GRID around the carboxylate group, glycerol-side chain
and most importantly, the hydrophobic interactions of the C-4 pocket. As Pocket
analysis of the active site is used for the de novo design program LigBuilder, the final
designed structures modified at C-4 will be hydrophobic in nature. However, before
design of ligands, the next step in fhe-pi'occss is to validate and benchmark the docking

and scoring programs,
2.3.3 Validation of docking and scoring program's

2.3.3.1 AutoDock - NeuSAc2en

NeuSAc2en 5 was removed from crystal structure 1E8V and flexibly docked into
the structure using AutoDock 3.05, as seen in Figure 2,17. The docked pose (green) of
NeudSAc2en is very similar to that of crystallographically bound (purple) NeuSAcZen.
A slight shift in the positioning of the NeuSAc2en is seen. The docked energy of the
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flexibly bound NeuSAc2en was —10.06 kcal/mol. Static scoring of the crystal bound
NeuSAc2en for comparison (without flexible torsions) yielded a docked energy of
—9.01 kcal/mol. Therefore the slightly different orientation of NeuSAc2en in the

docked form resulted in an increase of interaction of 1.05 kcal/mol.

Figure 2.17: Cry#_a_ii bound (purple) and flexibly docked (green')' NeuSAc2en in NDV

HN active site.

2.3.3.2 SCORE - NeuSAc2en

The SCORE algorithm uses a logarithmic scoring function to estimate the binding
affinity of a small molecule to a protein. The binding affinity score of NeuSAc2en
(crystal-bound) was found to be 5.52. SCORE classifics atoms of the small molecule
according to their interaction with the protein. The good (green), neutral (blue), and bad
(red) interactions of NeuSAc2en with the NDV HN active sitc can be seen in Figure

2.18.

Figure 2.18: SCORE classification of atom interactions (good - green, ncutral - blue,
and bad - red) of crystal bound NeuSAc2en in NDV. HN active site.
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According to SCORE, the C-2, C-3, C-7, C-8 and C-10 carbon atoms of crystal
bound NeuSAc2en cause bad interactions with the active site of NDV HN. The atoms
are labelled bad (red) due to the presence of undesirable van der Waals contacts, The
atoms O-1A, O-1B, 0-6, N, O-7, O-8, and C-11 of Neu5Ac2en are the source of the
good interactions with the protein. The good (green) interactions are caused by weak,
medium or strong hydrogen bonds or hydrophobic interactions, All other atoms of the
molecule are neutral (blue). The SCORE of docked NeuSAc2en (docked using
AutoDock) was found to increase to 6.06. This was due to the removal of some of the

undesirable van der Waals contacts,

2.3.3.3 DOCK

DOCK 4°° is a program that is used to dock a ligand to a protein and to search the
available conformational space of the binding/active site. DOCK was unable to
reproduce the crystal structure orientation of NeuSAc2en with active site of NDV HN
(1E8V). The methods tried include: no flexible ligands, no orientation of ligands, no
minimisation of anchor or ligand, no binding spheres within the C-4 binding pocket,
restriction of spheres (binding interactions) to the glycerol side chain and ring of
NeuSAc2en, manual matching, anchor searching, and random searching. The problem
lay with the fact that as soon as any type of flexibility or orientation was introduced into
the calculation, the molecule was flipped to position the glycerol side-chain of
NeuSAc2en in the C-4 pocket, while the carboxylate and the C-5 acetamido group
interactions remained the same. This flipping of the orientation may have occurred
because DOCK did not evaluate the crystal structure conformation of NeuSAc2en as the
lowest cnergy-state possible. The removal of the binding site interaction points
(calculated by DOCK) from the C-4 pocket did not alleviate the problem. Due to this
problem, the use of DOCK for in silico screening purposes would have to be treated
carefully as the final result would be open to interpretation. Therefore, the proposed

method chosen for ligand design in this work was via de novo methods.

The programs AutoDock and Score having been validated and benchmarked, the
next step in the process was to develop the modelling protocol and score some of the

known inhibitors of hPIV-2%* and influenza virus sialidase.!'
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2.3.4 Scoring of existing C-4 modified analogues of NeuSAc2en.

A number of inhibitors of hPTV-2% and influenza virus sialidase''® are known. It
was of interest to examine whether these inhibitors would score well against the crystal
structure of NDV HN, The results obtained could give some valuable insight into the
potential interactions of C-4 modified Neu5Ac2en derivatives within the active site of

NDV HN.

The modelling protocol developed for the scoring of each of the ligands was as
follows.

1. Each ligand was flexibly docked using AutoDock to place the ligand in an

acceptable conformation within the protein structure for minimisation (if

performed).

2. Each ligand (if to be minimised) was then minimised using Discover. The
minimisation of the protein was performed using a dielectric constant of 80 (to
simulate bulk solvent). The protein was initially fixed and gradually relaxed until
the total complex was free to move. The input file for Discover is available in

Appendix A.

3. Following thc minimisation process or initial Autodock calculation each ligand

was statically scored with SCORE and AutoDock.

A number of C-4 modified Neu5Ac2en derivatives prepared by Holzer ef al® to
inhibit hPIV-2 were scored for interaction with NDV HN. These results are shown in
Table 2.4. These derivatives were selected on the basis that this work is utilising the
crystal structure of NDV HN as a model for hPIV. Therefore it was of interest to
examine whether the biological results of these derivatives would correlate with the

docked energy from NDV HN,

Each of the seven derivatives and NeuSAc2en autodocked in a very similar
orientation to the crystallographically bound NeuSAc2en, however slight changes in the
orientation of the glycerol side chain were observed. The NeuSAc2en derivative that
docked with the highest energy of interaction after minimisation was 4-(prop-2-
enylamino) derivative (Ligand F, Table 2.4), with —14.70 kcal/mol in the minimised
active site. The SCORE result of this ligand was also the second highest found at 6.24,

In most cases an increase in the docked energy of the ligands was seen in the minimised
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active site compared with the unminimised site. Similarly an increase in the binding
affinity (SCORE result) of most of the ligands in the minimised site was also observed.
The reported K for each ligand is the inhibition constant against hPIV-2 virus. Each of
the ligands had been evaluated as inhibitors of hPI1V-2; the inhibition constants (Kj) are
given in Table 2.4, Only a weak correlation was found between the docked cnergy and
experimental K;. However more data points are required for conclusive proof that a

correlation exists.

Table 2.4: AutoDock and SCORE results for C-4 modified NeuSAc2en derivatives in
NDV HN of ligands known to inhibit hPIV-2.%

H OH cos
HOL - © 7 2
$ R
HO g X
R = NHAc
C-4-X Substituent Flexible SCORE (pK,;) Flexible SCORE (pKy)  Experimental
A‘“ODOCk (Uluniniﬂ]ised AutoDock (Minimised HN) illhlbltl()ll
(keal/mol) HN) (kcal/mol) constant™®
(Unminimised) (Minimised HN)
A OH —10.40 197 -12.16 4.97 1x107°M
B NHC(=NH)NH, ~13.35 2 3.41(7) -14.16[2] 6.45 [2] 8 x 107'M
C NH, —12.13 [6] 4,19 [4] ~13.20 [6] 5.57 [5] 3x107'M
D N(CH,), —12.46 [5] 447 1] —13.52 {4] 4,76 [6] 1x107"M
E NHC(=0)CH; ~13.35[2] 4.13 [51 —13.28 [5] 6.88{1] 4x 107°M
F NHCH,CH=CH, -13.951] 4,33 [2] —14.70 [1] 6.24 [3} 2x10°M
G NH(OH)CH,CH=CH, -12.72]3] 426 [3] -12.16 [7] 4,14 [7] 3x 107°M
H NHCH,CH,OH —12.70 [4] 3.70 {6] -13.78[3] 6.07 [4] 1x107M

* Inhibition data against hPTV-2 HN, ® Numbers in square brackets indicate scoring rank.

The next set of Hgands chosen for evaluation was a scries of C-4 substituted
NeuSAc2en derivatives reported to inhibit influenza virus sialidase.'® Table 2.5 shows
the scoring results of sclected ligands from Taylor e al.''® against NDV HN
(unminimised active site). The removal of some of the ligands detailed by Taylor ef
alM® from these calculations was due to the fact that structures were included in the
previous calculations involving C-4 modified analogues from Holzer ef al.® (Table 2.4).
The ligand found to dock with the greatest interaction energy was ligand P, Table 2.5,

with -13.74 kcal/mol. An improvement of 2.57 kcal/mol over NeuAc2en is seen with
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the addition of the C-4 substituent. The SCORE result of ligand P is 5.08, an increasc
of 0.58 over Neu5Ac2en. Using the SCORE algorithm, ligand S has a value 1.41
greater than the flexibly docked orientation of NeuSAc2en (5.91 vs 4.50). However, the
docked energy is 1.80 kcal/mol greater than NeuSAc2en. The difference in docked
energy could be explained by ligand S making less hydrogen bond contfacts with the
protein than ligand P. The examination of C-4 substituted NeuSAc2en derivatives
reported to inhibit influenza virus sialidase has not identified any compounds that differ

significantly for NeuSAcZen.

As can be seen in Tables 2.4 and 2.5 the AutoDock scores of the compounds are
very similar and differ by a small amount (~1 to 2 kcal/mol). This difference is not
expected to be significant and as such cach of these compounds would be
computationally expected to have similar affinity to the protein. [t should also be noted
that there is a small difference in the benchmark of NeuSAc2en shown in Table 2.5
compared to that found in Table 2.4. This is due to the AutoDock protocol utilising
250,000 energy evaluations per docked pose generated. This setting may not allow for
the complete sampling of conformational space available. However, this setting allows
for the quick amalysis of many ligands and it will allow for the analysis of many
compounds in a timely fashion. After the identification of the potential compounds a
more exhaustive search of the conformational space could be conducted on the smaller

number of compounds.
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Tahle 2.5; Flexible AutoDock and SCORE values for C-4 modified NeuSAc2en

derivatives of ligands known to inhibit influenza virus sialidase in NDV HN."

H, OH _
HOL 0 7 0
S§ R
HOH X
R = NHAc
Ligand  C-4-X Substituent® Flexible AutoDock SCORE
No.* (kcal/mal) (1K)
(Unminimised) (Unminimised)

A OH -11,17 4.50
B NC(=NH,)NH, -12.18 [6F 4.14
C NHCH, —11,84 [13] 5.55
D N(OH)CH,CH=CH, —-12.01 [11] 4.87
E NH; (R) ~11.95[12] 5.87
F NIHC(=0)NI, ~12.10 [8] 4.07
G NHC(=0)CH,NH, ~12.39 [5] 491
H N{OH)CH,CH,OH -12.09 [9] 5.03
I NHC(=0)CH=CH, ~13.07[2] 5,20
J NCENHINH, (R) ~12.40 [4] 5.09
K =0 ~11.51 [14] 5.39
L =NOCH; —11.51 [14} 4,58
M =NNH, ~12.16 [7] 520
N N(CH,CH,0H]}, -11.34 [16] 4.48
O NHNH, —12.04 {10] 5.01
P N(CH,CH=CH,), —13.74 [1] 5.08
Q N(CH:);" ~10.99 [17] 538
R N(CH,CH=CH,)CH,CH,OH ' —11.4115] 5.05
s =NCH,CH=CH, ~12.97 [3] 5.91

® Ligand No. is derived from Taylor ef al.''® ® Stereochemistry at C-4 is § (equatorial substituent)
unless otherwise indicated. ° Numbers in square brackets indicate scoring rank.
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2.3.4.1 Refinement of the initial modelling protocol

The refined modelling protocol was used to evaluate the binding to NDV HN of a
series of C-4 modificd NeuSAc2en derivatives reported by Suzuki et al.®® to inhibit
hPIV-1 sialidase activity. The most potent inhibitor reported was the 4-O-
thiocarbamoylmethyl derivative 21. The purpose of refining the modelling protocol was
to introduce the protocol of consensus scoring mentioned in Section 2.1. The refined

initial modelling protocel developed for the scoring of each of the ligands was:

1. Each ligand was flexibly docked using AutoDock to place the ligand in an

acceptable conformation within the protein structure for minimisation.

2. Each ligand was then minimised using Discover. The minimisation of the protein
was performed using a dielectric constant of 80 (to simulate bulk solvent). The
protein was initially fixed and gradually relaxed until the total complex was free fo

move. The input file for Discover is available in Appendix A.

3. Following thc minimisation process each ligand was statically scored with MMI,
SCORE and AutoDock.

The derivatives of Neu5Ac2en reported by Suzuki et al.® were docked and scored
against NDV HN using the refined protocol, with the results given in Table 2.6. The
interaction energies of cach NeuSAc2en derivative were determined by flexible
AutoDock before minimisation. The top scoring pose was then minimised using
Discover and the minimised complex was evaluated using AutoDock (statically),
Molecular Mechanics Interaction (MMI) energy score, where the interaction energies of
the ligands were determined with respect to the protein active site rcsidues, and

SCORE.
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H, OH _ H, OH _
o 3 1 e} y CO, 220 3 1 0 CO;
SiR SR
Hd H X HO H X
R = NHAc, X = 19, 20, 21, 22, 23 R = NHAc, R? = Ac, X = 24, 25, 26 & 27

Table 2.6: Docking and scoring results in NDV HN for the C-4 modified NeuSAc2Zen
derivative reported by Suzuki ef al.*® as inhibitors of hPIV-1,

C-4-X-substituent® - AutoDock MMI AutoDock SCORE
(Unminimised) (Minimised) (Minimised) (Minimised)
kcal/mol kcal/mol keal/mol oKy
OH -10.06 -173.52 ~12.42 6.06
.\fN -14.66 [6]° —185.93 [5] —12.00 [3] 6.22 [4]
N
19 - .
S&O -14.19 7] —187.53 [4] —5.31 [8] 6.50 [2]
N
20
e\ffs —14.76 [5] - —191.18 [3] -7.18 [5] 6.02 7]
N
21 .
i —13.72 [8] —181.82 [6] —=3.44 [9] 6.09 [6]
p
e ~14.94 {4] —202.77 [1] =534 [7] 7.59[1]
N
—
23 N
‘S’N ~15.20[3] ~178.29 [7] —8.67 [4] 5.67 [8]
N
24
‘\]¢O —15.63 [1] —195.41 [2] —5.84 [6] 6.26 [3]
N
25
ys —15.47 [2] —174.85 8]} —13.00 [2] 5.58 9]
N
26
—15.47 [2] —174.34 [9] —13.13 [1] 6.21 5]
N N,
27

% denotes point of oxygen attachment. ” Numbers in square brackets indicate scoring rank.® Derivative 23 is not

from the literature.

The preliminary AutoDock (flexible AutoDock) score for each derivative of

NeuSAc2en in the unminimised active site ranged from —13.72 kcal/mol, with
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derivative 22 (3.66 kcal/mol higher than NeuSAc2en) to —15.63 kecal/mol, with
derivative 25 (5.57 kcal/mol higher than NecuS5Ac2en). After the minimisation
procedure, AutoDock was also used as a scoring function (static AutoDock). No
increase in the AutoDock score after minimisation was observed for any of the nine
derivatives. The loss in the cnergy of interaction observed in the AutoDock score after
the minimisation process ranged from a maximum gain of 0.71 kcal/mol with derivative
27, to a maximum loss of 8.98 kcal/mol with derivative 22. It is postulated that the
lower energy of derivatives 20 to 25 could be due to the loss of favourable H-bond
interactions. Figure 2.19 shows the docked orientation of derivative 27, which showed

minimal loss of interaction after minimisation.

Figure 2.19: AutoDock orientation of derivative 27,

The MMI energies of each derivative with the minimised NDV HN active site
ranged from —174.34 to —202.77 kcal/mol (Table 2.6). Derivative 23 scored the highest
(29.25 kcal/mol higher than NeuSAc2en, —173.52kcal/mol} and derivative 27 scored the
lowest (1.33 kcal/mol higher than NeuSAc2en).

Using the SCORE algorithm, ligand was also ranked as the best binding ligand
(Table 2.6). Figure 2.20 shows a diagrammatic representation of SCORE results for
derivative 23. The SCORE results for the C-4 derivative ranged from 5.58 with 26 {o
7.59 with derivative 23. The highest scoring derivative, 23, showed an approximate
increase of 100 times in binding affinity with respect to the lowest scoring derivative,
26. The results range from approximately 3 times lower to approximately 33 times

greater than the calculated binding affinity of NeuSAc2en.
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Figure 2,20: SCORE result of derivative 23 (Table 2.6). Colour coding: good

interaction (green), neufral interaction (blue) and bad interaction (red).

The program Ligplot was used to morc closely analyse potential interactions of
ligands 23 within the active site of NDV HN. Hydrogen bonds formed between
derivative 23, and minimised the NDV active site are shown in Figure 2.21, All three
arginine residues from the triarginyl cluster form hydrogen bonds with the carboxylate
group of 23, Three hydrogen bonds are formed between the C-7 hydroxyl group of the
glycerol side-chain and a glutamic acid and an arginine residue. The glutamic acid
residue also forms a hydrogen bond to the nitrogen of the C-5 acctamido group. One
hydrophobic interaction (with Ile 192) is present within the C-4 binding pocket. Two
hydrogen bonds are also formed, one from the C-4 oxygen (with a histidine residue) and

the other between a nitrogen of the guanidino group of 23 and an aspartic acid residue.
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Figure 2.21: Ligplot analysis of NeuSAc2en derivative 23 in NDV HN,
2.3.5 Scoring of existing C-5 modified analogues of NeuSAc2en

The next set of ligands chosen for evaluation was a series of C-5 substituted
NeuSAc2en derivatives reported to inhibit NDV HN,®® the results are shown in Table
2.7. The availability of NDV HN inhibition data would give an opportunity for a more
direct validation of the computational modelling of NDV HN inhibitors. The highest
scoring derivative was found to be the N-aminoacetyl derivative (Ligand I, Table 2.7)
with —11.80 kcal/mol (1.4 kcal/mol greater than that of NeuSAcZen with —10.40
kcal/mol). The lowest scoring derivative was the N-formyl derivative (Ligand B, Table
2.7) with —9.61 kcal/mol (0.79 kcal/mol lower than Neu5SAc2en). The difference
between the lowest and highest scoring derivatives was 2.19 kcal/mol. The
computational scoring of docked conformations of C-5 modified NeuSAc2en
derivatives against NDV HN did not show an appreciable difference in energy between
the derivatives and the parent ligand NeuSAc2en 5. However, it is noted that
biologically when tested against Newcastle Discase Virus sialidase activity, a marked
difference is shown in the inhibitory data, The N-trifluoroacetyl derivative (Ligand E,
the most active compound, ranking fifth computationally) is almost 10000 times more

potent than the N-formyl derivative (Ligand B, ranking eighth), and is 100 times more
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potent than the N-aminocacetyl derivative (Ligand I, ranking first computationally).
Therefore, using this protocol, because of the minimal differences in docked energies no
cotrelation between the calculated energy and the biological data could be observed. As
discussed earlier (Section 2.3.4) the AutoDock scores of the compounds are very similar

and are not expected to be significantly different from one another.

Table 2.7: Scoring of flexibly docked C-5 modified analogues of NeuSAc2en in NDV
HN vs inhibition against NDV HN.%®

HO\W ©0,
ShX
HOH  oH

C-5-X Substituent Flexible AutoDock ICsp against NDV(M)

(unminimised) (kcal/mol)

NHA¢ ~10.06
A NHC(=O)NH, -10.72 12 52107
B NHC(=O)H ~9,61 [8] 1.1x1072
C NHC(=O)CH,F -10.16 [7] 14 % 107°
D NHC(=0)CHF, ~10.67 [3] 4.4 %107
E NHC(=0)CF, -10.52 [5] 1.9 % [07°
F  NHC(E=0)CH,CI -10.72 [2] 13%107°
G NHC(=0)CH.I —10.46 [6] 1.8x107°
H NHC(=0)CH,CN ~10.58 [4] 1.7x107°
I NHC(=0)CH;NH, —11.80[1] 2.0%x 107

*Numbers in square brackets indicate scoring rank.

2.3.6 AutoDock of variously linked sialyllactoses

The natural substrate for both binding and sialidase activities of NDV HN are cell
surface sialylated glycoconjugates. Substrate specificity is reported22 to be for a(2,3)-
linked sialic acids, with o(2,8)-0(2,3)-linked sialic acids being more efficiently
recognised. The crystal structure of NDV HN was co-crystallised by NeuSAc. It was
of interest to therefore examine whether AutoDock could predict the binding oricntation
of the substrate a(2,3) sialyllactose and of alternately linked sialyllactoses. (2,3)-,

o(2,6)- sialytlactose, and o(2,8)-a(2,3)-disialyllactose were each modelled using
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Insightll and the geometry was optimised in vacuum to give each carbohydrate residue
in the low encrgy chair conformation. These structures were then docked using

AutoDock into NDV HN with default parameterisation.

The binding energies for the 10 conformations generated by the docking of o(2,3)
sialyllactose into the active site of NDV HN ranged from —3.70 kcal/mol to —7.24
kcal/mol. The carboxylate of the sialic acid residue of all conformations generated was
seen to make contacts to all three residues within the triarginyl cluster. However the
sialic acid residue was seen to be partially moved out of the active site in all 10

sfructures.

The binding energies for the 10 conformations generated by docking of «(2,6)
sialyllactose into the active site of NDV HN was —11.38 kcal/mol to —6.88 kcal/mol.
The sialic acid residue was found docked in a similar orientation to that seen previously
for bound NeuSAc2en (Figure 2.17). The a(2,6) linked lactose residue was seen to be
stacked above the sialic acid residue and to stay within the boundarics of the active site

for all conformations generated.

The binding energies for the 10 conformations generated by the docking of a(2,8)-
a(2,3)-disialyllactose into the active site of NDV HN was 5.73 kcal/mol to -5.14
kecal/mol. The structure that came closest to predicting the positioning of the sialic acid
residue in the active site had an intcraction energy of -4.63 kcal/mol. In this case, the
sialic acid residue makes only one inferaction with the triarginyl cluster, with Arg 174,
No other interactions within the active site were scen. This computational result is not

expected to correlate with how the substrate would biologically bind.

The analysis of the results of the computational binding of sialyllactose shows that
the ligands do bind, however the orientation is not as would be expected in the natural

binding of the ligands to NDV HN.

2.3.7 De novo designed C-4 modified analogues of NeuSAcZen.

With the characterisation of active site interactions and the validation and
benchmarking of docking and scoring programs complete, the next step in this work is
the de novo ligand design. The program selected for this was LigBuilder, LigBuilder
utilises four programs to accomplish de novo ligand design, Pocket (already used,

Section 2.3.2.7) to characterise the active site interactions, Grow and Link to
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accomplish the actual building of the ligands via either a growing or linking strategy,
and Process to process the obtained results to the users specifications. The strategy
selected for the design of inhibitors of NDV HN was the Grow strategy, specifying the
seed structure and the site of modification, with the sced being NeuSAc2en and the site
being C-4. A total of four sced structures were given, seen in Figure 2.22, with sites of
modification marked by an asterixis. The first two seed structures were sclected to
examine what LigBuilder would identify as a linker off the C-4 position of NeuSAc2en.

The second two structures were selected to give LigBuilder many potential sites to grow

from,
H OH oo
HO ”, 0 2
SR
HO | X
R =NHAc
0 S 0 3
\Ht \Hi
*H He *H H
X=
*H He *H He
H* H*

Figure 2.22: The structure of the four LigBuilder seeds. * indicates site of

modification.

The LigBuilder procedure required the initial placement of the seed structure. This
was accomplished by using AutoDock to dock the structures of the 4 seeds. The seed
structures were then utilised by Grow to construct the molecules to user specificd
criteria (the input file is available in Appendix A). The fragment library used for the
calculation is available with LigBuilder. A total of 20 generations were constructed and
the results were processed to user specified criteria for a total of 90 molecules. Table
2.8 shows the structures of selected designed ligands. It can be seen that the structure
of the designed substituents are predominately hydrophobic in nature (although many
functional groups are available to Grow) as previously predicted by GRID (Section
2.3.2.6) and Pocket (Section 2.3.2.7).

During LigBuilder Grow calculations the oxygen/sulfur link between the ring of
Neu5SAc2en and the attached alkyl or aralkyl chain was mutated to a carbon atom. This
is duc to a mutation algorithm present within Grow. The mutation algorithm mutates

atoms as necessary to pick up interactions it perceives as favourable. At the end of the
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Grow process the mutated atom was reverted back to the inifial oxygen/sulfur atom fo
give compounds that could be readily synthesised. A total of 90 derivatives were
designed and scored. The molecules presented in Table 2.8 represent the best in each
category (4-O- or $- alkyl or aralkyl) of the de novo designed derivatives. SCORE,
MMI and AutoDock were used to perform the initial static scoring of the de novo
designed ligands. The static AutoDock results were highly variable, with the results
ranging from expected values to in some cases in the hundreds of thousands. This was
due to the inaccurate placement of the ligands. Visual inspection identified that some
atoms of the ligands were placed through the protein surface. Such inaccurate
placement attracts a heavy energy penalty in AutoDock. Flexible docking of the ligands
alleviated this problem. The MMI energy for all ligands was lower than that found for
NeuSAc2en (—173.52 keal). The reduction in interaction energy ranged from 32.7 to
98.7 %. |

In all but three of the derivatives presented in Table 2.8, the final binding affinity of
the ﬁexibly docked ligands as measured by SCORE was lower than that of NeuSAc2en
(6.06, Section 2.3.3.2). The reduction in binding affinity may be due to an increase in
the number of rotatable torsions in the C-4 side-chains. All presented derivatives
increased in AutoDock binding energy compared to NeuSAc2en (—10.06kcal/mol) with
values ranging from 1.06 kcal/mol to 5.04 keal/mol better than NeuSAc2en.
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Table 2.8: De novo designed C-4 O/S-linked derivatives of NeuSAc2en.

H OH cos
HO_ - © 7 2
s R
HO X
R = NHAc
X Substituent MMI of SCORE of Static AutoDock Flexible SCORE of
designed designed ligands of designed AutoDock of Flexibly Docked
ligands (pKJ) ligands designed ligands Ligands (pK}

(keal/mol} (kcal/mol} (kcal/mol}

NeuSAc2en-4-0-atkyl

1273 [6] 40719 28.93 [5] ~14.30 [2] 6.47 2]

Neuw5Ac2en-4-0-aryl

|
_O\/E}\
£Y -82.43 [3] 524 (7] 344,74 [7] ~I1.15[8] 4,79 [6]
N
'O\g
|

“116.63 [1] 5.62 [6] 194.87 [6] ~11.12 [9] 5.69 4]

NeuSAc2en-4-S-alkyl

v2.21 [9} 6.31 [4] 35546 [8] | -1L.71[7] 6.55 [1]

M ~2301[8] 497(8] 122109.08 [9] —12.76 [5] 645 3]

[ NeuSAcZen-4-S-aryl

—110.01 [2] 5.63 [5] “1.64 2] T13.52 4] 375 [9]
5O,

~2432[5] 6.91[1] —4.34 1) ~15.10[1] 448 [8]

~12.44 7] 6.69 [2] 349 [3] ~13.58 {3} 5.52 [5]
- —35.67 [4] 6.36 [3] 24,48 [4] -12.53[6] 4.657]

*Numbers in squarc brackets indicate scoring rank,
2.3.7.1 Refinement of ligands to final forms.

Once the top ligands had been selected, the structures were analysed based on

synthetic potential (ease of synthesis), and availability of synthetic materials. Most
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molecules obtained from LigBuilder were modified in some fashion. Modifications
included the addition of a methylene group between the O or S atom atfached to C-4 of
NeuSAc2en and the aromatic carbon of a phenyl ring, and the removal of ¢xcessive
flexible bonds deemed to be unnecessary and that could potentially cause an energy
penalty upon binding due to the freezing of flexible bonds. An example of the
refinement of the derivatives is shown in Figure 2.23 for the top scoring derivative in
the AutoDock score; the 2-(5'-cyclohexyl-3’-ethyl-penta-1’,4’-dienyl)-phenyl
substituent was developed into the 2-phenylbenzyl derivative. Figure 2.23 illustrates
the process of structural refinement showing the removal of the cyclohexyl group and
the cthyl side chain, the addition of a CHy group between the sulfur and the aromatic
ring attached to C-4, and tﬁe fusing and the unsaturation of the pentyl side chain into an
additional aromatic ring. In this way, the derivative was refined to make it less flexible

but to retain key structural and hydrophobic characteristics.

2-(5-Cyclohexyl-3'-ethyl-penta-1',4'-dienyl)-phenyl {2-phenyhbenzyl

Figure 2.23: An example of the process of structure refinement.

Some of the additional molecules that were added to the set of substituents are
extensions of existing substituents, such as the 2-phenylethyl substituent (B in Figure
2.24) being an extension of the benzyl derivative. Figure 2,24 shows the substituents

chosen in their final form after refinement.
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K L M N

Figure 2.24: Structure of the final 14 substituents, with the point of attachment to the

core template indicated.

The chosen fourteen substituents: benzyl, A, (2-phenyl)benzyl, B, ethyl, C, hexyl,
D, decyl, E, p-(cyano)benzyl, F, 2-phenylethyl, G, cyanomethyl, H, p-(nitro)benzyl, I,
(2-pentylbenzyl, J, (2-butylamino)benzyl, K, 2-heptyl, L, 4-nonyl, M, and (4-
oxo)pentyl, N; were added via an oxygen or sulfur ether-linkage to the C-4 position of
4-S-Neu5Ac2en 28, 4-O-NeuSAc2en, 29, and ten other templates: 4-S-Gilead template,
30, 4-0-Gilead template, 31, 4-S-benzoic acid template, 32, 4-O-benzoic acid template,
33, 4-S-uronic acid template, 34, 4-O-uronic acid template, 35, 4-5-BCX-1812 template,
36, 4-0-BCX-1812 template, 37, 4-S-furanosc template, 38 and 4-O-furanose template,

39. The structures of all 12core templates are shown in Figure 2.25.
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CO,
P CO, CO,
HOL A - © 7 2 oﬁ 2

SR ACHN
HO g  sioR? SIOR? S/OR?
NHAG
28/28 Neu5Ac2en Template 30/31 Gilead Template 32/33 Benzolc Acid Template
R! = NHAc
CO,
HOu,,,
o o CO, \
ACHNQ/ D’\f s/oR? HO
SIOR? < N
O%
34/35 Uronic Acid Template 36/37 BGX-1812 Template 38/39 Furanose Template

R' = NHAc

R? = Point of attachment
Figure 2.25: Structures of the 12 templates used in ligand design.

The alternative templates were selected on the basis of their having activity against
influenza virus sialidase. Each of them has a unique difference from NeuSAc2en which
could shed some light on the particular substituents at a given place on the ring
structure. Tn addition, using the different templates may shed some light on the type of
ring structure needed for optimal binding, whether it is flexible or rigid or either a

pyranose or furanose conformation.

Due to the refinement of the substituents designed by Grow to the final forms
(Figure 2.24), scoring and docking calculations needed to be repeated. The initial

modelling protocol used for the scoring of each of the ligands was:

1. Each ligand was flexibly docked using AutoDock to place the ligand in an

acceptable conformation within the protein structure for minimisation.
2. Bach ligand was then minimised using Discover.

3. Following the minimisation process each ligand was statically scored with MMI,

SCORE and AutoDock.
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2.3.7.2 Docking and scoring of refined de novo designed substituents —

Initial examination of the Neu5Ac2en template

The first of the templates examined was the NeuSAc2en template duc to it being
available in the crystal structure, and because previous calculations had utilised the
Neu5Ac2en template. As stated earlier, the fourteen substituents (Figure 2.24) were
linked through either a sulfur or oxygen atom to the C-4 position of NeuSAc2en: the §
linkage was used due to the availability of a suitable synthetic template,'"” and the O
linkage was modelled to compliment the S-linked data and was also accessible through

18 The major differences between the two types of

a suitable synthetic template,
compounds conferred by the oxygen or sulfur atoms, is a longer bond length and
smaller bond angle between sulfur and carbon,!’® and the increased polarisability of the
carbon-sulfur bond, due to the d shell orbitals and the reduced electronegativity of sulfur

{compared to oxygen). 19

Initially, a crude examination of the docking and scoring of the derivatives was
used to identify which molecules were desirable, the full protocol can be found in
Chapter 5. Briefly, the method consisted of a fast (250,000 encrgy evaluations) flexible
AutoDock of the designed ligands to place each ligand in a suitable position for
minimisation, Minimisation was then performed to remove bad contacts and optimise
the hydrogen bond network. After minimisation the ligands were scored with the
programs Discover (Molecular Mechanics Interaction energy), AutoDock (in Static
Mode) and SCORE. Ligands were then ranked according to SCORE and consensus
scored. In all calculations, CVFF charges were used. The results for the combination of

the 14 templates and 2 templates (4-S- and 4-0- NeuSAc2en) are given in Table 2.9
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Table 2.9: Scoring results for NeuSAc2en derivatives from AutoDock, MMI and

SCORE.
H OH cor H OH
el 2 GOy
SR SR
HO H SR HO H OR?
28 R' = NHAc 29 R! = NHAc
R® Substituent C-4 AutoDock MMI AutoDock SCORE
Link (Unminimised) (Minimised) (Minimised) (Minimised)
keal/mol keal/mol keal/mol pKa
S ~16.69 [1]* ~189.35[8]  —17.78 [2) 7.31 [11]
0 -17.10[1] -254.58[1]  —17.79[1] 5.36 [14]
A
| 3 -16.25[2] -191.77[6]  -1837[1] 9.39 [2]
0 -15.71 [4] -200.80[6]  —15.19 [5] 7.53 [6]
S -14.17 [8 ~177.67[10] -11.86 {11 7.75 [8
&~ [8] [10} [11] (8]
c
O ~14.10 [10]  —193.33[10] -12.66[9] 7.40 [7]
0 5 -15.07 [6] -176.81 [11]  —16.81[5] 8.09 [7]
D
0 -16.04 [3] -194.52[8]  —16.03 [4] 6.94 [10]
(\/\/E\/\/\ S ~15.09 [5] -171.93[12]  -—15.35[9] 6.47 [12]
O -16.71[2] —~180.59 [13] —10.34[13] 6.79 [11]
S -14.09 [9] -187.10[91  —10.88[12] 8.29 [6]
N O ~14.95 [6] —-200.10[7]  -13.25[7] 7.74 [5]
e N
S —10.80 [14] —-198.02[3]  —-8.47[13] 8.94 [3]
0 -11.78 [13] -211.83[4]  —16.28 [3] 8.95 [2]
G
S _ _ _
o« " 15.14 [4] 190.75 [7] 7.20 [14] 747 [10]
H
0 -14.37 [9] —-194.405[9] —12.59 [10] 7.01 [9]
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R* Substituent C-4 AutoDock MMI AutoDock SCORE
Link  (Unminimised) (Minimised) (Minimised) (Minimised)
keal/mol kcal/mol keal/mol pKy
i 5 —13.87 [11] -206.38 [1] -17.10 [4] 10.09 [1]
NO, 0 ~14.66 [7] 20896 [3]  —14.11 [6] 9.15 [1]
|

éw S —13.54[12]  —190.54[5]  —12.49 [10] 7.59 [9]
J 0 —11.67[14]  —21920[2] —17.66[2] 8.25 [4]
H S —14.05[10 —168.78 [13] -15.76 [8] 5.73 [13]

N\/\/ [ ]
K 0 —~12.11[12]  -187.60[11] —13.22[8] 7.40 [7]
/L/\/\ 8 -16.21 3] ~194.03 [4] -16.33 {6] 8.79 [4]
L O ~15.24 [5] ~14721[14] —-11.91 [12] 7.27 [8]
/\L\/\ S ~13.15[13]  —14824[14] -15.89[7] 5.45 [14]
M 0 —13.17[10]  —188.70[11] —12.20 [11] 8.79 [3]
\/\/(l)k 3 —14.70 [7] ~198.18 [2] -17.41 [3] 8.64 [5]
N _ 0 —14.65 [8] —201.09 [5] —9.03 [14] 7.40 [7]

*Numbers in square brackets indicate scoring rank (Rank is within compound series).

2.3.7.2.1 C-4 Suifur linked derivatives.

The initial flexible AutoDock scores in the unminimised protein ranged from -10.80
to ~16.69 kcal/mol, compared to NeuSAc2en at —10.06 kcal/mol (Section 2.3.3.1).
Derivative 28-A scored the highest (6.63kcal/mol higher than NeuSAc2en), and
derivative 28-M scored the lowest (0.74kcal/mol higher than NeuSAc2en). The
derivatives were minimised and re-scored. The interaction energics of cach derivative
of NeuSAc2en were determined by Discover. Using the Molecular Mechanics
Interaction energy parameters, the interaction energy of the ligands were determined
with respect to the protein active site residues. The interaction energies of cach
derivative, with the minimised NDV active site ranged from —148.24 to —206.38

keal/mol. The MMI interaction energy of crystal structure NeuSAc2en with NDV HN
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is ~173.52 kcal/mol. Derivative 28-1 scored the highest (32.86 kcal/mol higher than
Neu5Ac2en) and derivative 28-M scored the lowest (25.28 kcal/mol lower than
NeuSAc2en).

After the minimisation procedure, AutoDock was used solely as a scoring function
(no flexible torsions). In 9 out of the 14 derivatives, the static AutoDock cnergy of each
compound increased after minimisation. The change in the AutoDock energy of
interaction ranged from —7.94 to 3.23 kcal/nol after minimisation. Derivative 28-H
demonstrated the loss of 7.94 kcal/mol, whereas derivative 28-1 showed the greatest
improvement of 3.23 kcal/mol. NecuSAc2en compared with the pre-minimisation
AutoDock score of —10.06 kcal/mol showed a 2.36 kcal/mol increase in the energy of
interaction to —12.42 kcal/mol (Section 2.3.4.1, Table 2.6). The highest scoring
derivative 28-B scores 5.95 kcal/mol better than minimised NeuSAc2en, and the lowest

scoring derivative 28-H scores 5.22 kcal/mol worse than minimised Neu5Ac2en.

The SCORE results ranged on a logarithmic scale from 5.45 with derivative 28-M
to 10.09 with derivative 28-1. The difference in binding affinity between the highest
and lowest scoring derivatives was approximately 43650 times better. The minimised
crystal structure containing NeuSAc2en has a SCORE result of 6.06 (Section
2.3.3.2).The results ranged between approximately 4 times less to approximately 10700

times greater than NeuSAc2en.

Ligplot analyses of the interactions formed by the fourteen derivatives showed that
interactions were similar to those of NeuSAc2en. All three arginine residues from the
triarginyl cluster form hydrogen bonds with the carboxylate group of each derivative
with the exception of derivative 28-K. Tn 28-K the carboxylate group formed hydrogen
bonds with two arginine residucs of triarginyl cluster. Glycerol side chain interactions
were found to vary between each of the designed derivatives and the seed siructure
Neu5Ac2en 5; this could be due fo the flexible nature of the glycerol side chain and the
large size of the glycerol side-chain binding pocket. A minimum of one hydrogen bond
was formed, with most of the derivatives forming two or more. One or more possible
hydrophobic interactions (Ile 175, His 199, and e 192) were present within the C-4
binding pocket of most of the derivatives. These hydrophobic interactions represent the
major difference between the crystal structure bound NeuSAcZen and the desighcd

derivatives.
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2.3.7.2.2 C-4 Oxygen linked derivatives

The preliminary (flexibly docked) AutoDock score for each of the O-linked
derivatives ranged from —11.67 to —17.10 kcal/mol. Derivative 29-A scored the highest,
7.04 keal/mol higher than Neu5Ac2en (—10.06 keal/mol), and derivative 29-J scored the
lowest (1.61 kcal/mol higher than NeuSAc2Zen). The intcraction energies (MMI) of each
of the O-linked derivatives of the Neu5Ac2en template with the minimised NDV active
site ranged from —147.21 to —254.58 kcal/mol. Derivative 29-A scored the highest
(81.06 kcal/mol higher than NeuSAc2en at —173.52 kcal/mol) and derivative 29-L

scored the lowest (26.31 kcal/mol lower than Neu5Ac2en).

After disabling the flexible torsions of the ligands, the static AutoDock encrgy of 4
of the 14 compounds increcased after the minimisation process. The change in the
AutoDock energy score ranged from —6.37 fo 599 kcal/mol after minimisation.
Derivative 29-E demonstrated the loss of 6.37 kcal/mol, whercas derivative 29-J
showed the greatest improvement of 5.99 kcal/mol. Derivative 29-A showed the
greatest increase over the benchmark NeuSAc2en (—12.42 kcal/mol) with an
improvement of 5.37 kcal/mol. Derivative 29-N shows the greatest loss (compared with

NeuS5Ac2en) with an interaction energy 3.39 kcal/mol less than NeuSAcZen.

The SCORE results ranged from 5.36 with derivative 29-A to 9.15 with derivative
29-G; the highest scoring substituent is approximately 6200 times stronger than the
lowest scoring derivative with respect to binding affinity. The results range between
approximately 5 times lower to approximately 1200 times greater than the binding
affinity of NeuSAc2en (pKy 6.06).

Ligplot analyses of the interactions formed by the fourteen derivatives showed that
all three arginine residucs from the triarginy! cluster formed hydrogen bonds with the
carboxylate group of cach derivative. Similarly to the sulfur-linked derivatives,
glycerol side-chain interactions were found to vary between each of the derivatives and
NeuSAc2en. A minimum of one hydrogen bond was formed, with most derivatives
forming two or more. One or more possible hydrophobic interactions (Ile 175, His 199,
and Ile 192) were present within the C-4 binding pocket of most derivatives, with the
exception of derivative 29-C which was found to make no additional interactions from

those formed by NeuSAc2en.
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2.3.7.3 Improved computational examination of Neu5Ac2en template

Upon examination of the modelling protocol and with the availability of new
programs after the initial evaluation was complete, it was decided that the designed
derivatives would undergo re-evaluation. This was to take advantage of
parameterisation that AutoDock was designed to use. As AutoDock was going to be
used to re-evaluate the ligands, it was decided that the conformational search parameters
would be increased to evaluate predicted ligand binding more rigorously. The AMBER
package was sclected to perform the minimisation to take advantage of the gaff

forcefield that is designed to be used with small ligands.

The new modelling protocol used for the scoring of each of the ligands was:

1. Each ligand was flexibly docked using AutoDock to place the ligand in an acceptable
conformation within the protein structure for minimisation. This protocol was updated

to use a higher number of energy evaluations and the Gasteiger charge set for the ligand.

Previous calculations (Section 2.3.7.2) used the CVFF charge set.
2. Each ligand was then minimised using the AMBER 7 package.

3. Following the minimisation process each ligand was statically scored with MM-
PBSA (MMI with the addition of solvation parameters), X-Score (updated SCORE) and
AutoDock (optimised charge set).

2.3.7.3.1 Re-examination of Neu5AcZen

The scoring of Neu5Ac2en against NDV HN was performed once again as new
benchmarks were required for the new modelling protocol. The results obtained for

NeuS5Ac2en are shown in Table 2.10.
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Table 2.10: Scoring results for NecuSAc2en using updated modelling protocol (Section
2.3.7.3).

H OH

HO g © o,
AR
HOp X
_ R =NHAc
C-4-X- AutoDock MM-PBSA AutoDock X-Score
. (Unminimised) (Minimised) {(Minimised) (Minimised) pK;

substituent kcal/mol keal/mol. kcal/mol

Ol —-12.01 -102.50 -6.36 5.12

~10.06" MMI: —173.52 —-12.42 SCORE: 6.06

® Row of new benchmark scores using modelling protocol from Section2.3.7.3, ¥ Row of benchmark scores

from initial modelling protocel (Section 2.3.4.1}.

The flexible unminimised AutoDock score for NeuSAc2en was found to be —12.01
kcal/mol, which is comparable to that found with unminimised score with the first
method (—10.06 kcal/mol, Section 2.3.3.1). The minimiscd static AutoDock score
however varies from the first protocol (Section 2.3.4.1) score by an appreciable amount
(-6.36 vs ~12.42 kcal/mol). The difference between the two scores could possibly be
explained by the use of two different force fields during 3 stages of the sccond
modelling protocol. The first protocol employed the same force field charges
throughout the calculation process, therefore optimising and minimises using the same
charges throughout the process. The second protocol however, optimises and evaluates
different charges during cach step of the calculation process. The MM-PBSA
interaction energy was evaluated to —102.50 kcal/mol. This interaction cnergy
represents both the molecular mechanics interaction energy and also a solvation energy
as calculated by the program APBS. With the solvation energy being a positive
quantity (62.23 kcal/mol), this accounts for most of the difference between the MMI
score of —173.52 kcal/mol and the MM-PBSA scorc of —102.50, However, as both
scoring protocols test different parameters involved in calculating binding encrgics, no
useful comparison can be made between the two calculations. The X-Score score value
was approximately 9 times lower than that found with the first method SCORE (5.12 vs
6.06).

2.3.7.3.2 Revised docking and scoring of C-4 substituted Neu5Ac2en derivatives.

A more thorough examination of the docking and scoring of the NeuSAc2en

derivatives previously described (Section 2.3.7.2) was uscd to refine the initial data
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collected and to determine which molecules were of highest importance for synthesis.
The full protocol can be found in Chapter 5. Briefly, the method consisted of a more
extensive initial search (1,000,000 encrgy cvaluations, previously 250,000 evaluations)
with flexible AutoDock (using Kollman charges for protein and Gasteiger charges for
ligands) of the designed ligands to place each ligand in a suitable position for
minimisation. Minimisation with AMBER using the gaff force field for each ligand
was performed to remove bad contacts and optimise the hydrogen bond network, After
minimisation the ligands were scored with the programs AMBER/APBS (Molecular
Mechanics Interaction and Solvation energies, MM-PBSA), AutoDock (in Static Mode
with Kollman and Gasteiger charges) and X-Score. Ligands were then ranked
according to score and consensus scored. The results for the 28 Neu5Ac2en derivatives
are given in Table 2.11. Energy values and scores were compared to those for
Neu5Ac2en given in Table 2,10,

Table 2.11: Scoring results for Neu5Ac2en derivatives from AutoDock, MM-PBSA
and X-Score.

H, OH H OH

, COy =, CO;
SR G
HOH  sRe HO|  OR?
28 R' = NHAc 29 R = NHAc
R* Substituent C-4 AutoDock MM-PBSA AutoDock X-Score
Link (Unminimised) (Minimised) (Minimised} (Minimised)
kecal/mol keal/mol. kcal/mol pKy
S -14.69 [117° -116.88 [6] -13.74 [8] 6.32 (6]
0 -15.24 [11] -110.79 [3] -13.26 [1] 6.26 [1]
S -15.85[7] -113.69 [8] -14.27 [6] 6.69 [1]
0 -16.71 [2] -108.59 [4] -11.97 [5] 5.94[3]
N S -12.82[14]  -110.44[10]  -12.04[13] 5.60 [13]
c
0O -15.59 9] -82.77 [12] -10.03 [9] 5.3219]

NN S -15.24 [9] 9429[13]  -13.29[10]  5.81[l1]

° 0 -15.73 [8] -106.07[5]  -11.93[6] 5.54 [8]

& NN g 1731 [1] 12462 [4]  -15.86[1] 6.10[9]
E

0 -18.12[1] -88.67[11]  -11.70[7] 4.97 [13]
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R? Substituent C-4 AutoDaock MM-PBSA AutoDack X-Score
Link (Unminimised) (Minimised) (Minimised) (Minimised)
kecal/mol keal/mol. kcal/mol pKa

S -13.96 [12] -124.93 [3] -13.26 [11] 6.18 [8]
5 0] -13.66 [13] -18.67 [14] -12.16 [3] 5.94 [3]

F
E' S -16.05 [5] -96.93 [12] -14.25 [7] 6.29 [7]
0 -16.68 [3] -114.41 2] -9.00 [111 5.72 {6]

G
& S -13.86 [13] -114.19 [7] -11,39 [14] 5.32 [14]
O -13.02 [14] -100.87 [6] -10.50 [8] 5.08 {11]
i S -15.36 [8] -82.50 [14] -12.07 [12] 6.09 [10]
N O -16.36 [4] -94.22 [8] -12.04 [4] 5.89 [4]
S -16.46 [3] -110.46 [9] -15.07 [4] 6.38 [5]
édvv O -15.91 {5] -44,86 [13] -5,92 [13] 5.04 [12]
? N S -17.06 [2] -119.19 [5] -15.75 [2] 6.58 [3]
K 0 -15.90 [6] -90.74 [10] -12.76 [2] 6.19 {2
;\/\/\ S -15.93 6] -98.67 [11] -14.91 [5] 6.43 [4]
0 -15.89 [7] ~118.24 [1] -12.76 [2] 5.80 [5]
/\/LN\ S -16.18 [4] -125.91 2] -15.42 [3] 6.66 [2]
M 0 -15.39[10] -91.32 [9] -8.93 [12] 5.70 (7]
0\/\* 3 -14.75 [10] -128.46 [1] -13.44 [9] 5.80[12]
N 0 -15.18 [12] -95.74 [7] -9.48 [10] 5.15[146]

* Numbers in square brackets indicate scoring rank (Rank is within compound series).
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2.3.7.3.3 (C-4 Sulfur linked derivatives.

The flexible AutoDock scores in the unminimised protein ranged from —12.82 to
~17.31 kcal/mol, compared to NeuSAc2en at —12.01 kcal/mol. Derivative 28-E scored
the highest (5.30 kcal/mol higher than NeuSAc2en), and derivative 28-C scored the
lowest (0.81 kcal/mol higher than NeuSAc2en). The derivatives were minimised and

re-scored,

The interaction energies of each derivative of NeuSAc2en were determined by
MM-PBSA. The interaction energy / solvation energy of the ligands were determined
with respect to the protein active site residues. The interaction energies of each
derivative with the minimised NDV active site ranged from —82.50 to —128.46 kcal/mol,
compared to NeuSAc2en itself with ~102.50 kcal/mol. Derivative 28-N scored the
highest (25.96 kcal/mol higher than NeuSAc2en) and derivative 28-I scored the lowest
(20.00 kcal/mol lower than NeuSAc2en).

The static AutoDock energy of cach compound ranged from —11.39 to —15.86
kecal/mol. Change in AutoDock energy of interaction ranged from 0,70 to 3.29 kcal/mol
after minimisation. Derivative 28-F demonstrated the small increase of 0.70 kcal/mol
where as derivative 28-1 showed the greatest change of 3.29 kcal/mol. For NeuSAc2en,
a 5.65 keal/mol decrease in AutoDock score was seen after minimisation (Table 2.10).
The highest scoring derivative 28-1 scores 9.50 kcal/mol better than minimised
NeuS5Ac2en (—6.36 kcal/mol), and the lowest scoring derivative 28-F scores 5.03

kcal/mol better than minimised NeuSAc2en.

The X-Score results ranged on a logarithmic scale from 5.32 with derivative 28-H
to 6.69 with derivative 12-B. The difference in binding affinity between the highest and
lowest scoring derivatives was approximately 23 times. The results range between
approximately 1.6 times greater to approximately 37 times greater than NeuSAcZen
(pKq45.12).

Ligplot analyses of the interactions formed by the fourteen derivatives were showed
the interactions to be similar to that of Neu5Ac2en. The binding interactions shown are

very similar to those seen with the previous docking protocol (Section 2.3.7.2.1).
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2.3.7.34 C-4 Oxygen linked derivatives

The initial flexible AutoDock score for cach of the O-linked derivatives ranged
from —13.02 to —18.12 kcal/mol, a difference of 5.10 kcal/mol. Derivative 29-E scored
the highest (6.11 kcal/mol higher than NeuSAc2cn), compared to NeuSAc2en at —12.01
keal/mol, and derivative 29-H scored the lowest (1.00 kcal/mol higher than
NeuSAc2en).

The MM-PBSA interaction energies of cach of the O-linked derivatives of the
NeuSAc2en template with the minimised NDV active site ranged from —18.67 to
—118.24 kcal/mol (compared to NeuSAc2en —102.50 keal/mol). Derivative 29-L scored
the highest (15.74 kcal/mol higher than NeuSAc2en) and derivative 29-F scored the
lowest (83.83 kcal/mol lower than NeuSAc2en).

The static AutoDock encrgy of each compound ranged between —5.92 to —13.26
kcal/mol. Change in AutoDock energy of interaction ranged from 1.50 to 9,99 kcal/mol
after minimisation. Derivative 29-A demonstrated the greatest change of 9.99 kcal/mol
where as derivative 29-F showed the least change of 1.50 kcal/mol. The highest scoring
derivative 29-A scores 6.90 kcal/mol better than minimised Neu5Ac2en, and the lowest

scoring derivative 29-F scores 0.44 kcal/mol worse than minimised NeuSAc2en.

The X-Score results ranged from 4.97 with derivative 29-E, to 6.26 with derivative
29-A. The highest scoring substituent is approximately 19.5 times stronger than the
lowest scoring derivative, with respect to binding affinity. The results range between
approximately 0.7 times lower to approximately 1.14 times greater than the binding
affinity of NeuSAc2en (pK; 5.12).

Ligplot analysis of the interactions formed by the fourteen derivatives found that all
three arginine residues from the triarginyl cluster formed hydrogen bonds with the
carboxylate group of half of the derivatives, the exceptions being derivatives 29-A, B,
E, F, J, M, and N which formed interactions with only two of the three arginine
residues. Glycerol side chain intcractions were found to vary between cach of the
derivatives and NeuSAc2en. A minimum of one hydrogen bond was formed, with most
derivatives forming two or more. One or more possible hydrophobic interactions (Ile
175, Tle 192, and Lys 236) arc present within the C-4 binding pocket of most

derivatives.
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Consensus scoring of the designed ligands shows that in most cases the designed
derivatives perform adequately (scoring higher than the parent compound, NeuSAc2en)
in two out of the three scoring functions. Exceptions were the O-linked derivatives 29-
E, H and J which each failed on the X-Score and MM-PBSA scoring functions.
Interestingly each of the corresponding derivatives in the sulfur series 28- E, H and J

performed adeguately,

2.3.8 Comparison of sclected C-4-S- and -O-linked NeuSAc2en

derivatives

Before the comparative analysis of the computational structures is made, it is
necessary to point out that cach of the structures obtained is a single snap-shot of the
potential interactions of each ligand with the NDV HN protein and as such does not
represent the complete binding conformations available to the ligands. To elucidate
such binding, molecular dynamics of each ligand would be required. Molecular
dynamics will allows for both ligand and protein flexibility. This process is however,
very computationally expensive. This said, the structures presented in the following
analysis represent the best (based on binding cnergy) single binding conformation out of

one million conformations analysed (Section 2.3.7.3).

2.3.8.1 Comparison of 4-O- and 4-S-benzyl-NeuSAc2en computational

Structures.

In the two best structures of the 4-0- and 4-S-benzyl substituted NeuSAc2en
derivatives in NDV HN, shown overlayed in Figure 2.26, the benzyl ring of 4-O-benzyl-
NeuSAc2en appears to make better surface contact with the protein than the S-linked
derivative; it lics flat against the protein surface as opposed to having an angular
orientation of the S-linked ligand. Modelling shows the 4-benzyl substituent of both
derivatives in similar areas in the large C-4 pocket. However, due to a shift in the
interaction of the S-linked derivative and to the longer nature of the C-S bond, the flat
alignment of the benzyl substituent of the S-linked derivative is not possible. However,
it can be seen in the comparative data in Table 2.12 that the S-linked derivative in all

scoring functions is predicted to bind better to the HN glycoprotein.
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\
Figure 2.26: Superimposition of the lowest energy structures of 4-0O-benzyl-

NeuSAc2en (green) and 4-S-benzyl-NeuSAc2en (purple) in the minimised active site of
NDV HN.

Table 2.12: Comparative data for 4-S- and 4-O-benzyl-NeuSAc2en.”

MM-PBSA AutoDock X-Score
Compound
keal/mol kecal/mol pKyq
5  NeuSAcZen -102.50 ~6.36 5.12
28-A 4-S-benzyl-Neu5SAc2en -116.88 [1T° —13.74 [1] 6.32 [1}
29-A 4-0-benzyl-Nco5Ac2en -110,79 [2] -13.26 [2] 6.26 [2]

“Numbers in square brackets indicate relative ranking of computational score.

2.3.8.2 Comparison of 4-S- and 4-O-(2-phenyl)benzyl-NeuSAcZen

computational structures.

The comparison of computational structures of both lowest energy structures 4-0-
and 4-S-(2-phenyl)benzyl NeuSAc2en in NDV HN, is seen overlayed in Figure 2.27.
Figure 2.27 shows that the o phenyl rings of both structures are positioned in the same
arca of the C-4 pocket, however the B phenyl rings are positioned perpendicular to one
another. In the O-linked structure, the § phenyl ring is pointing out of the active site
allowing the o phenyl ring to adopt a conformation that is similar to that seen in the
4-0-benzyl NeuSAc2en structure (Figure 2.26). The B phenyl ring in the S-linked
structure however is seen to point towards the C-5 binding pocket. Given the different
positions and therefore different interactions of the biphenyl system, in patticular the
oricntation of the B phenyl ring; of the two structures is it is to be expected that the
thioether linked derivative would score better in all scoring functions and indecd this is

the case. The comparative computational scoring data can be seen in Table 2.13.
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Figure 2.27: Superimposition of the lowest energy structures of 4-0-(2-phenyl)benzyl-
NeuSAc2en (green) and 4-S-(2-phenyl)benzyl-Neu5Ac2en (purple) in the minimised active site
of NDV HN.

Table 2.13: Comparative data for 4-S- and 4-O-(2-phenyl)benzyl-NeuSAc2en.”

MM-PBSA AutoDock X-Score

Compound

kcal/mol kcal/mol pKq
5  NeuSAcZen -102.50 —6.36 5.12
28-B 4-S-(2-phenyl)benzyl-NeuSAcZen -113.69[1]* —~14.27[1] 6.69 1]
29-B 4-0-(2-phenylbenzyl-NeuSAc2en -108.59[2] -11.97[2] 5.94 2]

* Numbers in square brackets indicate relative ranking of computational score.

2.3.8.3 Comparison of 4-S- and 4-O-ethyl-NeuSAc2en computational

Structures.

The superimposition of the lowest energy complexes of 4-0-cthyl-NeuSAc2en and
4.5-ethyl-Neu5Ac2en is shown in Figure 2.28.  In silico, the S-linked derivative is
predicted to bind most favourably, with this trend being seen in all scoring functions
(Table 2.14). There is a substantial difference in the positioning of the C-5 acetamido
group of the O-linked derivative. This is usually an important interaction in Neu5Ac-
based ligands binding to neuraminidases.*® > The C-5 pocket in NDV HN is large,
which would allow for the acetamido group to move, but may cause a reduction in

overall interaction energy of the 4-O-ethyl derivative.
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Figure 2,28: Superimposition of the lowest energy structures of 4-O-cthyl-NeuSAc2en
(green) and 4-S-ethyl-Neu5Ac2en (purple) in the minimised active site of NDV HN,

Table 2.14: Comparative data for 4-S- and 4-O-ethyl-NeuSAc2en.”

MM-PBSA AutoDock X-Score
Compound
keal/mol keal/mol pKy
5  NeuSAcZen -102.50 —6.36 5.12
28-C 4-S-ethyl-NeuSAcZen -110.44 [1}° —12.04 [1] 5.60[1]
29-C 4-O-cthyl-NeuSAc2en —82.77 [2] -10.03 [2] 5.32 (2]

2 Numbers in square brackets indicate relative ranking of computational score.

2.3.8.4 Comparison of 4-S- and 4-O-hexyl-Neu5SAc2en computational

Structures.

The superimposition of the lowest energy complexes of 4-O-hexyl-NeuSAc2en and
4-S-hexyl-Neu5Ac2en can be seen in Figure 2.29. In silico, the S-linked derivative is
predicted to bind more favourably than the O-linked derivative in two out of the three
scoring functions, with the exception being MM-PBSA (Table 2.15). The difference in
the interaction encrgy seen between 4-0- and 4-S-linked hexyl NeuSAc2en may be due
to slightly different binding especially in the positioning of the C-5 acetamido group, as
discussed above in Section 2.3.8.3. The S-hexyl derivative may be able to bind in a
mote favourable conformation and therefore have more favourable interaction cnergy

than the analogous O-linked derivative.
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Figure 2.29: Superimposition of the lowest energy structure of 4-O-hexyl-NeuSAc2en
(green) and 4-S-hexyl-Neu5Ac2en (purple) in the minimised active site of NDV HN.

Table 2.15: Comparative data for 4-S- and 4-O-hexyl-Neu5Ac2en.”

MM-PBSA AutoDock X-Score
Compound
kecal/mol kecal/mol PK4
5  NeuSAc2en —102.50 —6.36 5.12
28-D 4-5-hexyl-NeuSAc2en —04.29 [2]° —13.29 (1] 581 [1]
29-D 4-O-hexyl-NeuSAc2en —106.07 [1] —11.93 [2] 5.54 [2]

®Numbers in square brackets indicate relative ranking of computational score.

2.3.8.5 Comparison of 4-S- and 4-O-decyl-Neu3SAcZen computational

structures.

The superimposition of the lowest energy complexes of 4-0O-decyl-NeuSAc2en and
4-S-decyl-NeuSAc2en can be seen in Figure 2.30. In silico, the S-linked derivative is
predicted to bind most favourably by consensus scoring as seen in Table 2.16. In the
O-linked structure the decyl side chain is oriented over the main ring toward the
glycerol side-chain binding pocket. The S-linked structure orients the decyl side-chain
out of the active site, where it may pick up additional interactions, external to the active
site, with the protein. The C-5 acetamido group is also noted to be oriented differently
between the two derivatives as seen with other O—alkylated derivatives, These

differences may account for the lower cnergy of interaction of the 4-0-decyl derivative.
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Figure 2.30: Superimposition of the lowest energy structure of 4-0-decyl-NeuSAc2en (green)
and 4-S-decyl-NeuSAc2en (purple) in the minimised active site of NDV HN.

Table 2,16; Comparative data for 4-S- and 4-O-decyl-Neu5Ac2en.”

MM-PBSA AutoDock X-Score
Compound
kealhnol keal/mol pK4
5 NeuSAcZen -102.50 —6.36 5.12
28-E 4-S-decyl-NeuSAc2Zen —124.62 [1]* —15.86 [1] 6.10[1]
29-E 4-0-decyl-NeuSAcZen —88.67 [2] —11,70[2] 4,97 [2]

Numbers in square brackets indicate rclative ranking of computational score.

2.3.9 Scoring and docking results of templates other than Neu5Ac2en.

The first alternative template trialled was based on the Oseltamivir™ structure as
designed by Gilead Sciences.® This template 30/31 the glycerol side chain of 5 is
replaced with a hydrophobic 3-pentyl group and the ring oxygen of 5 is replaced with a
methylene group. Using a carbocyclic structure also allowed re-positioning of the
endocyclic double bond to more closely match the putative transition statc of sialoside
hydrolysis.®* This template was used to examine whether a hydrophobic side-chain
gives better binding than a glycerol side-chain, and also to examine whether the

carbocycle is better than the carbohydrate ring structure of NeuSAc2en 5.

Dy

AcHN
S/OR2

30/31 Gilead Template
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The benzoic acid template 32/33 was chosen based on a template that was designed
for inhibition of influenza virus sialidase, but was found to be highly specific for
influenza A over B.”® The benzoic acid structure is a rigid aromatic ring and also has a

hydrophobic side-chain instead of the__glyc_"éi'ol: side-chain of NeuSAc2en. This template

was used to test whether a rigid ring str_uc_tlifa:_ such as the benzene ring will give

derivatives that bind well with the flexible act’ive_sft:e of NDV HN.

32/33 Benzoic Acid Template
The third template chosen was the uronic acid template 34/35.' This template
replaces the glycerol side chain of NeuSAc2en with an O-linked hydrophobic 3-pentyl
group. Therefore, this template was used to examine whether the O-linked hydrophobic

side-chain is better than a glycerol side-chain.

\j\ow c0,

AcHN
S/OR?
34/35 Uronic Acid Template

The fourth template chosen was the BCX-1812 template 36/37 as designed by
BioCryst.79 BCX-1812 was designed for the treatment of influenza. The structure of
BCX-1812 is a cyclopentyl ring with a hydrophobic side-chain to mimic Oseltamivir™,
and the carboxylic acid, and acetamido functionalisation to mimic the structure of
NeuS5Ac2en.  This template was used to test whether a cyclopentyl ring with

functionalisation could create derivatives that bind well with the active site of NDV HN,

36/37 BCX-1812 Template

The fifth of the templates trialled was the furanose template 38/39.'*! This template
was trialled due to its five membered ring and also for its alternate placement of the

acetamido group. This template should give further information on whether a five or
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six membered ring is optimal for the placement of functionalisation within the active-

site of NDV HN.

38/39 Furanose Template
R! = NHAc

The substituents A-N (Figure 2.24) were attached by a thioether or ether linkage to
each of the five new templates S- & O-Gilead template 30/31, S- & O-benzoic acid
template 32/33, §- & O- uronic acid template 34/35, S- & O- BCX-1812 templatc 36/37,
and §- & O-furanose template 38/39. Each of the compounds was built using InsightIl.
The compounds were then docked and scored using the second modelling protocol
outlined in Section 2.3.7.3. Pertinent data concerning the discussion of these templates
will be presented in main text (for comparative discussion of NeuSAc2en-bascd

derivatives) with all other docking and scoring data to be found in Appendix B.

Scoring data for all templates is given in Table 2.17 with the energy values given as
a range for substituents A-N on each template. Computationally, no significant
difference could be seen in the energy ranges obtained for cach of the templates using
each of the scoring programs, as seen in Table 2.17. These results however do not
accurately assess the affect of each templates rigidity or flexibility. This is due to each
compounds being treated as a static entity for three quarters of the protocol. If the affect
of changing templates to have more rigidity or more flexibility is to be more accurately
assessed, molecular dynamics with the averaging of energies obtained would have to be
employed, Molecular dynamics simulations however, are computationally expensive
given that the calculations would have to be performed on 168 compounds. This said,
the results shown in Table 2.17 do show at least one important fact, that each of the
templates does in fact successfully dock, minimise and scorc in the active site of NDV
HN. This would suggest that the active site of NDV HN is large enough that the effect
of cach template is minimised. This could be due to the fact that cach template could
search the active site for a viable docking conformation, while still making the
important active site residue interactions. The fact that each of the templates docked
and scored, would suggest that any of the five templates is a viable alternative to the
NeuSAc2en template. The predicted activity of each template was at least comparable

to the computational activity of NeuSAcZen. However, with the chemistry of
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NeuSAc2en well established in the literature, it was decided that the NeuSAc2en

template was the most desirable template to pursue.

Table 2.17: Energetic range of computational data (Autodock, MM-PBSA, X-Score)

for all template derivatives,®

Flexible AutoDock (keal/mol) MM-PBSA (kcal/mol)
Sulfor-Linked Energy Range Sultur-Linked Energy Range
NeuSAc2en 28 —12.82 to —17.31 Neu5Ac2en 28 —82.50 to —128.46
Gilead 30 —13.39 t0 —16.60 Gilead 30 ~81.09 to —110.22
Benzoic Acid 32 —12.59 t0 —16.91 Benzoic Acid 32 ~78.19 to —108.47
Uronic Acid 34 —12.98 to —16.53 Uronic Acid 34 —-69.6110-112.87
BCX-1812 36 —10.83 to —16.06 BCX-1812 36 ~79.13t0 —119.24
Furanose 38 —12.72 t0o —16.80 Furanosec 38 -100.27 t0 —137.93
Oxygen-Linked Energy Range Oxygen-Linked Energy Range
NeuS5Ac2en 29 —13.02 to —18.12 NeuSAc2en 29 —18.67 to—118.24
Gilead 31 —11.44 to —~17.08 Gilead 31 —~80.00 t0 —112.28
Benzoic Acid 33 —12.18 t0 —16.71 Benzoic Acid 33 ~73.52 to —104.87
Uronic Acid 35 —~12.56 to —16.56 Uronic Acid 35 ~73.27 to —107.19
BCX-1812 37 —10.47 t0 —15.53 BCX-181237 --88.66 to —190.38
Furanose 39 —10.65 to —15.68 Furanose 39 —90.54 to —137.81
Static AutoDock (keal/mol) X-Score (pKy)
Sulfur-Linked Energy Range Sulfur-Linked Energy Range
Neu5Ac2en 28 —-11.39 t0 —15.86 Neu5Ac2en 28 532 t06.69
Gilead 30 —12.53 to —-15.46 Gilead 30 5.75t07.26
Benzoic Acid 32 —11.73 to —15.64 Benzoic Acid 32 6.13t07.74
Uronic Acid 34 —12.48 0 —16.40 Uronic Acid 34 57910 7.54
BCX-181236 -10.28 t0 —15.78 BCX-1812 36 5.36 10 6.62
Furanose 38 -9.65 to —16.06 Furanose 38 4,88 to 6.68
Oxygen-Linked Energy Range Oxygen-Linked Energy Range
NcuSAcZen 29 -592t0-13.26 Neu5Ac2en 29 4,97 to0 6.26
Gilead 31 ~11.52 t0 —15.93 Gilead 31 574t07.22
Benzoic Acid 33 -11.63 t0—15.94 Benzoic Acid 33 5.91 to 7.66
Uronic Acid 35 —12.04 10 —-16.11 Uronic Acid 35 5.61t07.38
BCX-1812 37 ~9.65to —14.62 BCX-1812 37 5.43 to 7.00
Furanose 39 —9.88 to —15.36 Furanose 39 5.12t06.91

* Fach template energy range is presented as the energy range between the lowest to highest docked

energy / binding score for all derivatives A-N of that particular template.

® Full data for each derivative can be seen in Appendix B.

2.3.10 Docking and scoring of miscellaneous compounds

After the establishment of the designed compounds, it was of interest to examine
whether any new templates could be discovered. It was also of interest to examine other
NeuSAc2Zen derivatives with additional modifications to study whether they pick up

additional favourable contacts with the active sitc of NDV HN. The scoring results in
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Sections 2.3.10.1 and 2.3.10.2 have been calculated using the initial protocol presented

in Section 2.3.4.1

2.3.10.1 Modified C-4-O-Linked substituted Neu5Ac2en derivatives.

Both the 4-O-benzyl 29-A and 4-0-(2-phenyl)ethyl 29-G NeuSAc2en derivatives
were substituted (as suggested from the GRID study, Section 2.3.2.6) at cither C-9 (O-
benzyl) or C-8 (amino group) as shown in Figure 2.31. Flexible AutoDock resulis for
cach of the derivatives in Figure 2.31in the unminimised active site if NDV HN are
shown in Table 2.18 (29- O, P and Q) and Table 2.19 (29- R, S and T) respectively.

e CO, 13 CcOo;
Raow 2 HOW 2
SR SR
HOR  One HO | OR?
20-0 R = NHAc, R =H, R®*=Bn 29-R R! = NHAc, R? = H, R® = NH,

29-P R! = NHAg, A2 = CHo(CgHs), R® = Bn 29-8 R = NHAc, R? = CH,(CgHs), R® = NH,
29-Q R' = NHAc, B2 = CHoCHo(CgHs), R® =Bn  29-T R = NHAe, R? = CH,CHy(CgHs), R® = NHy
Figure 2.31: Structures of C-8 or C-9-modified C-4-ether linked NeuSAc2Zen

derivatives.

Table 2.18 shows the docking and scoring results for the C-9 modification to
NeuSAc2en and to C-4-ether linked derivatives 29-A and 29-G. The 9-O-benzyl
derivative of NeuSAc2en 29-0 scored 5.95 kcal/mol greater than NeuSAc2en, this is
slightly less than the 4-O-benzyl derivative 29-A at —17.10 kcal/mol (7.04 kcal/mol
increase from NeuSAc2en). The 4,9-di-0-Bn derivative 29-P scored 4.39 kcal/mol
greater than 4-O-benzyl-NeuSAc2en derivative 29-A, the total increase over
NeuSAc2Zen is 11.43 kcal/mol. The 4-O~beﬁzy1n9~O-(2—phenyl)ethyl derivative 29-Q
scored 8.61 kcal/mol greater than 4-0-(2-phenyl)ethyl-NeuSAc2en derivative 29-G, and
10.33 kcal/mol greater than NeuSAcZen. | |
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Table 2.18: Docking and scoring results for C-4 modified 9-O-benyl-NeuSAc2Zen
derivatives, 29-0, P, and Q.

H OH cos
Hao\w 2
§G
HO | ORe

29-0, P, and Q R! = NHAc

R* R’ AutoDock * (Unminimised)
keal/mol
29-0 H benzyl -16.01 [3]
29-p benzyl benzyl -21.49 [1]
29-Q (2-phenyl)ethyl benzyl -20.39 [2]

* Without C-9 modification for reference 4-0O-benzyl derivative 29-A scored at —17.10 kcal/mol and 4-0-

(2-phenyl)ethyl derivative 29-G scored at —11.78 kcal/mol (AutoDock score). NeuSAc2en 5 scored at
-10.06 keal/mol.

The docked orientation of 4,9-di-O-benzyl-NeuSAc2en 29-P can be seen in Figure
2.32. The carboxylate group is secen to make the expected interactions with the
triarginyl cluster. Also seen in Figure 2.32 is the expected hydrophobic interaction of
the C-5 acetamido methyl group with Tyr 299. The C-9 benzyl modification was
designed to make interactions with Phe 364 located inside and at the end of the glycerol
side-chain binding pocket. It is however observed forming an interaction with the

outside the glycerol side-chain binding pocket.

Figure 2.32: AutoDock orientation of 4,9-di-O-benzyl-NeuSAc2Zen 29-P.

Table 2.19 shows the docking and scoring results of the C-8 modification to
Neu5Ac2en and to C-4-ether linked derivatives 29-A and 29-G. It can be seen that the
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energy of interaction of the C-8 amino-8-deoxy derivative 29-R was not significantly
different to that of NeuSAc2en (the energy is 2.78 kcal/mol greater than NeuSAc2en).
The increase in the energy of interaction seen in the AutoDock score ranged between
0.94 kcal/mol with the 8-amino-4-O-benzyl-8-deoxy dcrivative 29-A (total increase
over NeuSAc2en of 7.98 kcai_/m'él)____and 6.75 kcal/mol with the 8-amino-8-deoxy-4-0-
(2-phenylethyl derivative 29.-'1‘ (total increase over NeuSAc2en of 8.47 kecal/mol).

Table 2.19: Docking and scoring results for C-4 modified 8-amino-8-deoxy-
NeuSAc2en derivatives, 29- R, S, and T.

H & -

£ 0 CO,
HOW

Hd\H OR2

29-R R! = NHAc, R? = H, R® = NH,
29-§ R! = NHAGc, R? = CHy(CgHs), R® = NH,
29-T R' = NHAc, R? = CHyCH(CgHs), R® = NHa

R* R AutoDock ® (Unminimised)
keal/mol
29-R H NH, 12,84 3]
29-8 benzyl NH, -18.04 [2]
29-T (2-phenyl)ethyl NH, -18.53 1]

* Without C-9 modification for reference 4-O-benzyl derivative 29-A scored at —17.10 kcal/mot and 4-O-
(2-phenyDethyl derivative 29-G scored at —11.78 keal/mol (AutoDock score). NeuSAcZen 5 scored at
-10.06 keal/mol.

Figure 2.33 shows the AutoDock orientation of 8-amino-4-O-benzyl-8-deoxy-
Neu5Ac2en, 29-S. The interactions that the derivative was seen to make are similar to
those of 4-O-benzyl-Neu5Ac2en 29-A, with the carboxylate group making a strong
interaction with the triarginyl cluster and the benzyl ring and the C-5 acetamido group
making hydrophobic interactions in the C-4 and C-5 binding pockets respectively. The
8-amino functionality was seen to pick-up analogous interactions to those by the C-8
hydroxyl group of NeuSAc2en. The lack of significantly improved energies and
interactions coupled with the extra synthetic steps required to synthesise the C-8 amino

derivatives, makes this modification of low priority for synthesis.
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Figure 2.33: AutoDock orientation of 8-amino-4-0O-benzyl-8-deoxy-Neu5SAc2en 29-S.

2.3.10.2 Neu5Gc2en and 5-glycolylamino derivative of 4-S-benzyl
NeuSAc2en

Neu5Gc2en was selected to examine if a simple modification of NeuSAc2en at the
C-5 position would confer an increase in the interactions of derivatives. The initial
modelling protocol (Section 2.3.4.1) was used to characterise the interactions of
Neu5Ge2en. Flexible AutoDock of Neu5Gce2en, 40, in NDV HN vyielded an energy of
interaction of —13.36 kcal/mol; this is 3.30 kcal/mol better than NeuSAc2en (—10.06
kecal/mol). The structure was minimised and re-scored. The static AutoDock score for
40 was —2.87kcal/mol (7.19 worse than Neu5Ac2en), Examination of the minimised
conformation showed that the triarginyl cluster interactions had been diminished by the
minimisation process and this is reflected in the static AutoDock score. The SCORE
result for 40 was 6.62 (0.56 better or 3.6 times better than NeuSAc2en) showing that the
modification of the acetamido group of NeuSAc2en to a glycolyl group (NHC(=0)CH;
to NHC(=0)CH,0OH) should increase binding affinity. This is also shown by the
Discover MMI binding energy of —193.64 kcal/mol, or 20.12 kcal/mol better than
NeuSAc2en. Ligplot analysis showed a change i glycerol side-chain interactions
between NeuSAc2en and Neu5Gce2en 40 and an additional hydrogen bond by the C-5
glycolylamino group.

H OH

=, O Helen
HO
W

HO B HO
40 R = NHG(=0)CH,OH
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The results of the scoring of Neu5Gce2en suggested that the addition of the
5-NHglycolyl group to C-4 modificd Neu5SAc2en derivatives may causc an increase in
favourable interactions. Therefore, the 5-glycolylamino derivative of 4-S-benzyl
NeuSAc2en 41, was docked into NDV HN using the initial flexible AutoDock
(unminimised, Section 2.3.4.1) protocol to cxamine whether an increase in docked

energy would occur.

H, OH co-
HOL _~ o/ 2
\\\*Ft
HOQ g

41 R = NHC(=0)CH,OH

Flexible AutoDock of 4-S-benzyl-Neu5Ac2en, 28-A, in NDV HN yielded an
energy of interaction of —16.69 kcal/mol; this is 6.63 kcal/mol better than Neu5Ac2en
(—10.06 kcal/mol). The flexible AutoDock score for 4-S-benzyl-Neu5Ge2en derivative,
41, yielded an energy of interaction of —16.66 kcal/mol; this was 6.60 kcal/mol better
than NeuSAc2en, The difference in the interaction energies of 28-A and 41was 0.03
kecal/mol. It can be seen from the AutoDock scores obtained for both molecules that the
substitution of a glycolylamino group for the C-5 acetamido group had no impact on the
energy of interaction with NDV HN. Given the extra steps required to synthesise the

glycolylamino derivative, this was not considered a target for this work.

2.3.11 The development of potential new templates

Two new templates shown in Figure 2.34 were designed in which functionality was
minimised. The first template 42 included only the carboxylate group with an S-linked

phenyl group positioned at a distance mimicking a C-4 substituent on a sialic acid.
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Figure 2.34: Structures of potential new alkyl and benzoic acid templates.

The second template 43 was based on a benzoic acid core structure. This structure
was used to try to reduce the flexibility of the first template 42. The more torsions that
freeze upon binding can offset the free energy generated upon binding. This template

also had the removal of the glycerol and acetamido side-chains.

Templates 42 and 43 were built using Insightll and the interaction energies of
templates 42 and 43 were calculated using the initial AutoDock protocol from Section
2.3.4.1. The energies of the docked ten calculated poses obtained for the alkyl template
42 ranged from —10.39 kcal/mol to —8.82 kecal/mol, 0.33 kcal/mol better to —1.24
keal/mol worse than NeuSAc2en (—10.06 keal/mol). Two distinct docked poses were
generated upon binding, with the top scored structure bound with the benzyl group
making interactions in the glycerol side-chain binding-pocket. Figure 2.35 shows the
pose in which the benzyl group is bound in the C-4 pocket. This pose was the third
ranked structure with a binding energy of -9.76 kcal/mol, onlty 0.3 kcal/mol worse than
Neu5Ac2en. This template shows that it is possible to bind with a similar energy of
interaction with a much smaller and significantly simplified compound than

NeuSAc2en.
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Figure 2.35: AutoDock result for the alkyl template 42.

The 10 docked poses for the benzoic acid template 43 in NDV HN ranged from
—11.67 kcal/mol to —10.26 kcal/mol (1.61 kcal/mol to 0.2 kcal/mol better than
Neu5Ac2en). Two conformations were generated upon binding. Once again, the top
scored structure bound with the benzyl group in the glycerol side-chain binding-pocket,
Figure 2.36 shows the pose with the benzyl group bound in the C-4 pocket; this
conformation was the fourth ranked structure with a binding energy of —10.51 kcal/mol,
0.45 keal/mol better than NeuSAc2en. It can be seen from the results between the alkyl
42 and benzoic acid 43 templates, that the rigidity of the latter template 43 is preferable
to the flexible template 42.

Figure 2.36: AutoDock result for benzoic acid template 43.

2.3.11.1 LigBuilder design of alternative templates.

97 was used to

In a further search for alternative template structures, LigBuilder
develop structures using both the Grow and Link strategies. The scven seed structures
used, the type of calculation and the points of modification on the seed structures are
shown in Figure 2.37. Three types of seed structures were chosen. For calculations 1,
4, and 5, an S-alkylated thiopheny! fragment was used which in essence represented the

atoms off C-4 with an attached thiophenyl group. Calculation 2 used the Link program
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with the key substituents of the NeuSAc2en pylanose ung the carboxylate, acetamido
group and the giycerol side-chain. Calcuianons 3 6 and 7 used a 2-thiophenyl

substituted benzoic acids template as the seed thxs was based on the previously

investigated benzoic acid template 43 (Section 2:3 11

*

QH Hk =O
[}
O’I H*
S

1. Grow

Hk
iH Hk

L
S
4, Grow 5, Grow B. Grow 7. Grow

Figure 2.37: The 7 seed structures that were used in LigBuilder.”” H* is the point of

modification.

The first three calculations used the defaﬁit”".ﬁ'agment library available with
LigBuilder. Most structurcs developed for the filSt calculatlon were highly conjugated
aromatic systems. The second calculation, 1nvolvmg a linking procedure, did not
connect all available fragments of the seed stluctmcs The third calculation was
performed to investigate possible improvements to__ -t_.h_e previously docked benzoic acid
template 43 (Section 2.3.11). Both cénjugated aromaﬁc rings and hydrogen-bond donor

groups were placed at the C-5 position.

Calculations 4-7 use a modified fragment library, library includes B-D-glucose,
p-D-galactose, P-D-fructose, glycerol, NeuSAc2en, NeuSAc, and benzoic acid,
Therefore, the previous calculations involving seed sfructures [ to 3 were repeated to
investigate whether selection of the new fragments in the calculations would occur, as
either new core structures or modifications. It was found that none of the added-
carbohydrate fragments available for incorporation into the growing template were

used, which may be duc to the fact that carbohydrate fragments adversely affect the
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calculation of Lipinski’s “rule of 5” parameters taken into account by LigBuilder. The
seventh calculation used a modified benzoic acid template in which the substituent
phenyl ring was extended to a benzyl group. With the modified fragment library and the
guanidinium and amidinium fragments enabled, it was found that the guanidinium
fragment was placed on the position of the benzoic acid (C-5) analogous fo the C-6
position of NecuSAc2en. This finding led to the next template to be analysed using

AutoDock. The structure of which can be seen in Figure 2.38.

44

Figure 2.38: The structure of 3-thiobenzyl-5-guanidino-benzoic acid 44.

Figure 2.39: Docked conformation of the 3-thiobenzyl-5-guanidino-benzoic acid

templatc 44.

The docked poses for the 3-thiobenzyl-5-guanidino-benzoic acid template 44
ranged from —13.75 kcal/mol to —12.32 keal/mol (3.69 kecal/mol to 2.26 kcal/mol better
than NeuSAc2en). As seen before, two alternative poses were generated upon binding,
of which the top structure had the benzyl group bound in the glycerol side-chain binding
pocket. This pose could be caused by the presence of Phe 364 in the glycerol side-chain

pocket. Figure 2.39 shows the pose of 44 bound with the benzyl ring in the C-4 pocket.
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This conformation was the second ranked structurc with a binding energy of —13.16

kcal/mol, 3.1 kcal/inol better than NeuSAc2en.

2.3.11.2 Di-substituted benzoic acid template

Following the observation of the second binding conformation of the alkyl 42 and
benzoic acid templates 43; in which the phenyl substituent is positioned in the glycerol
side chain binding pocket (Section 2,3.11), another template was created. The template
structure developed was a di-substituted benzoic acid in which the substituent benzyl

groups at C-3 and C-5 could be either § or O linked.

45 X =5
46 X =0

Figure 2.40: Structure of th_e 3,S—di—substitutqd_-bzqnzq_ic -_a:c_i_d t_emplate.

Structures 45 and 46 Weie docked into NDV HN and scored using the initial

tlal flexible unminimised

modelling protocol dzscussed in Section 2.3.4.1. T _
AutoDock score for the S-linked template 45 scores shghtly highei (—16.82 kcal/mol vs
—16.30 kcal/mol) than the O-linked template 46. Both templates ar¢ better than
NeuSAcZen (-10.06). The docked conformations of bb
benzyl group bound in the glyceml side-chain binding pocket with the other bound in

derivatives showed one

the C-5 binding pocket. The interaction of note formg:g___iin the glycerol side-chain
binding pocket is with Phe 364; this residuc was found i1.1..the previous GRID” study
(Section 2.3.2.6) to give a hydrophobic character to the fail of the glycerol side-chain
binding pocket. The interaction in the C-5 binding pocket is with Tyr 317, which is
found to make interactions with the C-5 acetamido group of NeuSAc2Zen. After
minimisation, the interaction energies of the S-linked template 45, was slightly higher
(-174.40kcal/mol) than NeuSAc2en (-173.52 kcal/mol), whereas the O-linked template
46 was slightly lower (-172.39 kcal/mol) than NeuSAc2en. In both the static AutoDock
and SCORE scores the S-linked template 45 performs better (—16.74 kcal/mol and 8.04
respectively) than both NeuSAc2en (-12.42 kcal/mol and 6.06 respectively). The
O-linked template 46 (—15.93 kcal/mol and 5.42 respectively) scores betier than
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NeuSAc2en in the static AutoDock scoring calculation and scores poorer in the SCORE
calculation. In all scores the S-linked template scores better than the O-linked template,
This may be due to the longer C-S bond lengths in template 45 which may allow
slightly more flexibility to attain an optimal orientation within the active site of NDV
HN.

Table 2.20: Scoring results of the di-substituted benzoic acid templates 45 and 46 with
NDV HN.

3,5-X- Flexible MMI Static SCORE

substituent AutoDock  (kcal/mol) AutoDock (pKy)
(kcal/mol) (kcal/mol)

545 ~16.82  —174.40 ~16.74 8.04

“046 1630 17239 15.93 542

The main areas of interaction of the 3,5-di-thiobenzyl benzoic acid teiﬁﬁlate_ 45 are

indicated in Figurc 2.41. In thc AutoDock rcsults, the dark blue area indicates the

364 in the glycerol side-chain binding pocket. Also shown in Figure 2.41 are the
at one area of bad

SCORE results of the doéked conformation of 45. It can be_'__:cé _
th most of the C-3

interaction (1'f,jd) is _fo_und. on the 5-thiobenzyl CH; carbon atom,

and C-5 benzyl rings forming good and neutral interactions with th"éx:]ﬁ'rotéin.

Figure 2.41: AutoDock (left) and SCORE (right) results for 3,5-di-thiobenzyl benzoic
acid template 45.
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The main areas of interaction of the 3,5-di-benzyloxy benzoic acid template 46 are
indicated in Figure 2.42. In the AutoDock results, the dark blue area indicates the
triarginyl cluster, the purple area indicates Tyr 317 in the C-5 binding pocket, and the
dark red area indicates Phe 364 in the glycerol side-chain binding pocket. Also shown
in Figure 2.42 are the SCORE results of the docked conformation, it can be seen that
two areas of bad interactions are found on the molecule. These interactions may be an
artefact due to the docked orientation of the molecule; it can be seen in the docked
structure that the benzoic acid ring docked close to vertical in the active site of NDV
HN. This orientation will increase the likelihood of a “bump™ (too close to the protein

surface) with the protein,

Figure 2.42: AutoDock (left) and SCORE (right) results for .'3,5:(:1?]15_6112)’10}()/ benzoic
acid fémplate 46. i

This study demonstrates that a simply derivitised benzoic acid could potentially
interact with NDV HN better than NeuSAc2en. The S-linkage seems to be more
¢ longer C-S bond

favourable in these benzoic ‘acid derivatives, this may be due to t

length. However, for fnm conclusions to be made this study would have to be

expanded and revised to usc the refined modelling protocol ouﬂmedm Section 2.3.7.3.

2.3.11.3  Final thoughts on the development of potential new templates

However good the templates developed may score against NDV HN, it has been
noted in the literature that modification of the glycerol side-chain interactions made by

Neu5Ac2en leads to a ligand that does not bind as well to hPTV HN. This can be seen
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in the work of Suzuki et al p? where C-4 modified NeuSAc2en derivatives and their
corresponding C—4 _a11d_C-9.m0diﬁed. derivatives were evaluated as inhibitors of hPIV-1.
The dual C-4/C-9 derivatives are found be much less cffective in inhibiting the sialidase
activity _df hPIV—l HN::_than their singiy C-4 inodiﬂed_ cofnﬁeuparts.83 This study would
suggeét'that the 'm'odiﬁcatio:h of the C-9 position Woﬁld result in a ligand that would

have less affinity for hPTV HN.

2.4 Homology Modelling ‘

In the present study towards the computational development of inhibitors of hPIV
HN no _cxj/stal structure of hPIV HN was available, : This necessitated the use of the
crystal structure of the structurally and functionally related NDV HN for the
developfnent-Qf.'.i_r._lhibitors.: 'It'wag of interest however, to sce Whether a homology

model of hPIV HN could be constructed.

The first step in the homology .modelling process was to generate the sequence
alignments of NDV HN and the HN’s from hPIV-1, 2 and 3. The alignments were
generated by Clustal W, (Int_c—:_ljﬁet based program),lz_z_with the sequences obtained from
the SWISSPROT database [accession codes: Q9Q2WS5 —~ NDV HN orystal structure
sequence; P16071 (HEMA_PITHW) — hPIV-1 HN; P25465 (HEMA_PI2H) — hPIV-2
HN; P12561 (HEMA_PI3HA) — hPIV-3 HN]. Alignments were generated in two
formats: alignment with numbers for sequence analysis (Figure 2.43), and alignment in
a format suitable for the program Modeller. Analysis of key active site tesidues® from
NDV HN showed that these residucs were conserved across the alignments of hPIV-1,
2, and 3 HN’s, as"indicated _by boxed residues (NDV HN numbering) in Figure 2.43. If
additional s_tfiic_tﬁre‘s of HN were present during the ini.tial alignment phase, the resulting
model quality would be improved, as the quality of the homology model obtained is
directly related to the quaﬁty of the alignment. However, only {_he crystal structure of
NDV HN (1ES8T, 1E8U and 1E8V — with the same sequence) was available at the time
of homology model creation, the models obtained are biased by the use of the crystal

structure of NDV HN,
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HEMA_PTIHW MABKGHKTINSSYWSTTANDNSTVHTY IDTPAGKTHIMLLIATTHHT I LEF IS MILCIDLI ) 60
HEMA_PI3HA HMEYWSHTINHGHDACNELGTSMATHGNE ETNKITY LW T LI LVLELSIIFLEIVEINSIKSEX 60
Qo2 e HORAYSOVALENDERBAKNTHRLEFREATLLLTYVTLATSVASLYYS) 48
HEMA_PIZ2ZH @ ———mmmmee MEDYSHLSLKS———LPKRTCREIFPRTATILGICTLIVLCSSIEHELL 44
HEMA PI1HW RODTCHHETN I MTVSSMNESAXTIKETITRL Y OBV ISHTINIQSSVOSGIPELLNEQSHD 120
HEMA_PI3HA RHESLLODYNNEFMEVTER IQMASDHINDELQSGYNTRLET IQSHYONY I P ISLTQOMSD 120
Q90Q2W5 GAG————— TESDLYGIPTRISHAEEKITSALGSHNQDVHDRIYRQVALESP LALLNIETTE 103
HEMA_PIZ2H HED— = YSSGLMDSDDSOQGI IQP L IESLUSLIALANQILYNVAL EIPLRIDSFETVI 99
» £ . -
HEMA_PT1HW LTQLTERSCHROELAQICENT FATHHADGI SPLDPHDFHRCHFVGEPLLENNPNI SLLEGY 180
HEMA_PI3HA EREFISEITIRNDHQEVERPQ——RITHDVGIKPFLNPDDFHACTSGLESIMETE I RLMPGE 178
Q902w5 MNATTSLSYQINGAANNSGHGAD THDEDF IGGEGEEL IVONASDYTSFYPS———AVQEHT. 160
HEMA_ PIZH YSALEDHHTGSHMSNTNC TP GNE L EHDARY THGL N FEVEHSYNGTPRYGR ———— LLNIP 154
» - . * » .
Arg 174

HEMA_PI1RHY SLLSGSTTISGCYRLPSLSIGDAIYAYSSNLITOGCADIGKSYQULQLGY ISLNSDHYFD 240
HEMA_PI3RA GLILAHPTTYVDGCYHTPS LY INDLEYAY TSN I THGCQDIGHSYQVLQEGL LTYNSDLYED 238
Q902W5 REIPAPTTGSGCTRI FSFDMSATHYCY THHV I L SGCRDHSHSHOY LALGY LRTTATGRIF 220
HEMA PIZH SETPSATSPNGCTIRI PSFSLI KTHECY THHY ILGDCLDF TTSNQY L AMGT IQQSAABEFL 214

R T I R N LI T RS A T
HEMA_PI1HW LRPVISHTYDINDNRESCSVIALMGTRGYQLCSLP TVNETTRYSSEGIEDLYFRILDLEGH 300
HEMA_PI3HA INPRISHIFNINDHRESCSLALLNTDVYQLCSTPRYDERSDYASSGIBD I VLD IVNHDGS 298
Q902W5 ESTLRSIS&DDTQNR&SCSﬁShTFLGCDMLCSHVTE?EFEDYNSAV?TLMAHGRLGFDGQ 280
HEMA_PI2H FRTMRTEYESDGIN&RSCSVTAIPGGCVhYCYV%TRég(BDYhTTDLAELRL&FYYYNDT 274

- a Bk ok R R & & * L rl -

Tyr817
HEMA_PI1HW THSHRYXNERLTFOHPFSAMYPSVGSGIKIENTLIFL YpGLTT?LQGDTiCV ——————— 353
HEMA_PI3HA [STTRFENNNISHFDQPYAALYPSVGFGLYYRGRITFL YFGLEHPFNBNAICN ——————— 351
0902W5 YHEHDLDVT""TLFEDWVRNYFGVGGGSF1DGRVWES§:EGLHFNSPSDTVQEGRY?IYK 338
HEMA_PIZH FIBRVISLEP——NTTGQWATINEAVGSGLYHLGH I LFPVYGGLI KGTPSYNRKQSSRYFTFK 332
v v kowxx % ' A LY
HEMA PI1HW ~=TNRCAN-~~VNOSVCNDA LN I TULH HERQUVHVL IR INNY LSDRPKIVVET TP ITQNYE 408
BEMA_PI3HA ——TTGCHFG———KTQRDCNQASHSFUESDREMVITS L IVVDRKGLNS I FRELKVEHTISHRONYHW 406
Q902us RYNDTCPDEQDYQIRMARKSSYKPGRFGGRRIQOAT LS INVSTSLGEDEVLTVRPNTVILY 388
HEMA_PI2H HPNITCAGHSSEQAAAARSSY VERYHSNRELQSAVLICPLSDMHTARCNEVMENNSQVMI 392
k3 . . v e -
Arg 4168

HEMA_PI1HW GAEGRLLXLGRXIY LY TS SGHHSHLOIGSLD I HN -~ - — PMTERWAPHEVLSRPGHQD 462
HEMA_PI3HA GSEGHLLELGHKIYEY TS TSWHSHLQLGIIDITDYS————DIRT MR THHNVELSRPGNNE 462
902W5 RGSEYFSPALLYPHTVSNET ———-ATLHSPYTEN-AFTRPGSIF 454
HEMA_PIZ2H GABGHLYVIDHNLYYYQHS SSHHSASLEY RINTOFSKGLPP [ IEAQWVPSYQVP REGVHMP 452

X e R KA v - 3 & v . A . N ] * * %k

Arg 408

HEMA_PI1HW CHUYNRCPRECLSGVYTDAYP LSPRAVNVAT————————um TTLYANTSTVNPTIHMYSNT 512
HEMA_PI3HA CrUGHSCRDGC I TGV YTDAYFLEPTGSI¥SS e VILDSQHTIVNFVITYSTA 512
Q902%5 COASARCPNSCVTGYYTDPYP LIFY ANHTLRGVFG——~~~~— TMLOSEQN-ILNFASEYFDS 508
HEMA_PIZ2H CNATSFCPANCITGVYADURP LNDP R TSQNALNENY RIFAGAF LANESHMINF FFYTASA 512

Ed AR .ﬁ::iii:ﬁ :ﬁi( . . * H A A%‘ H

r B2

HEMA_PII1HW TESCITHRG-~XGYCPRIVETNQTSLNTLOPMIFHTSIPRYL 570
HEMA_PI3HA TERVNELAIRNKTLSAQYT TTSCI THYN - —HGYCFHIVEIHHASLDTEQRH 8 570
QAQ2W5 TSRSEITRVSSSSTRAMYI TS TCFRVUKTNRTYCLSY AR ISNTLFGEFRTIVPLLVEILIKN 568
HEMA_PI2H SALENTTGFNNTNRY ARYTSSTCHKNTGTQH IYCELY L IBEMGSSLLGEFQIIFFLERL IR~ 571

H . PN SRR Ry, H L I O T T e
HEMA_PI1HW CKITS———— 575
HEMA_PTI3HA CE—mmm - 572
Q902W5 DGVREARSG 577
HEMA _PIZ2H @ @ @——————————

Figure 2.43: Multiple HN Alignments,
Codes; (HEMA_PIIHW — hPIV-1 HN, HEMA PI3HA — hPIV-3 HN, Q9Q2WS —NDV HN, HEMA_PI2H — hPIV-2 HN.)

2.4.1.1 Preliminary analysis of homology models

Each hPIV-HN was homology modelled using the program Modeller, Each model
was modelled using the crystal structure of NDV HN without flipped His, Gln, Asn

residues. The tertiary structure of each model is shown in Figure 2.44. No etrors
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occutred during modelling of each structure, and Procheck® analysis, (Section 2.1)
revealed that the modcls were comparable to the NDV HN crystal structure. Analysis
using Whatcheck® (Section 2.1) of each model structure identificd His, Gln, Asn
residues for flipping, while analysis of the hydrogen bonding network showed many
residues in the core of protein not satisfied. The hPIV-1 homology model was
minimised in an aqueous environment in an attempt to fix the hydrogen-bonding

network. Procheck analysis of the minimised structure showed an overall reduction of

hPIV-1 hPIV-2 hPIV-3

Figure 2.44: Molscript™ > diagrams of the tertiary structure of hPIV-1, 2, & 3

homology models.
2.4.1.1.1 Optimisation of H-bond network by flipping His, Gin and Asn residues.

The hPIV-1, 2 & 3 HN homology models were H-bond network optimised using
the program Reduce.® Reduce was found to optimise the H-Bond network better than
the program Whatcheck, Even though both programs can satisfactorily optimise the
H-bond network, Reduce takes into account factors that Whatcheck does not, such as

whether a flipped residue makes a bad contact with the protein surface.

2.4.1.1.2 Characterisation of homology model active sites with DelPhi, Pocket, and
PASS.

The programs DelPhi, Pocket and PASS were used to evaluate the electrostatic
potential, interactions, and size respectively of the active sites of the three gencrated
homology models. Analysis of each of the homology models with DelPhi showed that

the active sites are dominated around the triarginy! cluster by a positive field potential.
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The glycerol binding pocket is lined by positive field potential on one side and negative
on the other. This is separated by an arca of neutral field potential. The C-4 binding
pocket of each model is very large and has a predominantly positive potential, small
neutral and negative arcas are also found within the pocket. The electrostatic potential

of each of the structures was seen to be very similar to that of NDV HN. The resulis

can be seen in Figure 2.45.

h-PIV 1 h-PIV 2 h-PIV-3 -
Figure 2.45: Delphi analysis of the clectrostatic .potential of the active sites of the
hPIV-1, 2, and 3 HN homology models with Neu5Ac2en docked in the active sites (see

Section 2.4.2). Blue: Positive potential, Red: Negative potential, White: Neutral potential.

Pocket analysis of the homology models showed that the active sites contain a large
arca (blue) for the hydrogen bond formation around the triarginyl cluster and into the
C-4 binding pocket. A large area (red) of H-bond donors is found adjacent to the
H-bond accepting region (blue). Hydrophobic interactions (green) are found at the
terminus of the N-acetyl group binding pocket, along the pocket where the glycerol
side-chain bonds and within the C-4 binding pocket. Figure 2.46 shows these
interactions. All interactions found were similar to those found with the Pocket analysis

of NDV HN; this is to be expected as NDV HN was used to model the structures.
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WPIV-1 HN hPiV-2 HN hPIV-3 HN

Figure 2.46: Pocket analysis of the active sites of the hPIV-1, 2, and 3 HN homology

models with NeuSAc2en docked in the active sites (see Section 2.4.2), Blue — hydrogen

bond acceptor site, red — hydrogen bond donor site, green — hydrophobic interaction.,

PASS was used to analyse the size of the active sites of ecach of the homology
models. PASS analysis located a red sphere in the active site of each of the homology
models. A red sphere is indicative of a large pocket, a white sphere is indicative of a
medium sized pocket, and a blue sphere indicates a small pocket. PASS analyses are
shown in Figure 2.47. Preliminary results indicated that the active site of each of the
homology models is large. This is to be expected as the NDV HN crystal structure used

to model the structures has a large active site.

Figure 2.47: PASS analysis of the active sites of the hPIV-1, 2, and 3 HN homology

models with NeuSAc2en docked in the active sites (scc Scction 2.4.2).
2.4.2 Docking of Neu5Ac2en into hPIV-1, 2 and 3 HN homology models

The modelling protocol used to flexibly dock NeuSAc2en to each model is
discussed in Section 2.3.4.1. The flexible AutoDock interaction energies (Table 2.21)
obtained for the docking of NeuSAcZen to each of the homology models was very
similar (a difference of -0.55 kcal/mol). They are also very similar to the energy of the
flexible docking of NeuSAc2en obtained previously for NDV HN (-10.06 kcal/mol,
Section 2.3.3.1). These results are to be expected as high active site residue

conservation occurs across all four proteins.
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Table 2.21: Flexible AutoDock results for NeuSAchn docked into the active sites of
hPIV- 1 2 & 3 HN homology models

'h'PIV—_I HN  WPIV2HN hPIV-3 HN " NDVHN

—.10.16 kcal/n_l'ol : —10.42 keal/mol —10.71 keal/mol —10.06 kcal/mol

2.4.2.1 Holzer et al. derivatives of NeuSAc2en and hPIV-2 HN homology

model

Holzer ef al. have reported the inhibition of the sialidase activity of hPIV-2 by a

% It was of interest to see if a

number of C-4 modified NeuSAc2en derivatives.
correlation could be observed between the energies for the docking these derivatives to
the homology model of hPIV-2 HN and the experimental data. The compounds,
presented in Table 2.22, were docked and scored against the homology model of hPIV-2

HN.

The flexible AutoDock scorc for each derivative of NeuSAc2en ranged from
~-11.89 kcal/mbl With 2~hyd.roxyethyla'rﬁino derivative (Ligand G, 1.83 kcal/mol higher
than NeuSAc2Zen: ~10 (6) to —10 48 kcal/mol, wzth the amino derivative (Ligand B,
042 kcal/mol h1ghe1 than NeuSAchn)

The inter'action energies of each NGHSA.CZGH derivative were determined by the
MMI protocol. The interaction energics of cach derivative with the minimiscd NDV HN
active site ranged from —176.35 to —198.82 kcal/mol. The C-4 prop-2-enylamino
derivative (Ligand E, Table 2.22) scored the highest (25.30 kcal/mol higher than
NeuSAc2en: —173.52 keal/mol) and the N,N-dimethylamino derivative (Ligand C, Table
2.22) scored the lowest (2.83 keal/mol lower than NeuSAc2en).

The SCORE results for cach derivative range fiom the N,N-dimethylamino
derivative (Ligand C, Table 2.22) scoring 4.88 to the C-4 prop-2-enylamino derivative
(Ligand E, Table 2.22) scoring 6.82. The highest scoring derivative, C-4 prop-2-
enylamino, showed an approximate increase of 90 times in binding affinity with respect
to the lowest scoring derivative, N,N-dimethylamino. The results range from
approximately 15 times less to approximately 5 times greater than the calculated

binding affinity of NeuSAc2en (pK; 6.06, Section 2.3.3.2).
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No increase in the static AutoDock score after minimisation was observed any of
the nine derivatives. The change observed in the AutoDock score ranged from a
maximum loss of 15.82 kcal/mol with the guanidino derivative (Ligand A, Table 2.22),
to a minimum loss of 2,19 kcal/mol with the acetamido derivative (Ligand D, Table

2,22), after the minimisation process.

Table 2.22: AutoDock, MMI and SCORE results for C-4 modified NcuSAc2en
derivatives in hPIV-2 HN homology model of ligands known to inhibit hPIV-2.%°

H OH co-
HO_ - © 7 2
§ R
HO H X
R = NHAg

C4-X Substituent Flexible MMI Static SCORE Experimental

AutoDock (Minimised) AutoDock  (Minimised) nhibition

59

(Unminimised) {kcal/mol) (Minimised) (K. constant
(kcal/mol) (keal/mol)

A NHC(=NH)NH,’ -11.71 {4}* -183.97 [4] 411 [7] 5.56 [5] 1x 107°M
B NH, ~10.48 [7] —181.27 [5] 2.37 [6] 6.34 [2] 8x 107'M
C N(CHy), —11.15{6] —176.35 [7] 1.80 {5] 4.88[7] 3x 107°M
D NHC(=O)CH; ~11.82[3] -190.23 [3] -9.63 [1] 5.67[4] 1x 107'M
E NHCH,CH=CH, —11.88[2] -198.82 [1} ~0.95 2] 6.82[1] 4x 107°M
F NH(OH)CH,CH=CH, —11.43 [5] -178.20 [6] —2.41 4] 5.44 [6] 2x 10°M
G NHCH,CH,OH ~11.89 [1] —191.59 [2] —6.29 [3] 6.33 [3] 3x 107°M

? Numbers in square brackets indicate scoring rank,

Comparing the results from the various scoring methods with the experimentally
determined inhibition data showed that no comelation between binding cncrgy‘ and
inhibition had becn found. This was not unexpected given that the modelling data is
derived from a homology model, and as such there may be key differences between the

actual structure of hPTV-2 HN and the homology model derived from NDV HN,
2.5 Computational analysis of hPIV-3 HN crystal structure.
2.5.1 Initial analysis of available hPIV-3 HN crystal structures.

Five crystal structures of hPIV-3 HN were recently released.”’ The structures
available include: two ligand free structures (PDB accession code 1V2L: pH 6.5
structure at 2.2 A and 1V3B: pH 7.5 structure at 2.0 A), a NeuSAc complex (1V3C: pH
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7.5 structure at 2.3 A), a NeuSAc2en complex (1V3D: pH 7.5 structure at 2.28 A) and a
zanamivir complex (1V3E: pH 7.5 structure at 1,89 A)., Each crystal structure consists
of 2 chains (a dimer), each containing residues 142 572 of the HN protein. Each
crystal structure also contains two calcium ions, N-acetylglucosamine, and either
phosphate or sulphate ions. Superimposition of 1V2I (pH 6.5 apo structure) active site
residues with NDV HN (pH 6.5) indicated an RMSD of 2.30 A over all atoms of the
residues, The RMSD is inflated by Tyrosine 530 which in hPIV-3 HN has the side
chain flipped ~90°, to point the hydroxyl group away from the solvent exposed protein
surface. The aclive site residues of hPIV-3 HN and the corresponding NDV HN

residues are shown below in Table 2.23.

Table 2.23: Superimposed active site residues of NDV and hP1V-3 HN.

Amino Acid hPIV-3 HN NDV HN

Arginine 192 174
Arginine 424 416
Argining 502 498
Tyrosine 530 526
Glutamic Acid 409 401
Glutamic Acid 549 547
Aspartic Acid 216 198

2.5.1.1 Procheck

Ramachandran plot analysis showed that core percentage was between 85.9 and
80.9% favoured, compared to 83.9% for NDV HN. Disallowed residues fell between
0.8 and 0.9%; NDV HN for comparison was 0.8%.
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2.5.1.2 Secondary structur

Figure 2.48: Secondary structure comparison between hPIV-3 HN crystal structure
(PDB ID:1V3D) (left) and homology model (right).'?

Rendering the secondary structure of both the crystal structure 1V3D and the
homology model of hPIV-3 HN (Scction 2.4) showed similarities and differences
between the two structures, as can be seen in Figure 2.48. The obvious similarity is the
“classical” neuraminidase structure — pscudo six-fold symmetry B-sheet propeller. The
structure of the homology model is noted, however, to be more disordered by the
presence of more random coil domains than in the crystal structure. The e@-helical
domain of the homology model is also quite different to that of the crystal structure. It
is as expected morc similar to the NDV HN crystal structure used to gencrate the

homology model.

2.5.1.3 Electrostatics of hPIV-3 HN active site

The electrostatic potential determined by DelPhi of the hPIV-3 HN crystal structure
when compared to NDV HN was found to differ in a number of aspects. The positive
potential around the triarginyl cluster is more localized around the carboxylate group of
Neu5Ac2en than NDV HN, and the C-4 pocket is more positively charged than in NDV
HN. The glycerol side-chain binding pocket is more negatively charged, whereas the
pocket of NDV HN is found to be split down the middle lined by positive potential on

one side and negative potential on the other.
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Figure 2.49: The clectrostatic potential of the active site of the crystal structure of

hPIV-3 HN (PDB ID: 1V3D).
2.5.1.4 C-4 binding pocket volume calculations

The volume of the C-4 pocket in the NeuSAc2en bound crystal structure (PDB ID:
1V3D) as determined by PASS to be 1074 A’ the volume of C-4 pocket in the
zanamivit'™ bound crystal structure was found to be not unexpectedly smaller at 706
A®. For comparative purposes the volume of the C-4 pocket in the NDV HN crystal
structure with Neu5Ac2en bound was found to be smaller than either hPIV-3 HN crystal
structures at 612 A>. These results show that the size of the binding pocket of hPIV-3
HN is much larger than that found in NDV HN.

2.5.2 AutoDock of NeuSAc2en and Zanamivir,

Using AutoDock to score the crystal bound structure of NeuSAc2en 5 in hPIV-3
HN (1V3D) yielded a static binding score of ~7.27 keal/mol. When flexibility of
Neu5Ac2en was allowed (unminimised), a moderate increase to —9.72 kcal/mol was
observed. However, it was found that a sccond conformation exists where the

carboxylate group is found to bind info the glycerol side-chain binding pocket.

The crystal bound structure of zanamivir 6 in hPIV-3 HN (1V3E) yielded a static
AutoDock binding score of —9.25 kcal/mol. When flexibility was introduced
(unminimised), an increase in interaction energy to —-12.76 kcal/mol was observed, with
no alternate conformations observed. The docked orientation of the pose closest to that

found in the crystal structure is shown in Figure 2.50.
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Figure 2.50: Orientation of Neu5Ac2en (left) and zanamivir (right) in hPIV-3 HN
crystal structure. For NeuSAc2en calculations, crystal structure 1V3D was used, in the

case of zanamivir; structure 1V3E was used.

2.5.3 GRID analysis of hPIV-3 HN

GRID was utilised to identify optimum areas of interaction of the crystal siructure
of hPIV-3 HN (1V3D) with a series functional group probes. The structure was
prepared using Greater and GRIN (Section 2.3.2.6).

One significant area of interaction in the active site of hPTV-3 HN was found with
the carboxylate probe, seen in Figure 2.51. The arca corresponds to the position of the
carboxylate group of NeuSAc2en, with interaction occurring with the triarginyl cluster.

Maximum interaction with the probe occuri"ed at—21.0 kcal/mol.

Figure 2.51: The carboxylate probe interaction site with hPIV-3 HN, conioured at —-18

keal/mol.
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One significant area of interaction with the calcium ion probe was located, as seen
in Figure 2.52. The calcium ion probe accurately located the area of interaction by the
crystal calcium ion. Maximum interaction with the Calcium ion probe occurred at —85.0

kcal/mol. .

Figure 2.52: Calcium (CA2+) probe interaction site with hPIV-3 HN, contoured at
—75.0 kecal/mol, crystal calcium is rendered in transparent white CPK, contour is

coloured red.

Within the hPIV-3 active site three main areas of interaction were found with the
methyl probe, seen in Figure 2.53. The methyl probe was found to interact with a large
region of the glycerol side chain pocket, the C-5 binding pocket at the terminus of the
NHAc group and the edge of the C-5 binding pocket. Maximum interaction with the
methyl probe occurred at —4.0 kcal/mol.

Figure 2.53: Methyl (C3) probe interactions with hPIV-3 HN, contoured at —3

kcal/mol.

Two areas of interaction with the hydrophobic probe were located within the active
site of hP1V-3 HN, as secn in Figure 2.54. Interaction regions were found at the edge of

the glycerol -side-chain binding pocket, and within the C-5 binding pocket, stretching
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into the C-4 binding pocket. Maximum interaction with the hydrophobic probe was

—1.20 kcal/mol.

Figure 2.54: Hydrophobic (DRY) probe interaction sites with hPIV-3 HN, contoured at
0.8 keal/mol. |

Many areas of interaction were found with the water probe, as seen in Figure 2.55.
Areas of interaction were located along the glycerol side chain, around the carboxylate
group of Neu5Ac2en, and the region around the nitrogen of the C-5 acetamido group.
The water probe predicted an area of interaction within the C-4 pocket of the active site
corresponding to an area occupied by the crystal water residue 146 (rendered in CPK in
Figure 2.55). Other water residues were not predicted. Maximum interaction with the

water probe occurred at —10.0 kcal/mol.

Figure 2,55;: Water (OH2) probe interactions with the active sitc of hPIV-3 HN,

contoured at —8 keal/mol.

Four areas of interaction with the hydroxy! probe were located, as seen in Figure
2.56. Interactions were found along the glycerol side-chain, in the base of the C-4

binding pocket, in the arca around the nitrogen of the C-5 acetamido group, and around
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the carboxylate group of NeuSAc2en. Maximum interaction with the hydroxyl probe

occurred at —10.0 kcal/mol.

Figure 2.56: Aliphatic hydroxyl (O1) probe interaction sites with hPIV-3 HN,

contoured at —8 kcal/mol.

Two areas of interaction with the guanidino probe were located within the active
site, seen in Figure 2.57. Both areas of interaction are within the glycerol side-chain
binding pocket. An arca is located along the glycerol side chain and the other is found
at the end of the pocket. Maximum interaction with the guanidino probe occurred at
—12.50 keal/mol.

Figure 2.57: Guanidino (AMIDINE) probe interactions with active site of hPIV-3 HN,
contoured at —10.0 kcal/mbl.

Interactions with the protonated amino probe were located within the glycerol-side
chain pocket, and multiple sites were found within and at the base of the C-4 and C-5
binding pockets, as seen in Figure 2.58. The maximum interaction with the protonated

amino probe occurred at —10.0 kcal/mol.
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Figure 2.58: Protonated Amino (N3+) probe interaction sites with hPTV-3 HN,

contoured at —8 kcal/mol.

No competition between structural water molecules and the probes tested (N3+ and
DRY) was detected in the C-4 binding pocket hPIV-3 HN, therefore the water residues
observed in the C-4 pocket in hPIV-3 HN should be displaced by ligand interactions
with the active site. In the casc of the N3+ probe, water would preferentially bind to the

triarginyl cluster before the probe.

GRID analysis of the hP1V-3 HN crystal structure has identified key interactions in
the active site. The program correctly identified the binding region of the carboxylate
group of NeuS5Ac2Zen and the binding region of the calcium ion to the protein. In the
analysis of other probes tested, positive (amino, guanidino) probes located interactions
along the glycerol side-chain and small areas within the C-4 and C-5 'binding pockets,
this result is similar to that found with the GRID study of NDV HN. The hydrophobic
probes (C3 and DRY) found limited interactions within the C-4 pocket, this is a key
difference to the results found in the study of NDV HN. The hydrophobic probe
interactions found at the terminal end of the glycerol side-chain in NDV HN are also
present in the structure of hPIV-HN. The C-4 hydrophobic derivatives of NeuSAc2en
designed based on the NDV HN crystal structure may not bind or may bind with
decreased affinity to hPTV HN. To sce if this could be predicted computationally the
4-O-substituted-Neu5Ac2en derivatives were docked into the active site hPIV-3 HN as
described in Scction 2.5.4,
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2.5.4 Docking and scoring of 4-O-substituted-Neu5Ac2en derivatives and
hPIV-3 HN. | B

The initial flexible AutoDock score for each of the O-linked derivatives docked
against hPTV-3 HN ranged from —12, 15 to—17.1 ! kcal/mbl. D_.erivative 29-E scored the
highest (5.90 keal/mol higher than NeuSAc2en), compared to NeuSAc2en at —11.21
kcal/mol, and derivai_:ive 29-C scored thé_ lowest (0.94. kcal/mol higher than
NeuSAcZen). After diéabling the flexible térsions of the ligands to score the post
minimisation interaction energy with AutoDock, the static AutoDock energy of all of
the compounds decreased after the minimisation process. The interaction energy as
scored by static AutoDock ranged from —9.55 to —14.10 kcal/mol after minimisation,
this is compared to NeuSAc2en which scored —9.36 kcal/mol. Derivative 29-E post
minimisation scored the highest score with —14.10 kcal/mol. The lowest scoring

derivative was 29-I with —9.55 kcal/mol.

The MM-PBSA interaction energies of each of the O-linked derivatives of the
NeuSAc2en template with the minimised hPIV-3 HN active site ranged from —149.85 to
—96.86 kcal/mol. Derivative 29-E scored the highest (36.74 kcal/mol higher than
NeuSAc2en) and derivative 29-1 scored the lowest (16.25 kcal/mol lower than
NeuSAc2en). The MM-PBSA interaction encrgy of minimised NeuSAc2en with NDV
HN was —113.11 kcal/mol.

The X-Score results ranged from 5.21 with derivative 29-H to 6.89 with derivative
29-B; the highest scoring substituent is approximatcly 47.86 times stronger than the
lowest scoring derivative, with respect to binding affinity. The results range between
approximately 1.2 times lower to approximately 39.81 times greater than the binding
affinity of NeuSAc2en. The minimised crystal structure containing Neu5AcZen has an
X-Score result of 529. The top scoring molecule in the AutoDock energy scoring

routine, 29-E, shows a binding affinity 3.89 times greater than that of NeuSAc2en.

Consensus scoring of the derivatives scored against hPIV-3 HN showed that all
derivatives scored better than NeuSAc2en in two out three scoring functions and most
scored better in three out of three; these are different results to those obtained from
NDV HN. These results also contradict the hydrophobic GRID probe analysis

performed in Section 2.5.3, where hydrophobic interaction areas were not extensively
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predicted for the C-4 binding pocket, but rather only a small arca adjacent to the C-5

binding pocket,

Table 2.24: Docking and scoring results of 4-O-substituted-NeuSAc2en derivatives 29

in hPTV-3 HN.?

H OH cor
HO - O / 2
SR
HO H 0H2
29 R = NHAc
R* Substituent Flexible MM-PBSA Static X-Score
AutoDock (Minimised) AutoDock  (Minimised)
(Unminimised) (kcal/mol) (Minimised) (pK5)
(kcal/mol) (kcal/mol)
H (NeuSAc2en) —11.21 ~113.11 -9.36 5.29
~14.13[9]>  -110.75[13]  -10.89 [11] 5.97 [6]
~16.65 [2] —128.05 [6] ~13.91 [2] 6.89 [1]
(C\ —12.15 [14] ~112.48 [12] -9.72 [13] 5.31[11]
P e N
b —14.84 [5] ~136.19 [2] ~12.48 [7] 5.68 [9]
E =17.11 [§] —149.85 [1] -14.10 [1] 5.88 [8]
-13.27 [11} —126.57[7] -11.63 [9] 5.98 [5]
SN
F
é —14.15 [8] —131.12 {4] -13.39 (5] 5.96 [7]
G
N
'/Y —12.97[12]  -11835[11] -10.82[12]  5.21[12]
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R? Substituent Flexible MM-PBSA Static X-Score
AutoDock (Minimised) AutoDock (Minimised)
{Unminimised) {(kcal/mol) (Minimised) (pKa)
(kcal/mol) (kcal/mol)

(S ~12.89[13]  -96.86714]  —9.55[14] 5.97 [6]
N

0,
|
&W _15.55[4]  —119.80[10]  —13.44 [4] 6.14 [4]
J
H
é”\/\/ ~15.66 [3] _120.05[9]  -13.15[6] 6.20 [3]
K
M

~14.61 7] ~133.73[3]  -12.03 8] 5.47 [10]

L
/\i/\/\ -14.80 [6] —-130.56 {5] -13.60 [3] 6.24 [2]

&

\/\)l\ —14.08 [10] —-121.90 [8] —11.60 [10] 5.68 [9]

N

* Fhe data presented here has been generated by the second computational scoring protocol described in

Section 2.3.7.3, ® Numbers in square brackets indicate scoring rank.

2.5.4.1 Examination of docking and scoring of hPIV-3 HN with crystal

water residues within the C-4 binding pocket of the active site.

It was of interest to cxamine the affect of crystal water residues on the binding of
NeuSAc2en to hPIV-3 HN, and to also examine the stability of crystal water residues
within the active site. The known inhibitor Neu5Ac2en 5 was docked, using AutoDock
(Section 2.3.4.1), into the active site (PDB ID: 1V3D) with and without the crystal
water residues: 7, 137, 146, 185, 218, 237, 271, 274, 402, 664, 665, and 666. The
AutoDock interaction encrgy without water residues was found to be —10.18 kcal/mol.
When the water residues were included, the interaction energy is found to show a small
increase to —11.66 kcal/mol (an increase of 1.48 kcal/mol). Interestingly, while these
calculations were performed with flexibility allowed, the calculation where water

residues were included showed no change from the crystal structure conformation. The
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increased interaction energy is due to the formation additional hydrophobic interactions

with Arg 424. The details of these bonds are found in Table 2.25 and Figure 2.59.

Table 2.25: Hydrogen bonds formed in the docking of NeuSAc2en to hPIV-3 HN.

Atom Water Atom  NeuSAc2en Distance Temperature factor of water
1 Residue 2 A residue
0 137 H C-4 OH 2.85 High
H 271 O C-4 OH 271 Moderate

NH1

Arg S02(A)

-

.
'Z.TI‘ HOH 271

HUH 666

&m

% :

©-Sg’ v 337A
o

&
Figure 2.59: Ligplot diagram showing water interactions in hPIV-3 active site with

Neu5sAc2Zen,

2.6 Overview and summation of the modelling procedure

The ultimate goal of the molecular modelling studies carried-out was to design
inhibitors of hPIV HN. In the first instance, with structural data available at the time,
this involved using the structure of the known sialidase inhibitor NeuSAcZen 5 as a
template, and the crystal structure of the paramyxoviral HN from NDV. Initial analyses

and calculations set the benchmarks, against which subsequent calculations would be
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measured. The first of these analyses consisted of defining the H-bond network within
the NDV HN active site. After this, probing the active site with GRID and Pocket was
performed, so to gain an insight as to what functional groups would be best
accommodated by the active site architecture. With respect to the C-4 binding pocket,

GRID and Pocket analyses demonstrated that hydrophobic interactions were favoured.

Following the probing of the active site, the scoring and docking programs were
first used to score and dock crystal bound NeuSAc2en. This had two purposes, firstly to
evaluate whether the scoring functions and docking algorithms worked with this
particular system, and secondly, to set benchmark scores. In the first instance, SCORE,
AutoDock and Discover (MMI), X-Score, and AMBER (MM-PBSA) were found to
perform adequately with this system. Dock 4 however could not successfully reproduce
the position of NeuSAc2en in the crystal structure of NDV HN Benchmarks scores
were succcssfuily mcasmed usmg the ploglams SCORE, AutoDock, MMI, X-Score,
and MM-PBSA. A summary of selected benchmmks (Scctlon 2.3.7.3) measured with
NeuSAc2en docked to NDV HN-: (elthe1 cwstallogiaphmally or computationally) can
seen in Table 2.26.

Table 2.26: Benchmarks set by various pi'oél'alnsa for NeuSAc2en in NDV HN,

Program Us.é'd ' Calculated Benchmark
AutoDock {Flexible — preminimisation}) - -12.01 keal/mol
AutoDock (Static — postminimisation) | ~102.50 keal/mol
MM-PBSA (Postminimisation) -6.36 keal/mol
X-Score (Postminimisation) = pKs5.12

* Benchmarks caleulated using refined modelling protocol from Section 2.3.7.3.

Following the setting of the benchmark scores, for NeuSAc2en the derivatives of
the template NeuSAc2en 5 were constructed using LigBuilder. LigBuilder constructed
a total of 90 C-4 modified NeuSAc¢2en derivatives, each of which was scored and
docked against NDV HN. The resultant scores were compared to NeuSAcZen
benchmarks for each of the scoring programs. In most cases SCORE and AutoDock
results were scattered around the benchmark results obtained for each program, Once
the designed ligands had been scored and ranked (Section 2.3.7), the top 9 side-chains
were examined and modified to make them more chemically accessible. Using the

modified designed side-chain structures A-N (Section 2.3.7.1), the final fourteen

116



substituent structures were decided on. These modified side-chains were then added to
the C-4 position of Neu5Ac2en by both thioether 28 and cther 29 linkages and the
resulting Neu5Ac2en derivatives were minimised and scored. In most cases the
modification of the structure incrcased the scores of the designed side-chains. The next
phase in the development of potential inhibitors of paramyxoviral HN was to synthesise

the designed compounds; this is discussed in Chapter 3.
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3 Synthesis of designed C-4 modified Neu5Ac2en derivatives as

potential inhibitors of paramyxoviral HN.

3.1 Introduction

Over the years the derivatisation of N-acctylneuraminic acid (NeuSAc, 1) has
yielded modifications at all carbon atoms of the 9-carbon sugar (reviewed in references
8, 9, 124-128). The resulting modified sialic acids have been used to examine the
activities of sialic acid recognizing proteins (SARPs). Synthetic strategies to derivitise
N-acetylncuraminic acid generally utilise the sialic acid as a protected species with the
C-1 and C-2 positions protected via csterification and glycosidation respectively,
Various hydroxyl protecting groups such as acctate, benzoate, benzyl, silyl and
isopropylidene groups have also been used during the synthesis of modified sialic acids.
Examples of the modifications carried-out on N-acetylneuraminic acid 1, are shown in

Table 3.1.

1 R = NHAc (Neu5Ac)

Table 3.1;: Some of the modifications carried-out on NeuSAc 1.

Atom | Modifications carried-out

129,130 po duction to hydroxymethyl,'? 10 e moval '

133 elimination between C-2 and C-3.7+1%

C-1 Carboxamide formation,
C-2 Dehydroxylation,*? halogenation,
C-3 Halogenation.”®

C-4 Epimerisation,™ oxidation,™'* deoxygenation,"” O-acylation,"” O-alkylation,"**
introduction of N, 8" C-linked substituents,’*® oxazoline formation with C-5
N}TAC 117, 147

C-5 De-N-acetylation,”™ alternate acylation.'’

C-6 All sialic acids modified at C-6 have been synthesized from hexose sugars; amino,'**
hydroxymethyl,'* methyl,’* and thio"® derivatives
Y Y y y

C-7 Epimerisation,”™ '*' oxidation,"”” deoxygenation,'” epoxide formation,”*" % 1%
introduction of azide,'*! truncation at C-7 of glycerol side chain.'*®

C 8 E s . . 139, 151 : . 152 N 153 . . 151, 154, 155

- pimerisation, oxidation, ”* deoxygenation, — epoxide formation,

introduction of azide," truncation at C-8 of glycerol side chain.'*®

C-9 Oxidation,  deoxygenation, O-acylation,"*'®®  O-alkylation,"** tosylation,'®’
silylation,”** tritylation,'* fluorination,'® introduction of N-substituents.'®

Of the modifications to N-acetylneuraminic acid presented in Table 3.1, the most

relevant within the scope of this thesis is the modification of C-2/C-3 to the naturally
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occutring 2-deoxy-2,3-didehydro NeuSAc derivative; or as it is more commonly known,
NeubdAc2en 5.
OH

o‘\I

CO.H
HO O F
SR

HO' H HO
5 R = NHAc (Neu5Ac2en)

3.1.1 Synthesis of NeuSAc2en

The synthesis of NeuSAc2en, and of NeuSAc2Zen derivatives, has been
accomplished by a number of procedures. The chemical synthesis of NeuSAc2en 5
from NeuSAc 1 is usually accomplished by elimination of the B-chloride from methyl
(5-acetamido-4,7,8,9-tetra-O-acetyl-2-chloro-3,5-dideoxy-D-glycero-B-D-galacto-2-
nonulopyranosyl chloride)onate 47. Esterification of the C-1 carboxyl group of
NeusAc'® is followed by treatment of the product with acetyl chloride to afford the

13 Treatment of 47, with a base such as pyridine,'*

136

per-O-acetylated B-chloride 47.
triethylamine'*® or diazabicycloundecene (DBU), and subsequent Zemplén

deacetylation and de-esterification gives the final product, Neu5Ac2en 5.

H OAc ¢
AcO % o 0 CO,Me
AGO\\ AcO
47 R = NHAc

In an alternative syntheses of Neu5Ac2en, heating per-O-acetylated NeuSAclMe
48 in dioxane at 90°C,”% or reaction of 48 with a catalytic amount of
trimethylsilyltiflate at room temperature,'® have been reported to the give the per-O-
acetylated derivative of Neu5Ac2en1Me, 49. The reaction of NeuSAclMe 50 under
acetolysis conditions (Ac,O, cat. HySOy4, 50°C) affords a C-4 epimeric mixture (49 and
51) of acetylated NeuSAc2en [Me, '

H R il H OAc R
Ra\wCo Me ACOW COMe
~ R1 2 o Ri /

Ry R Ay e
48 R' = NHAc, R? = OAc 49 R! = NHAc, R2= OAc, R®=H
50 R' = NHAc, R? = OH 51 R' = NHAc, R2=H, R®= OAc

NeuSAcZ2en has also been noted in the literature to form as a by-product in

glycosidation reactions, and to be formed at basic pH from the natural nucleotide sugar
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CMP-NeuSAc.!® Tt has also been observed to form during the action of influenza B

sialidase on sialylactose."®®

3.1.2 Synthesis of NeuSAc2en derivatives

As with the derivatisation of NeuSAc 1, many derivatives of NeuSAc2en, 5, have
been previously synthesised.® > ''7 M3-19  Within the scope of this thesis, the
derivatisation of C-4 is of most interest. Functionalisation of the C-4 position has
produced oxygen, nitrogen and sulfur linked derivatives of Neu5Ac2en, ! 143146

Access to C-4 oxygen linked derivatives of NeuSAc2en S can be achieved via the
8,9-0-isopropylidenated Neu5Ac2enlMe derivative 52. For example, reaction of 52
with benzyl bromide in the presence of sodium hydride has been reported to give 4-O-
benzyl-8,9-0-isopropylidene-NeuSAcZenlMe 53 in 83% yield. This appears to be the
only reported O-alkylation of compound 52 in refereed publications at the time of
writing.!'"® Conceivably, this reaction could be adapted to alkylation with any suitable

alkyl or aryl halide.

\7LO 3 CO.M
= ]
O\)W 2
gR!
HO f RO

52 R'=NHAc, R2=H
53 R'=NHAc, R2=Bn

In an alternative approach, C-4 oxygen linked derivatives have been produced via
suitable modification at C-4 of NeuSAclMe derivatives and subscquent introduction of
2,3-unsaturation to give C-4 O-linked Neu5Ac2en derivatives. This approach has been
demonstrated by Ikeda ef al."** The cyanomethyl group has been introduced at C-4 of
the 8,9-O-isopropylidenated thiophenyl glycoside of NeuSAclMe 54 via coupling with
bromoacetonitrile in the presence of silver (I) oxide. De-O-isopropylidenation in 80%
aqueous acetic acid, followed by acetylation using acetic anhydride in pyridine, gave
suitable material for elimination. Elimination across C-2 and C-3 to give the desired
per-O-acetylated 4-O-cyanomethyl-NeuSAc2en derivative 55 was accomplished in two
steps, by successive treatment with dimethyl(methylthio)sulfonium triflate (DMTST)
and DBU. The isolated yield of 55 was 36% over 4 steps from 54, with the yield
limiting step in this rcaction sequence being the dual silver (I) oxide coupling

reaction/de-O-isopropylidenation step (47% yield).'"*
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0 - o) CO.Me O

HOH HO AcO || OCH,ON
54 R = NHAC 55 R = NHAG

\7Lo H SPh H OAc
N WCO‘EMG
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The derivatisation at C-4 of Neu5Ac2en with sulfur or nitrogen proceeds via similar
synthetic routes. Treatrnent of per-O-acetylated NeuSAc2en1Me 49 with a Lewis acid
catalyst such as boron trifluoride etherate'"” results in the formation of the 4,5-oxazoline
56 (Scheme 3.1a). Beginning from the saturated species, the treatment of per-O-
acctylated NeuSAclMe 48 with trimethylsilyl trifluoromethancsulfonate (TMSOTf)147
results in both formation of the 4,5-oxazoline and infroduction of 2,3-unsaturation,

giving 56 (Scheme 3.1b).

H OAc COM
3 e
AcO © ¢
SR 2
AcO j AcO >\
N H OAc
49 R = NHAC 5 NS0~ ~COMe
o AL
X AcO H 56
H/ OAc AcO
AcO_ - 0 COMe
JiR
ACO H AcO
48 R = NHAc

Scheme 3.1

117

Reagents & Conditions. a) BF;eERO, dry DCM, dry McOH, 16 h, 1t;” " b) TMSOTY, dry EtOQAc, 2 h,

530¢. 147

117

The treatment of the oxazoline 56 with either lithium azide''” or thiolacetic acid'!’

gives the per-O-acetylated 4-azido-4-deoxy 57, or 4-thiolacetate 58, derivatives of
NeuSAc2en1Me, respectively, thus giving entry to both C-4-N or C-4-S linked
Neu5Ac2Zen derivatives (Scheme 3.2). A range of 4-N-substituted NeuSAcZen

105,106 tiowever, the 4-thiolacetate derivative 58

117

derivatives have been prepared from 57.

is the only C-4 S-substituted Neu5Ac2en analogue reported in the literature to date.
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56
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H OAc H OAc

rco. O~ —COMe % O—_~COsMe
JR RG
ACO N AOH  SAc
57 R = NHAc 58 R = NHAc

Scheme 3.2

117

Reagents & Conditions. a) LiN3, Dowex-50W x 8 (H") resin, dry DMF, 16 h, 80°C; " b) thiolacetic

acid, dry DMF, dry MeOH, 20 h, 83°C.""

3.1.3 Approaches to Neu5Ac2en C-4 thioether and ether derivatives

Modelling experiments (described in Chapter 2) suggested a number of
modifications to Neu5Ac2en at the C-4 position that might increase the binding
interactions of NeuSAc2en to the HN glycoprotein active/binding site.  These
modifications involved either a thioether or ether linkage to a number of alkyl or aralkyl
substituents. As already noted, there are no C-4-thioether derivatives of NeuSAcZ2en
reported in the literature, Thioether derivatives were therefore chosen for synthesis as
interesting novel compounds with theoretically straight-forward synthesis from the
known 4-thiolacetate NeuSAc2en derivative 58. A number of C-4-ether derivatives
were also chosen to allow comparison of the activity between the two classes of
compounds. The general structures of the C-4 thiocther 28 and ether 29 derivatives are
shown below. The strategies for preparation of the C-4-thioether derivatives are

described in Section 3.2, and C-4-cther derivatives are described in Section 3.3.

H, OH H OH
o A 1 1) y CO,Na HO 3 1 0 COzNa
AR SU
HO py R2S HO 1 Red
28 R! = NHAGc, R? = Alkyl, Aralkyl 29 R' = NHAc, R? = Alkyl, Aralkyl

3.2 C-4-Thioether Neu5SAc2en derivatives

A retro-synthetic approach to the formation of C-4-thioether NeuSAc2en
derivatives, 28, is shown in Scheme 3.3. One method of thioether synthesis involves

the attack of a thiolate ion on an alkyl bromide or triflate.'®® This method of thioether
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preparation has been successfully used for S-ether formation at both the anomeric

169-171

position, and at other positions (both primary and secondary) on carbohydrates,'”"

2 Therefore, the starting material for the synthesis of NeuSAcZen C-4-thioether
derivatives would be the C-4 thiolacetate derivative 58. Reaction of the C-4 thiolate ion
generated from 58, with appropriate alkyl halides would theoretically allow for the
introduction of substituents suggested from the previous modelling experiments
(described in Section 2.3.7.2). The synthesis of the key C-4 thiolacetate substituted
Neu5Ac2en derivative 58 was reported in 1993.'7 As described in Section 3.1.2,
stercoselective introduction of the thiolacetate group at C-4 is achieved starting from the
4,5-oxazoline derivative 56.''> "7 The oxazoline 56 has in turn been prepared in three

1‘147

steps from NeuSAc It might also be possible to synthesise the C-4-thioether

NeuSAc2en derivatives directly from the oxazoline 56 by thiol attack under acidic

- a
HOW o
R1

HO § Res
28 R = NHAc, R? = Alkyl, Aralkyl

H OAc COM
% e
Aco\w 2
SR

AcO fy  R2S
59 R' = NHAc, RZ = Alkyl, Aralkyl

S O—,—COzMe “J N O~ —COMe
AcO 7 AcO N
Q-:' R : R

conditions,

AcO I AcS AcO H
58 R = NHAc / 56
H OH HO
HO._ - o CO.H
5 R
HOH Ho
1 R=NHAc

Scheme 3.3: Rctrosynthetic approaches to C-4-thioether derivatives of NeuSAc2en.
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3.2.1 Synthesis of C-4-Thioether NeuSAc2en derivatives.

The synthetic approach taken to C-4-thioether NeuSAc2Zen derivatives 28 is
outlined in Scheme 3.4. The key intermediate in the synthesis of these derivatives, the
4-thiolacetylated derivative 58,''" was prepared in four steps from NeuSAc 1 via the

per-O-acetylated methyl ester 48 and the oxazoline derivative 56,

H OAc AcQ
HO & HO : AcO 4 AcO
1 R =NHAc 48 R = NHAc

H OAc o . | H OAc >/\o ot
%, e % 4 e
ACOW 2 e ACO\/S/N o 7 2

SR 5
AcO 4 AcS AcO 4 56
58 R = NHAc
¢ o
LY 2 COM Y4 COM
~ 9] aMe = O 2Me
AcO L HO
SGE <SR!
ACd H R‘ZS HO\ H A28
59 R' = NHAc, R? = Alkyl, Alkryl 60 R' = NHAc, R? = Alkyl, Alkryl
- =}
HO © 2
JR!
HO | Reg

28 R' = NHAc, R? = Alkyl, Alkry!

Scheme 3.4

Reagents & Conditions: a) Amberlite IR-120 (ITY, dry MeOI, 2 d, rt (95%); b) pyridine, Ac,0, 2 d, rt
(98%); ) TMSOTL, dry EtOAc, 2 h, 53°C (77%); d) thiolacetic acid, dry DME, 20 h, 83°C (85%); ¢)
hydrazine acetate, R2X, dry DMF, dry NEt;, 3 A molecular sieves, 8 h, rt (17%-84%); f) 1 M NaOMe,
dry McOH, 1 h, 0°C (88%); g) 0.1 M KOH, MeOH, th, rt, ii; Amberlite IR-120 (H"), iii: aq. NaOH to pH
7; h) i: 0.1M KOH, MeOH, 1 h, 1t, ii: Amberlite IR-120 (IT"), iii: aq. NaOH to pH 7 (40-72%).

The first steps in the synthesis involved the esterification of the carboxylic acid
group of NeuSAc 1 followed by full O-acetylation. Esterification was accomplished by
the treatment of NeuSAc 1 with Amberlite IR-120 (H") resin in dry MeOH, to afford the
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methyl cster as a white solid in greater than 95% yield.'®* Per-O-acetylation of 1 was
accomplished by treatment with pyridine in acetic anhydride at room temperature.
Purification of the resultant brown solid yielded methyl S-acetamido-2,4,7,8,9-penta-O-
acetyl-3,5-dideoxy-D-glycero-a/f3-D-galacto-non-2-ulopyranosonate  (48) as a white
foam in 98% vyield, with the overall isolated yield (93%) of 48 from NeuSAc 1 being

comparable to that reported in the Jliterature, '™

3.2.2 Synthesis of 2-methyl-(methyl 7,8,9-tri-O-acetyl-2,6-anhydro-3,5-

dideoxy-p-glycero-p-talo-non-2-enonate)-[4,5-d]-2-oxazoline (56).

The NeuSAc2en oxazoline, 2-methyl-(imethyl 7,8,9-tri-O-acetyl-2,6-anhydro-3,5-
dideoxy-D-glycero-D-falo-non-2-enonate)-{4,5-d]-2-oxazoline (56) has previously been
prepared'!” by the reaction of protected NeuSAc2en, 49, with boron trifluoride etherate
(BF3#Ef:Q) at room temperature for 16 hours (96% yield) as shown in Scheme 3.1a,
Section 3.1.2. It has also been prepared™ by the reaction of fully protected
NeuSAclMe, 48, with trimethylsilyl trifluoromethancsulfonate (TMSOTE) (3
equivalents) in ethyl acetate at 52°C for 2.5 hours (61% yield) which both introduces
the 2,3 double bond and forms the oxazoline (Scheme 3.1a, Section 3.1.2). Preparation
of oxazoline 56 directly from NeuSAc derivative 48 avoids the synthesis of the
relatively unstable B-chloro-NeuSAclMe derivative 47 in the synthesis of NeuSAc2en,

and so was the method of choice in this work.

Given the reported synthesis of unsaturated oxazoline 56 directly from saturated
per-O-acctylated NeuSAclMe 48 using TMSOTY, and the synthesis of the oxazoline
from NeuSAc2en derivative 49 using BF3eEO (Scheme 3.1), it was of interest to
examine the effect of the alternate Lewis acid BF3eEt;O on protected NeuSAclMe 48.
The reaction conditions used for the BF;eEfLO reaction werce as reported by von Itzstein
et al''7 for the preparation of oxazoline 56 from protected NeuSAc2en, 49, The
peracetylated methyl ester of Neu5Ac, 48, was stirred with 10 equivalents of BF;eEt,O
in a mixture of dry MeOH and dry DCM for 16 hours at ambient temperature (Scheme
3.5). After this time, the reaction was worked-up by addition of cold aqueous sodium
hydrogen carbonate and extraction into EtOAc. As will be seen, the nature of the

work-up procedure has a significant effect on the product isolated.
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, =z, . CO,Me
o A gooome am w0 LG {OG
SR &

48 R = NHAc

Scheme 3.5

Reagents & Conditions. a) BFyeEt0, dry DCM, dry MeOH, 16 h, rt,

The reaction using BFieEt;O described above yielded two compounds, one in
major yield (approximately 1:0.2 by 'H NMR analysis). NMR analysis of the product
mixture showed that the formation of the double bond had occurred in the major product
as indicated by the resonance for an olefinic proton (H-3) at & 6.08. However the
coupling constant of H-3 (of the major product) was 5.7 Hz, not the cxpected coupling
of 3.9 Hz previously 1'eported117 for the oxazoline derivative 56. The H-3 coupling
constant of 5.7 Hz was more consistent with coupling to an equatorial proton at C-4 as
in 4-epi-Neud,5,7,8,9Acs2en1Me 51" The minor product, that also showed an
olefinic signal (& 5.95, J 3.3 Hz), was tentatively identified as the desired product 56.

H OAc OA
Z, O _-CO,Me
AcO /
$ R
AcO H
51 R=NHAc

As the first use of BF;eEO failed to produce the desired product, the procedure of
Chandler ef al.'*” using TMSO'Tf was used to form the oxazoline 56 (Scheme 3.6). The
fully protected NeuSAc1Me derivative 48 was stitred in EtOAc at 30°C, TMSOTT was
added and the temperaturé was raised to 52°C and the reaction was I¢ft to stir for 2.5
hours. Successful formation of oxazoline 56 was indicated in the 'H NMR spectrum by
the lack of the NH proton, loss of an acetate group methyl signal, and the olefinic proton
signal at & 6.37 with a coupling constant of 3.9 Hz (H-3). However the purity of the
product and isolated yields of the oxazoline after work-up and chromatography (EtOAc)
varied between 70 to 85% depending on the work-up procedure used. The work-up

1.7 utilised ice-cold saturated sodium bicarbonate, followed

procedure of Chandler ef a
by extraction into EtOAc. 'H NMR analysis of the resultant product showed the
formation of at least two compounds, with the oxazoline 56 as the major component
(approximately 1:0.2 by 'H NMR analysis). In an attempt to increase the isolated yield

of 56, a number of different work-up procedures were trialled.
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Scheme 3.6

Reagents & Counditions. a) TMSOTE, dry EtOAg, 2 h, 53°C (85%).

The second work-up procedure trialled was based on that used by Yu er al.'” for
the TMSOTT catalysed introduction of a 1,2-oxazolinc into per-O-acetylated chitobiose.
In place of saturated sodium bicarbonate, the reaction was neutralised with a slight
excess of tricthylamine (NEts), before evaporation to dryness. Isolated yield after
work-up was comparable to that from the cold agueous NaHCO; work-up procedure,
with 56 still mixed with a second component. Dry NEt; was trialled next based on the
hypothesis that the oxazoline when in solution is highly susceptible to acid attack, and
water being a weak acid causes the formation of the unknown product. The reaction
mixture was evaporated after neutralisation with dry NEts. The 'H NMR of the product
in this case showed pure oxazoline 56 with no other product visible. However
experimental vield was in excess of 100%, indicative of the presence of triethyl
ammonium salts. Two methods for salt extractions were then tried. In the first method,
extraction into EtOAc and washing the EtOAc layer with distilled water resulted in
partial conversion of the oxazoline to the unknown compound, as shown by 'H NMR.
A mild base extraction was trialled to counteract the effect of slightly acidic nature of
watct on the oxazoline. Mild base (0.1 M NaHCO;, pH 8.2) was selected so as not to
remove the O-acetate groups. Using this washing procedure, the triethyl ammonium
salts were successfully removed, with minimal conversion of the oxazoline to the
unknown product (below the level of 'H NMR detection). After extraction of the ethyl
acetate fraction with 0.1 M NaHCOj; solution, the oxazoline 56 was obtained in 85%
yield. The 'H NMR data obtained for 56 corresponded to that reported in the

literature.'*

Acid-catalysed hydrolysis of the oxazoling 56 would be expected to lead to the
formation of 4-epi-hydroxy Neu5Ac2en1Me derivative 61."7¢ The formation of 61 may
explain the presence of the unknown product seen in the work-up of the oxazoline
reactions. The previously reported NMR data for 61, recorded in CDCh,'” could be

used to check for the presence of 61 in the oxazoline reactions. NMR spectra of the
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by-product from a work-up of an TMSOTT reaction, and the product from the initial
BF3eEO reaction, were compared with the spectrum of 61.'”" This analysis suggested
that the unknown product from the oxazoline aqueous base work-up and the major

product from the BF3eEt,O reaction are the same compound, 61.

H OAc OH

2 . CO.Me
AcO © 7 2
R

ACO\\H
61 R = NHAc

With a successful method for the clean isolation of the oxazoline 56, the BFzeELO
reaction was tried again using the dry NEt; work-up procedure. Reaction conditions
were not changed from those of the first attempt (EtOAc, 30-52°C), With the dry NEi;
work-up, NMR analysis now showed the formation of the desired oxazoline 56, with
minimal conversion to 4-epi-hydroxy NeuSAc2enIMe derivative, 61. In summary, both
TMSOTT and BF3eEt;0 could be used as Lewis acids to promote conversion of per-O-
acetylated NeuSAclMe 48 to oxazoline 56. Careful workup using dry NEt; for
neutralization eliminated the formation of the by-product identified as the 4-epi-hydroxy
derivative 61 and allowed the isolation of oxazoline 56 in 85% yield. Use of cold
aqueous NaHCOj3; during work-up however led to formation of significant amounts of

61 (up to 85% of isolated product).

3.2.3 Synthesis of methyl 5-acetamido-7,8,9-tri-O-acetyl-4-S-acetyl-2,6-
anhydro-3,5-dideoxy-4-thio-D-glycero-D-galacto-non-2-enonate,
(58).

The introduction of the thiolacetate group at C-4 of NeuSAc2en was cariied out
according to the procedure of von Itzstein ef al.''” The C-4-thiolacetate derivative, 58,
was formed 'by treatment of oxazoline 56 with thiolacetic acid in anhydrous
N,N-dimcthylformamide at 83°C for 20 hours (Scheme 3.7). These reaction conditions
resulted in the formation of the key intermediate, methyl 5-acetamido-7,8,9-tri-O-
acctyl-4-S-acetyl-2,6-anhydro-3,5-dideoxy-4-thio-D-glycero-D-galacto-non-2-enonate
(58) in 49% yield after purification. Successful formation of 58 was indicated by the
presence of the characteristic S-acetyl methyl resonance at 2.35 ppm'' in the 'H NMR
spectrum. Equatorial placement of the thiolacetate group at C-4 was indicated by the

J3 4 coupling constant of 2.4 Hz (H-4: § 4.37 ppm).m
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Scheme 3.7

Reagents & Conditions. @) Thiolacetic acid, dry DMF, 20 h, 83°C (49%).

On scale-up of the synthesis of 58 however, '"H NMR analysis of the product
showed two products with thiolacetate resonances in a ratio approx 1:0.3 as judged by
integration of both the SAc and H-3 resonances in the '"H NMR spectrum. A number of
solvent systems were evaluated to try to separate and resolve the two thiolacetate
derivatives; however no trialled solvent system could resolve the .compounds. The
similarity of the Ry values of the components meant they were very difficult to separate
by column chromatography. The best purity of the desired product 58 was obtained
using 20:1 DCM/MeOH as the column cluent, with the isolated yield at 49% with
approximately 15% of the minor product (1:0.17 ratio by 'H NMR).

The thiolacetate region of the NMR spectrum of the mixture isolated after
chromatography showed the resonance for the thiolacetate methyl group of the major
product 58 at 2.34 ppm, and that of the minor product at 2.36 ppm. To examine
whether the minor resonance was residual thiolacetic acid, a drop of thiolacetic acid was
added to a NMR sample. Subsequent analysis of this sample showed three
thiolacetates, the préviously identified major and minor thiolacetate methyl signals and
the third thiolacetate methyl signal that resomated at 2.38 ppm, as expected for
thiolacetic acid. The olefinic proton of the minor product (& 6.05) had a coupling
constant of 5.7 Hz, characteristic of a C-4 axially substituted derivative of Neu5Ac2en.
From the 'H NMR spectrum for the minor product, this species could be assigned as

per-O-acetylated 4-epi-SAc NeuSAcZenlMe 62,

H OAc SAc oM
ACO_ - 0 Y, 2Me
& R
AcO H
62 R = NHAc
Under the standard reaction conditions for the formation of the C-4 thiolacetate
derivative from oxazoline 50, (dty DMF, 5 equivalents thiolacetic acid, 83°C, 20 h)
approximately 15 to 23% of the 4-epi-SAc NeuSAc2en derivative 62 was found to be
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formed. The variance in the amount of 62 present may be due to partial removal by
column chromatography. In an attempt to minimise the amount of epimer formed, a

number of other reaction conditions were trialled, as summarised in Table 3.2,

Table 3.2: Alternative reaction conditions” for formation of 4-S-acetyl-Neu5Ac2eni1Me

derivative 58 from oxazoline 56.

Solvent Molar equivalents Product ratio® {solated combined

Thiolacetic acid to 56  4-eq 58:4-epi 62 yield of 58 and 62°

DMF 5 1:0.17 49%
DMF 1.5 1:0.10 85%
Acetonitrile 1.5 1:0.17 47%
Thiolacetic acid excess 1:0.24 89%

? Reactions were carried out at 83°C for 20 hours.
® Epimer ratio determined from the ratio of H-3 signals in 300 MHz 'H NMR spectrum of reaction
product after the evaporation of reaction solvent,

¢ After column chromatography.

The best reaction conditions involved the use of DMF as the reaction solvent with a
reduced number of cquivalents (1.5) of thiolacetic acid (Table 3.2, entry 2). These
reaction conditions gave the best results in terms of an excellent isolated yield of
product, and a reduced amount of 4-epi-SAc (down to 9% from 15%) compared to

reaction in the presence of 5 equivalents of thiolacetic acid (Table 3.2, entry 1).

Altcrnate solvents for the reaction were investigated. DMF was replaced by
acetonitrile as the reaction solvent (Table 3.2, entry 3) based on similarities in dielectric

' The replacement of DMF with acetonitrile and lowering the number of

constant.
cquivalents of thiolacetic acid gave a similar isolated yield and epimer ratio to the
original reaction conditions. The use of neat thiolacetic acid as the rcaction solvent
(Table 3.2, entry 4) caused an increase in the formation of the 4-epi-SAc derivative 62
to approx 19%. However, the combined isolated yicld of 58 and 62 also increased to
89%, although the resultant isolated product was slightly less pure than when using

DMF as solvent,

The formation of 4-eq-SAc NeuSAc2eniMe derivative 58 can occur by dircct Sn2
attack of thiolacetic acid at C-4 of oxazoline 56 (Scheme 3.8).
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58 R = NHAc

Scheme 3.8

A postulated mechanism for the formation of 4-epi-SAc-NeuSAcZenlMe 62 is
shown in Scheme 3.9, The C-4 position of per-O-acetylated NeuSAc2enlMe is known
to undergo loss of the C-4 acetate under Lewis acidic conditions (Section 3.2.2). Under
the acidic conditions of the thiolacetylation reaction, it may be possible that the loss of
the C-4 thiolacetate could occur with assistance from a resonance structure in which the
endocyclic oxygen electron lone pair creates a double bond to C-1. The resultant planar

structure could then be attacked on cither face by a further thiolate ion.

s
H OAc . H Ohc
-, B5X_-COMe %, S, —CO:Me
AcO / e—» AcC
JgrR & Csac ARL—=
AcO | Acsl AcO 1
R = NHAg¢ | R = NHAc _
i BE:
CO:Me
AcQO
H OAc H OAc
ACO ~ 0 CO,Me AcO “, SP&? CO.Me
¢ SR / or ¢ SR /
AcO H AcS AcO 1
58 R =NHAc 62 R = NHAG

Scheme 3.9

For simplicity in future sections the chemical structures of C-4-thioether derivatives

of NeuSAc2en will be represented in the C-4 equatorial form.
3.2.4 Hydrazine acetate mediated C-4 thioether formation.

From the molecular modelling study (Section 2.3.7.3), nine 4-S-substituted
NeuSAc2en derivatives were selected to be prepared (Figure 3.1): 4-S-benzyl- 28-A,
4-S-(2-phenyl)benzyl- 28-B, 4-S-cthyl- 28-C, 4-S-hexyl- 28-D, 4-S-decyl- 28-E, 4-S-p-
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cyanobenzyl- 28-F, 4-S-(2-phenyl)ethyl- 28-G, 4-S-cyanomethyl- 28-H, and 4-S-p-
nitrobenzyl- 28-1 NeuSAcZen.

28 R' = NHAc
R2=

O,
./(:/\/\ '\’QNOZ

@ Denotes sulfur attachment point.

Figure 3.1: Structure of the nine 4-S-substituted Neu5Ac2en derivatives to be

synthesised.

The derivatives shown in Figure 3.1 were prepared from 4-thiolacetyl
NeuSAc2enlMe derivative 58 in a two step one-pot synthesis involving the selective
de-S-acetylation of the C-4 thiolacctate group, followed by the coupling of the required
alkyl or aralkyl halide with the resultant thiolate ion (Scheme 3.10). De-S-acetylation of
thiolacetate groups has been reported in the literature using hydrazine acetate,'”" sodium
methoxide,'™ or diethyl amine.'” Sodium methoxide has been reported to have low

17 While dicthyl amine has been reported to

selectivity for S-acetates over O-acetates.
be milder than both sodium methoxide and hydrazine acetate it has been found to be
ineffective in the de-S-acetylation of non-anomeric thiolacetates.'”” Hydrazine acetate
has been used to de-O-acetylate the anomeric position on carbohydrates, and to de-S-
acetylate anomeric'”" or primary thioesters,'””' Chemosclectivity (SAc vs OAc) at
ambient temperatures over prolonged reaction times has also been observed.””! Thus

hydrazine acetate was selected as the de-S-acetylating reagent.
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Scheme 3.10

Coupling reactions were first attempted with benzyl bromide, using the benzyl
group as a representative of the desired substituents to be introduced at C-4. Initial

" for primary thiolacetates.

reaction conditions trialled were those reported in literature
Accordingly the 4-SAc derivative 58 was reacted with 1 equivalent of hydrazine acetate
in DME at room temperature for 45 minutes, followed by the addition of 1.5 equivalents
of benzyl bromide and 1 equivalent of NEt; and reaction for 3 hours at room
temperature, 'H NMR of the crude product isolated after evaporation of reaction
solvent however, showed mostly recovered 58 indicating that the initial de-S-acetylation

had not occurred to any appreciable cxtent.

Modifications to the initial procedure to attempt to improve thiolate formation
included the addition of 4 equivalents of hydrazine acetate, a longer reaction time (48
hours), and an increase in temperature (40°C) as summarised in Table 3.3, These
reaction modifications did not produce the desired coupled material. It appeared that
de-S-acetylation was not occuring as unreacted starting material was consistently

observed.

Table 3.3: Summary of coupling reaction conditions trialled for synthesis of

4-S-benzyl NeuSAc2enlMe derivative 59-A from 58 (Scheme 3.11).

Hydrazine Acetate  BnBr equiv. Solvent Temp Time Outcome
equiv to 58 to 58

1 (DMF solution) 1.5 BnBr DMF rt 3h NR*

4 (DMEF solution) 1.5 BnBr DMF 40°C  2d NR

7 solid 1.5 BnBr DMEF rt 8h 68% 59-A

# NR = No visible reaction by TLC
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Formation of the desired C-4 thioether derivative using benzyl bromide as coupling
partner was successfully achieved under the following conditions. The coupling partners
were initially stirred with 3 A molecular sieves in DMF for a minimum of 10 minutes.
This was followed by the addition of 7 equivalents of solid hydrazine acctate (as
opposed to a DMF solution) to the reaction mixture. These changes were made to
minimise any water present in starting materials/reagents. The reaction was then left fo
stir at room temperature for 8 hours, after which 'H NMR and TLC analysis indicated
the successful formation of the 4-S-benzyl NeuSAc2enlMe derivative 59-A (Scheme
3.11). 'H NMR analysis of the reaction product indicated a distinctive shift of the
resonance for H-4, from 6 4.37 in thiolacctate derivative 58 to & 3.47 for the
successfully coupled 4-S-benzyl derivative 59-A. The C-5 proton was also seen to shift
from & 4.20 in 58 to & 4.02 in 59-A. Successful formation of 59-A was also confirmed
by ESI LRMS in positive ion mode with the observation of an (M-+Na)" peak at 560 m/z
for the product.

H OAc con H OhAc con
?, g “ e
AcO © / P8 o ACO © 2
iR SR
AcO I AcS ACOH g
58 R = NHAC
59-A R = NHAC

Scheme 3.11
Reagents & Conditions. 8) 7 equiv. hydrazine acetate, dry DMF, 1.5 equiv. dry NEt;, 1.5 cquiv
BnBr, 3 A molecular sieves, 8 h, rt, (68%).

While TLC analysis of the product isolated from the benzyl bromide coupling
appeated to show only one compound, NMR analysis indicated two compounds (1:0.2)
were present, The product produced in major yield had an olefinic proton (H-3)
coupling of 2.7 Hz and the minor product had a coupling of 5.6 Hz. This is consistent
with a mixture of the 4-equatorial and 4-epi-S-benzyl derivatives, NMR analysis of the
C-4 thiolacetate starting material 58 cstablished that it was composed of a 1:0.2 mixture
of C-4 epimers; after the coupling reaction no detectable increase in the amount of the

C-4 epi form was seen.

The following optimised coupling reaction conditions were used to synthesise the

NeuS5Ac2en C-4 thiocther derivatives 59-A to 59-1: 7 cquivalents hydrazine acetate, 1.5
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equivalents NEts, 1.5 equivalents alkyl/aralkyl halide, anhydrous DMF, 3 A molecular
sicves, and reaction for 8 hours at room temperature, The yields of the products isolated
after chromatography are given in Table 3.4. In all cases good conversion of starting
material 58 to the desired product was observed by TLC of the crude reaction product.
However, the purification of the products derived from bromodecane (59-E),
bromoacetonitrile (59-H) and 4-nitrobenzyl bromide (59-1) led to lower isolated yields

than seen with the other coupling partners.

Table 3.4; Yiclds of hydrazine acetate mediated coupling reactions of 4-SAc
NeuSAc2en derivative 58 with various alkyl/aralkyl halides.

Alkyt halide Product Reaction yield®
benzyl bromide 59-A 68%
2-phenylbenzyl bromide 59-B 68%
iodocthane 59-C 61%
bromohexane 59-D 84%
bromodecane 59-E 39%
o-bromo-p-tolunitrile 59-F 80%
2-bromoethylbenzene 59-G 59%
bromoacetonitrile 59-H 17%
4-nitrobenzyl bromide 59-1 27%

? Represents best isolated yield for coupling reaction.

Successful coupling of the alkyl/aralkyl halides was indicated in "H NMR analysis
of the coupled products by characteristic changes in the chemical shifts of H-4 and H-5.
Selected "H NMR data for the coupled products is given in Table 3.5. In all cases, H-4
is observed to shift upfield by ~ 0.9 — 1 ppm from the shift observed for the 4-SAc
derivative 58 (H-4: 4.37 ppm). This is consistent with the loss of the deshielding
acetate group on the sulfur atom. A smaller upfield shift was observed in the case of the
cyanomethyl derivative 59-H, which may be duc to the triple bond of the cyano group
deshielding the H-4 proton."™ H-5 is also observed to shift upfield by between 0.2 and
0.4 ppm depending on the substituent attéched, this may be due to a through space
effect of substituents at O-4. No great difference is seen in the chemical shift of H-4
and H-5 between each of the synthesised derivatives. All compounds gave the expected

mass for the (M-+Na)" ion in positive ion mode ESI LRMS.
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Table 3.5: Selected data indicating successful coupling of alkyl/aralkyl halides with 58.

H OAc

Ao % - o COMe
AO 1y R2S
59 R! = NHAc
Compound (R®) Compound R{ H-4° H-5
acetyl 58 0.38 4.37 4.20
benzyl 59-A 0.62° 3.47 4.02
2-phenylbenzyl 59-B 0.54 3.37 3.78
ethyl 59-C 0.46 3.47 3.99
hexyl 59-D 0.62 3.40 3.87
decyl 59-E 0.60 3.48 3.92
p-cyanobenzyl 59-F 0.48 3.38 4.00
2-phenylethyl 59-G 0.56 3.45 4.00
cyanomethyl 59-H 0.38 3.79 4,05
p-nitrobenzyl 59-1 0.49 3.41 4.04

*TLC (2:1 EtOAc/Hex); ® TLC (EtOAc, SM Re=0.51); © 'H NMR 300 MHz.

3.2.5 Deprotection of C-4-thioether derivatives of NeuSAcZen

The deprotection strategy initially chosen for the C-4-thiocther derivatives of
NeuSAc¢2en was a two step strategy; de-O-acetylation followed by de-esterification as
shown in Scheme 3.12 (steps a and b), a standard deprotection strategy in sialic acid
chemistry. Tnifially for the 4-S-benzyl derivative 59-A, de-O-acetylation was performed
using catalytic NaOMe in dry MecOH. When the de-O-acetylation reaction was
conducted at room temperature, NMR analysis of the crude product, 63, isolated after
neutralisation and evaporation of the reaction solvent showed an increase in the
proportion on the 4-epi derivative from 15% in the starting material to 39% in the
product, based on intcgration of the H-3 resonance. To examinc whether the
temperature of the reaction affected the extent of cpimerisation, the reaction was
repeated at 0°C. The proportion of the 4-epi derivative in the product after reaction at
0°C was reduced (compared to reaction at room temperature) to 24% of the total
product. At lower temperatures (-20°C and -10°C) the de-O-acetylation reaction did not

proceed.
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Scheme 3.12

Reagents & Conditions. a) cat, NaOMe, dry MeOH, 1 h, 0°C; b) 0.1 M K.OH, McOH, Ih, 1t; ¢) 0.1
M KOH, MeOH, 1h, 1t.

A mechanism proposed to explain the increased proportion of the 4-epi derivative
in the 4-S-benzyl derivative 63 after reaction of 5§9-A with NaOMe is given in Scheme
3.13. It is postulated that the reaction of 59-A with NaOMec would be conducive to the
deprotonation of C-4 and the resultant anion could be stabilised by a resonance structure
through to the methyl ester. Re-protonation at C-4 could happen on either face of the
ring and as such give rise to a greater proportion of the 4-epi derivative in the product

than in the starting material.

£SO~ AN ~70

Scheme 3.13

Proposed reaction mechanism for the NaOMe mediated formation of 4-5-epi-benzyl-NeuSAc2enMe.
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3.2.5.1 Deprotection of C-4-thioether NeuSAcZen derivatives with

potassium hydroxide.

A revised strategy for deprotection of the C-4-thioether NeuSAc2en derivatives
involving the removal of both the O-acetate and the methy! ester protecting groups with
a 1:1 mixture of 0.1 M KOH and MeOH at 0°C was tried. Deprotection of the methyl
ester under these conditions would place a formal negative charge at C-I and therefore
make less likely the formation of the resonance structure shown in Scheme 3.13. The
revised reaction conditions were tricd for the deprotection of the 4-S-benzyl-
NeusAc2enIMe (59-A) derivative. 'H NMR analysis of the fully deprotected 4-S-
benzyl derivative 28-A using these conditions showed that there was very little (if any)
increase in the proportion of the 4-epi derivative compared to that seen in the starting

material.

All C-4-thioether derivatives of NcuSAc2en, with the exception of the
4-nitrobenzyl and 4-cyanomethyl derivatives 59-1 and 59-H (due to poor coupling
reaction yields) were deprotected using 0.1 M KOH and MeOH (Scheme 3.14). The
deprotected materials were acidified to pH 3-4 with ion exchange resin, the resin was
filtered off, and the solution was neutralised to pH 7.8 with NaOH solution to form the
sodium salts. Yields of the desired fully deprotected products isolated after the

formation of the sodium salt were greater than 90%.

H’f. A o) COMe ab H’c o 0O COyNa
AcO_ A 1 7 2w HO N
JIR SR
AcO H R2S HO R%S
59 R = NHAc, R? = alkyl, aralkyl : 28 R' = NHAc, R? = alkyl, aralkyl

Scheme 3.14

Reagents & Conditions. a) 0.1 M KOH, McOH, 1h, rt; b) i: Amberlite IR-120 (H") to pH 3-4; ii: IM
NaOH to pH 7.8.

Successful deprotection was confirmed by "H NMR analysis which showed the loss
of the O-acetate resonances (3 x 3H singlets, region of & 2.00 to & 2.30), and loss of the |
methyl ester resonance (1 x 3H singlet, ~ 8 3.70). In Figure 3.2, which shows the
C-4-thioether NeuSAc2en derivatives synthesised, the general structure is presented in
equatorial form for simplicity, however in each case a C-4 ¢pimeric mixture with 5 to

22% of the 4-epi-derivative (see Table 3.9, Scction 3.3.5) was present. The deprotected

139



S-linked derivatives 28-A to 28-G were purified using semi-preparative reverse phase
high performance liquid chromatography (HPLC). Details of the chromatography are

shown in Table 3.9, Section 3.3.5 at the end of this chapter.
H OH

= CO,Na
HO O o
SR
HO R sme
28 R' = NHAc
R®=

¢ e“‘\_@

@ Denotes sulphur attachment
point,

Figure 3.2: Structure of the C-4-thioether linked derivatives of NeuSAc2en

synthesised,

3.3 Approaches to C-4-ether NeuSAc2en derivatives

A retro-synthetic approach to the preparation of C-4-cther derivatives of
NeuSAcZen 29 is shown in Scheme 3.15. The alkylation of the C-4 hydroxyl group of a
NeuSAc2en derivative has been successfully performed in the presence of sodium
hydride."® The usc of silver (I) oxide to alkylate at C-4 of saturated NeuSAc derivatives
has also been reported in the literature."** ®® This reagent may also be of use in the
alkylation of NeuSAc2en derivatives. In either case, the coupling reaction has been
performed on differentially protected NeuSAc2en (NaH) or NeuSAc (AgyO) derivatives.
In the retro-synthesis of 4-0O-alkylated NeuSAc2en derivatives 29 presented in Scheme
3.15, the key intermediate proposed for both coupling strategies is methyl S-acetamido-
' 2,6-anhydro-3,5-dideoxy-8,9-O-isopropylidene-D-glycero-D-galacto-non-2-enonate
(52). This compound has previously been synthesised from NeuSAc2enlMe 64118
which has in turn been synthesised from NeuSAc, 1, in four steps via the B-chloride of

per-O-acetylated NeuSAclMe, 47.1% %6
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29 R! = NHAg, R? = Alkyl, Aryl 65 R! = NHAc, R? = Alkyl, Aryl
y
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$ 0 CO,Me
/
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=

HO HO

/ 52 R = NHAc
H OH H OH o
Ho. Oy COMe Hoo 0 COLH
2
SR / ——— IR

HO HO HO H HO
64 R = NHAc - 1 R = NHAc
Scheme 3.15: Retrosynthetic approaches to C-4-ether derivatives of NeuSAc2en.

3.3.1 Synthesis of C-4-cther linked Neu5Ac2en derivatives

The approach taken to the preparation of the C-4-ether NeuSAc2en derivatives is
shown in Scheme 3.16. An advantage of the C-4-ether derivatives is that they can be
prepared epimerically pure, in comparison to thc C-4-thioether derivatives that
contained ~3 to 22% of the C-4 epimer. Another advantage of synthesising the
C-4-ether linked NeuSAc2en derivatives is that they would allow assessment of the

effect of the C-O or C-8 linkage at C-4 on biological activity.
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Scheme 3.16

Reagents & Conditions. a) dry MeOH, Amberlite IR-120 (H") resin, 1 d (> 95%); b) AcCl, 2 d, 1t
(~98%); ¢) DBU, dry DCM, 2.5 h, 1t (74%); d): 1 M NaOMe. Dry MeOH, 1 h, 0°C (92%); €) 2,2-
dimethoxypropane, Amberlite IR-120 (I1*) resin, dry acetone, 16 h, rt (100%); f) R*X, dry DCM, Ag,0,
n-Bu,NI, 3 A molecular sieves, 2 d, rt (0-82%); g) R*X, dry DMF, NaH, 8 h, it, Ar (0-65%); k) 80%
AcOH, 0.5 h, ~83°C (84-> 100%); i) i 0.IM KOH, MeOH, 1 h, 1t, ii: Amberlite IR-120 (H"), iii: aq.
NaOH to pH 7.8, (35-64%).

3.3.2 Preparation of key intermediate 8,9-O-isopropylidenated
NeuSAc2enlMe 52.
The key intermediate in Scheme 3.16 is methyl S-acetamido-2,6-anhydro-3,5-
dideoxy-8,9-0-isopropylidene-D-glycero-D-galacto-non-2-enonate (52). The
preparation of 52 has been described in the literature!'® in 5 steps from NeuSAc, 1. The

methyl ester of NeuSAc 1, as described in Section 3.2.1, was synthesised in excellent
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yield (> 95%) using standard conditions (MeOH, acidic resin, 1t)."®* Chlorination and
per-O-acetylation to give 2-B-chloro-NeuSAclMe 47 was performed by stirring
Neu5AcIMe 50 in neat AcCl at room temperature for 2 days.”*® Once complete, the
reaction was worked-up by co-cvaporation with toluene and the crude product was used
without purification in the subsequent B-elimination step. A crude yield of ~98% was

obtained.

The formation of per-O-acctylated NeuSAc2eniMe 49 from the per-O-acctylated
B-chloro-NeuSAc1Me derivative 47 has been reported using a number of different bases
to eliminate HCl and form the unsaturated product 49.2*¢ In this work, the
elimination of HCI from the P-chloride was tried a number of different ways in an
attempt to maximise the yield (Scheme 3.17, Table 3.6). The formation of the C2-C3
double bond by reacting 47 in dry pyridine at 50°C was reported by Sun ef al'*
(overall yield of 49 from 1, 97%). Following this method, crude 47 was dissolved in
pyridine and stirred at 50°C for I hour. After purification, l'H NMR analysis showed
the presence of an olefinic resonance (H-3) at 6.02 ppm, confirming the formation of the
C2-C3 double bond. In our hands, the overall reaction yield for the conversion of
NeuSAcIMe 80 to per-O-acetylated Neu5Ac2en1Me 49 over two steps was ~55% (well
below that 113pm_‘ted134 in the literature)., In an effort to increase the reaction yicld, an
alternate method of elimination was used involving the reaction of the B-chloro
derivative 47 with triethylamine in dioxane at 80°C for 30 minutes under Ar."”* Overall
yicld for the conversion of methyl ester 50 to 49 over the two steps was 74%, which was
an improvement over the pyridine-catalysed elimination method. A third method using
DBU for the elimination, reported by Okamtoto et al.,P® was also tried. In this method,
per-O-acetylated B-chloro-NenSAclMe 47 was reacted with DBU in dry DCM at room
temperature for 2.5 hours under Ar. The overall yield of per-O-acetylated
Neu5Ac2enIMe 50 from NeuSAclMe 49 after purification by chromatography was
74%.

67 R = NHAc

On scale-up of the DBU reaction to multi-gram scale, an impurity was noted to
form during the reaction that appeared to be (on the basis of an olefinic (H-3) coupling

constant of 5.7 Hz and the loss of an acetate group) per-O-acetylated 4-epi-OH

143



NeuSAc2enlMe 67. Recrystallisation (EtOAc/hexanes, DCM/McOH, hexanes/MeOH,
DCM/acetone) was unable to scparate the main product 49 from the impurity,
However, careful chromatography on a smaller scale (< 1 g) (7:1 EtOAc/hexanes)
enabled the isolation of fully protected NeuSAc2en derivative 49 in clean form as
confirmed by 'H NMR spectroscopy. A summary of elimination reaction results can be

seen in Table 3.6.

H OAc ¢l H DAc
3 ., CO.Me
AcO O CO.Me ab,orc AcO ° :
\\\\' R Y- \\s‘ R
AcO H AcO AcO i Oac
47 R = NHAc 49 R = NHAc
Scheme 3.17

Reagents & Conditions. a) dry pyridine, 1 h, 50°C, 55%; b) dry NEt;, dioxane, 0.5 b, 80°C, 74%; c)
DBU, dry DCM, 2.5 h, tt, 74%.

Table 3.6: Summary of the elimination reactions examined for the synthesis of 49 from

47.

Method of HCI elimination from 47 Yield of 49 (over two steps from 50)
pyridine 50°C 1.0h ~55%
Et3N in dioxane 80°C 0.5h ~T4%
DBU in DCM rt 25h ~74%

De-O-acetylation of tetra-O-acetyl-NeuSAc2enlMe 49 was camied out using
NaOMe in dry MeOH solution to give the desired compound NeuSAc2eniMe 64 in
excellent yield (92%). The key intermediate 8,9-O-isopropylidenated NeuSAc2enlMe
52 has been prepared in the literature by the reaction of 64 with acetone in the presence
of triflic acid.!'® Tn this work, 52 was produced by suspending Neu5SAc2eniMe 64 in
dry acetone and 2,2-dimethoxypropane at room temperature under an atmosphere of
argon (Scheme 3.16). This was followed by the addition of Amberlite IR-120 (H") ion
exchange resin and the reaction was left to stir at room temperature overnight. After the
removal of the resin by filtration, and evaporation of the solvent, subsequent treatment
with dry NEt3 and resuspension of the resultant residue in DCM yielded the product as a
white precipitate in quantitative yield. 'H NMR analysis of the precipitated product
indicated pure 52; two characteristic isopropyl methyl resonances were present in the 'H

NMR spectrum at 1.35 and 1.39 ppm. The overall yicld of the key isopropylidenated
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NeuSAc2Zen derivative 52 from NeuSAc 1 (using DBU catalysed climination) was

~65% over five steps.

3.3.3 Coupling of alkyl/aralkyl halides with 8,9-O-isopropylidene-
NeuSAc2enlMe, 52.

The C-4-ether derivatives of NeuSAc2en selected to be prepared based on the
modelling studies from Section 2.3.7.3 of Chapter 2, were 4-O-benzyl- 29-A, 4-0-(2-
phenylbenzyl- 29-B, 4-O-ethyl- 29-C, 4-O-hexyl- 29-D, and 4-O-decyl- 29-E
NeuSAc2en (Figure 3.3).

H” & ¢] COsNa
HOf  dR?
29 R' = NHAc¢

R? =

A ¢ &

@ Denotes oxygen attachment
point.

Figure 3.3: Stracture of the five 4-O-substituted derivatives of NeuSAc2en to be

synthesised,

3.3.3.1 Sodium hydride mediated alkylation of 52

The 4-O-alkylation of 8,9-O-isopropylidene-NeuSAc2enlMe 52 was first tried
using the method reported by Castro-Palomino ef al.''® with sodium hydride as coupling
mediator, as shown in Scheme 3.18. The alkyl/aralkyl halides used and reaction yiclds
are indicated in Table 3.7, Section 3,3.3.3. The NaH mediated coupling involved
stirring 8,9-O-isopropylidene-NeuSAc2enlMe, 52, with 1.5 equivalents of the coupling
partner in dry DMF (Scheme 3.18). Sodium hydride was added at 0°C and the reaction
was left to stir until TLC (EtOAc) indicated reaction completion (typically 8 hours).
The reaction mixture was then quenched with 0.1 mL of dry MeOH and, after a work-

up consisting of evaporation of DMF and aqueous cxtraction, the crude product was
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chromatographed using 5:1 EtOAc/hexancs as cluent to give the desired product
generally as an off-white foam. The yields for these reactions, which ranged from 0 to
63% depending on the alkyl halide used, are presented in Table 3.7. Due to problems
involving lack of reproducibility of the reaction outcome (discussed in Section 3.3.3.3),

the use of silver (1) oxide as the reaction mediator was also investigated.

= [£] >
()W > a o 0O / 2
") I l " t1

HOH  HO HO'H R2G
52 R = NHAc 65 R' = NHAc, R? = Alkyl, Aralkyl
Scheme 3.18

Reagents & Conditions. a) Alkyifaralkyl halide, Nall, dry DMF, 8 h, rt, Ar,

3.3.3.2 Silver (I) oxide mediated alkylation of 52

The 4-O-alkylation of 8,9-O-isopropylidene-NeuSAc2enlMe 52 was also fried

' using silver (I) oxide to mediate the coupling procedure (Scheme 3.19).

ﬁLo H ‘ ﬁz—o H

d S 0 CO,Me a 4 s o COMe
AR / JgR! /

HOf WO HO | R2C

52 R = NHAc 65 R' = NHAC, R? = Alkyl, Aralkyl
Scheme 3.19

Reagents & Conditions. a) Alkyl/aralkyl halide, Ag;0, n-BusNi, dry DCM 3 A molecular sieves, 2 d,
Ar, tt,

1.'** with minor modification

The method was performed as reported by lkeda ef a
for the 4-O-alkylation of a NeuSAc thiophenyl glycoside 54 (see Scction 3.1.2). In
these reactions, 8,9-O-isopropylidene-NeuSAc2enIMe 52 and 3 molar equivalents of
alkyl/aralkyl halide were pre-dried by stitring over 3 A molecular sieves in dry DCM
for 2 hours at room temperature. Subsequently, 3 molar equivalents of silver oxide, and
1 equivalent of tetrabutyl ammonium iodide (#-BuyNI) were added. The reaction was
protected from light and stirred at room temperature for two days. TLC (EtOAc)
analysis after the 2 days had elapsed indicated that all starting material had been
consumed and converted to a single major product. The reaction was filtered through

Celitc® and the reaction mixture was evaporated to dryness. Column chromatography
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on the crude product was performed using EtOAc as the cluent and reaction yields

(ranging from 0 to 82%), and the aryl/alky! halides, used are presented in Table 3.7.

3.3.3.3 Analysis of NaH and Ag,0 mediated alkylation reactions

The recaction yields of the sodium hydride and silver (I) oxide mediated alkylation
reactions are shown in Table 3.7. As can be seen, all alkyl halides with the exception of
alkylation with 2-phenylethyl bromide were successfully coupled with the starting
material 52. The alkylation scen was specific for C-4, as no 'H NMR spectrum showed
the presence of C-7 alkylation or 4,7-di-O-alkylation. Yiclds when using NaH were

more uniform across the different alkyl/aralkyl halides than when using Ag,O.

Table 3.7; Yields of sodium hydride and silver (I) oxide alkylation reactions on 52.

Coupling Partner Product Reaction yield® (NaH)  Reaction yield® (Ag,0)
benzyl bromide 65-A 65% 62%
2-phenylbenzyl bromide 65-B 61% 82%
iodoethane 65-C 62% 40%
bromohexane 65-D 61% 34%
bromodecane 65-E 33% 11%
2-phenylethyl bromide 65-G 0% 0%

? Isolated yields after chromatography. Represents best yield for alkylation reaction.

Yields for the alkylation reactions with sodium hydride ranged from 33% with
bromodecane (65-E) to 65% with benzyl bromide (65-A). No 4-O-alkylated derivative
was conclusively produced in the reaction with 2-phenylethyl bromide. An explanation
for the lack of reactivity of 2-phenylethyl bromide under these conditions could be
dciﬁdrobrorﬁinaﬁon fo the fonﬁ?—pl.lcnyiethene, tﬁerebj 1'emoving thé coﬁpling part.n(.:r

from the reaction.

The coupling of benzyl bromide was successful, with isolated yields in the region
of 65%. This is somewhat below the 83% yield reported'™® for this reaction. . Although
reasonable yields with NaH could be obtained, this reaction was found to be quite
variable. The bromohexane coupling reaction was particularly variable in its outcome;
initially the rcaction was successful, however subsequent attempts led to recovery of
partially deprotected starting material (either de-O-isopropylidenated or de-esterified

during the workup procedure).

The coupling reaction using bromohexane was further investigated in particular fo

evaluate reaction pH at all steps in order to determine if the removal of the protecting
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groups (methyl ester and/or isopropylidene) was the cause of the reduced reaction yield.
The reaction was performed under Ar using the following conditions, 1.3 equivalents of
alkyl halide, dry DMF, 1.3 equivalents of Nal, 3 A molecular sieves, 5 h, tt. At
completion of the reaction (as judged by TLC) the pH was tested and found to be 8.5;
after subsequent addition of 0.1 mL of dry MeOH, the pH was once again tested and
found to be 9.0. The reaction mixture was diluted with chloroform, filtered and
concentrated under vacuum. The residue was then taken up in DCM, washed with
ice-cold 0.1 M HCI, Hy0, sat. NaCl, dried (Na;SQy), filtered and concentrated to
dryness. NMR analysis of the crude product showed the desired product and indicated
that the methyl ester and the isopropylidene group were not removed during the normal

work-up.

The purification of the successfully coupled 8,9-O-isopropylidene-4-O-hexyl-
NeuSAc2en1Me (65-D) however was problematic. It is postulated that the low isolated
yields of some of the reactions could be due to de-O-isopropylidenation on the silica
column (due to the slightly acidic nature of silica). This however could be countered by
the addition of NEt; to the column eluent. As a result of this study, the optimised
work-up for the NaH mediated alkylation of 8,9-O-isopropylidene-NeuSAc2enlMe, 52,
involved the addition of 0.1 mL dry MeOH, filtration and evaporation of reaction
solvent and column chromatography using 5:1 EtOAc/Hex to which a small amount (~1
ml.) of NEt; had been added.

The coupling reactions performed using silver (1) oxide, with the exception of the
2-phenylethyl bromide reaction, were successful to varying degrees. The least
successful was the bromodecane reaction at 11% vyield, in comparison the most
successful reaction 2-phenylbenzyl bromide at 82% yield. Once again there was no
reaction with the 2-phenylethyl bromide coupling partner; it may be that the elimination

of bromide from the coupling partner also occurs in the presence of AgO.

Products from the 4-O-alkylation reactions were characterised by "H NMR and MS
analysis. Selected "H NMR data for the 4-O-alkylated NeuSAc2en derivatives is given
in Table 3.8. In the '"H NMR of the 4-O-alkylated derivatives, H-4 is generally
observed to shift upfield by ~0.4 ppm from the shift observed for the starting 8,9-O-
ispropylidene-NeuSAc2en1Me derivative 52 (H-4: 4.46 ppm). This is consistent with
the addition of a shielding group on the oxygen atom., H-5 is observed to shift

downfield field by between ~0.2 to 0.4 ppm depending on the substituent attached, this
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may be duc to through space interactions. No great difference is seen in the shift of H-4
and H-5 between each of the synthesised derivatives. All compounds gave the expected

mass for the (M-H) ion in negative ion mode ESI LRMS.

Table 3.8: Sclected data for the 4-O-alkylated-NeuSAc2en derivatives 65.

HZ‘O _SH o COsMe
O m2d
65 R' = NHAc
R? Compound RE H-4° H-5°
Number
H 52 0.46 4.46 3.97
benzyl 65-A 0.60 4.11 418
2-phenylbenzyl 65-B 0.75 4.10 4.15
ethyl 65-C 0.51 4,03 4.16
hexyl 65-D 0.71 4,01 4.13

decyl 65-E 0.75 4.04 436
*TLC (EtOAc), " 'H NMR 300 MHz. '

3.3.4 Deprotection of 4-O-alkylated derivatives of NeuSAc2en.
The deprotection of the 4-O-alkylated derivatives of NeuSAc2en 65 was performed

in a two-step onc-pot reaction as shown in Scheme 3.20.

A3 COM Ry COLM
S 0 HMe a %, o] 2Me
0 - Y. g HO A
HO b R HO & Red
65 R' = NHAc, R? = Alkyl, Araikyl 67 R' = NHAc, R? = Alkyl, Aralkyl
/ b,c
H OH CON
z, a
RGE
HO K RZC
29 R' = NHAc, R? = Alkyl, Aralkyl
Scheme 3.20

Reagents & Conditions. a:) 80% AcOH, 0.5 h, ~83°C; b) 0.1 M KOH, MeOH, 1 h, 1t; ¢) i:
Amberlite IR-120 (H"), ii: aq. NaOH to ph 7.8, (35-64% over two steps).
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The deprotection steps involved the initial removal of the isopropylidene group
protecting the C-8 and C-9 hydroxyl groups followed by the de-esterification of the C-1
carboxylic acid. De-isopropylidination was carried-out by the use of 80% AcOH at
83°C for 1 hr. After evaporation of the AcOH, de-esterification was carried out by
addition of 1:1 0.1 M KOH and MeOH. The deprotected derivatives were acidified to
pH 3-4 with Amberlite IR-120 (H") resin. The solution was then filtered to remove the
resin and concentrated to dryness. The residue was redissolved in HO and neutralised
to pH 7.8 by the addition of IM NaOH to form the sodium salt in greater than 100%
yield after lyophilisation. The greater than 100% yield is caused by the neutralisation

process where a salt residue is formed due to the pH change.

Successful deprotection was indicated in 'H NMR spectroscopic analysis by the
loss of the isopropylidene resonance (2 x 3H singlets, region of 8 1.25 to & 1.35), and
loss of the methyl ester resonance (1 x 3H singlet, & ~3.70). "H NMR spectroscopic
analysis also showed no epimerisation of the deprotected compounds was apparent.
The deprotected 4-O-alkylated derivatives 29-A to 29-E were finally purified using
semi-preparative reverse phase high performance liquid chromatography as discussed in
Section 3.3.5. The structures of the C-4-ether linked NeuSAc2en derivatives

synthesised are shown in Figure 3.3 in Section 3.3.3.

3.3.5 HPLC conditions for purification of C-4-thioether and C-4-ether

NeuSAc2en derivatives.

The fully deprotected final C-4-thioether and C-4-ether NeuSAc2en derivatives
were purified using isocratic normal phase HLPC on a semi-preparative C18 column.
The conditions for each compound, the elution time off the column at a flow rate of 4
mL/min and the epimeric ratio (in the case of C-4-thicether derivatives) are shown in

Table 3.9.

A number of conditions were evaluated in an attempt to scparate the epimers of the
C-4-thioether derivatives. However, in no case were the HPLC conditions sufficient to
remove the C-4-epi derivatives from the desired equatorially S-substituted derivatives.
Therefore each of the C-4-thioether derivatives was sent for biological evaluation with

the presence of the C-4-epi epimer in the ratios shown in Table 3.9.
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Table 3.9: HPLC conditions for purification of C-4-thioether and C-4-ether

NeuSAc2en derivatives.

H” & COsN
HOW 2
SR
HO H R?
R' = NHAc
R? Isocratic ACN % Elution time Epimeric mixture®
(Min) (eqiepi)

S-benzyl 28-A 2% 18.2 1:0.1
O-benzyl 29-A 5% 8.6 -
S-(2-phenyl)benzy! 28-B 20% 10.3 1:0.2
O-(2-phenyl)benzyl 29-B 20% 7.5 -
S-ethyl 28-C 3% 5.1 1:0.2
O-ethyl 29-C 1% 4.8 -
S-hexyl 28-D 10% 157 1:03
O-hexyl 29-D 5% 10.9 ]
S-decyl 28-E 25% 136 1:0.3
O-decyl 29-E 25% 13.1 -
S-{p-cyanobenzyl) 28-F 5% 11.2 1:0.1
S-(2-phenyl)ethyl 29-G 10% 8.8 1:0.3

* C-4 thiocther derivatives, epimeric ratio was determined by 300 MHz "H NMR,

34 Summary and Conclusions

In conclusion, the synthesis of novel C-4-thiocther 28-A to 28-G (Figure 3.1) and
C-4-cther 29-A to 29-E (Figure 3.3) Neu5Ac2en derivatives has been achieved. The
synthesis of C-4 thiocther derivatives was achieved in 6 steps from NeuSAc 1. The key
intermediate  of the C-4-thioether synthesis, per-O-acetylated = 4-thiolacetyl-
Neu5Ac2enl1Me 58, was prepared via the NeuSAc2en oxazoline 56, which also resulted
in the formation of the 4-epi-thiolacetyl-NeuSAc2enlMe derivative (~14% of total
product). Modification of the literature!” procedure for this reaction by reducing the
number of equivalents of thiolacetic acid from 5 to 1.5 minimised the formation of the
epimer, With the synthesis of the key intermcdiate 58, 4-S-alkylation was then achieved
by basc-mediated thiolate formation and reaction with alkyl/aralkyl halides. The
S-alkylations procceded in isolated yields ranging from 17% to 84% and no further C-4
epimerisation was noted during the alkylation reaction. [Initially, de-O-acetylation of
per-O-acetylated 4-S-benzyl-NeuSAcZenlMe derivative 59-A was performed using
NaOMe in dry MeOH. These reaction conditions however, caused an increase in the

proportion of the C-4 epimer. By performing a dual de-O-acetylation/de-csterification
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in 1:1 0.IM KOH/McOH the increase of the proportion of the epimer was reduced.
After neutralisation the seven C-4-thioether derivatives were purified by HPLC to give
the target compounds 28-A to 28-G as a variable mixture of 4-S-epi and 4-S-equatorial
substituted product,

The synthesis of C-4-cther derivatives was achieved in 8 steps from NeuSAc 1.
The key intermediate of the synthesis, 8,9-O—isopfopylidene—NeuSAcZenlMe 52, was
prepared through a sequence of reactions involving the B-elimination of a C-2 halide
from NeuSAclMe derivative, 47, followed by de-O-acetylation and §,9-0-
isopropylidenation.  Initially, sclective 4-O-alkylation was mediated with NaH.
However the yields obtained for the alkylation reactions were highly variable upon
repetition of the reaction, 4-O-Alkylation was then achieved by the use of silver ()
oxide; this reaction was slower than the NaH reaction however reaction yield was not as
variable. The isolated yields of the O-alkylation reactions ranged from 11% to 82%.
Deprotection involving de-O-isopropylidenation and de-csterification were achieved
using standard conditions without difficulty. Finally, the C-4-ether NeuSAcZen
derivatives were purified by HPLC to give the target compounds 29-A to 29-E.

Ultimately, the C-4-substituted NeuSAc2en derivatives that were synthesised were:
S and O-benzyl- 28/29-A, S and O-2-phenylbenzyl- 28/29-B, § and O-ethyl- 28/29-C, §
and O-hexyl- 28/29-D, § and O-decyl- 28/29-E, S-p-(cyano)benzyl- 28-F, and S-(2-
phenyl)ethyl- 28-G derivatives.

3.5 Future Work
A number of areas of research have been identificd throughout this work that could
be done in the area of synthesis, and in the analysis of synthetic reactions; these are

outlined below in Sections 3.5.1 to 3.5.4.

3.5.1 Bis-O-benzylation of NeuSAc2enlMe.

Modelling studies of NDV HN (Section 2.3.2.6) predicted an area of potential
hydrophobic interaction in the glycerol-side chain pocket. The interaction could be
potentially exploited by a benzyl group substituted on the C-9 hydroxyl. The
preparation of such a derivative could be accomplished via two methods (Scheme 3.21);

either C-9 derivatisation after the 4-O-benzyl derivative 65-A has been prepared
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(Scheme 3.21, step a) or benzylation of both the C-9 and C-4 hydroxyl groups of
NeuSAc2enl1Me 64 simultancously with 2 equivalents of benzyl bromide (Scheme 3.21,
step b). Either of the two methods could afford the 4,9-di-O-benzyl-NeuSAc2en1Me

derivative 68.

HO H COM H OH
S ‘ e “ COMe
HO © 7 ? HO © 2
HO  BnO HOH Ho
65-A R = NHAC 64 B = NHAc
. a b .7
\\ }’
H, OH COM
A o
BnG O 2
S R
HO { BnO
68 R = NHAc

Scheme 3.21

Reagents & Conditions. a) 1.5 equiv. BnBr, Ag,0, n-BuyNI, diy DCM, 2 d, rt; b) 2 equiv. BuBr, NaH,
dry DMF, 0.5 h, 1t.

3.5.2 Alternative synthesis of 4-thiolacetyl NeuSAc2enlMe derivative 58

An aliernative synthetic approach that could lead to the preparation of epimerically
pure 4-thiolacetylated NeuSAc2en is required. One potential approach is that outlined
in Scheme 3.22.

H OAc OH COM
0 -, - £}
AcO N O COZMQ a AcO O / 2
& NE
AcO H - . AcO H - - .
56 61 R = NHAc
'}
H OAc . H OAc  OTI com
, COsM 2 e
AcO ° AP AcO © 2
NG SR
ACOH  dAc AcO H
58 R = NHAc 69 R = NHAc

Scheme 3.22

Reagents & Conditions, a) TFA, THF, H,0, 4 h, tt; b) T,0, DCM, pyridine, 0°C; ¢) KSAc, dry DMF,
70°C, 2 d.
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The acid-catalysed opening of the NeuSAc2en oxazoline 56 to the 4-epi-OH
analogue of 7,8,9-tri-O-acetylated-NeuSAc2en1Me, 61, has previously been reported in
the literature by Schreiner ef al.'™ The reaction was carried-out and yielded 82% of 61
after chromatographic purification. 4-Epi-hydroxy derivative 61 was then reacted using
a standard triflation procedure (triflic anhydride in DCM/pyridine) to give the 4-epi
triflate 69 after evaporation of the reaction solvent. The triflated NeuSAc2en derivative
could then potentially be reacted in a nucleophilic displacement reaction with potassinm
thiolacetate in dry DMF, to theoretically give the equatorially-substituted 4-thiolacetyl
derivative of Neu5Ac2en, 58.

3.5.3 Investigation of C-4 epimer formation from 4-O-benzyl-

NeuSAc2ZenlMe, 65-A.

As discussed carlier (Section 3.2.5) during the de-O-acetylation of 7,8,9-tri-O-
acetyl-4-S-benzyl-NeuSAc2eniMe 59-A with NaOMe at room temperature or 0°C the
proportion of the 4-epi form of the derivative was increased. It would be of interest to
investigate whether such epimerisation at C-4 could occur during the NaOMe mediated

deprotection of the analogous C-4-cther linked derivative.

A sample of 4-O-benzyl-8,9-O-isopropylidene-NeuSAcZenlMe 65-A could be
de-O-isopropylidenated using 80% AcOH (Section 3.3.4), and the deprotected
compound 70 could then be per-O-acetylated to give 7,8,9-tri-O-acetyl-4-O-benzyl-
NeuSAc2enlMe 71 (Scheme 3.23). De-O-acetylation of 71 would then be carried-out
using the same conditions (1 M NaOMe, McOH, 1t, [ h) under which epimerisation was
observed for the corresponding 4-S-benzyl derivative 59-A. NMR analysis of the
product would establish whether two olefinic (H-3) signals werce present. This could
demonstrate whether epimerisation of 7,8,9-tri-O-acetyl-4-O-benzyl-NeuSAc2enIMe

71 occurs under NaOMe mediated deprotection conditions. .
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70 R = NHAc 71 R = NHAc
Scheme 3.23

Reagents & Conditions, a:) 80% AcOH, 0.5 b, ~83°C; b) pyridine, Ac;0O, o/n, 1t; ¢) 1 M NaOMe, dry
MeQOH, Ar, 1 h, rt.

3.5.4 Computational analysis of C-4-thioether and ether. Neu5Ac2en

derivatives.

It would be of interest to examine the conformational stability of C-4-thioether and
C-4-¢ther linked NeuSAc2en derivatives with regard to the cpimerisation of the
thioether linked derivatives. This could be accomplished by computational means using
programs such as MOPAC." The analysis would involve mapping the potential
energy surface of the epi and equatorial forms of the C-4-cther linked NeuSAc2en
derivatives, mapping the partial charges of each atom in each molecule and measuring
the heat of formation. The puipose of these calculations would be to evaluate the C-4
proton to examine whether it could be removed in a basic reaction environment, and
whether once formed is the epi form more stable than the cquatorial form.
Considerations in performing the calculation include the starting conformation of e¢ach
molecule as the calculation is conformation dependant. It would also be of interest to
extend the calculation to include the generation of multiple conformers to examine the
effect of geometry on the calculation. Subsequent averaging of the partial charges of
the multiple conformers may give a better picture of the electrostatic potential and thus
conformational stability. Using MOPAC to examine the reaction by transition state
analysis may also give a better understanding as to why epimerisation occurs during
NaOMe mediated deprotection of C-4-thioether derivatives of NeuSAc2en but not the

C-4-ether derivatives.
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4 Biological evaluation of ligands designed to interact with

paramyxoviral HN.

4.1 Introduction

The compounds prepared in this work (Chapter 3) had been designed (Chapter 2) to
interact with the active site of paramyxoviral HN’s. Two biological assays were
available to us to asscs the interactions of these compounds with paramyxoviral HN’s;
an assay to assess inhibition of the sialidase activity of the HN protein and an assay to
assess inhibition of paramyxoviral growth. The neuraminidase inhibition assay could be
carried-out with human parainfluenza viruses 1 and 3, while the viral growth
inhibition assay used a recombinant Sendai virus in which the natural HN had been
replaced with the HN from hPIV-1.3* Results from these studies, carried out in the
laboratories of Prof. Yasuo Suzuki (Shizuoka, Japan), and Prof. Allen Portner
(Memphis, USA), respectively, presented herein are gratefully acknowledged.
Unfortunately the error values for these assays had not been communicated to us at the
time of writing this thesis. So it is not possible to clearly state what is an
experimentally significant difference in inhibition values. Therefore it is not possible to
make firm comparisons between the biological and computational activity of the
thioether and ether linked derivatives.  However, in this case it is still of interest to
examine if a relationship between the biological and computational activity of the
thioether and cther linked derivatives exists. The synthesised compounds that were
evaluated for biological activity arc listed in Table 4.1. The known neuraminidase
inhibitors NeuSAc2en 5 and 4-deoxy-4-guanidino-NeuSAc2en 6 were also evaluated as
benchmark compounds. Structure determination of one of the designed and synthesised
compounds 4-0O-benzyl-NeuSAc2en 29-A in complex with NDV HN was carried out in
the lab of Prof. Garry Taylor (St. Andrews, Scotland).
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Table 4.1: Compounds evaluated as inhibitors of paramyxoviral HN.

Compoundl NA Activity Inhibition of
viral growth
hPIV-1 HN hPIV-3 HN rHN?
28-A 4-S-benzyl-NeuSAc2en v - -
28-B 4-S-(2-phenyl)benzy!-NeuSAc2en v - -
28-C 4-S-ethyl-NeuSAcZen v - -
28-D 4-S-hexyl-Neu5Ac2en v - -
28-F 4-8-decyl-NeuSAc2en v - -
28-F 4-S-(p-cyanobenzyl)-Neu5SAc2en v - -
28-G 4-5-(2-phenylethyl-Neu5Ac2Zen v - -
29-A 4-0-benzyl-NeuSAcZen v v v
29-B 4-0-(2-phenylibenzyl-NeuSAc2Zen v v v
29-C 4-O-cthyl-NeuSAc2en v - -
29-D 4-O-hexyl-NeuSAc2en v - -
v 's v

29-E 4-0-decyl-NeuSAcZen

* Recombinant Sendai virus with hPIV-1 HN

4.2 In vitro biological evaluation

4.2.1 Assay for inhibition of sialidase activity of hPIV-1 HN.

Evaluation of inhibition of the sialidase activity of hPIV-1 and 3 HN was carried
out in a whole virus assay using the fluorogenic substratc 4-methylumbelliferyl-v-
acetylneuraminide (MUN, 7) (Scheme 4.1). The assay® involved the incubation of the
virus with inhibitor for 60 minutes, followed by incubation with MUN for 30 mins.
Inhibition of sialidase activity was assessed by measuring the fluorescence of each
experiment. Inhibition of sialidase activity results in a decrease in fluorescence

(released free methylumbelliferone 72) relative to the control (no inhibitor).

o
0

H OH GOH H OH GOH 4o 0.0

’—, HN 3
HO 0 HO. O

HOH HO HOH  HO
7R =NHAc 1R =NHAG 72
Scheme 4.1
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Table 4.2 shows the biological data (1Csy values) obtained for the inhibition of
hPIV-1 sialidase activity by dcsigned ligands, with numbers in square brackets

designating rank from most active [1] to least active [12].

Table 4.2: Inhibition (ICse, uM) of hPIV-1 sialidase activity by designed C-4-ether and
C-4-thioether substituted Neu5Ac2en derivatives.”

Compound ICsy (uM)  Compound ICsp (UM)
5 NeuSAc2en 189
29-A 4-O-benzyl-NeuSAc2en ' 34[2]° 28-A 4-S-benzyl-NeuSAc2en 129 9]
29-B 4-0-(2-pheryl)benzyl-Neu5AcZen 61{4] 28-B 4-5-(2-phenyl)benzyl-NeuSAcZen 82 6]
29-C 4-O-cthyl-NeuSAc2en 72[5] 28-C 4-§S-cthyl-Neu5Ac2en 21 (1]
29-D-4-O-hexyE—NeuSAc2en 145[11] 28-D 4-S-hexyl-Neu5AcZen 115 (8]
29-E 4-0-decyl-NeuSAcZen 11417] 28-E 4-S-decyl-NeuSAc2en 585[12]

28-F 4-S-p-(cyanobenzyl)-NeuSAc2en 135 {10]
28-G 4-5-(2-phenyljethyl-NeuSAc2en 38 13]

* Assays were performed in duplicate. Results have been rounded to the nearest whole number
® Numbers in square brackets indicate relative ranking of inhibitory potency.

The benchmark for hPTV-1 HN sialidase activity inhibition was established with
Neu5Ac2en 5 which had an ICso of 189 uM. All of the compounds tested, with the
exception of 4-S-decyl-Neu5Ac2en 28-E, showed greater inhibitory activity than
Neu5Ac2en 5. The most active compound analysed was 4-S-ethyl-NcuSAc2en 28-C
with an ICso measured at 21 uM. This gain represents an almost 10 fold increase in
activity over the benchmark inhibitor. 4-Deoxy-4-guanidino-NeuSAc2en 6 was sent to

be tested as a benchmark against hPIV-1 NA activity, however no activity was seef.

From the data in Table 4.2 there is no clear trend observed for the 4-O-alkylated vs
the 4-S-alkylated derivatives in regard to relative potency of inhibition. Amongst the
4-0 and 4-S I-alkylated derivatives, the 4-S-cthyl (28-C), 4-O-decyl (29-E) derivatives
appeared to be more active than their corresponding O- or S- counterparts, However for
the benzyl and (2-phenyl)benzyl derivatives, the O-derivative was either more active
(29-A) or of comparable activity (29-B) to the analogous S-derivative. It should be
noted that the 4-S-alkylated derivatives are mixtures of epimers at C-4 with the 4-epi
derivative making up approximatcly 5 to 22% of the mixture. The 4-S-epi-substituted
compounds were not anticipated to bind to the HN active site and this therefore

decreases the amount of compound available to inhibit the sialidasc activity of hPIV-1.
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As noted in the preceding paragraph each of the 4-S-alkylated NeuSAc2en samples
contains a different proportion of the 4-epi isomer. Due to the variant amount of epi
compound present in each sample, comparisons and conclusions drawn between cach of
the thioether derivatives is made lightly. The biological data shows that the best
S-linked compound is a short chain alkyl derivative 4-S-ethyl derivative 28-C (ICs5o 21
uM). This is followed by a phenyl ring cxtended from the linker by an ethyl group 28-G
(ICso 38 uM), the most active form of the 4-S-aralkyl derivatives. In the case of the
S-linked benzyl and (2-phenyl)benzy! derivatives two aromatic rings are better than one.
The inhibition activity obtained for the alkyl derivatives follows a clear trend based on

length, from shortest being the most active to the longest being the least active.

For the 4-0-alkylated NeuSAc2en derivatives, the biological data suggests that the
best O-linked compound contains a single aromatic ring (4-O-benzyl derivative 29-A,
ICsp 34 pM), followed by two aromatic rings (4-0O-(2-phenybbenzyl derivative 29-B,
ICsp 61 puM) in contrast to the S-linked derivatives. The data obtained for the three
n-alkyl derivatives does not follow a trend based on length from smallest to largest. It
would be anticipated that the short alkyl chains would be better accommodated within
the active site than the long alkyl chains, although the shortest chain may not benefit

from interactions in the active site pocket,
4.2.2 Assay for inhibition of sialidase activity of hPTV-3 HN,

The compounds 29-A, 29-B and 29-E were assayed in vitro for inhibition of
hPIV-3 sialidase activity in a whole virus fluorogenic sialidase assay as described in
Section 4.2.1. While all the 4-0- and 4-S-alkylated NeuSAc2en derivatives prepared in
this work have been sent for evaluation against hPIV-3, not all compound data has been
received from Japan at the time of writing this thesis. 1t is anticipated that the additional

data will be published in the future.

Table 4.3 (Column 2) shows the biological data obtained on the inhibition of
hPIV-3 NA by designed ligands. The numbers in brackets designate rank in activity or
binding energy. Also shown in Table 4.3 (columns 3-5) is computational binding data

(discussed in Section 4.3).
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Table 4.3: Comparison between biological hPIV-3 sialidase activity inhibition data and
computational binding energy (Section 2.3.7.3) for 4-O-substituted NeuSAc2en

derivatives.?

Compound 1Csp MM-PBSA AutoDock  X-Score
(uM) keal/mol keal/mol pK,

5  NeuSAc2en 24° -102.5° -6.4° 5.1°

6 4-deoxy-4-guanidino-NeuSAcZen 25

29-A 4-0-benzyl-NeuSAc2en 10[1] -110.8 [1] -13.3 [1] 6.3 [1]

29-B 4-0-(2-phenyl)benzyl-NeuSAcZen 30 [2] -108.6 [2] -12.0[2] 5.9 2]

29-E 4-0-decyl-NeuSAc2Zen 10 1] -88.7 [3] -11,7 [3] 5.0 [3]

* Assays were performed in duplicate. Results have been rounded to the nearest whole number
® Numbers in brackets indicate relative ranking of inhibitory potency.
 Numbers in brackets indicate lowest binding energy/ highest X-Score.

The benchmark for the inhibition of hP1V-3 sialidasc activity was established with
NeuSAc2en 5 which had an 1Csp of 24 puM. The 4-O-benzyl- and 4-O-decyl-
NeuSAc2en derivatives showed slightly greater inhibitory activity than NeuSAc2en §
with ICsg values measured at 10 uM. In this biological assay, there was no apparent
difference in the activity of the long alkyl chain, 4-O-decyl-NeuSAc2en derivative
29-E, on the inhibition of hPIV-3 HN NA over that shown with the single aromatic ring
derivative 29-A. The aralkyl derivative 4-O-(2-phenyDbenzyl-NeuSAc2en 29-B was

scen to have marginally less activity than the benchmark compound.

The potent influenza virus sialidase inhibitor 4-deoxy-4-guanidino-Neu5SAc2en 6
was also evaluated for inhibition of hPIV-3 sialidase activity. The ICsy was measured at
25 uM, making it equal in activity to NeuSAc2en. Interestingly, in the literature 4-
deoxy-4-guanidino-Neu5Ac2en 6 was reported to inhibit hPIV-3 HN sialidase activity
at an ICsq 0of 190 p,zM,gz with NeuSAc2en inhibiting at an ICsp of 2.1 mM.* However,
the nature of the assay which used sonicated hPIV-3 preparations was quite different to

the assay used in this work, so the two scts of results cannot be directly compared.

The designed NeuSAc2en derivatives show in gencral a modest increase in
inhibitory activity against hPIV-1 and hPIV-3 HN sialidase activity. The sialidase
inhibition results obtained to date do show that the use of a hydrophobic functionality at
C-4 of NeuSAc2en is sound in the development of inhibitors of paramyxoviral HN.

Structural differences between the HN of hPIV-1 and hPIV-3 could account for the
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differences in levels of NA activity inhibition seen between the two paramyxoviruses.
However the lack of crystallographic data at this time for hPTV-1 HN means that we do
not yet know what differences there are betwceen the two binding/active sites. The
inhibition demonstrated by the designed compounds does validate the working

hypothesis of this thesis, that ND'V HN could be used as a model of parain{fluenza HN.

4.2.3 Assay for inhibition of viral growth of tSV (hPIV-1 HN).

Three of the designed 4-O-alkylated Neu5Ac2en derivatives 29-A, 29-B, and 29-E
were evaluated for in vitro inhibition of viral replication of a recombinant Sendai Virus
containing hPIV-1 HN.* This study was of interest due to the availability of the
inhibitor BCX-2798, 17, as a benchmark, which would allow for comparison between
the best reported® inhibitor to date and some of the compounds produced in this study.
Inhibition effects of the ligands on virus growth were determined in a plaque reduction
assay. LLC-MK2 cells were pre-treated with different concentrations (0.001 to 10 uM)
of each compound for 1 hour, after which virus was added. Infection of cells by virus
was visually assessed after incubation for 72 hours.

H OH
HOW CO:H
8 R
HO o Na
17 R = NHC(O)CH(CHg)CHs (BCX-2798)

e,

The results for the designed 4-O-linked NeuSAc2en derivatives in the plaque
reduction assay can be seen in Table 4.4. Unfortunately, none of the compounds
showed inhibition of viral growth at or below 10 pM concentration. A similar result
was obtained for the benchmark NeuSAc2en 5. This result is consistent with the I1Csg
values found for the inhibition of hPIV-1 NA activity (Section 4.2.1). The inhibitory
effect of BCX-2798 was measured in the assay at 0.01 to 0.1 pM. The 1'eportcd84
inhibitory activity of BCX-2798 in a similar assay is 0.7 uM. In a test of the toxicity of
the designed compounds, no differences between treated uninfected cells and untreated
uninfected cells were found visually at all tested concentrations. The reason for the
significant difference in activity between the NeuSAc2en derivatives and BCX-2798 17
is uncertain but interaction of 17 with hPIV-1 HN may have confribution from the

alternate acyl group on the C-5 position.
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Table 4.4: Inhibitory cffect (ECsg, pM) of 4-O-linked NeuSAc2en derivatives on 1SV
(hPIV-1 HN) growth in vitro.

Compound ECs (uM)
5 NeuSAc2en =10
6 4-deoxy-4-guanidino-NeuSAcZen =10
17  BCX-2798 0.01-0.1
29-A  4-O-benzyl-Neu5Ac2en =10
29-B 4-0-(2-phenyl)benzyl-NeuSAc2en =10
29-E 4-O-decyl-NeuSac2en =10

4.3 Comparisons between inhibitory data against hPIV sialidase activity
and computational data (NDV HN) for C-4-ether and C-4-thioether

derivatives.

Comparisons between the observed hPIV-1 sialidase activity inhibition data of 4-O-
alkylated Neu5Ac2en derivatives (Section 4.2.1) and the predicted relative strengths of
binding to NDV HN derived from computational data (Chapter 2, Section 2.3.7.3) can
be seen in Table 4.5. Comparisons are made to the data derived using minimised NDV
HN due to the more rigorous computational analysis used in Section 2.3,7.3 compared
to Section 2.3.7.2 in the design phasc. The five designed compounds are ranked from

best [1], (greatest inhibition, best binding energy, highest X-Score value), to the worst
(51
Table 4.5: Comparison between in vitro hPIV-1 sialidase activity inhibition data and

computational data (Section 2.3.7.3) for 4-O-substitucd NeuSAc2en derivatives.”

Compound ICs MM-PBSA AutoDock X-Score
(uM) keal/mol kcal/mol  pKy

5 NeuSAcZen 189 -102.5 -6.4 5.1
29-A  4-0O-benzyl-NeuSAcZen 34 {1} 11081 -133 1] 6.3 [1]
29-B 4-0-(2-phenyl)benzyl-Neu5SAc2en 61 {2] -108.6 (2] -12.012] 5.912]
29-C  4-O-cthyl-NeuSAcZen 72 [3] BIE[8 -10.015] 5.3 [4]
29-D 4-0-hexyl-Neu5Ac2en 145 [5] -106.1 [3] -11.903] 55033
29-E 4-0O-decyl-NeuSAcZen 1i4 [4] -HR.6T7 [4]  -11.7[4] 5.015]

* Blue represents inhibition or a score better than the benchmark; red represents a score worse than the
benchmark. Numbers in square brackets indicate relative ranking of inhibitors potency or computaticnal

score,
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The hPIV-1 sialidase activity inhibition data for the 4-O-benzyl- 29-A and 4-0-(2-
phenylbenzyl- 29-B NeuSAc2en derivatives is in line with the energy values and pKy
values (after minimisation) calculated for these compounds with NDV HN, which
predicted that the derivative with the single aromatic ring would bind better to HN than
the “biphenyl” derivative. The biological data was also in line with the computational
data that suggested that the activity of the aralkyl derivatives would be greater than that
of the alkyl derivatives. The biological data obtained for the alkyl derivatives (4-O-
ethyl, 4-O-hexyl, 4-O-decyl) does not follow any discernable trend (size, chain length)
Computationally, at least two derivatives scored worse than the benchmark NeuSAcZen,
however this was not reflected in the biological data While computational analysis
suggested that the 4-O-hexyl derivative 29-D would bind better than the 4-0-ethyl
derivative 29-C to NDV HN, the 4-O-ethyl derivative 29-C was a better inhibitor of
hP1V-1 sialidase activity. This could be due to the ethyl derivati\—re lacking a number of
rotatable bonds which is more favourable upon binding as it will not attract an entropic
penalty (caused by fieezing single bonds in a bound state), The computational data for
the 4-O-ethyl-NeuSAc2en derivative 29-C in two out of three scoring functions

performs better than the benchmark.

The data presented in Table 4.5 demonstrates that the use of the NDV HN X-ray
crystal structure as a modcl for hPIV-1 HN was a valid premise for 4-O-substituted
NeuSAc2en derivatives. Each compound was designed and computationally evaluated
against the NDV HN crystal structure. The subsequent in vitro sialdiase inhibitory
activity against hPIV-1 demonstrates that the C-4 binding domain of hPIV-I HN can
accommodate hydrophobic groups, in particular the large 2-phenylbenzyl group. This

also suggests that the active site of hPIV-1 HN could be hydrophobic in nature.

Table 4.6 shows the trend comparison between the biological data obtained for
inhibition of hPIV-1 sialidase activity by the 4-S-alkylated NeuSAc2cn inhibitors and
the "associated computational data (Section 2,3,7.3). It should be noted that in
comparison to computational data for hPIV-3 (Section 2.5.4.1) and the 4-O-substituted
NeuSAc2en derivatives agai:nsf :hPIVE—I, cdmputational data for the 4-S-substituted
dcrivéﬁi%’;és with ﬁPIVJ shows :jaoor conéenéus across the three scoring methods used.

This makes trend comparison of biological and computational data difficult. The seven
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designed compounds are ranked from best [1], greatest inhibition, lowest binding

encrgy, highest X-Score value, to the worst [7].

Table 4.6: Comparison between in vifro hP1V-1 sialidase activity inhibition data and

computational data (Section 2.3.7.3) for 4-S-substituted NeuSAc2en derivatives.”

Compound ICs MM- AutoDock X-Score
(uM) PBSA keal/mol Ky
kcal/mol

5 NeuS5Ac2en 189.0 -102.5 -6.4 5.1
28-A 4-S-benzyl-Neu5Ac2Zen 12951  -116.9{3] -13.7[4] 6.3 {2]
28-B 4-S-(2-phenyl)benzyl-NeuSAc2en 8231 -113.7§4] -143[2] 6.7{1]
28-C 4-S-cthyl-NeuSAcZen 21 (1] -1104 (5] -12.0[7] 5.6(7]
28-D 4-S-hexyl-NeuSAc2en 115[4] 943171 -13.3[5] 5.8(6]
28-E  4-S-decyl-NeuSAc2en S85[71 -124.6[2)  -159(1] 6.1[5]

28-F 4-5-p-(cyanobenzyl)-NeuSAc2en 1356  -1249[1} <133 (6] 6.2 [4]
28-G  4-S-(2-phenylethyl-NeuSAc2en 382} 969 (61 -14.3[3] 6.3 [3]

? Blue represents inhibition or a score better than the benchmark; red represents a score worse than the
benchmark. Numbers in square brackets indicate relative ranking of inhibitors potency or computationat
score.

Overall, trends for the inhibition of hPIV-1 sialidase acﬁvity by the C-4-thiocther
linked derivatives did not match well with the predicted strength of binding to NDV HN
given by all the scoring protocols. With the presence of a variable amount of the 4-epi
form in all C-4-thiocther derivatives, the biological results may not actually reflect

actual activity and therefore this will impact on matching with scoring data.

‘A comparison between hPIV-3 sialidase activity of 4-O-alkylated NeuSAc2en
derivatives 29-A, 29-B and 29-E and computational estimation of the binding energies
of these compounds to the HN of NDV using three scoring functions is given in Table
4.3. In cach case this computational data suggested that the most effectively bound
compound would be the 4-O-benzyl derivative 29-A, followed by the 4-0-(2-
phenyl)benzyl derivative 29-B, both of which would bind more effectively than the
parent 4-hydroxy compound NeuSAc2en 5. The binding of the 4-O-decyl derivative
29-E, however, was predicted to be less than that of the benchmark in two of the scoring
functions (Tablc 4.3, Columns 3 and 5). The trend in the estimated binding cnergies is
mirrored in the biological data for inhibition of hPIV-3 HN sialidasc activity by 29-A

and 29-B. Tt is cxpected that with such a small dataset that drawing comparisons
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between biological and computational data is going to be difficult at best and not really
indicative of a relationship between the computationally predicted and biological

results.

The designed figands were assessed for their binding to NDV HN using a number
of scoring functions. Each of thc'scoring functions used involves the solving of
parameters that could describe the binding of a ligand to a macromolecule. However
each calculation is different from the others in key ways. The MM-PBSA includes a
solvation calculation in addition to a molecular interaction cnergy calculation. This is
the' key difference between MM-PBSA and AutoDock, which considers only the
molecular interaction energy calculation. The X-Score binding function is empirical in
nature and force-field independent. ‘The use of these three different binding functions
waé t_o_ try to eétéblisl1 a céﬁééll_sus betWe?en:_the functions and the biological inhibitory
data._. | As parti_é_,tillaljiy seei; 1n Table 46 for the most part this consensus was not
app;ar:ent; This could sugge;st that t]lél‘e are real differences in the computationally
predicted bindihg to NDV HN and the actual biological binding of these molecules. Or

it could suggest that new scoring protocols are required.

4.3.1 Comparison of 4-O and 4-S-alkylated NeuSAc2en derivatives

As discussed above (Section 4.2.1), there are differences in inhibition against hPTV-
1 sialidase activity between the 4-0- and 4-S-substituted NeuSAc2en derivatives with
the same substituent. Computationally, the derivatives arc discussed in Section 2.3.8. It
was generally predicted computationally that the thioether derivatives would be more
active than their ether linked counterparts, however it has been seen that the ether
derivatives are generally the more biologically active form, with two out of five of the
ether linked compounds clearly out performing the analogous thioether linked

derivatives.

44 Analysis of the X-ray crystal structure of 4-O-benzyl-

NeuSAc2en/NDV HN complex.
The X-ray crystal structure of 4-O-benzyl-NeuSAcZen 29-A in complex with NDV
HN was undertaken in the laboratory of Prof. Garry Taylor (St. Andrews, Scotland).
Crystals of NDV HN (globular ectodomain, Residues 124-370) in complex with 29-A
were prepared by the soaking method."®* '™ The crystal structure of the complex was
solved to 2.7 A."™ The HN-ligand complex was prepared using crystals of NDV HN

formed at pH 4.6, in contrast to the crystal structure previously solved with Neu5Ac2en
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5 which was prepared by co-crystallisation at pH 6.5"® The topology of the head of a
monomer of the enzyme with bound inhibitor 4-O-benzyl-NcuSAc2en is shown in
Figure 4.1. It can be seen that the globular head of NDV HN still*®® conforms to the
six-blade anti-parallel B-sheet propeller shown previously in Figure 1.4 for the NDV
HN-NeuSAc2en complex. Also present in the structure with 29-A are the three alpha
helical domains (with one of these domains binding a calcium ion) that were observed
in the original X-tay crystal stracture.*® This section describes the analysis of the X-ray
O-benzyl-Neu5Ac2en/NDV-HN complex. Subsequent to this

Ryan et al:'* published alysis of the same structure with

crystal structure of the:
study being performed,

similar conclusions to o

Figure 4.1: Rendered overview of the tertiary structure of the complex of NDV HN
with 4-0-benzyl-NeuSAc2en 29-A (white).**>°

An electrostatics analysis of the active site of the 4-O-benzyl-NeuSAc2en
29-A/NDV HN complex is shown in Figure 4.2. The active site of NDV HN is
dominated around the carboxylate group of the ligand by a positive field potential. The
floor of the active site is mixed, with a large area of negative potential. The C-5 binding
pocket is predominantly neutral in character, which would facilitate the binding of the
methyl functionality of the C-5 acetamido group. The glycerol side-chain binding
pocket is lined by positive field potential on one side and negative on the other (not seen

in Figure 4.2), with these areas separated by a small arca of neutral field potential.
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These results are no different to those found upon NeuSAc2en binding NDV HN. The
very large C-4 binding pocket [calculated volume of C-4 pocket of crystal structure of
NDV HN with bound 29-A (with 29-A removed); 721 A? volume of C-4 pocket
calculated from NDV/NeuSAc2en crystal structure (Section 2.3.2.5): 612 A’] has a
predominantly weak positive potential, however neutral and negative areas are also
found within the pocket. The 4-O-benzyl group is seen to make inferaction with an area

of neutral field potential.

Figure 4.2; Electrostatics analysis of active site of NDVHN, with crystal 4-O-benzyl-
NeuSAc2en rendered. Blue is an area of positive.éléctroSgatio potential, white is neutral

and red is negative potential,

A Ligplot analysis of the impottant interactions between the inhibitor 4-O-benzyl-
Necu5Ac2en 29-A and NDV HN is shown in Figure 4.3. As anticipated, the carboxylate
functionality of 4-O-benzyl-NeuSAc2Zen is positioned to make six H-bonding
interactions with the arginine residues (Arg 174, Arg 416 and Arg 498) of the triarginyl
cluster. The glycerol side-chain of 29-A can make both hydrogen bonding, and non-
bonding interactions with five residues in this area of the active site, although not all are
identified by Ligplot (Glu 258, Tyr 262, Arg 416, Ser 418 and Tyr 317). Thrce water
mediated interactions also are noted between the nitrogen of the C-5 acetamido group
and Ser 237, Tyr 317 and Glu 401, while the acetamido methyl group makes
non-bonding hydrophobic interactions with Tyr 299. These interactions with the
carboxylate, glycerol side chain and acetamido methyl group of 29-A are the same as

those previously reported in the crystal structure of NDV HN complexed with
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NeuSAc2en.”® The new 4-O-benzyl group is positioned to make multiple hydrophobic
interactions within the C-4 pocket with residues lle 175, Tle 192, Cys 196, Arg 197, and
Asp 198, The side chain of Ile 175 in the NDV HN/29-A complex is noted to have an
alternate conformation compared to that in the NDV/NeuSAc2en 5 complex, in order to
make interaction with the 4-O-benzyl group. The catalytic residue Asp 198, previously
noted to shift position in different pH forms, is ndted to take the same position as the pH
4.6 NDV HN/NeuSAc 1 complex (1E8U), it is oriented towards 29-A. This is to be
expected as the pH of the NDV HIN/29-A complex is also 4.6.
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Figure 4.3: Ligplot analysis of important interactions between 4-O-benzyl-NeuSAc2en
29-A and NDV HN. H-bonding interactions are shown as dotted green bonds, with the

number on the green bond being the measured distance of the H-bond (in A).

A close-up of the active site of the crystal structure with both the ligand and crystal
water residues rendered is shown in Figure 4.4, One water of crystallisation can be seen
at the bottom of the deep C-4 pocket. The reported crystal structure of NDV HN in
complex with NeuSAc2en showed two waters of crystallisation within the C-4 pocket
(Figure 2.6, reproduced here with modification for clarity). It can be seen that the two
crystal water residues previously found to bind within the C-4 pocket are not present in
the crystal structure with 4-O-benzyl-NeuSAc2en bound. This supports GRID
competition calculations (Section 2.3.2.6) that suggested that these water molecules

would be displaced by a hydrophobic functionality.
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Figure 4.4: Close up of NDV active site complexed with 29-A. Crystal waters around

the active site are included and rendered in ball-and-stick representation.

Figure 2.6: C-4 Binding pocket of NDV HN with Neu5SAc2en 5 bound and crystal

waters ball-and-stick rendered.

4.4.1 Comparison of the X-ray crystal structure vs computationally docked
4-0O-benzyl-NeuSAc2en/NDV HN complexes.

The availability of an X-ray crystal structure of NDV HN complexed with 29-A
allows for a comparative analysis between the X-ray crystal structure orientation and the
predicted docked orientation of ligand 29-A. 1t also allows for the comparison of the
predicted binding energy with the computational scoring of the X-ray crystal structure
orientation. It also allows the analysis of the impact of the presence of crystal water

residues in the AutoDock calculations,

Superimposition of the docked pose of 29-A in NDV HN and the NDV HN X-ray
crystal structure orientation of 4-O-benzyl-NeuSAcZen 29-A is shown in Figure 4.5,
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where the top of the active sit¢_has been removed for clarity. The docked pose of 29-A
was obtained from_- “the se_cqnd improved scbring: protocol (Section 2.3.7.3),
Superimposition of the X-r_ayl crysfél structures was performed by superimposition of
the backbone of cach prote'i'h. Both é_t_;u_pturcs presented in Figure 4.5 represent a "snap-
shot" of the binding of the ligand to'the a(.:ti%/e site of NDV HN. It can be seen in Figure
4.5 that the crystal pose of 29-A is slightly different to that of the docked pose. The
side-chains of the crystal and docked poses of t_he l_ig_and are observed to bind to the
appropriate active sitc pockets although there are differéﬂccs in exact orientation of the
glycerol side chain. The superimposcd structures in the full active site can be scen in
Figure 4.6. The placement of the benzyl ring in the crystal structure form of the ligand
is actually similar to the computational structure generated for the docking of 4-S-
benzyl-NeuSAc2en (Section 2.3.7.2.1).

The major difference between the docked and crystal structures of 4-O-benzyl-
NeuSAc2en is the placement of the benzyl ring in the large C-4 pocket which causes a
shift in the positioning of the other side-chains. The 4-O-benzyl ring of 29-A makes
interactions with Ile 175 in both the docked and crystal poses, however due to the shift
of Ile 175 in the NDV HN/29-A crystal structure, the crystal pose is positioned within
the C-4 pocket of the active site near the edge as opposed to the docked pose which lies

flat on the bottom of the C-4 pocket,

Figure 4.5: Superimposition of docked (purple) and crystal (green) bound 4-0O-benzyl-
NeuSAc2en in NDV HN; the top of the active site has been removed for clatity.
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Figure 4.6: Superimposition of docked (purple) and crystal (green) bound
4-0O-benzyl-Neu5Ac2en in the full active site of NDV HN.

AutoDock analysis (by the first method, Section 2.3.7.2) statically scored the
crystal structure conformation of 4-0-benzyl-NeuSAcZen without bound water
molecules at —12.37 kecal/mol; the previously docked 4-0O-benzyl-NeuSAc2en (without
added water molecules) was statically scored at —17.10 kcal/mol (Section 2.3.7.2). The
difference in interaction energy is postulated to be a combination of factors involving
the conformational shift of Ile 175 and the presence of water during crystallisation
(which would guide the ligand into it’s final pose), whereas the docking calculation has
all active site coﬁ_formational: sp_acc_av_a_iiablc. When the two water molecules observed
in the binding s'ifé of the cayétal:éfl.{icture. (waters 20 and 240, see Ligplot in Figure 4.3)
are included in the AutoDock ﬁcalcu_lat_i_pn of the cx&stal.structurc pose, a slight increase
in the energy of interaction fo ~13.92 k_;:al/midi..is observed, therefore ligand interaction
with water molecules 20 and 240 may piay-aﬁ".i'mp'ortant if minor role in the interaction
of 4-O-benzyl-NeuSAc2en. ..:_Similar Water; residues were not found in the crystal
structure of the NDV HN/NéuSAcZen compléx.“g_ AutoDock analysis, using ADT with
Gasteiger charges applied to the ligand without v_s_?ater m@lecules, scores the crystal pose

at -12.15 keal/mol. The predicted docked pose is scored ét —13.26 kcal/mol.

4.5 Future Work
The first round of computational design to develop ligands for paramyxoviral HN
that may act as inhibitors of HN function has been completed with the successful design

(Section 2.3.7) of a number of ligands which arc found inhibit hPIV-1 sialidase activity
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better than the benchmark ligand, NeuSAc2en (Section 4.2.1). Future work could entail
the design of enhancements to the more active ligands in the current series to increase
inhibitor potency. The current study has touched on this point with the proposal for
substitution at the C-9 position of NeuSAcZen (Section 2.3.10.1), however the
secondary modification of NeuSAc2en was only a preliminary study and has great scope

to be expanded.

The design work using alternate templates such as cyclopentane (BCX-1812) and
cyclohexane (Tamiflu™) modified with hydrophobic substitutions could be taken into
the synthetic phase of development and biological testing. These templates and others
were computationally predicted to bind to NDV HN with affinity comparable to the
Neu5Ac2en based derivatives (detailed in Section 0). Additionally new templates could

be located via pharmacophore or database searching.

In the area of biological testing, it would be of great interest fo test the designed
ligands against the HN of NDV, as the crystal structure of NDV HN was used to
develop and refine the ligands. This would allow a clearer evaluation of the ability of
the scoring methods used to predictAbiological activity. The testing of the full range of
ligands against the HN of hP1V-3 is also of interest, to examine the potency of each
ligand against hPIV-3, and to examine whether there is a marked difference in a
compound’s activity between hPIV-1 and 3. In addition the effect of these ligands on
the hemagglutination activity of the HN, as explored by the Moscona group32 and

others® would also be of interest.

4.6 Summary and Conclusions

This study began with the aim of the development of novel inhibitors of the HN
activity of hPIV. This was to be accomplished via three processes. Firstly, the
computational design of potential ligands of the HN glycoprotein using the X-ray
crystal structure of the structurally related NDV HN. Sccondly, the chemical synthesis
of the designed ligands. Finally, the biological assessment of the synthesised ligands
against the HN of hPIV. The computational design process identified 168 potential
candidates using six individual templates, each utilising two different linkages between
the template and an atkyl/aralkyl substituent positioned to fill the C-4 pocket of HN.

The template selected for the synthesis of potential inhibitors was the NeuSAcZen
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template, due to the well established biological inhibition of the target protein by

Neu5Ac2en 5 and the relative ease of synthetic access to these compounds.

Of the twenty-eight possible molecules (14 O-linked and 14 S-linked) designed,
sixteen molecules were selected for synthesis. Five O-linked and seven S-linked
derivatives of NeuSAc2en were successfully synthesised and purified. The purified
compounds were evaluated for inhibition of the sialidase activity of hPIV-1 and hPTV-3
HN, with results obtained showing that of the twelve compounds evaluated, eleven of
them were more potent than the base template, NeuSAc2en against hPIV-1. Two out of
three compounds showed improved inhibition of hPIV-3 sialidase activity over
Neu5Ac2en. One of the most potent O-linked derivatives, 4-O-benzyl-NeuSAc2en 29-
A was crystallised with the HN of NDV. Analysis of the structure obtained, and
molecular modelling studies, show that the ligand binds to the active site in a similar

conformation to that predicted computationally.

The most active of the NeuSAc2en derivatives modified by hydrophobic C-4
substituents against hPIV-1 sialidase activity was 4-S-ethyl-NeuS5Ac2en which inhibits
at 21 uM; two compounds, 4-O-benzyl- and 4-O-decyl-NeuSAc2en showed activity
against hPIV-3 HN at 10 uM. These compounds are a good starting point for the
further refinement and development of inhibitors of the multifunctional haemagglutinin-
neuramindase of the paramyxoviruses. In conclusion the use of structure-based drug
design against hPIV HN using NDV HN as a model has yielded twelve C-4 substituted
NeuSAc2Zen derivatives, eleven of which are more active than the starting template.
This inhibition activity demonstrates that computational design using NDV HN as a
model for hPIV HN could be a valuable tool in the development of inhibitors of

paramyxoviral diseases.
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5 Experimental
5.1 Modelling experimental

5.1.1 Structure validation

Prior to molecular modelling the PDB files to be used were checked for errors by
the following programs and shell scripts: Procheck 3.5.3%, Whatcheck 4.99g°°, and
Hbplus 3.06.”" Procheck was run by specifying the PDB file to be analysed and the
crystéllographic resolution of the PDB file, specified in the header of the PDB file,
Procheck is utilised to assess how normal or unﬁsua] the geometry of the residues of

protein.89

5.1.1.1 Optimisation of hydrogen-bond network of the protein.

Whatcheck was executed by specifying the PDB file. The purpose of Whatcheck is
to verify if the crystal structure proposed, given that torsion angles, intcratomic
distances cte. for a given pair of atoms arc restricted to a finite range.*® Hbplus was run
by specifying the PDB filc and the -X flag. Hbplus checks the H-bond network of a
protein.”! The His, Gln, and Asp residues identified to be flipped were manually rotated
180° in Insighﬁl.123 The structure generated was used in the first method for ligand

design.,

REDUCE 2.21% was used to automatically optimise the hydrogen bond network
via flipping His, Gln, and Asn residues. REDUCE was executed at the UNIX command
line with the build switch enabled, Calculation times varied from half an hour to
multiple hours, The optimised structures were viewed in Kinemage format. The
Kinemage files were produced by the Perl script flipkin, Flipkin was executed on the
Reduced structure twice, once for Asn & Gln residues and once for His residues. The
Kinemage files were viewed in the program Mage 5.93. Each flipped residue was
viewed in flipped and non-flipped conformation to ascertain whether REDUCE was
accurate with all changes made by REDUCE accepted. The structure generated was

used in the second method for ligand design.
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5.1.2 Initial structure investigation

5.1.2.1 Ligplot identification of key interactions of NeuSAcZ2en.

The key interactions between the bound ligand, Neu5Ac2en, and HN were
identified by Ligplot 4.!'* Ligplot takes the protein-ligand complex and both the ligand
residues and interacting protein residues are “unrolled” about its rotatable bond to a 2D
representation. The H-bond interactions are determined by Hbplus. Before Hbplus can
calculate the H-bond the ligand needs to be processed by HBADD, otherwise Hbplus

will not recognise the ligand residues H-bond acceptor and donor sites. !

5.1.2.2 Delphi

The protein was prepared for DelPhi 3.00° calculations by the Builder module of
Insightll 2000. Hydrogens were added to the protein at pH 7 and the potential and
charges were set using the CVEF force-field. The conditions of the calculation were
setup within the DelPhi module. The grid consisted of 33 points per axis (unminimised
structure) or 65 points per axis (minimised structure) and a solvent dielectric constant of
80.0. The solute radius was set to DelPhi defaults and the solvent was set to zero ionic
strength. After the conditions were set up, the DelPhi calculation was performed. The
calculation took approximately 5 minutes. The results were viewed by importing the
DelPhi grid and colouring the surfaced active site by the DelPhi spectrum. DelPhi is
used to quantify the electrostatics of a protein. The electrostatic potential of a protein
arises from the unequal distribution of electrons within bonds, due to the withdrawing
effect of clectronegative elements and ionised functional groups. The unequal
distribution of electrons, hence charge, is represented as a fractional point charge on
each atom, The electrostatic potential at a point is the force acting on a unit positive

charge at a point on the protein.””

35.1.2.3 PASS

The volume of the proteins active site was determined using PASS 1.0."% PASS
was executed at the UNIX prompt, specifying the protein file and the Insightll flag
(-InsightIl). The results were viewed in Insightll by sourcing the BCL macro generated
by PASS. PASS utilises geometry to characterise regions of buried volumes within the
protein, The identification of such volumes may lead to the identification of the active

site of the protein.’®
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5.1.2.4 Examination of the high and low pH conformations of NDV HN

Using InsightIl the NDV HN protein residue Aspl198 was visually inspected in both
low (4.6) pH and high (6.5) pH structure. The PDB code for the low pH structures is
1E8T, the high pH structures PDB code is 1E8V. The proteins were superfimposed by
the backbone, and the Asp residue was visually inspected for the conformation of the
side-chain and the distance from NeuSAc2en atom C2. The triarginyl clusters of both
HN proteins and influenza N9 virus sialidase (PDB code: INNB) were superimposed
for comparison, The distance between the low pH HN, N9 sialidase residue Asp 152

and the crystal NeuSAc2en bound in each protein was measured.

5.1.2.5 GRID analysis of NDV HN active site

Active site extents were defined by Insightll, the extents of the active site are the
values required for the cage within GRID 222 For analysis of the protein by GRID a
PDB file is required. Firstly the program GRIN is executed, and the PDB file is made
suitable for computational analysis by GRID. Within the program GRID the cage
defining the active site and the probe used to analyse the active site is selected. A grid
spacing of 1 A was used within the grid centred about the active site, with a 5 A border
surrounding the grid, A total of 47652 grid points were calculated. A dielectric
constant of 80 was used to simulate an aqueous environment, Within the protein a
dielectric constant of 4 was used to simulate the interior of the protein. The GRID
calculation takes about 10 minutes on a SGI Octane system. The program GVIEW,
available with version 22 of GRID views the output of the GRID calculation. GVIEW
is utilised to view active site/probe interactions and to obtain a suitable contouring level
for Insightll. The program gridi is utilised to generate suitable output for Insightll. In
Insight II, the grid generated by gridi is rcad in with reference to the protein analysed.
The probe is contourcd with respect to the active site by the contour feature within
Insightll, using the value established from GVIEW. The input files for GRIN and
GRID can be seen in Appendix A.

5.1.3 Homology models

CLUSTAL W, a web-based (http://www.cbi.ac.uk/clustalw) alignmént engine was

utilised to produce the sequence alignment necessary for Modeller 6. The primary
sequences of NDV HN, hPIV-1, hPIV-2 and hPIV-3 HN’s were obtained from
SwissProt, SwissProt accession codes: Q9Q2W5 (NDV HN), P16071 (hPIV-1 HN),
P25465 (hPIV-2 HN), and P12561 (hP1V-3 HN). Sequence alignment for Modeller'®®
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was output in PIR format from CLUSTAL w12 Alignment was modified for input
into Modeller (modification can be seen in Appendix A). The control file was created,
with all parameters left as default (seen in Appendix A) and Modeller was executed at
the system prompt, the calculation takes about half an hour. Preliminary analysis of

models was done with Procheck and Whatcheck.

5.1.4 De novo drug design using LigBuilder

LigBuilder 1.2°7 is program used for the de novo generation of ligands in a rigid
receptor pocket. Three steps are involved in the process: 1. The analysis of the pocket
of interest using the program Pocket, which characterises the pocket based on hydrogen
bond donor or acceptor sites and hydrophobic interactions. 2. To grow or link
fragments of molecules together to suit the interactions found within the pocket using
either the programs Grow or Link. This is accomplished using a starting seed structure
and a fragment library available with LigBuilder (this library can be user expanded). 3.
To process the available grown or linked ligands using the program Process and user

defined paramcters.

5.1.4.1 Pocket

The minimised NDV HN protein was used for the following generation of C-4
modified O and S-linked analogues of NeuSAc2en. Water residues were removed from
the PDB file using Insight II and the protein was saved as a PDB file, while Neu5Ac2en
was saved as a Mol2 file, the potential and charges were set using the CVFF force-field.
The carboxylate oxygen atoms potentials were incorrectly recorded in the Mol2 file. As
such they were changed from the incorrect (0.2) to the correct (O.co2). The input
parameter file can be viewed in Appendix A. The results of Pocket were viewed in
Insightll; the active site interaction PDB file was split into a series of PDB files
containing no more than 50 atoms (using a text editor) to facilitate casier incorporation
into InsightIl. The Pocket output PDB file contains nitrogen, carbon and oxygen atoms
that were coloured red, blue and white to represent a H-bond donor site, H-bond

acceptor site and a hydrophobic interaction site respectively.”

5.1.4.2 Grow or Link

Once the active site had been characterised by Pocket, the next LigBuilder program
Grow was used to grow the C-4 modified analogues of Neu5Ac2en. The seed structure

NeuSAc2en was extracted from the crystal structure of NDV and prepared for
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LigBuilder by Insightll. The seed structure from the crystal structure in the active site
was output as a Mol2 file for input into LigBuilder. Using a text editor the Mol2 file
was opened and the C-4 hydrogen on the oxygen or sulfur atom was re-labelled H.spc
(to specify 'grow from here'), and the grow parameter input file was created.”” The

parameter file for Grow and Link can be viewed in Appendix A.

5.1.4.3 Process

The output from Grow or Link needs to be processed by Process before it can be
viewed or utilised in further calculations, Process has a parameter file that is created by
a text editor; an example parameter file can be seen in Appendix A. Once Process was
run the Mol2 files that were generated were examined in the active site of NDV HN by
InsightIl. An INDEX file was also generated by Proccss, listing the molecular formula,

predicted octanol/water coefficient, and predicted binding score.”’

5.1.4.4 Further refinement of the ten best LigBuilder designed derivatives.

Twelve base templates were used for further modelling calculations:
4-S-Neu5Ac2en 28, 4-0-NeuSAc2en, 29, and ten other templates: 4-S-Gilead template,
30, 4-0-Gilead template, 31, 4-S-benzoic acid template, 32, 4-0-benzoic acid template,
33, 4-S-uronic acid template, 34, 4-O-uronic acid termplate, 35, 4-S-BCX-1812 template,
36, 4-0-BCX-1812 template, 37, 4-§-furanose template, 38 and 4-O-furanosc template,
39. The structures of thesc templates are shown in Figure 5.1, The templates were
modelled in InsightlI'”, using the Builder Module. The pyranose ring templates were

modelled from Neu5Ac2en, the furanose ring templates were modelled from ribose.
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Figure 5.1: Structurcs of the 12 templates used in ligand design.

The ten best LigBuilder’’ designed substituents were modified to make them more
chemically accessible. Subscquently after additional analysis, fourteen structures were
developed from the available ten. The final structures of the 14 substituents selected for

modelling are shown in Figure 5.2,
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Figure 5.2: Structures of the final fourteen substituents.

Initially, substituents A — I were modelled on the C-4 position or equivalent on
each of the 6 templates via a sulfur linkage, the Builder module was utilised fo create

the structures. These 54 structures were used in the first modelling study. With the
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development of the second method, the Builder module was used to connect cach of the
fourteen substituents to the C-4 or cquivalent position of the 6 templates via either a
sulfur or oxygen linkage, to yield a total of 168 derivatives in the sccond method

developed.

5.1.5 Initial docking and scoring method

The initial docking and scoring method was used to investigate the S-linked
templates. The method consisted of a consensus score between Molecular Mechanics
Interaction (MMI), AutoDock 3.05 and SCORE 2.01. AutoDock can be utilised as a
docking or scoring program. Within this thesis the docking function is defined as
flexible AutoDock and the scoring function is defined as static AutoDock (no flexible

torsions of the ligand allowed).

Initially the ligands are positioned in the active site by AutoDock. ' AutoDock is a
molecular docking program. That is, it is utilised to dock small molecules into the
active site of a macromolecule, such as a protein. The program uses a genetic algorithm
to reduce the time to search the conformational space within an active site. The input
files for AutoDock were prepared by Insightll. Hydrogens were added to the protein
and ligand at pH 7. The potential and charges were set for both the ligand and protein
using the CVFF force-field. If a different ligand is required in the active site, the new
ligand was superimposed over the existing ligand. The protein was saved in the Biosym
archive format. The ligand was also saved in the Biosym archive format, but
transformed with respect to the protein. In the UNIX shell, the resulting Biosym format
files were converted to AutoDock pdbq files by the cartopdbq script included with
AutoDock. The protein was solvated by the addsol script. The bonds of the ligand were
defined by the pdbqtobnd script. The movable torsions of the ligand were defined by
program Autotors. The ring of NeuSAc2en was the cycle of root atoms. The other
single bonds were allowed to rotate around the bond axis by Autodock with the
exception of the bond between the carboxyl carbon and the ring carbon (C1 and C2).
The AutoGrid and Autodock parameter files were created by mkgpf3 and mkdpf3
respectively and can be viewed in Appendix A. The parameters used were as default
with the exception of the docking of sialyllactose; the grid spacing was increased to
0.475 from 0.375 and the number of points per axis was increased to 100 from 60. The
scoring grid was created by AutoGrid, followed by the dock procedure by Autodock.
The results were split into individual Mol2 files by the script bb, and viewed using

InsightIL.'% On a SGIT Octanc processor the AutoGrid calculation takes approximately
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10 minutes and the Autodock calculation also takes approximately 10 minutes. After

the initial placement the ligands are minimised in the active site by Discover 2.98.

The minimisation of the protein is utilised to shift the atoms of a protein to the
nearest local minimum, not necessarily the global minimum. Minimisation relieves the
strain placed on residues within the structure, and can help to relieve some errors found
in the crystal structure.”” The complex generated by flexible AutoDock analysis, was
used for minimisation. Hydrogens were added to the protein and ligand residues at pH
7. The residue name of the ligand was set via the Biopolymer module within InsightIl.
The charge groups of the ligands were broken into smaller charge groups to satisfy
Discover parameter requirements, All potentials and charges were set, using the
consistent valence force-field (CVFEF). The protein and the ligand molecules were
joined into an assembly, by association. The ligand was added first, followed by the
protein. The assembly was saved in Biosym car format. The input file can be viewed in
Appendix A. Discover was run as a standalone application with the CVFF force-field,
nice number of 19, on a single processor. Energy minimisation by both a distance
dependant and a constant dielectric (80, to simulate a water environment) field were
performed. The final structure generated by encergy minimisation was compared to the
original starting structure by superimposition by the protein backbone in Insight IT.%

On a SGI Octane processor the calculations took approximately 4.5 hours.

Once minimisation was performed the ligands minimised structure was statically
scored used AutoDock, MMI and SCORE. The preparation of the ligands for static
scoring with AutoDock was performed with Insightll. The assembly was disassociated
and the potential and charges were set for both the ligand and protein using the CVFF
force-field, The protein was saved in the Biosym archive format, The ligand was also
saved in the Biosym archive format, but transformed with respect to the protein. In the
UNIX shell, the resulting Biosym format files were converted to AutoDock pdbq files
by the cartopdbq script included with AutoDock. The protein was solvated by the
addsol script. The AutoGrid and Autodock parameter files were created by mkgpf3 and
mkdpf3 respectively. The scoring grid was created by AutoGrid, followed by the dock
procedure by Autodock. Autodock was run in command mode with the —¢ flag. Once
the Autodock prompt was ready the command epdb “ligand name”, followed by the stop
command to evaluate the static docked energy.'” The AutoGrid calculation takes about

10 minutes and the Autodock takes about 1 minute on a SGI Octane processor.
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MMI was executed using the output file from the minimisation (the .cor file). The
MMI scoring routine is- performed within Discover and as such has an input file, which

can be seen in Appendix A. The job takes about 2 minutes on an SGI Octane processor.

SCORE™ is a program that utilises a non-forcefield empirical method to estimate
the binding affinity of a protein-ligand complex. The interactions of each atom of a
ligand with the protein were classified as good, bad or neutral by SCORE. The
classification is based on the atomic binding score. A score greater than 0.1 is defined
as a good interaction, less than —0.1 is defined as a bad interaction, while between —0.1
and 0.1 is classificd as a neutral interaction.*® The input files for SCORE were prepared
using Insightil. The minimised complex was disassociated in Insightll and the
minimised protein was exported as a PDB file and the minimised ligand was exported as
a SYBYL Mol2 file. The Tripos atom types of the carboxyl oxygen atoms of the
ligands were edited from O.2 to O.co2. The program was executed at the UNIX prompt
specifying the protein and ligand. The calculation took approximately 15 seconds. The
structures generated by SCORE were coloured by interactions: Green for good, Blue for
neutral and Red for bad. The accompanying log file generated by SCORE contains the

numerical results.®®

The method outlined above was used for the initial 54 derivatives constructed, it
was also used to score the previously designed C4 derivatives in both NDV HN and the
Holzer et al.” derivatives into the hPIV-2 HN homology model. The initial flexible
AutoDock method was used for the docking of NeuSAc2en into the hPTV HN homology
models, it was also used for the initial validation of the AutoDock program, and it was

also used dock sialyllactose with NDV HN.

5.1.6 Second docking and scoring method

The second docking and scoring method was used fo investigate the S-linked and
O-linked templates. The new mcthod was designed with a few points in mind. Firstly,
the use of AutoDock 3.05 would involve the use of Gastéiger and Kollman charges, this
is because the program was designed and validated using these charge sets. In addition
to the new charge scts, the numbecr of encrgy evaluations was increased from 250,000 to
1,000,000, this allows for more conformational searching to take place and as such
generate ten structures that are tighter in terms of final docked cnergy. The second

point was the use of AMBER 7, the AMBER force-field also include the generalised
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amber force-field or gaff. This force-field is designed for small ligands and can be
customised for individual ligands, as such this force-field is better suited to parameterise
the ligands designed as they are either carbohydrate based or carbohydrate mimetics, the
CVFEF by comparison was developed with DNA or amino acids in mind, The third
point is the redesign of the MMI score, originally this score calculated the pair-wise
atomic interactions of the ligand with the active site. The MM-PBSA (Amber 7 and
ABPS 0.3.0) score calculates this as well as the contribution of energy of solvation. The
fourth point involves the use of X-Score 1.2 (to replace SCORE), X-Score is a better
parametetised (in the case of sulfur linkages) non-empirical force-field than the one
implemented in SCORE. So the second method consists of a consensus score created
behwéen the programs MM-PBSA, AutoDock'? and X-Score. Globally the method is
the same, with initial placement of the ligands followed by minimisation and finished

with consensus scoring,

k'™ The input

Initially the ligands are positioned in the active site by AutoDoc
files for AutoDock'® were initially prepared by Insightll and finalised with AutoDock
Tools 1.1.1 (ADT).”*® Within ADT, Gasteiger charges were applied to the ligand and
the non-polar hydrogens (with charges) were merged into the attached parent atoms.
Polar hydrogens were left as is. The ligands torsion tree was automatically assigned
within ADT (the root atoms were manually checked for suitability, and amide bond was
checked to be non-rotatable), with the resultant pdbq file automatically saved. The
protein had United Kollman charges applied and then the non-polar hydrogens were
merged. Solvation parameters were added to the protein and the protein was saved in
AutoDock PDBQS format. The AutoGrid and Autodock parameter files were created by
the respective menus and can be viewed in Appendix A. The parameters used were as
default with the exception of the number of energy evaluations in the genetic algorithm
which were increased to 1,000,000. The scoring grid was created by AutoGrid,
followed by the dock procedure by Autodock, once again executed via appropriate
menus. The results were split.into individual Mol2 files by the script bb (supplied with
AutoDock 3.05), and viewed using Insightll,'” or alternatively the results can be
viewed with ADT. On a SGI Octanc processor the AutoGrid calculation takes
approximately 5 minutes and the Autodock calculation also takes approximately 30

minutes. After the initial placement the ligands are minimised in the active site by

AMBER (version 7),'%
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The minimisation of the ligands complexed with the protein was performed with
AMBER. Initially the ligand in prepared in a SYBYL Mol?2 file, Antechamber (part of
AMBER) was run on the ligands to prepare AMBER Prep files and PDB files of the
ligands, Antechamber was executed to perform MOPAC (version 5.09mn) charge
calculations on the ligands with the total charge of the system being -1. The resultant
AMBER Prep file was checked by the utility Parmchk to generate a gaff force-field
modification file, The protein file was prepared by Reduce, the disulfide-linked
cysteine residues were noted in addition to the protonation states of the various histidine
residues. In the output PDB file from Reduce the disulfide-linked cysteine residues
were renamed CYX (from CYS) and the protonated histidine residues were renamed
either HIS, HID, HIE, or HIP, depending on protonation state. In the utility Leap (xleap
or tleap) the gaff force-field was loaded, in addition of the AMBER 99 force-field and
the gaff force-ficld modification file (gencrated by Parmchk). The Prep and PDB files
of the ligand were loaded and checked, the protein PDB file was also loaded and
checked, the disulfide linkages were also defined. An AMBER topology (.top) and co-
ordinate (.crd) file were output for cach of the ligands and protein files. In addition to
these the ligand and protein were combined into a non-covalently associated complex
and also output as a topology and co-ordinate file. The minimisation process was
started at the UNIX prompt by the use of sander (part of AMBER). The minimisation

of one complex by sander on a SGI Octane processor takes between 1 and 4 hours.

Once minimisation was performed the ligands minimised structure was statically
scored used AutoDock, MM-PBSA (AMBER and APBS) and X-Score. The
preparation. of the ligands for static scoring with AutoDock was performed with the
utilities ptraj (part of AMBER), and antechamber. Ptraj was used to obtain a PDB file
from the output AMBER restart file, this file after some modification (AMBER atom
names for hydrogens) was read into Insightll, and output as a PDB file (fixes
Brookhaven file conventions), this file was suitable for reading into ADT. The script
for ptraj can be found in Appendix A. Antecchamber was used to convert the AMBER
Restart file into a SYBYL mol2 file of the ligand using the initial topology file output at
the start of the minimisation preparation. This mol2 file requires modification to make
it readable by ADT. Modifications included the changing of AMBER gaff atom types.
into Tripos standard atom types, the redefinition of the carboxyl bond type, and the
removal of all charge records. Within ADT, Gasteiger charges were applied to the

ligand and the non-polar hydrogens (with charges) were merged into the attached parent
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atoms. Polar hydrogens were left as is. The ligands torsion tree was automatically
assigned within ADT and all rotatable tdrsions were removed from the ligand, with the
resultant pdbq file saved. The protein had United Kollman charges applied and then the
non-polar hydrogens were merged. Solvation parameters were added to the protein and
the protein was saved in AutoDock PDBQS format. The AutoGrid and Autodock
parameter files were created by the respective menus and can be viewed in Appendix A.
The scoring grid was created by AutoGrid, followed by the dock procedure by
Autodock. Autodock was run in command mode at the system prompt with the —c flag.
Once the Autodock prompt was ready the command epdb “ligand name”, followed by
the stop command to evaluate the static docked energy.m2 The AutoGrid calculation
takes about 5 minutes and the Autodock takes about 1 minute on a SGI Octane

Processor.

The MM-PBSA calculation calculates the free cnergies of binding or it us used to
evaluate the absolute free energies of molecules is solution.'™  The force-field
modification (from minimisation protocol), the generalised amber force-field,
AMBER99 force-field and ligand PDB/Prep and protein PDB files (also from
minimisation protocol) were processed by Xleap to generate AMBER topology,
co-ordinate and pdb files for ligand, protein and non covalent complex. The program
ptraj (available with AMBER 7) was used to converl minimised co-ordinates to mderd
format. The input file for MM-PBSA was created (scen in Appendix A) and executed
using mm_pbsa.pl script available with AMBER 7 to make input files for MM-PBSA
calculation. The molecular mechanics (MM) part of the calculation uses sander to
compute the MM interaction energy. Sander was used on the ligand, protein and
complex separately, The second part of the calculation uses APBS to calculate the
solvation energy with respect to accessible surface area, The calculation requires the
creation of a pdb file with charge and radius terms, the program ptraj was used to create
the required files for the ligand, protein and complex. APBS was executed using the
apbs input file (bind energy.in, available in Appendix A) to perform the calculation.
The results were processed using a perl script (array2.perl, available in Appendix A,
perl version 5.004 05), to calculate and collate the MM and APBS results into the final
MM-PBSA score.

X-Score is a program that utilises a non-forcefield empirical method to estimate the

binding affinity of a protein-ligand complex. The input files for X-Score were prepared
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using, The ligand was docked in the active site of the protein by manual
superimposition over Neu5Ac2en, The protein was exported as a PDB file and the
ligand was exported as a SYBYL Mol2 file. The Tripos atom types of the carboxyl
oxygen atoms of the ligands were cdited from 0.2 to O.co2. The program was cxecuted
at the UNIX prompt specifying the protein and ligand, The calculation took
approximately 30 seconds. The structurcs generated by X-Score were coloured by
interactions: Green for good, Blue for neutral and Red for bad. The accompanying log

file generated by X-Score contains the numerical results.®

The method outlined above was used for the complete st of 168 derivatives

constructed.

5.1.7 In Silico Screening

5.1.7.1 DOCK

The protein was prepared for calculations by removing the ligand and water
residues and defining a 10 A subset around the active site. The active site subset was
undisplayed, and the remaining protein structure was saved as exclude.pdb (the file
name is required by DOCK 4°%), The ligand was saved as a Mol2 file. The active site
was surfaced using the program DOCK _interface which uses the QCPE Connolly
surface program. Sphgen was used to generate nodes of protein-ligand interaction. The
spheres clusters generated by sphgen were processed to a PDB file by the program
showsphere. The PDB file was viewed using Insightll for correct spheres, any
erroncous spheres were removed from the sphere file generated by sphgen and
showsphere was run again until the PDB file contained the sphercs that defined the
ligand in the active site. A box defining the spheres was generated using showbox.
Once the active site had been characteriscd the electrostatic potential was analysed
using Grid (available with DOCK 4). Grid was run inter-actively to generate the input
file. The input file can be seen in Appendix A. The ligand was docked into the
characterised active site by DOCK. DOCK was run inter-actively to generate the input
file’® The input file can be viewed in Appendix A. The results were the viewed in

Insightll.

187



5.1.8 Miscellancous programs

5.1.8.1 UNIX

The version of UNIX used on the SGI Octanc system for all calculations was

IRIX64 6.5,

5.1.8.2 Insightll

L 123

All visualisation was performed by Insightl and the contained Builder,

Biopolymer and DelPhi modules.
5.2 Synthesis experimental

5.2.1 General methods

'H and “*C specira were recorded using a Britker Avance 300 MHz spectrometer.
Chemical shifts are given in ppm relative to the solvent used (CDCls: 7.26, 77.0,
CD;0D: 3.36, 37.0, D,0: 4.64, for 'H and "C respectively). Multiplicities are denoted
as s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), ddd {(doublet
of doublet of doublets), br (broad) and app (apparent). Chemical shifts indicated with a
multiplication (X) descriptor correspond to more than one signal of the same
functionality, Two-dimensional 'H-'"H-COSY and 'H-BC- HSQC NMR spectra were
obtained where necessary, in order to assist with spectral assignment. Reactions were
monitored by TLC (Merck silica gel plates Glysq, cat. #1.05554) and products were
generally purified by flash chromatography using Merck silica gel 60 (0.040-0.063mm,
cat. #1.09385). TLC’s were typically visualized using 5% H,SOy4 in EtOH followed by
heating to 200°C, Elemental analyses were carried out by the microanalysis service of
the Department of Chemistry at the University of Queensland and were recorded on a
Carlo Erba Elemental Microanalyser, model 1106. Electrospray ionization {ESI) low
resolution mass spectra (LRMS) were recorded on a Briker Daltonics®™ Esquire 3000
Ion-Trap LC MS, using the positive or negative mode (as indicated) with samples
introduced at 180uL/h. High resolution mass spectrometry (HRMS) were carried out by
the mass spectral service of the Department of Chemistry at the University of
Queensland and were recorded on a Finnigan MAT 900 XI, Trap with a Finnigan AP1
HI sprayer. Infrared (IR) spectra were recorded on a Britker Optik Vector 22 instrument
using OPUS (version 3.01) software. IR spectra were obtained in neat CHCl3 solutions

between KBr plates. Deprotected products were generally purified by high performance
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liquid chromatography (HPLC) using a Phenomenex Cig reverse phase column (Semi-
preparative) unless otherwise stated. All commercial solvents (MeOH, BEtOAc, hexanes,
CHCls, CH,Cly) were distilled prior to use. Dried solvents were distilled under N
according to Perrin and Armarego.'” High resolution mass spectroscopy of some of the
final compounds indicated that a high amount of potassium ions were present (as
indicated in the mass spectrum). It is postulated that they are present due to incomplete

neutralisation of the final compounds.

5.2.2 Experimental methods

5.2.2.1 4-S-alkylated NeuS5AcZ2en derivatives

Methyl 5-acetamido-2,4,7,8,9-penta-O-acetyl-3,5-dideoxy-D-glycero-a/B-D-galacto-

non-2-ulopyranosonate, 48,

H OAc AcQ A mixture of NeuSAc (1, 10 g, 30.6 mmol) and
AcO .~ = O CO:Me Amberlite TR-120(H") resin (5 g) in dry MeOH
AchH AcO _ (600 mL) was stirred at room temperature for 2

48 R = NHAc

days. Reaction completion was determined by
TLC (15:4:0.5 iPrOH:H,O:AcOH, Ry = 0.5). The reaction mixture was filtered and
concentrated under reduced pressure to yield the methyl ester as a pale brown solid
(9.1g, 92%). A mixture of the methyl ester S0 (8.0 g, 26.7 mmol), and acetic anhydride
(25 ml) in pyridine (40 mL) was stirred at room temperature for 4 days. Reaction
completion was determined by TLC (EtOAc, R¢ 0.33). The reaction mixture was
concentrated under reduced pressure to yicld a brown oily residue. Column
chromatography (EtOAc) yiclded a mixture of the o and B anomers, approximately 1:1
by 'NMR (13.5g, 98%). 'H NMR data is in accordance with that reported in the

literature.'™

Methyl 5-acetamido-2,4,7,8,9-penta-O-acetyl-3,5-dideoxy-D-glycero-o-D-galacto-non-
2-ulopyranosonate, IH NMR (300 MHz, CDCL): 5 1.84 (3H, s, NAc), 1.98 (6H, s, 2
x OAc), 1.94 (1H, app t, Jaaze 13.2, J3a4, 13.2, H-3a), 2.04,2.05,2.08 (9H, 3 x s, 3 x
0Ac), 2.52 (1H, dd, Jre3a 13.2, J304 4.8 Hz, H-3¢), 3.70 (3H, s, CO;Me), 4.03 (IH,
dd, Jog 6.3, Joo 12.6 Hz, H-9), 4.12 (1H, ddd, Js4 = Jsxu = Js6 = 10.2 Hz, H-5), 4.33
(1H, dd, Jog 2.7, Joo 12.6 Hz, H-9), 4.65(1H,dd, Js5 10.2, Jo7 2.4 Hz, H-6),
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4.97 (1H, ddd, Jaze 13.2, Jaze 4.8, Jos 10.2 Hz, H-4), 5.14 (1H, ddd, Js7 6.3, Jss 6.3,
Jsor 2.7 Hz, H-8), 5.33 (1, dd, J16 2.4, J15 6.3 Hz, 1-7), 5.96 (LH, br d, Jagrs 10.2 Hz,
NH)

Methyl S-acetamido-2,4,7,8,9-penta-O-acetyl-3,5-dideoxy-D-glycero-B-D-galacto-non-
2-ulopyranoscnate 'H NMR (300 MHz, CDCls): 6 1.82 (3H, s, NAc¢), 1.96, 1.97,
1.99, (9H, 3 x s, 3 x OAc), 2.02 (1H, dd, J343. 13.2, J3a4, 12.9, H-3a), 2.07 (6H, s, 2 x
OAc), 2.47 (1H, dd, J3e3a 13.2, Jaes 5.1 Hz, H-3¢), 3.70 (3H, s, CO;Me), 4.01-4.10
(3H, m , H-5, H-6, H-9), 4.43 (I1H, dd, Jog 2.7, Joy 12.6 Hz, H-9"), 5.00 (1H, ddd, Js,
5.1, Jg9 6.9, Jyor 2.7 Hz, H-8), 5.18 (1H, ddd, Js3, 11.4, Ju3. 5.1, Jas 102 Hz, H-4),
5.30 (1H, dd, J75 1.8, J38 5.1 Hz, H-7), 5.39 (1H, br d, Jxu,s 9.6 Hz, NH).

2-Methyl-(methyl 7,8,9-tri-O-acetyl-2,6-anhydro-3,5-dideoxy-D-glycero-D-falo-non-

2-enonate)-[4,5-d]-2-0xazeline, 56.

Method 1. Reaction with BF;eEf,O
H om0 o .
ACO\/,"S/NW CO:Me At room femperature a solution of methyl 5-
N acetamido-2,4,7,8,9-penta-O-acetyl-3,5-dideoxy-
AcO H
56 D-glycero-0/B-D-galacto-non-2-ulopyranosonate,

48, (200 mg, 0.39 mmol) in dry DCM (3 mL} and dry MeOH (16 pL) and BF3eEt,O
(0.5 mL, 3.98 mmol) was stitred for 16 hours under Ny, TLC (EtOAc, Ry 0.42) showed
the development of a UV active spot. The reaction mixture was cooled in ice and dry
NEt; (I mL) was added and the reaction stirred for 10 mins. The neutralised reaction
mixfure was concentrated to dryness and then taken up in EtOAc (5§ mL). The organic
phase was extracted with 0.1M NaHCO; (3 x 5§ mL), and evaporated under reduced

pressure to yield the crude oxazoline 56 as a slightly brown foam (131 mg, 82%).

Method 2: Reaction with TMSOTf

According to the method of Chandler ef al.'*” a stirred solution of 48 (200 mg, 0.39
mmol) in EtOAc (3 mL) at 30°C under N, was added TMSOTT (210 pL, 1.16 mmol)
dropwise. Over 20 minutes the temperature was raised to 52°C, then the rcaction was
left to stir for 2.5 hours. TLC (EtOAgc, Ry 0.42) at 2.5 hrs showed the reaction was
complete. The reaction mixture was then cooled in ice and 600 pL of dry NEft; was

added to the reaction, which was then stirred for 10 minutes. The reaction mixture was
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concentrated under reduced pressure. The brown residue was taken-up in 5 mL EtOAc
and extracted with (3 x 5 mL) 0.1M NaHCO;. The organic layer was concentrated
under reduced pressure, dissolved in I mL DCM and reconcentrated to afford the title
compound 56 as a off-white foam (137 mg, 85%,). 'H NMR data is in accordance with
that reported in the literature.! 'H NMR (300 MHz, CDCl): 8 1.99 (3H, s, CHj),
2,01, 2.05, 2.14 (9H, 3 x s, 3 x OAc), 3.43 (1H, dd, J65 9.9, Js7 2.7 Hz, H-6),3.72 (3H,
s, COMe), 3.95 (1H, t, Js4 9.0, Js¢ 9.0 Hz, H-5), 4.21 (1M, app q, Jog 6.3, Joo 12.6
Hz, H-9), 4.59 (IH, dd, Jos 2.4, Joo 12.6 Hz, H-9"), 4.82 (1H, dd, J43 3.9, J45 9.0 Hz,
H-4), 5.43 (1H, ddd, Js7 6.0, Jso 6.3, Jso 2.4 Hz, H-8), 5.62 (1H, dd, J16 2.7, J13 6.0
Hz, H-7), 6.37 (1H, d, J34 3.9 Hz, H-3).

Methyl S-acetamido-7,8,9-tri-O-acetyl-4-S-acetyl-2,6-anhydro-3,5-dideoxy-4-thio-

D-glycero-D-galacto-non-2-enonate, 58.
" H,," OAc o CO,Me Meth.od 1: According to von Itzstein ‘er al'” a
R solution of 2-methyl-(methyl 7,8,9-tri-O-acetyl-
AO H  AcS 2,6-anhydro-3,5-dideoxy-D-glycero-D-talo-non-2-

58 R =NHAc

enonate)-[4,5-d])-2-oxazoline, 56, (112 mg, 0.27
mmol) and thiolacetic acid (100 pl, 1.39 mmol} in dry DMF (2 mL) was stirred for 20
hours at 83°C under N;. After this time, TLC (EtOAc, Ry 0.38) showed complete
consumption of starting material (R 0.46). The reaction mixture was evaporated and
the residue triturated with cther (2 x 10 mL). The resultant viscous yellow liquid was
purified by column chromatography (20:1 DCM/McOH) to afford a pale yellow solid as
a 1 (product): 0.17 (epi SAc) mixture (65 mg, 49%). The two epimers were inseparable
by column chromatography. The 'H NMR spectrum of the major component was in

agreement with that reported in the literature.'"”

Method 2: A solution of 56, (2 g, 4.84 mmol) and thiolacetic acid (518 pL, 7.26
mmol) in dry DMF (30 mL) was stirred for 20 hours at 83°C under N». After this time,
TLC (EtOAc, Ry 0.38) showed complete consumption of starting material (Re 0.46).
The reaction mixture was evaporated and the residue triturated with ether (2 x 10 mL).
The resultant viscous yellow liquid was purified by column chromatography (20:1
DCM/McOH) to afford a pale yellow solid as a 1 (product): 0.10 (epi SAc) mixture (2

g, 85%). The two epimers were inseparable by column chromatography.
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Method 3: A solution of 56 (109 mg, 0.22 mmol) and thiolacetic acid (25 L, 0.34
mmol) in dry acetonitrile (2 mL) was stirred for 20 hours at 83°C. After this time, TLC
(EtOAc, Ry 0.38) showed complete consumption of starting material (Rr 0.46). The
reaction mixture was evaporated and the residue triturated with ether (2 x 10 mL). The
resultant viscous yellow liquid afforded the product as a 1 (product): 0.17 (epi SAc)

mixture (61 mg, 47%). The two epimers were inseparable by column chromatography.

Method 4: A solution of 56 (108 mg, 0.22 mmol) in neat thiolacetic acid (3 mL)
was stirred for 20 hours at 83°C. After this time, TLC (EtOAc, Ry 0.38) showed
complete consumption of starting material (Ry 0.46). The reaction mixture was
evaporated and the residue triturated with ether (2 x 10 mL). The resultant viscous
yellow oil afforded the product as a 1 (product): 0.24 (epi SAc) mixture (114 mg, 89%).
The two epimers were inseparable by column chromatography. NMR data of major
component: 'H NMR (300 MHz, CDCl,): 6 1.89 (3H, s, NAc), 2.05, 2.06, 2.10 (9H, 3 x
s, 3 x OAc), 2.35 (3H, s, SAc), 3.70 (3H, s, CO:Me), 4.15 (1H, app q, Jog 2.7, Joo 12.3
Hz, H-9), 4.20 —4.37 (3H, m, H-4, H-5, H-6), 4.66 (1H, dd, Jo3 7.2, Jos 12.3 Hz, H-9"),
530 (IH, ddd, Js7 5.1 Js0 7.2, Jg o 2.7 Hz, H-8), 5.48 (1H, dd, J;5 1.5, J75 5.1 Hz, H-7),
5.57 (1H, br d, Juns 8.7 Hz, NH), 594 (1H, d, J34 2.4 Hz, H-3). Partial INMR
spectrum of minor component: 'H NMR (300 MHz, CDCh): & 1.83 (3H, s, NAc), 2.01,
2.02, 2.05 (9H, 3 x s, 3 x OAc), 2.36 (3H, s, SAc), 3.77 3H, s, CO;Me), 4.46 (1H, ,
Ji3 5.7, J45 5.1, H-4), 6.05 (1H, d, /54 5.7, H-3).

Methyl 5-acetamido-7,8,9-tri-O-acetyl-2,6-anhydro-4-S-benzyl-2,3,5-trideoxy-4-

thio-D-glycero-D-galacio-non-2-enonate, 59-A,

H OAc To a stitred solution of methyl 5-acetamido-7,8,9-
- 9] CQCsMe
ACO\W tri-O-acetyl-4-S-acetyl-2,6-anhydro-3,4,5-trideoxy-

AcO\\

H 8 4-thio-D-glycero-D-galacfo-non-2-enonate, 58,
(200 mg, 0.41 mmol) as a 1:0.18 epimeric mixture
in dry DMF (8 mL) with 3 A molecular sieves

59-A i = NHAC under Ar was added benzyl bromide (80 pL, 0.67

mmol) and dry triethylamine (60 uL, 0.43 mmol). The mixture was left to stir for [0

minutes, following this hydrazine acetate (280 mg, 3.04 mmol} was added and the

192



reaction mixture was left to stir at room temperature for 8 hours. After this time, TLC
(EtOAc, Rr 0.62) showed complete conversion of starting material (Rr 0.35). EtOAc (10
mL) and water (10 mL) were added, the organic phasc was washed with water and sat.
NaCl (10 mL), dried (NaySQOy), filtered and concentrated under reduced pressure to
afford a dark ycllow mass. The crude product was subject to column chromatography
on silica (EtOAc) to give the purified title compound 59-A as a 1:0.18 epimeric mixture
(by "H NMR spectroscopy) as a pale yellow foam (150 mg, 68%). The two epimers
were inseparable by column chromatography. vmax 1266, 1421, 1652, 1740, 2359, 2989,
3056, 3426 cm’'. NMR data of major component;: '"H NMR (300 MHz, CDCls):
3 1.94 (3H, s, NAc), 2.04,2.05,2.11 (9H, 9 x 5, 3 x OAc), 3.47 (1H, dd, J43 3.0, J45 9.0
Hz, H-4), 3.74 (1H, d, Jeem 12.6 Hz, PhCH;), 3.77 (3H, s, CO.Me), 3.82 (1H, d, Jgem
13.2 Hz, PhCHy), 4.02 (1H, app q, Js4 9.0, Jsu 9.3, Js6 9.0 Hz, H-5), 4.17 (1H, dd, Jo g
6.9, Joor 12.3 Hz, H-9), 4.27 (1H, dd, Js5 9.0, Js7 3.0 Hz, H-6), 4.62 (1H, dd, Jo3 3.0,
Jo o 12.3 Hz, H-9"), 534 (1H, ddd, Js7 4.8, Jsy 6.9, J3o» 3.0 Hz, H-8), 5.43 (1H, br d,
Jwms 9.3 Hz, NH), 5.48 (1H, dd, J55 2.7, J13 4.8 Hz, H-7), 6.07 (1H, d, J34 3.0 Hz, H-3),
7.29-7.33 (5H, m, ArH). C NMR (75.5 MHz, CDCl3): § 21.9, 20.8, 20.9 (3 x
OCOCH3), 23.2 (NHCOCHs3), 33.8 (Ph-CHy), 46.6 (C-5), 43.4 (C-4), 52.4 (COOCH3),
62.1 (C-9), 68.1 (C-7), 71.1 (C-8), 76.7 (C-6), 112.7 (C-3), 128.5, 128.7, 128.8, 128.9,
129.1, 129.3 (Ph), 1697 (NHCOCHs,), 170.1, 170.2, 170.3 (3 x OCOCHzs). *COOCH;
and C-2 were not observed.  LRMS m/z 560 (IM+Na]*, 100%). HRMS calcd for
CysH31NOpS (M+Na) 560.1561, found 560.1581. Partial 'NMR spectrum of minor
component: 'H NMR (300 MHz, CDCly): §3.44 (1H, t, J43 5.7, Jus 5.4, H-4), 6.03
(1H, d, /54 5.7, H-3).

Methyl 5-acetamido-7,8,9-tri-O-acetyl-2,6-anhydro-2,3,5-trideoxy-4-S-(2-
phenylbenzyl)-4-thio-D-glycero-D-galacto-non-2-enonate, 59-B.

H OAc _ ] o
A o COLMe To a stirred solution of methyl 5-acetamido-7,8,9
" SR / tri-O-acetyl-4-S-acetyl-2,6-anhydro-3,4,5-trideoxy-
AOH 9 4-thio-D-glycero-D-galacto-non-2-enonate, 58,

(200 mg, 0.41 mmol) as a 1;0.16 epimeric mixture

- ___ in dry DMF (8 mL) with 3 A molecular sieves
e,

50-B R = NHAC under Ar was added 2-phenylbenzyl bromide (120
ul, 0.66 mmol) and dry tricthylamine (60 ulL, 0.43 mmol). The mixture was left to stir

for 10 minutes, following this hydrazine acetate (280 mg, 3.04 mmol) was added and
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the reaction mixture was left to stir at room temperature for 8 hours. After this time,
TLC (2:1 EtOAc/hexanes, Rr 0.54) showed complete conversion of starting material (Re
0.28). EtOAc (10 ml) and water (10 mL) were added, the organic phase was washed
with water and sat. NaCl (10 mL), dricd (NaxSQy), filtered and concentrated under
reduced pressure to afford a dark yellow mass. The crude product was subject to
column chromatography on silica (2:1 EtOAc/hexanes) to give the purified title
compound 59-B as a 1:0.16 epimeric mixture (by '"H NMR spectroscopy) as a dark
yellow foam (165 mg, 68%). The two cpimers were inseparable by column
chromatography. vmax 1266, 1422, 1743, 2360, 2988, 3055 em”’. NMR data of major
component: 'H NMR (300 MHz, CDCls): 6 1.83 (3H, s, NAc), 1.96 (9H, s, 3 x OAc),
3.37 (1N, dd, Js3 2.7, J4s 9.3 Hz, H-4), 3.65 (2H, m, PhCHy), 3.68 (3H, s, CO;Me),
3.78 (1H, app q, Js4 9.0 Jsxm 9.3, Js6 9.0 Hz, H-5), 4.09 (1H, dd, Jog 7.2, Joo- 12.3 Hz,
H-9), 4.18 (1H, dd, Js 5 9.6 Js 4 2.4 Hz, H-6), 4.59 (1H, dd, Jo g 2.7, Jo o 12.3 Hz, H-97),
5.21 (1H, ddd, Js7 4.8, Js 9 7.2, Jso 2.7 Hz, H-8), 5.35 (1H, dd, J75 2.4, J;5 4.8 Hz, H-
7), 5.50 (1H, br d, Jxu s 9.3 Hz, NH), 5.78 (1H, d, J34 2.7 Hz, H-3), 7.12-7.48 (9H, m, 2
x ArH). C NMR (75.5 MHz, CDCL): §20.8,20.9, 21.0 (3 x OCOCH3), 23.3
(NHCOCH3), 31.6 (Ph-CH2), 36.8 (COOCHj3), 43.6 (C-4), 47.4 (C-5), 52.3 (COOCH3),
62.1 (C-9), 68.1 (C-7), 71.2 (C-8), 76.9 (C-6), 112.5 (C-3), 127.6-130.5 (2 x Ph), 169.6
(NHCOCH;), 170.1, 170.2, 170.3 (3 x OCOCH;). *COOCH; and C-2 were not
observed. LRMS m/z 636 ([M+Na]", 100%). HRMS caled for C3H3sNO,S (M+Na)
636.1874, found 636.1875. Partial '"NMR spectrum of minor component: 'H NMR

(300 MHz, CDCls): 8 3.25 (1H, t, J43 5.7, J45 5.1, H-4), 591 (1H, d, J34 5.7, H-3).

Methyl 5-acetamido-7,8,9-tri-O-acetyl-2,6-anhydro-2,3,5-trideoxy-4-S-ethyl-4-thio-

D-glycero-D-galacto-non-2-enonate, 59-C,

H,," OAc o CO,Me To a stirred solution of methyl 5-acetamido-
ACOW 7,8,9-tri-O-acetyl-4-S-acetyl-2,6-anhydro-3,4,5-
AcO H S\ trideoxy-4-thio-D-glycero-D-galacto-non-2-
sg_cﬂzﬂfﬁHs enonate, 58, (200 mg, 0.41 mmol) as a 1:0,14

epimeric mixture in dry DMF (8 mL) with 3 A molccular sieves under Ar was added
iodoethane (48 ul., 0.60 mmol) and dry triethylamine (60 pL, 0.43 mmol). The mixture
was left to stir for 10 minutes, following this hydrazine acetate (280 mg, 3.04 mmol)

was added and the reaction mixture was left to stir at room temperature for 8 hours.
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After this time, TLC (2:1 EtOAc/hexanes, Ry 0.46) showed complete conversion of
starting material (R 0.28). BtOA¢ (10 mL) and water (10 mL) were added, the organic
phase was washed with water and sat. NaCl (10 mL), dried (NaxSOy), filtered and
concentrated under reduced pressure to afford a dark ycllow mass. The crude product
was subject to column chromatography on silica (2:1 EtOAc/hexanes) to give the
purified title compound 59-C as a 1:0.14 epimeric mixture (by 'H NMR spectroscopy)
as a pale yellow foam (118 mg, 61%). The two epimers were inseparable by column
chromatography. v 1266, 1422, 1439, 1513, 1650, 1742, 2307, 2362, 2988, 3056,
3427 cm™. NMR data of major component: "H NMR (300 MHz, CDCL): & 1.16 (3H, ¢,
CHs), 1.91 (3H, s, NAc), 1.99 (6H, s, 2 x OAc), 2.06 (3H, s, OAc), 2.42-2.62 (2H, m,
SCHy), 3.47 (1H, dd, J43 3.0, Jas 9.3 Hz, H-4), 3.72 (3H, s, CO,Me), 3.99 (1H, app q,
Js4 9.3, Jsam 9.3, Jsg 9.3 Hz, H-5), 4.10 (1H, dd, Jo3 7.2, Jog 12.6 Hz, H-9), 4.22 (1H,
dd, Js s 9.3, Jo7 3 Uz, H-6), 4.62 (1H, dd, Jo-g 3.0, Joog 12.3 Hz, H-9"), 5.26 (1H, ddd,
J2n1 4.8, J39 7.2, Jso 3.0 Hz, H-8), 545 (1H, dd, J76 2.7, J73 4.5 Hz, H-7), 5.90 (1H, br
d, s 9.3 Hz, NH), 6.04 (1H, d, J34 3.0 Hz, H-3). “C NMR (75.5 MHz, CDCls): &
14.4 (SCH,CHj3), 20.9 (OCOCH3), 23.4 (NHCOCHS,), 23.3 (SCHy), 43.2 (C-4), 47.3 (C-
5), 52.4 (COOCHy), 62.1 (C-9), 68.1 (C-7), 71.3 (C-8), 77.1 (C-6), 112,9 (C-3), 169.9
(NHCOCH,3), 170.2, 170.3, 170.5 (3 x OCOCH3). *COOCH; and C-2 were not
observed. LRMS mi/z 498 ([M+Na]?, 100%). HRMS caled for CaoHaoNO1S (M+K)
514.1149, found 514.1142. Partial 'NMR spectrum of minor component: 'H NMR

(300 MHz, CDCly): 8 3.43 (1IL, t, Ju3 5.7, Jus 5.4, H-4), 6.11 (1H, d, J34 5.7, H-3).

Methyl 5-acetamido-7,8,9-tri-O-acetyl-2,6-anhydro-2,3,5-trideoxy-4-S-hexyl-4-thio-

p-glycero-D-galacto-non-2-enonate, 59-D.

H,,“ OAC o CO,Me To a stirred solution of methyl 5-acetamido-
AcO IR / 7,8,9-tri-O-acetyl-4-S-acetyl-2,6-anhydro-3,4,5-

ACO H S trideoxy-4-thio-D-glycero-D-galacto-non-2-
CHa)sCH
59-DR=(NH§\)§ ¢ enonate, 58, (200 mg, 041 mmol) as a 1:0.18

epimeric mixture in dry DMF (8 mL) with 3 A molecular sieves under Ar was added
bromohexane (84 pL, 0.60 mmol) and dry tricthylamine (60 pL, 0.43 mmol). The
mixture was left to stir for 10 minutes, following this hydrazine acetate (280 mg, 3.04
mmol) was added and the reaction mixture was left to stir at room temperature for 8

hours. After this time, TLC (2:1 EtOAc/hexanes, Ry 0.62) showed complete conversion
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of starting material (R¢ 0.28). EtOAc (10 mL) and water (10 mL) were added, the
organic phase was washed with water and sat. NaCl (10 mL), dried (NazSOy), filtered
and concentrated under reduced pressure to afford a dark yellow mass. The crude
product was subject to column chromatography on silica (2:1 EtOAc/hexanes) to give
the purified title compound 59-D as a 1:0.18 epimeric mixture (by 'H NMR
spectroscopy) as a pale yellow foam (182 mg, 84%). The two epimers were inscparable
by column chromatography. vim.x 1266, 1422, 1509, 1650, 1742, 2307, 3055, 3440 em’?,
NMR data of major component: 'H NMR (300 MHz, CDCls): 8 0.75 (3H, br. app. t,
CHj3), 1.09-1.26 (6H, s, 3 x CHy), 1.35-1.44 (2H, m, SCH,CH,), 1.83 (3H, s, NAc),
1.90 (6H, s, 2 x OAc), 1.98 (3H, s, OAc), 2.31-2.48 (2H, m, SCH>) 3.40 (1H, dd, Js3
2.7, Jss5 9.0 Hz, H-4), 3.65 (3H, s, COMe), 3.87 (1H, app q, J54 9.3, Jsnu 9.3, J55 9.3
Hz, H-5), 4.03 (1H, dd, Jo3 7.2, Jo»» 12.6 Hz, H-9), 4,14 (1H, dd, Js5 9.3, Js7 2.7 Hz, H-
6), 4.53 (1H, dd, Jo g 3.0, Jyg 12.3 Hz, H-9%), 5.19 (1H, ddd, Js7 5.1, Jzo 7.5, Jzo» 3.0
Hz, H-8), 5.37 (1H, dd, J75 2.7, J75 4.8 Hz, H-7), 5.92 (1H, br d, Jyus 9.0 Hz, NH),
5.97 (1H, d, J34 3.0 Hz, H-3). *C NMR (75.5 MHz, CDCL3): & 14.0 (CHs), 20.7, 20.8,
20.9 (3 x OCOCH3), 23.2 (NHCOCHs3), 28.6, 29.3, 29.6 (3 x CHy), 30.1 (SCHyCHa),
31.3 (SCH2CHy), 43.3 (C-4), 47.3 (C-5), 52.3 (COOCHj3), 62.1 (C-9), 68.1 (C-7), 71.0
(C-8), 77.1 (C-6), 113.0 (C-3), 169.8 (NHCOCHj3), 170.1, 170.2, 170.3 (3 x OCOCHs).
*COOCH; and C-2 were not observed. LRMS m/z 554 ([M+Na]", 100%). HRMS
caled for CosHyNO oS (M+Na) 554.2036, found 554.2043. Partial "NMR spectrum of
minor component: 'H NMR (300 MHz, CDCL): 83.36 (1H, t, Jy3 5.7, Jas 5.4, H-4),
6.03 (1H, d, J14 5.7, H-3).

Methyl 5-acetamido-7,8,9-tri-O-acetyl-2,6-anhydvro-4-S-decyl-2,3,5-trideoxy-4-thio-

D-glycero-D-galacto-non-2-enonate, 59-E.

H OAc i - ido-7,8,9-

% o CO,Me To a stirred solution of methyl 5-acetamido-7,8,9

AcO R / tri-O-acetyl-4-S-acetyl-2,6-anhydro-3,4,5-trideoxy-

ACO H =Y 4.thio-D-glycero-D-galacto-non-2-enonate, 58,
(CH2)eCH

50-E R = NHAG (200 mg, 0.41 mmol) as a 1:0.31 epimeric mixture
in dry DMF (8 mL) with 3 A molecular sieves under Ar was added bromodecane (124
ul., 0.60 mmol) and dry triethylamine (60 pl., 0.43 mmol). The mixture was left fo stir
for 10 minutes, following this hydrazine acetate (280 mg, 3.04 mmol) was added and

the reaction mixture was left to stir at room temperature for 8 hours., After this time,
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TLC (2:1 EtOAc/hexanes, Ry 0.6) showed complete conversion of starting material (Ry
0.28). EtOAc {10 mL) and water (10 mL) were added, the organic phase was washed
with water and sat, NaCl (10 mL), dried (Na;SOs), filtered and concentrated under
reduced pressure to afford a dark yellow mass. The crude product was subject to
column chromatography on silica (2:1 EtOAc/hexanes) to give the purified title
compound 59-E as a 1:0.31 epimeric mixture (by 'H NMR spectroscopy) as a pale
yellow foam (95 mg, 39%). The two epimers were inseparable by column
chromatography. wma 1265, 1422, 1644, 2059, 2411, 3448 cm™. NMR data of major
component: "H NMR (300 MHz, CDCls): 6 0.80 (3H, br app t, CH3), 1.18 (14H, s, 7 x
CHy), 1.42-1.61 (2H, m, SCH,CH,), 1.91 (3H, s, NAc), 1,99 (6H, s, 2 x OAc), 2.06
(3H, s, OAc), 2.38-2.67 (2H, m, SCHy), 3.48 (1H, dd, J43 3.0, J45 9.3 Hz, H-4), 3.72
(3H, s, COMe), 3.92 (1H, app q, Js4 9.3 Jsnu 9.3, Js 9.3 Hz, H-5), 4.13 (1H, dd, Jog
7.2, oo 12.3 Hz, H-9), 4.23 (1H, dd, Jss 9.3, Js7 3.0 Hz, H-6), 4.64 (1H, dd, Jo 3 3.0,
Joo 12.6 Hz, H-9"), 5.27 (1H, ddd, Js7 4.8, Jss 7.5, Jso» 2.7 Hz, H-8), 5.45 (1H, dd, J16
2.7, J15 4.8 Hz, H-7), 580 (1H, br d, Jygs 9.3 Hz, NH), 6.05 (1H, d, /54 3.0 Hz, H-3).
BC NMR (75.5 MHz, CDCh): § 14.2 (CH3), 21.1 (OCOCH3), 23.4 (NHCOCH;), 29.4
(SCH,), 29.4 (SCH,CHy), 29.0, 29.1, 29.2, 29.3, 29.4, 29.5, 29.6 (6 x CHy), 43.0 (C-4),
47.5 (C-5), 52.4 (COOCH3), 62.1 (C-9), 68.1 (C-7), 71.0 (C-8), 77.0 (C-6), 113.0 (C-3),
169.6 (NHCOCH;3), 170.1, 170.2, 170.3 (3 x OCOCHj3). *COOCH; and C-2 were not
observed. LRMS m/z 610 ({M+Na]+, 100%). HRMS caled for CogHysNO1pS (M+Na)
610.2662, found 610.2649. Partial 'NMR spectrum of minor component: 'H NMR
(300 MHz, CDCl3): 6 3.40 (1H, t, J43 5.7, J45 5.1, H-4), 6.11 (1H, d, J34 5.7, H-3).

Methyl 5-acetamido-7,8,9-tri-O-acetyl-2,6-anhydro-4-S-(p-cyanobenzyl)-2,3,5-

trideoxy-4-thio-D-glycero-D-galacfo-non-2-enonate, 59-F,

AGO\M/TCOEMQ 7T;9e:;t—ig—eaclesoh_1ti~01j of m_eth;il 5—acejteimido:
IR 8, tyl-4-S-acetyl-2,6-anhydro-3,4,5
AOH g trideoxy-4-thio-D-glycero-D-galacto-non-2-
enonate, 58, (200 mg, 0.41 mmol) as a 1:0.18
epimeric mixture in dry DMF (8 mL) with 3 A
molecular sieves under Ar was added a-bromo-p-
\ tolunitrile (120 mg, 0.61 mmol) and dry

N
58-F R = NHAc tricthylamine (60 ul, 0.432 mmol). The mixture
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was left to stir for 10 minutes, following this hydrazine acetate (280 mg, 3.04 mmol)
was added and the reaction mixture was left to stir at room temperature for 8 hours.
After this time, TLC (2:1 EtOAc/hexanes, Ry 0.48) showed complete conversion of
starting material (Rr 0.28). EtOAc (10 mL) and water (10 mL) were added, the organic
phase was washed with water and sat. NaCl (10 mL), dried (NaySQOq), filtered and
concentrated under reduced pressure to afford a dark yellow mass. The crude product
was subject to columm chromatography on silica (2:1 EtOAc/hexanes) to give the
purified title compound 59-F as a 1:0.18 epimeric mixture (by 'H NMR spectroscopy)
as a pale yellow foam (168 mg, 80%). The two epimers were inseparable by column
chromatography. vmax 1266, 1422, 1747, 2306, 2412, 2988, 3055 em’l, NMR data of
major component: 'H NMR (300 MHz, CDCL): § 1.90 (3H, s, NAc), 1.96, 1.97, 2.05
(9H, 3 x 5, 3 OAc), 3.38 (IH, dd, J453 3.0, J45 9.3 Hz, H-4), 3.70 (3H, s, CO,Me), 3.76
(2H, m, PhCH,), 4.00 (3H, m, H-5, H-6, H-9), 4.62 (1H, dd, Jyg 2.7, Jy ¢ 12.3 Hz, H-
9%, 5.25 (1H, ddd, Js7 4.5, Js9 7.2, Jso» 2.7 Hz, H-8), 5.47 (1H, dd, J45 2.4, J;5 4.5 Hz,
H-7), 5.92 (1H, d, J34 3.0 Hz, H-3), 6.24 (1H, br d, Jnus 9.0 Hz, NH), 7.38 (2H, d, Jams.
o, Acim 8.7 Hz, AtH-0), 7.56 (2H, d, Jamtin, Ao 8.7 Hz, AtH-m). “CNMR (75.5 MHz,
CDClLy): §20.7,20.8, 21,0 (3 x OCOCH3), 23.1 (NHCOCHs3), 33.1 (Ph-CHy), 44.1 (C-
4), 45.9 (C-5), 52.4 (COOCH3), 62.1 (C-9), 68.1 (C-7), 71.2 (C-8), 77.4 (C-6), 112.2
(C-3), 1283, 128.4, 128.8, 12.9.4, 129.5, 129.6 (Ph), 169.8 (NHCOCHs), 170.0, 170.1,
170.3 (3 x OCOCH3). *COOCH;3 and C-2 were not observed. LRMS m/z 585
(IM+Na]", 100%). HRMS caled for Cygt3oN2010S (M+Na) 585.1519, found 585.1522.
Partial 'NMR spectrum of minor component; 'H NMR (300 MHz, CDCl): 8 3.43 (1H,
t,J43 5.7, J4s5 54, H-4),5.89 (1H, d, J3 4 5.7, H-3).

Methyl 5-acetamido-7,8,9-tri-O-acetyl-2,6-anhydro-2,3,5-trideoxy-4-S-(2-
phenylethyl)-4-thio-D-glycero-D-galacto-non-2-enonate, 59-G.,

H OAc To a stirred solution of methyl 5-acetamido-7,8,9-

-, O CO.Me
AcO X+ / tri-O-acetyl-4-S-acetyl-2,6-anhydro-3,4,5-trideoxy-
AOH g 4-thio-D-glycero-D-galacto-non-2-enonate, 58,

(200 mg, 0.41 mmol) as a 1:0,22 epimeric mixture
in dry DMF (8 mL) with 3 A molecular sieves
under Ar was added 2-bromoethylbenzene (80 pl,
59-G R = NHA¢ 0.58 mmol) and dry triethylamine (60 pL, 0.43
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mmol). The mixture was left to stir for 10 minutes, following this hydrazine acetate
(280 mg, 3.04 mmol) was added and the reaction mixture was left to stir at room
temperature for 8 hours. After this time, TLC (2:1 EtOAc/hexanes, Ry 0.56) showed
complete conversion of starting material (Ry 0.28). EtOAc (10 mL) and water (10 mL)
were added, the organic phase was washed with water and sat. NaCl (10 mL), dried
(Na2S0Qy), filtered and concentrated under reduced pressure to afford a dark yellow
mass. The crude product was subject to column chromatography on silica (2:1
EtOAc/hexancs) to give the purified title compound 59-G as a 1:0.22 epimeric mixture
(by "H NMR spectroscopy) as a pale yellow foam (133 mg, 59%). The two cpimers
were inseparable by column chromatography. vy 1266, 1371, 1422, 1679, 1740, 2306,
3056 cm’. NMR data of major component: 'H NMR (300 MHz, CDCl3) & 1.88 (3H, s,
NAc), 1.97 (6H, s, 2 x QAc), 2.04 (3H, s, OAc), 2.68 - 2.90 (4H, m, SCH,CHy), 3.45
(14, dd, Js3 2.7, J45 9.3 Hz, H-4), 3.70 (3H, s, CO;Me), 4.00 (1H, q, J54 9.3, Jsnu 9.3,
Js69.3 Hz, H-5), 4.10 (1H, dd, Jog 7.2, Joo» 12.3 Hz, H-9), 4.19 (1H, dd, J5 9.3, J67 2.7
Hz, H-6), 4.62 (1H, dd, Jo 3 2.7, J» o 12,3 Hz, H-9%), 5,27 (1H, ddd, Js7 4.8, Js9 7.5 Jzo
3.0 Hz, H-8), 5.44 (1H, dd, J76 2.7, J25 4.8 Hz, H-7), 5.92 (1H, br d, Jxu s 9.3 Hz, NH),
6.01 (1H, d, Js4 2.7 Hz, H-3), 7.10-7.27 (SH, m, Arll). *C NMR (75.5 MHz, CDCl):
& 207, 208, 21.1 (3 x OCOCH;), 23.3 (NHCOCHs), 30.5 (Ph-CH,CH,), 35.6
(Ph-CH,CHy), 43.4 (C-4), 47.2 (C-5), 52.4 (COOCH3), 62.1 (C-9), 68.2 (C-7), 71.1
(C-8), 77.1 (C-6), 112.7 (C-3), 128.5 (Ph), 169.7 (NHCOCHSs), 170.0, 170.1, 170.2 (3 x
OCOCHj;). *COOCH; and C-2 were not observed. LRMS m/z 574 ([M+Na]", 100%).
HRMS caled for CyeHysNO oS (M+Na) 574.1723, found 574.1718. Partial 'NMR
spectrum of minor component: 'H NMR (300 MHz, CDCl): 8 3,39 (1H, t, J43 5.7, Jus
5.4, H-4), 6.03 (1H, d, J: 4 5.7, H-3).

Sedium  (5-acetamido-2,6-anhydro-4-S-benzyl-2,3,5-trideoxy-4-thio-D-glycero-D-

galacto-non-2-en)onate, 28-A,

H OH - :
% o CONa To a stirred solution of methyl 5-acetamido-7,8,9-
HO YR / tri-O-acetyl-2,6-anhydro-4-S-benzyl-2,3,5-trideoxy-
4-thio-D-glycero-D-galacto-non-2-enonate,  59-A,

(100 mg, 0.19 mmol) in MeOH (5 mL) was added
0.1 M KOH (5 mL). The reaction mixture was lcft

I
Qy,

x

w

28-A R = NHAG to stir at room temperature for 2 hours., TLC (7:2:1

EtOAc/MeOH/H;0, Ry 0.32) showed complete conversion of starting material (R 0.70).
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The reaction mixture was acidified using Amberlite IR-120 (H') resin to pH 3 - 4,
filtered and concentrated under reduced pressure to afford a dark yellow mass. The
crude product was resuspended in water and neutralised to pH 7.8 with aqueous NaOLH
and concentrated under reduced pressure to afford a dark yellow mass, 75 mg, > 100%.
The crude product was purified by reverse-phase HPLC using isocratic 2%
acetonitrile/98% H,0, elution time 18.2 mins, and lyophilised to give 28-A as a pale
yellow fine powder (35 mg, 47%). The two epimers were inseparable by HPLC
conditions (approx ratio: 1 eq:0.07 epi). NMR data of major component: "H NMR (300
MHz, D,0): 6 2.02 (3H, s, NAc), 3.29 - 3.47 (3H, m, H-4, H-7, H-8), 3.64 - 3.76 (4H,
m, H-9, H-9”, PhCHy), 3.82 (1H, app t, Js4 10.2, J5 ¢ 10.2 Hz, H-5), 3.87 (1H, app d, Jg 5
10.2 Hz, H-6), 5.62 (1H, d, J34 2.4 Hz, H-3), 7.07 — 7.18 (5H, m, ArH). C NMR (75.5
MHz, D;0): § 21.9 (NHCOCH3), 32.9 (PhCH,), 43.3 (C-4), 46.7 (C-5), 63.0 (C-9),
68.3 (C-7), 70.0 (C-6), 76.0 (C-8), 107.7 (C-3), 127.3, 128.7, 129.1 (Ar x 5), 174.2
(CO3Na). *C-2 and NHCOCH; were not observed. LRMS m/z 420 ((M+H]', 100%).
HRMS caled for CisHNNaO7S (M+H) 420.1087, found 420.1079.  Partial 'NMR
spectrum of minor component: & 'H NMR (300 MHz, D,0): 8 3.45 (3H, m, H-4, I1-7,
H-8), 5.60 (1H, d, /54 6.0, H-3).

Sodium  (5-acetamido-2,6-anhydro-2,3,5-trideoxy-4-S-(2-phenylbenzyl)-4-thio-D-

glycero-D-galacto-non-2-en)onate, 28-B,

i H/," OH o CO,Na To a stirred solution of methyl 5-acetamido-7,8,9-
X7 / tri-O-acetyl-2,6-anhydro-2,3,5-trideoxy-4-S-(2-
HOH s phenyl)benzyl-4-thio-D-glycero-D-galacto-non-2-

cnonate, 59-B, (100 mg, 0.16 mmol) in MeOH (5

O O mL) was added 0.1 M KOH (5 mL). The reaction

26-B R = NHAG mixture was left to stir at room temperature for 2

hours. TLC (7:2:1 EtOAc¢/MeOH/H,0, R 0.34) showed complete conversion of
starting material (R 0.75). The reaction mixture was acidified using Amberlite IR-120
(H") resin to pH 3 - 4, filtered and concentrated under reduced pressure to afford a dark
yellow mass. The crude product was resuspended in water and neutralised to pH 7.8
with aqueous NaOH and concentrated under reduced pressure to afford a dark yellow
mass, 90 mg, > 100%. The crude product was purified by reverse-phase HPLC using
isocratic 20% acetonitrile/80% H,O, elution time 10.3 mins, and lyophilised to give 28-

B as a pale yellow fine powder (56 mg, 73%). The two epimers were inseparable by
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HPLC conditions (approx ratio: 1 eq:0.15 epi). NMR data of major component: 'H
NMR (300 MHz, CD;OD): & 2.02 (3H, s, NAc), 3.51 - 3.70 (3H, m, H-4, H-7, H-9),
3.78 - 3.92 (4H, m, H-8, H-9°, PhCH,), 4.05 (1H, app t, Js4 10.5, Js¢ 10.5 Hz, H-5),
4,10 (1H, app d, Jss5 10.5 Hz, H-6), 5.78 (1H, d, J34 2.4 Hz, H-3), 7.23 — 7.50 (9H, m,
ArH). C NMR (75.5 MHz, CD;0D): § 22.7 (NHCOCH,), 32.6 (PhCHy), 44.3 (C-4),
45.7 (C-5), 65.0 (C-9), 70.4 (C-7), 71.2 (C-6), 78.0 (C-8), 107.0 (C-3), 128.2, 128.3,
128.6, 129.3, 1294, 130.2, 1304, 131.1, 131.9 (Ar x 9), 174.1 (CO;Na). *C-2 and
NHCOCH; were not observed. LRMS m/z 472 ([M-Na], 100%). HRMS .calcd for
CosH2KNO;S (M+H) 498.0989, found 498.1410, Partial 'NMR spectrum of minor
component: 6 'H NMR (300 MHz, CD;0D): 6 3.61 (3H, m, H-4, H-7, H-9), 5.76 (1H,
d, J54 6.0, H-3).

Sodium (5-acetamido-2,6-anhydro-2,3,5-trideoxy-4-S-ethyl-4-thie-D-glycero-n-

galacto-non-2-enjonate, 28-C,

H OH . i - ido-
% o CO,Na To a stirred solution of methyl 5-acetamido
HO NG / 7,8,9-tri-O-acetyl-2,6-anhydro-2,3,5-tridcoxy-4-S-
HO S\ cthyl-4-thio-D-glycero-D-galacto-non-2-enonate,
H,CH .
28.C R;:“_'ii ¢ 59-C, (100 mg, 0.21 mmol) in McOH (5 mL) was

added 0.1 M KOH (5 mL). The reaction mixture was left to stir at room temperature for
2 hours. TLC (7:2:1 EtOAc/MecOH/H,0, Ry 0.11) showed complete conversion of
starting material (Rr 0.74). The reaction mixture was acidified using Amberlite {R-120
(H") resin to pH 3 - 4, filtered and concentrated under reduced pressure to afford a dark
yellow mass. The crude product was resuspended in water and neutralised to pH 7.8
with aqueous NaOH and concentrated under reduced pressure to afford a dark yellow
mass, 82 mg, > 100%. The crude product was purificd by reverse-phase HPLC using
isocratic 3% acetonitrile/97% H»O, elution time 5.1 mins, and lyophilised to give 28-C
as a pale yellow fine powder (65 mg, 92%). The two epimers were inseparable by
HPLC conditions (approx ratio: 1 eq:0.16 epi). NMR data of major component: "H
NMR (300 MHz, D,0): § 1.12 (3H, ¢t, J cm,,sci, 7.2, Hz, CHy) , 1.96 (3H, s, NAc), 2.55
(2H, t, J scay,cn, 7.2 Hz, SCHy), 3.51 - 3.56 (3H, m, H-4, H-7, H-9), 3.72 (1H, dd, Jog
2.7, Joy 12 Hz, H-9"), 3.85 (1H, ddd, Js 7 3.6, Js 0 6.3, Js»» 2.7 Hz, H-8), 4.08 (2H, m,H-
5, H-6), 5.73 (1H, d, J34 2.7 Hz, H-3). C NMR (75.5 MHz, D,0): & 13.9 (CHs), 22.0
(NHCOCHS), 22.9 (SCHy), 43.2 (C-4), 47.3 (C-5), 63.1 (C-9), 68.4 (C-7), 69.8 (C-6),
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76.1 (C-8), 107.9 (C-3), 174.2 (CO;Na). #*C-2 and NHCOCH; were. not observed.
LRMS m/z 334 ([M-Na], 100%). HRMS caled for CyzsHyoNNaO;S (M+H) 358.0936,
found 358.0937. Partial 'NMR spectrum of minor component: & 'H NMR (300 MHz,
D;0): 83.64 (1H, t, J43 6.0, J45 5.1, 11-4), 5.81 (1H, d, J34 6.0, H-3).

Sodium (5-acetamido-2,6-anhydro-2,3,5-trideoxy-4-S-hexyl-4-thio-D-glycero-D-

galacto-non-2-en)onate, 28-D.

H OH E . _ a1

3 o CO,Na To a stirred solution of methyl 5-acctamido

"o R / 7,8,9-tri-O-acetyl-2,6-anhydro-2,3,5-trideoxy-4-3-

HO H S, hcxy1—4—thio~D—glycero—D—ga!acto—110ﬁ—2—cn011ate,
(CHa)sCH .

28D R = NHAG 59-D, (100 mg, 0.19 mmol) in McOH (5 mL) was

added 0.1 M KOH (5 mL). The reaction mixture was left to stir at room temperature for
2 hours. TLC (7:2:1 BtOAc/MeOH/H,0, Ry 0.16) showed complcte conversion of
starting material (R 0.70). The reaction mixture was acidified using Amberlite IR-120
(H") resin to pH 3 - 4, filtered and concentrated under reduced pressure to afford a dark
yellow mass. The crude product was resuspended in water and neutralised to pH 7.8
with aqueous NaOH and concentrated under reduced pressure to afford a dark yellow
mass, 86 mg, > 100%. The crude product was purified by reverse-phase HPLC using
isocratic 10% acetonitrile/90% H,0O, elution time 15.7 mins, and lyophilised to give 28-
D as a pale yellow fine powder (38 mg, 52%). The two epimers were inseparable by
HPLC conditions (approx ratio: 1 eq:0.29 epi). NMR data of major component: 'H
NMR (300 MHz, CD;0D): 6 0.93 (3H, t, J cu,,cn, 6.6 Hz, CH3), 1.33 (6H, s, CHy),
1.56 (2H, t, J scucu,sch, 7.2 Hz, SCHRCHy), 2.04 - (3H, s, NAc), 2.59 (2H, ¢, J
SCH,,SCH,CH, 7.2 Hz, SCHb), 3.51, (1H, dd, J43 2.1, J45 9.3 iz, H-4), 3.62 - 3.72 (2H, m,
H-7 & 9), 3.81 —3.92 (2H, m, H-8, H-9"), 4.05 (1H, app t, Js4 10.5, J5s 10.5 Hz, H-5),
4.11 (1H, app d, Jss 10.5 Hz, H-6), 5.80 (1H, d, J34 2.4 Hz, H-3), "C NMR (75.5 MHz,
CD;0D): & 14.4 (CH3), 22.7 (NHCOCHs3), 23.7 (CHy), 29.7 (SCHy), 29.8 (SCHCHy),
30.8, 31.3 (2 x CHy), 43.4 (C-4), 44.7 (C-5), 65.0 (C-9), 70.4 (C-7), 71.3 (C-6), 78.0
(C-8), 107.8 (C-3), 174.2 (CO;Na). *C-2 and NHCOCH; were not observed. LRMS
m/z 414 ([M+H]+, 100%). HRMS caled for Ci7H2sNNaO,S (M+Na) 436.1382, found
436.1375. Partial 'NMR spectrum of minor component: &'H NMR (300 MHz,
CD;0D): 6 3.40 (3H, m, H-4, H-7, H-9), 5.56 (1H, d, J34 6.0, H-3).
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Sodium (5-acetamido-2,6-anhydro-4-S-decyl-2,3,5-trideoxy-4-thie-D-glycers-D-

galacto-non-2-gn)onate, 28-E.

H OH To a stirred solution of methyl 5-acetamido-7,8,9-

- 9] COsNa
HOW tri-O-acetyl-2,6-anhydro-4-S-decyl-2,3,5-trideoxy-
HOH g 4-thio-D-glycero-D-galacto-non-2-enonate,  59-E,

\
(CH)gCHg (100 mg, 0.17 mmol) in McOH (5 mL) was added

28-E R =NHA¢
0.1 M KOH (5 ml). The reaction mixture was left to stir at room temperature for 2

hours. TLC (7:2:1 EtOAc¢/MeOH/HO, Ry 0.13) showed complete conversion of
starting material (Ry 0.65). The reaction mixture was acidified using Amberlite IR-120
(H") resin to pH 3 - 4, filtered and concentrated under reduced pressure to afford a dark
yellow mass, 95 mg, > 100%. The crude product was resuspended in water and
neutralised to pH 7.8 with aqueous NaOH and concentrated under reduced pressure to
afford a dark yellow mass. The crude product was purified by reverse-phase HPLC
using isocratic 25% acetonitrile/75% H,0, elution time 13.6 mins, and lyophilised to
give 28-E as a pale yellow fine powder (56 mg, 73%). The two epimers were
inseparable by HPLC conditions (approx ratio: 1 eq:0.25 epi). NMR data of major
component: 'H NMR (300 MHz, CDsOD): § 0.92 (3H, t, J cu, e, 6.6 Hz, CHy), 1.31
(6H, s, CH,), 1.58 (2H, t, J scincmy,scr, 7.5 Hz, SCH,CHb), 2.04 (3H, s, NAc), 2.59 (2H,
t, J scm,scH,cH, 7.5 Hz, SCH»), 3.50, (1H, dd, J43 2.1, J45 9.6 Hz, H-4), 3.61 - 3.71 (2H,
m, H-7, H-9), 3.81 — 3.81 (2H, m, H-8, H-9"), 4.04 (1H, app t, Js4 10.5, Js5 10.5 Hz, H-
5), 4.10 (111, app d, Jos 10.5 Hz, H-6), 5.95 (1H, d, J34 2.4 Hz, H-3). PC NMR (75.5
Mz, CD3;0D): & 14.5 (CHas), 22.7 (NHCOCH3), 23.8 (CH3), 29.7, 30.2 (2 x CHy), 30.4
(SCH3), 30.5 (SCH;CHj), 30.7, 30.9 (5 x CHy), 43.5 (C-4), 44.8 (C-5), 65.0 (C-9), 70.4
(C-7), 71.4 (C-6), 78.0 (C-8), 107.8 (C-3), 174.2 (CO,Na). *C-2 and NHCOCH; were
not observed. LRMS m/z 446 ([M-Na], 100%). HRMS calcd for CyH37KNO,S
(M+H) 486.1928, found 486.1925. Partial 'NMR spectrum of minor component: 5'H
NMR (300 MHz, CD;0D): 6 3.70 (3H, m, H-4, H-7, H-9), 5.86 (1H, d, J34 6.0, H-3).
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Sodium (5-acetamido-2,6-anhydro-4-S-(p-cyanobenzyl)-2,3,5-trideoxy-4-thio-n-

glycero-D-galacto-non-2-en)onate, 28-F.

Hf,” OH ° CONa To a stirred solution of methyl 5-acetamido-
HO\W 7,8,9-tri-O-acetyl-2,6-anhydro-4-S-(p-cyanobenzyl)-
2,3,5-trideoxy-4-thio-D-glycero-D-galacto-non-2-
enonate, 59-F, (100 mg, 0.18 mmol) in MeOH (5
mL) was added 0.1 M KOH (5§ mL). The reaction
mixture was left to stir at room temperature for 2
\N hours. TLC (7:2:1 EtOA¢/MeOH/H,0, R 0.27)
28-F R =NHAc showed complete conversion of starting material (Re
0.75). The reaction mixture was acidified using Amberlite IR-120 (H") resin to pH 3 -
4, filtered and concentrated under reduced pressure to afford a dark yellow mass. The
crude product was resuspended in water and neutralised to pH 7.8 with aqueous NaOH
and concentrated under reduced pressure to afford a dark yellow mass, 82 mg, > 100%.
The crude product was purified by reverse-phase HPLC using isocratic 5%
acetonitrile/95% H;0, elution time 11.2 mins, and lyophilised fo give 28-F as a pale
yellow fine powder (30 mg, 40%). The two epimers were inseparable by HPLC
conditions (approx ratio: 1 eq:0.06 epi). NMR data of major component: TH NMR (300
MHz, D,0): § 1.86 (3H, s, NAc), 3.35 - 3.51 (3H, m, H-4, H-7, H-9), 3.72 (1H, dd, Jo 5
2.7, Jop 11.4 Hz, H-9%), 3.77 - 3.81 (3H, m, H-8, PhCHy), 3.86 (2H, m, H-5, H-6), 5.62
(1H, d, J54 2.4 Hz, H-3), 7.38 (2H, d, Jadwo, asem 8.1 Hz, AtH-0), 7.60 (2H, d, Jartu,
Ado 8.1 Hz, AtH-m). “C NMR (75.5 MHz, D,0): § 21.8 (NHCOCHS,), 32.6 (PhCH,),
43.6 (C-4), 46.5 (C-5), 63.0 (C-9), 68.3 (C-7), 69.6 (C-8), 75.9 (C-6), 107.6 (C-3), 109.5
(PhCN), 129.8 (2 x Ph-0), 132.6 (2 x Ph-m), 144.7, 148.3 (2 x Ar), 174.2 (CO;Na). *C-
2 and NHCOCHj3 were not observed. LRMS m/z 421 (IM-Na], 100%). HRMS calcd
for CoHzN,NaO;S (M+H) 445.1045, found 445.1047. Partial 'NMR spectrum of
minor component: & 'H NMR (300 MHz, D,0O): 6 3.45 (3H, m, H-4, H-7, H-9), 5.66
(1H, d, J34 6.0, H-3).
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Sodium (5-acetamido-2,6-anhydro-2,3,5-trideoxy-4-S-(2-phenylethyl)-4-thio-D-

glycero-D-galacto-non-2-en)onate, 28-G.

H OH To a stirred solution of methyl 5-acetamido-7,8,9-
HO\W oo tri-O-acetyl-2,6-anhydro-2,3,5-trideoxy-4-S-(2-
YR , ydro-2,3,5-trideoxy-4-S-(2
phenylethyl)-4-thio-D-glycero-D-galacto-non-2-
enonate, 59-G, (100 mg, 0.180 mmol) in MeOH (5
mL) was added 0.1 M KOH (5 mL). The reaction
mixture was left to stir at room temperature for 2

28-G R = NHAc hours. TLC (7:2:1 EtOAc/MeOH/H;0, Ry 0.40)

X
C,
X
w

showed complete conversion of starting material (Ry 0.67). The reaction mixture was
acidified using Amberlite IR-120 (H") resin to pH 3 - 4, filtered and concentrated under
reduced pressure to afford a dark yellow mass. The crude product was resuspended in
water and neutralised to pH 7.8 with aqueous NaOH and concentrated under reduced
pressure to afford a dark yellow mass 118 mg, > 100%. The crude product was purified
by reverse-phase HPLC using isocratic 10% acetonitrile/90% H,O, elution iime 8.8
mins, and lyophilised to give 28-G as a pale yellow fine powder (35 mg, 44%). The two
epimers were inseparable by HPLC conditions (approx ratio: | eq:0.29 epi). NMR data
of major component: 'H NMR (300 MHz, D,0): & 1.88 (3H, s, NAc), 2.78 (4H, s,
SCH,CH,), 3.43 - 3.52 (3H, m, H-4, H-7, H-9), 3.73 (14, dd, Jy 3 2.4, Jorp 12.6 Hz,
H-9%), 3.78 (1H, ddd, Js7 3.9, Js9 6.3, 5o 2.4 Hz, H-8), 3.92 — 4.01 (ZH, m, H-5, H-0),
5.64 (1H, d, J34 24 Hz, H-3), 7.10 — 7.30 (5H, m, ArH). BC NMR (75.5 MHz, D;0):
8 21.9 (NHCOCH,), 29.7 (SCHj), 34.7 (SCH,CHy), 43.3 (C-4), 47.5 (C-5), 63.0 (C-9),
68.4 (C-7), 69.7 (C-8), 76.0 (C-6), 107.8 (C-3), 126.5, 128.6, 128.7 (5 x ArH).
*CO,Na, C-2, and NHCOCH; were not observed. LRMS m/z 434 ([M+H]", 100%).
HRMS caled for CyHpsNO;S (M-+Na) 482.1244, found 482.1251. Partial 'NMR
spectrum of minor component: & 'H NMR (300 MHz, D,0): 8 3.47 (3H, m, H-4, H-7,
H-9),5.67 (1H, d, J54 6.0, H-3).
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Methyl 5-acetamido-2,6-anhydro-4-S-benzyl-2,3,5-trideoxy-4-thio-D-glycero-D-

galacto-non-2-enonate, 63.

o H», OH o COMe Methyl 5-acetamido-7,8,9-tri-O-acetyl-2,6-
IR / anhydro-4-S-benzyl-2,3,5-trideoxy-4-thio-D-
HO H Bns glycero-D-galacto-non-2-enonate, 59-A (56 mg,

63 R = NHAc

0.10 mmol) was stirred in a solution of 5 mL dry

MeOH and 66 pL. 1M NaOMe (66 umol) under Na at room temperature for 2 hours.
TLC (7:2:1 EtOAc/MeOH/H20, Ry 0.55) showed complete consumption of starting
material. The reaction mixture was neutralised using Amberlite IR-120 (H') resin,
filtered and concentrated under reduced pressure to afford the title compound 63 as a
1:0.64 epimeric mixture as a white foam without further purification, yield 38 mg, 88%. |
Partial NMR data of major component: "H NMR (300 MHz, CD;0D): 6 2.06 (3H, s,
NAc), 3.55 (1H, dd, J43 2.4, J45 9.6 Hz, H-4), 3.75 (3H, s, CO,Me), 4.05 (1H, d, Jeem
10.8 Hz, PhCH,), 4.29 (1H, d, Jgem 10.8 Hz, PhCHy), 6.43 (1H, d, J34 2.7 Hz, H-3),
7.18-7.33 (5H, m, ArH). Partial NMR data of minor component: 'H NMR (300 MHz,
CD;0D): 8 2.03 (3H, s, NAc), 3.76 (3H, s, COMe), 6.41 (1H, d, J34 6.0 Hz, H-3).

5.2.2.2 4-O-alkylated NeuSAc2en derivatives

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,3,5-trideoxy-2,3-dehydro-D-glycero-D-

galacto-non-2-ulosonate, 49.

H Ohc COM To glycosyl chloride: A mixture of NeuSAc, 1, (5
AcO E © ane . .
IR / g, 14.48 mmol) and Amberlite IR-120 (H") resin
ACO H AcO (2.5 g) in dry McOH (300 mL) was stirred at room
49 R = NHAc

temperature for 1 day. The reaction mixture was
filtered and concentrated under reduced pressure to yield a white solid (4.43g, 95%).
The crude methyl S-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-ulosonate, S0
(2.5 g, approx 7.80 mmol} was stirred in acetyl chloride (20 mL) for 2 days at room
temperature in a sealed glass-stoppered round bottom flask. Reaction completion was -
determined by TLC (EtOAc, Ry 0.7). The reaction mixture was concentrated under

reduced pressure and azeotroped with toluene (3 x 50 mL) to yield an off white foam.
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Method 1: Elimination using pyridine.

The crude chloride 47 was then taken up in dry pyridine (10 mL) and stirred at
50°C for 1 hour under Ar. The reaction mixture was concentrated under reduced
pressure and azeotroped with toluene (3 x 50 mL) to yield a brown oil, column
chromatography (EtOAc) gave the title product 49 as a off-white foam (3.90 g, 55%).

The '"H NMR spectrum was in agreement with that reported in the literature. '

Method 2: Elimination using triethylamine.

The crude chloride 47 was then taken up in dioxane (30 mL, 0.36 mmol), to which
tricthylamine (3.0 mL, 21.46 mmol) was added dropwise, the reaction was then heated
to 80°C and left to stir for half an hour under Ar. The reaction mixture was concentrated
under reduced pressure and azeotroped with toluene (3 x 50 mL) to yield a brown oil,
column chromatography (EtOAc) gave the title product 49 as a brown foam (5.25 g,
74%). The 'H NMR spectrum was in agreement with that reported in the literature,*®

Method 3: Elimination using DBU.

The crude chloride, 47 was then taken up in dry DCM (10 mL), to which DBU (176
uL, 1.17 mmol) was added. The reaction was left to stir for 2 and a half hours at room
temperature under Ar. TLC (EtOAc, R;0.31) indicated reaction completion. Reaction
mixture was evaporated to dryness, taken up in chloroform and washed with sat. aq.
NH,C], H,O and dried with sat, aq. NaCl and Na,SQy, the organic layer was evaporated
under reduced pressure, and chromatographed (7:1 EtOAc/hexanes) to give the title
compound 49 as an off-white foam (5.26 g, 74%). The 'H NMR spectrum was in
agreement with that reported in the literature.”®® 'H NMR (300 MHz, CDCL):
81,94 (3H, s, NAc), 2.05, 2.06, 2.08, 2.12 (12H, 4 % 5,4 x OAc), 3.80 (3H, s, CO,Me),
4.19 (11, dd, Jos 6.9, Joo 12.3 Hz, H-9), 4.37-4.40 (2H, m, H-5, H-6), 4.57 (1H, dd,
Jos 3.3, Jy0 12.6 Hz, H-9"), 5.37 (1H, ddd, Js 7 4.8, Js9 6.9, J3 o 2.7 Hz, H-8), 5.45-5.51
(2H, m, H-7, H-4), 6.02 (1H, d, J34 3.3 Hz, H-3). LRMS m/z 496 ((M+Na]", 100%).
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Methyl S-acetamido-2,6-anhydro-2,3,5-trideoxy-8,9-O-isopropylidene-D-glycero-D-
galacto-non-2-enonate, 52,
ﬁL To a stitring solution of methyl 5-acetamido-

O\WC%MQ 4,7,8,9-tetra-O-acetyl-2,3,5-trideoxy-2,3-dehydro-
JR D-glycero-D-galacto-non-2-ulosonate, 49 (1 g,
"o Hsz :2 NHAG 2.31 mmol) in 10 mL dry MeOH under Ar at 0°C
was added 10 mL 1M NaOMe. The reaction was left for 1 hour. After this time, TLC
(7:2:1 EtOAc/MeOH/H,0, R; 0.4) showed complete consumption of starting materjal
(Rr 0.62). The reaction mixture was ncutralised using Amberlite TR-120 (H') resin,
filtered and concentrated under reduced pressure to afford the title compound 64 as a
white foam (594 mg, 92%). A suspension of crude methyl S-acetamido-2,6-anhydro-
2,3,5-trideoxy-D-glycero-D-galacto-non-2-enonate, 64, (594 mg, 1.95 mmol) was
stirred in a mixture of 2,2-dimethoxypropanc (1.16 ml.,, 9.47 mmol), dry acetone (25
mL) and dry Amberlite IR-120 (H") resin (580 mg) at room temperaturc under Ar until
solution was clear (o/n). TLC (8.5:1.5 EtOAc/McOH, Ry 0.26), showed complete
consumption of starting material (Rr 0.1). Filtration and evaporation of solvent under
reduced pressure gave the title compound 52 as a white foam (730 mg, 100%). The 'H
NMR spectrum was in agreement with that reported in the literature.'® 'H NMR (300
MHz, CD;0D): § 1.35, 1.39 (6H, 2 x 5, 2 x CCHjy), 2.07 (3H, s, NAc), 3.60 (1H, dd, Jog
2.1 Joo 8.7 Hz, H-9), 3.80 (3H, s, CO:Me), 3.97 (1H, app q, Js4 8.7, J5 10.8 Hz, H-5),
4.04 (1H, dd, Jo 5 2.1, Jo9 8.7 Hz, H-9"), 4.09 (1H, dd, Je5 10.8, Js7 1.2 Hz, H-6), 4.17 -
(1H, dd, J76 1.2, J75 6.3 Hz, H-7), 4.34 (1H, ddd, Js7 6.3, Jso 2.1, Jso» 5.7 Hz, H-8),
4.46 (1H, dd, Ju3 2.4, Jus 8.7 Hz, H-4), 5.97 (1H, d, /14 2.4 Hz, H-3). PC NMR (75.5
MHz, CD3;0D): 6 22,7 (NHCOCH3), 25.6 (CH3CCH3"), 27.2 (CH3CCHy), 52.0 (C-5),
52.8 (CO,CHy), 67.7 (C-4), 68.0 (C-9), 71.0 (C-7), 76.1 (C-8), 719.2 (C-6), 113.6 (C-3).
*CO,CHs, C-2, NHCOCH; and CH3CCH; were not observed. LRMS m/z 344 ((M-HJ,
100%).
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Methyl 5-acetamido-2,6-anhydro-4-0-benzyl-2,3,5-trideoxy-8,9-O-isopropylidene-
D-glycera-D-galucto-non-2-enonate, 65-A.

jz— Method 1. Alkylation with NaH.
0O H
d & o) CO.Me According to the method of Castro-Palomino
SR et al.,"'® a stirred solution of methyl 5-acctamido-
HOH o

2,6-anhydro-2,3,5-trideoxy-8,9-O-isopropylidene-

D-glycero-D-galacto-non-2-enonate, 52, (300 mg,

0.87 mmol), dry DMF (3 mL) and benzyl bromide

65-A R = NHAG (135 plL, 1.13 mmol) at 0°C under Ar, was added

NaH (27 mg, 1.17 mmol) and the reaction was left to stir at 0°C for half an hour. TLC
(EtOAc, Ry 0.60) showed complete consumption of starting material (Re 0.46). Dry
MeOH (0.1 mL) was added to quench reaction and the solvent was evaporated to
dryness under reduced pressurc. The resultant white solid was recrystalised from
boiling EtOAc to give the title compound 65-A as fine white crystals, yield 245 mg,

65%. The "H NMR spectrum was in agreement with that reported in the literature,''®

Method 2: Alkylation with Ag,0.

According to the method of Ikeda et al.,'** 52 (100 mg, 0.29 mmol) was stirred in
dry DCM (10 mL) with 3 A molccular sieves and benzyl bromidc (45 uL, 0.65 mmol)
at room temperature under Ar in a foil covered flask for 2 hrs. AgyO (200 mg, 0.86
mmol) and n-BugNI (106 mg, 0.29 mmol) was added and the reaction was left to stir at
room temperature for 2 days. TLC (EtOAc, R¢ 0.51) showed complete consumption of
starting material (R 0.46). The reaction mixture was filtered through Celite® and the
solvent was evaporated to dryness under reduced pressure. The resultant dark brown
amorphous mass was subject to column chromatography (5:1 EtOAc/hexanes) to give
the title compound 65-A as an off-white foam (79 mg, 62. The 'H NMR spectrum was
in agreement with that reported in the literature."'® 'H NMR (300 MHz, CDCls): & 1.27,
1.30 (6H, 2 x s, 2 x CCH3), 1.92 (3H, s, NAc), 3.45 (1H, qd, J76 0.9, J75 8.1 J70u 3.9
Hz, H-7), 3.73 (3H, s, CO;Me), 3.98 (2H, m, H-6, H-9), 4.11 (2H, m, H-4, 11-9°), 4.18
(1H, m, H-5), 4.26 (1H, m, H-8), 4.45 (1H, d, Jgem 12.3 Hz, PhCHy), 4.48 (1H, d, Jon7
3.9 Hz, 7-OH), 4.64 (1H, d, Jeem 12.3 Hz, PhCH>), 5.23 (1H, br d, Jxu,s 7.2 Hz, NH),
6.02 (1H, 4, Js4 2.7 Hz, H-3), 7.30 (5H, m, Ph). °C NMR (75.5 MHz, CDCl): § 23.2
(NHCOCHS,3), 25.2 (CH3CCH3”), 27.0 (CH;CCH3’), 48.3 (C-4),-48.3 (COOCHs3), 67.3
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(C-9), 69.9 (Ph-CHy), 70.8 (C-7), 72.0 (C-5), 74.2 (C-8), 77.2 (C-6), 107.4 (C-3),
128.2 - 128.7 (Ph). * CO,CHs, C-2, NHCOCH; and CH3CCH; were not observed.
LRMS m/z 434 (IM-H]", 100%). HRMS calcd for CyHyoNOg (M+Na) 458.1791, found
458.1784.

Methyl S-acetamido-2,6-anhydre-2,3,5-trideoxy-8,9-O-isopropylidene-4-0-(2-

phenylbenzyl)- D-glycero-D-galacfo-non-2-enonate, 65-B.

O H
\O]L s O y CO.Me Method 1: Alkylation with NaH.
SR To a stirred solution of a stirred solution of
HOH g

methyl  5-acetamido-2,6-anhydro-2,3,5-trideoxy-
8,9-0O-isopropylidene-D-glycero-D-galacto-non-2-

O O enonate, 52, (300 mg, 0.87 mmol), drty DMF (3

65-B R = NHAC mL) and 2-phenylbenzyl bromide (202 uL, 1.11

mmol) at 0°C under Ar, was added NaH (27 mg, 1.13 mmol) and the reaction was left
to stir at 0°C for 4 hours. TLC (EtOAc, Rr 0.75) showed complete consumption of
starting material (R 0.46). Dry McOH (0.1 mL) was added to quench reaction and the
solvent was evaporated to dryness under reduced pressure. Flash chromatography (5:1
EtOAc/hexanes) was‘ performed to give the title product 65-B as an off-white

amorphous solid, with a yield of 176 mg, 61%.

Method 2: Alkylation with Ag,0.

52 (200 mg, 0.58 mmol) was stirred in dry DCM (20 ml) with 3 A molecular
sieves and 2-phenylbenzyl bromide (135 gL, 0.74 mmol) at room temperature under Ar
in a foil covered flask for 2 hrs. Ag,O (400 mg, 1.72 mmol) and n-BuyNI (212 mg, 0.58
mmol) was added and the reaction was left to stir at room temperature for 2 days. TLC
(EtOAc, Rr 0.75) showed complete consumption of starting material (Rr 0.46). The
reaction mixture was filtered through Celite® and the solvent was evaporated to dryness
under reduced pressure. The resultant dark brown amorphous mass was subject to
column chromatography (5:1 EtOAc/hexanes) to give the title compound 65-B as an
off-white foam (157 mg, 82%). vmax 1266, 1422, 1651, 2306, 2988, 3055, 3447 cm’.
1 NMR (300 MIiz, CDCls): & 1.33, 1.37 (6H, 2 x s, 2 x CCHz), 1.96 (3H, s, NAc),
3.48 (1H, qd, J76 0.9, J75 8.1, Jo0m 4.5 Hz, H-7), 3.76 (3H, s, CO;Me), 3.97-4.23 (5H,
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m, H-4, -5, H-6, H-9, H-9), 4.32 (1H, m, H-8), 447 (1H, d, Jgem 11.4 Hz, PhCHy),
4.56 (1H, d, Jgeml 1.4 Hz, PhCHy), 4.57 (1H, d, Jous 3.9 Hz, 7-OH), 5.57 (1H, br d,
Jxus 6.6 Hz, NH), 5.90 (1H, d, J34 2.4 Hz, H-3), 7.30-7.50 (9H, m, Ph). C NMR
(75.5 MHz, CDCls): § 23.2 (NHCOCHS3), 26.9 (CH;CCH3), 27.0 (CH3CCHj'), 48.5 (C-
4), 52.4 (COOCHS3), 67.2 (C-9), 68.0 (Ph-CH,), 70.5 (C-7), 72.6 (C-5), 74.1 (C-8), 77.1
(C-6), 107.8 (C-3), 127.6-130.3 (Ph). LRMS m/z 510 ([M-H], 100%). * CO,CHs, C-2,
NHCOCH; and CH;CCH; were not observed. HRMS caled for CogHysNOg (M+Na)
534.2104, found 534.2111.

Methyl 5-acetamidoe-2,6-anhydro-2,3,5-trideoxy-4-0-ethyl-8,9-O-isopropylidene-D-

glycero-D-galacto-non-2-enonate, 65-C,

\7L Method 1: Alkylation with NaH.
O H
d N 0O CO,Me To a stirred solution of a stirred solution of
y (f R / methyl  5-acetamido-2,6-anhydro-2,3,5-trideoxy-
9] . .
H \ 8,9-0-isopropylidene-D-glycero-D-galacto-non-2-
CH.CH34

65-C R = NHAc enonate, 52, (300 mg, 0.87 mmol), drty DMF (3

mL) and iodoethane (81 pL, 1.01 mmol) at 0°C under Ar, was added NaH (27 mg, 1.13
mmol) and the reaction was left to stir at 0°C for 4 howrs. TLC (EtOAc, Ry 0.51)
showed complete consumption of starting material (Re 0.46). Dry MeOH (0.1 mL) was
added to quench reaction and the solvent was evaporated to dryness under reduced
pressure, Flash chromatography (5:1 EtOAc/hexanes) was performed to give the title

product 65-C as an off-white amorphous solid, with a yield of 200 mg, 62%.

Method 2: Alkylation with Ag,0.

52 (300 mg, 0.87 mmol) was stirred in dry DCM (20 mL) with 3 A molecular
sieves and iodoethane (81 uL, 1.01 mmol) at room temperature under Ar in a foil
covered flask for 2 hrs. AgxO (600 mg, 2.58 mmol) and n-BusNI (319 mg, 0.87 mmol)
was added and the reaction was left to stir at room temperature for 2 days. TLC
(EtOAc, Rs 0.51) showed complete consumption of starting material (Ry 0.46). The
reaction mixture was filtered through Celite® and the solvent was evaporated to dryness
under reduced pressure. The resultant dark brown amorphous mass was subjcct to
column chromatography (5:1 EtOAc/hexanes) to give the title compound 65-C as an
off-white foam (130 mg, 40%). v 1655, 1729, 3020, 3455 cm”. "HNMR (300 MHz,
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CDCl;): 8 1.15 (3H, t, J cm,ocm, 6.9 Hz, CHs), 1.29, 1.33 (6H, 2 x s, 2 x CCHs), 1.99
(3H, s, NA¢), 3.46-3.62 (3H, m, H-7 & OCHa), 3.73 (3H, s, CO,Me), 3.97-4.29 (6H,
m, H-4, H-5, H-6, H-8, H-9, H-9°), 4.47 (1H, d, Jon; 3.6 Hz, 7-OH), 5.60 (1H, br d,
Jnus 7.2 Hz, NH), 5.98 (1H, d, J34 3.3 Hz, H-3). C NMR (75.5 MHz, CDCly): & 15.4
(CHs), 23.2 (NHCOCH3), 253 (CH3CCH3"), 27.3 (CH;CCHs’), 48.0 (C-4), 524
(COOCH3), 67.2 (C-9), 67.6 (0-CHy), 71.3 (C-7), 72.3 (C-5), 74.4 (C-8), 77.1 (C-6),
107.6 (C-3). LRMS m/z 372 ([M-HJ], 100%). * CO,CHs;, C-2, NHCOCH; and
CH3CCH; were not observed. HRMS caled for Ci7HpyNOg (M+Na) 396.1634, found
396.1637. Found C, 53.53; H, 7.29; N, 3.55. Ci7H27NOg-0.5 H,0 requires C, 53.39; H,
7.38; N, 3.66.

Methyl S-acetamido-2,6-anhydro-2,3,5-trideoxy-4-0-hexyl-8,9-O-isopropylidene-D-

glycero-D-galacto-non-2-enonate, 65-D,

WZ- Method 1: Alkylation with NaH,
G H
K & 0 CO,Me To a stirred solution of a stirred solution
SR methyl S-acetamido-2,6-anhydro-2,3,5-trideoxy-
HOH 0
b 8,9-0-isopropylidene-D-glycero-D-galacto-non-2-
(CHuCH, propy 8h 8

65-D R = NHA¢ enonate, 52, (300 mg, 0.87 mmol), dry DMF (3
mL) and bromohexane (141 pL, 1.01 mmol) at 0°C under Ar, was added NaH (27 mg,
1.13 minol) and the reaction was left to stir at 0°C for 4 hours. TLC (EtOAc, Ry 0.71)
showed complete consumption of starting material (Rr 0.46). Dry MeOH (0.1 mL) was
added to quench reaction and the solvent was evaporated to dryness under reduced
pressure. The resultant white solid gave the titte compound 65-D, with a purified (5:1

EtOAc/hexanes flash chromatography) reaction yield of 226 mg, 61%.

Method 2: Alkylation with Ag,0.

52 (300 mg, 0.87 mmol) was stitred in dry DCM (25 mL) with 3 A molecular
sieves and bromohexane (142 pL, 1.01 mmol) at room temperature under Ar in a foil
covered flask for 2 hrs. Ag,O (600 mg, 2.58 mmol) and #-BuyNI (319 mg, 0.87 mmol)
was added and the reaction was left to stir at room temperature for 2 days. TLC (2:1
EtOAc/hexanes, Ry 0.56) showed almost complete consumption of starting material (B¢
0.34). The reaction mixture was filtered through Celite® and the solvent was evaporated

to dryness under reduced pressure. The resultant dark brown amorphous mass was
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subject to column chromatography (5:1 EtOAc/hexanes) to give the title compound
65-D as an off-white foam (126 mg, 34%). vmax 1265, 1373, 1422, 1438, 1654, 2305,
3056, 3420 cm™. "H NMR (300 MHz, CDCls): §0.78 (3H, t, J ca,ocn, 6.9 Hz, CHs),
1.18 (6H, s, CHy), 1.26, 1.30 (6H, 2 x 5, 2 x CCH3), 1.50 (2H, s, OCH,CH,), 1.96 (3H,
s, NAc), 3.36-3.53 (3H, m, H-7 & OCH,), 3.69, (3H, s, CO:Me), 3.94-4.07 (4H, m, H-
4, H-6, -9, H-9"), 4.13 (1H, app t, Js4 6.9, Js5 6.9 Hz, H-5), 4.18-4.25 (1H, m, H-8),
4.45 (1H, 4, Jonz 3.6 Hz, 7-OH), 5.48 (1H, br d, Jxms 7.2 Hz, NH), 5.94 (1H, d, J34 3.3
Hz, H-3). ®C NMR (75.5 MHz, CDCls): § 14.0 (CHz), 22.6 (CH,), 23.2 (NHCOCH3),
25.3 (CH;CCHy), 25.7 (CHy), 27.0 (CH3CCH3%), 29.7 (CHy), 31.5 (O-CH,CHS), 48.0
(C-4), 52.4 (COOCHS3), 67.2 (C-9), 68.2 (O-CHy), 71.3 (C-7), 72.6 (C-5), 74.4 (C-8),
77.0 (C-6), 107.6 (C-3). ¥*CO,CH;, C-2, NHCOCH; and CH3CCHj; were not observed.
LRMS m/z 429 ([M—HT, 100%). HRMS calcd for CyH3sNOg (M+Na) 452.2260, found
452.2258.

Methyl 5-acetamido-2,6-anhydro-4-0-decyl-2,3,5-trideoxy-8,9-O-isopropylidene-D-

glycero-D-galacto-non-2-enonate, 65-E.

WL Method 1: Alkylation with NaH.
o H
K & o CO,Me To a stirred solution of a stirred solution of
SR methyl  5-acetamido-2,6-anhydro-2,3,5-trideoxy-
HG H 0
\ 8,9-O-isopropylidene-D-glycero-D-galacto-non-2-
CHEGH propy gly 8

65-E R = NHAc enonate, 52, (300 mg, 0.87 mmol),dry DMF (3
mI,) and bromodecane (209 uL, 1.01 mmol) at 0°C under Ar, was added NaH (27 mg,
1.13 mmol) and the reaction was left to stir at 0°C for 4 hours. TLC (EtOAc, Ry 0.75)
showed complete consumption of starting materia (R¢ 0.46). Dry MeOH (0.1 mL) was
added to quench reaction and the solvent was evaporated to dryness under reduced
pressure. The resultant white solid gave the title compound 65-E, with a purified (5:1

EtOAc/hexanes flash chromatography) reaction yicld of 140 mg, 33%.

Method 2: Alkylation with Ag.0.

52 (300 mg, 0.87 mmol) was stirred in dry DCM (25 mL) with 3 A molecular
sieves and bromodecanc (210 pL, 1.01 mmol) at room temperature under Ar in a foil
covered flask for 2 hrs. AgxO (600 mg, 2.58 mmol) and n-BuyNI (319 mg, 0.87 mmol)

was added and the reaction was left to stir at room temperature for 2 days. TLC (8.5:1.5
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EtOAc/MeOH, Ry 0.68) showed complete consumption of starting material (Ry 0.26).
The reaction mixture was filtered through Celite®™ and the solvent was evaporated to
dryness under reduced pressure. The resultant dark brown amorphous mass was subject
to column chromatography (20:1 DCM/MeOH) to give the title compound 65-E as an
off-white foam (45 mg, 11%). vmex 1266, 1656, 1735, 2305, 3055, 3425 em™, 'H NMR
(300 MHz, CDCls): 8 0.87 (3H, t, J cu,cn, 6.6 Hz, CH3), 1.26 (14H, s, 7 x CHy), 1.36,
1.40 (6H, 2 x5, 2 x CCHj3), 1.58, (2H, s, OCH,CH,), 2.05 (3H, s, NAc), 3.45-3.61 (3H,
m, H-7, OCH,), 3.80 (3H, s, CO,Me), 4.04-4.36 (6H, m, H-4, H-5, H-6, H-§, H-9,
H-9%), 4.53 (1H, d, Jouy 3.3 Hz, 7-OH), 5.55 (1H, br d, Jaus 7.5 Hz, NH), 6.04 (1H, d,
Jig 3.3 Hz, H-3). "C NMR (75.5 MHz, CDCL): § 14.1 (CH3), 22.7 (CHy), 23.2
(NHCOCH3), 25.3 (CH;CCHj3"), 26.0 (CHy), 27.0 (CH3CCHs’), 29.5 (CHy), 31.9
(O-CH,CH»), 48.0 (C-4), 52.4 (COOCHj3), 67.3 (C-9), 68.2 (O-CHy), 71.4 (C-7), 72.5
(C-5), 74.3 (C-6), 77.0 (C-8), 107.4 (C-3). *CO,CHj3, C-2, NHCOCH; and CH3CCH3
were not observed, LRMS m/z 484 (IM-H], 100%). Found C, 61.71; H, 9.10; N, 2.69.
CysH4sNOg requires C, 61.83; H, 8.93; N, 2.88.

Methyl 5-acetamido-2,6-anhydro-2,3,5-trideoxy-4-0-ethylbenzyl-8,9-0-

isopropylidene-D-glycero-n-galacto-non-2-enonate, 65-G,

\7L Method 1: Alkylation with NaH.
' OMCO@M To a stirred solution of methyl 5-acetamido-
» O\SHR g 2,6-anhydro-2,3,5-trideoxy-8,9-O-isopropylidene-
D-glycero-D-galacto-non-2-enonate, 52, (300 mg,
0.87 mmol) was stirred in a solution of dry DMF
(3 mL) and 2-phenylcthyl bromide (135 ul, 0.99
mmol) at 0°C under Ar. NaH (27 mg, 1.13 mmol)

65-G R = NHA¢

was added and the reaction was left to stir at 0°C
for 4 hours. TLC (EtOAc) showed only unreacted starting material (Ry0.46). 0.1 mL of
dry MeOH was added to quench reaction and the solvent was cvaporated to dryness

under reduced pressure. Analysis of the residue showed unreacted starting material.
Method 2: Alkylation with Ag,0.

52 (300 mg, 0.87 mmol) was stirred in dry DCM (20 mL) with 3 A molccular

sieves and 2-phenylethyl bromide (135 pL, 0.99 mmol) at room temperature under Ar in
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a foil covered flask for 2 hrs. AgyO (600 mg, 2.58 mmol) and n-BusNI (319 mg, 0.87
mmol) was added and the reaction was left to stir at room temperature for 2 days. TLC
(EtOAc) showed unreacted starting material (R 0.46). Recaction was filtered through
Celite® and the solvent was cvaporated to dryness under reduced pressurc. The

resultant dark brown amorphous mass gave unrcacted starting material.

Sodium (5-acetamido-2,6-anhydro-4-0-benzyl-2,3,5-trideoxy-D-glycero-D-galacto-

non-2-en)onate, 29-A,

H,%, OH o CONa Methyl S-acetamido-2,6-anhydro-4-0O-benzyl-2,3,5-
HO RG / trideoxy-8,9-0O-isopropylidene-D-glycero-D-galacto-
HOH g non-2-enonate, 65-A, (200 mg, 0.46 mmol) was

stirred in 80% AcOH at 85°C for half an hour. TLC

(EtOAc, R; 0 - 0.4) showed the formation of a broad
29-A R = NHAG lower Ry UV active spot. Evaporation of the solvent
gave the crude product, methyl 5-acetamido-2,6-anhydro-4-0-benzyl-2,3,5-trideoxy-D-
glycero-D-galacto-non-2-enonate, as an opaque foam (152 mg, 84%). The crude
product (95 mg, approx 0.24 mmol) was stirred at 0°C in a solution of MeOH (4 mL.)
and 0.1 M KOH (4 mL) for 1 hr. TLC (7:2:1 EtOAc¢/MeOH/H,0, Ry 0.25) showed the
complete consumption of starting material (Ry 0.58). The reaction mixture was acidified
to pH 3-4 with Amberlite IR-120 (H") resin, filtered and the solvent was evaporated.
The residue was taken up in H2O and ncutralised to pH 7.8 with aqueous NaOH and the
solvent removed under vacuum, to give the title compound 29-A as an off-white fine
powder, 93 mg, > 100%. Reverse-phase HPLC (5% isocratic acetonitrile/95% H>O,
elution time: 8.6 min) yielded 40 mg, 44%. 'H NMR (300 MHz, D,0): & 1.80 (3H, s,
NAc), 3.42 (1H, d, J75 9.0 Hz, H-7), 3.79 (1H, dd, Jog 6.3, Jog 11.7 Hz, H-9), 3.71 -
3.81 (2H, m, H-8, H-9", 4.05 (2H, m, H-5, H-6), 4.26 (1H, dd, J43 2.4, J45 6.6 Hz, H-4),
4.43 (111, d, Jegem 11.7 Hz, PhCH3), 4.59 (1H, d, Jeem 11.7 Hz, PhCH,), 5.73 (1H, d, Ja4
2.1 Hz, H-3), 7.30 (5H, m, Ph). *C NMR (75.5 MHz, D,0): 8 22.0 (NHCOCH3), 47.3
(C-6), 63.0 (C-9), 68.1 (C-7), 69.7 (C-8), 70.2 (Ph-CH>), 74.31 (C-4), 75.3 (C-5), 105.0
(C-3), 128.4 - 128.7 (Ph). *CO,Na, C-2, and NHCOCH; were not observed. LRMS
~mi/z 380 ([M-Na], 100%). HRMS caled for CigHaNNaOg (M+H) 404.1321, found
404.1321. Found C, 49.06; H, 5.70; N, 3.08. CigHz3NNaQ3.2H,0 requires C, 49.20; H,
5.96; N, 3.19.
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Sodium (5-acetamido-2,6-anhydro-2,3,5-trideoxy-4-0-(2-phenylbenzyl)-p-glycero-

D-galacto-non-2-en)onate, 29-B.

H,,‘ Ot o CO,Na Methyl S-acetamido-2,6-anhydro-2,3,5-trideoxy-
”OW 8,9-O-isopropylidene-4-O-(2-phenylbenzyl)- -
glycero-D-galacto-non-2-enonate, 65-B, (344mg,

: (.67 mmol) was stirred in 80% AcOH at 85°C for
O O half an hour. TLC (7:2:1 EtOAc¢/MecOH/H,0, Ry
26-B A = NHAG 0.65) showed the formation of a broad lower Ry UV
active spot. Evaporation of the solvent gave the crude product as an opaque foam (334
mg, > 100%). The crude product, methyl S5-acetamido-2,6-anhydro-4-0-(2-
phenylbenzyl)-2,3,5-trideoxy-D-glycero-D-galacto-non-2-enonate, (334 mg, approx
0.73 mmol) was stirred at 0°C in a solution of MeOH (4 mL) and 0.1 M KOH (4 mL)
for 1 hr. TLC (7:2:1 EtOAc/MeOH/H,0, Ry 0.42) showed the formation of a broad
fower Ry UV active spot. The reaction mixture was acidified to pH 3-4 with Amberlite
IR-120 (H") resin, filtered and the solvent was evaporated. The residue was taken up in
H>O and neutralised to pH 7.8 with aqueous NaOH and the solvent removed under
vacuum, to give the title compound 29-B as an off-white amorphous mass, 442 mg, >
100%. Reverse-phase HPLC (150 mg loaded onto the column) (20% isocratic
acetonitrile/80% H,O, elution time: 7.5 min) yielded 90 mg, 64%. 'H NMR (300 MHz,
D;0): 8 1.75 (3H, s, NAc), 3.37 (1H, d, J,5 9.3 Hz, H-7), 3.46 (1H, dd, Jo3 6.3, Joo 12.0
Hz, H-9), 3.69 - 3.79 (2H, m, H-8, H-9"), 3.91-4.02 (2H, m, H-5, H-6), 4.14 (1H, dd, Js3
1.5, J4s 8.1 Hz, H-4), 438 (1H, d, Jgem 11.1 Hz, PhCHy), 4.48 (1H, d, Jeem 11.1 Hz,
PhCHy), 5.49 (1H, d, J54 2.1 Hz, H-3), 7.20-7.41 (9H, m, Ph). *C NMR (75.5 MHz,
D,0): 6 22.0 (NHCOCH3), 47.6 (C-6), 63.0 (C-9), 68.1 (C-7), 68.5 (Ph-CH5), 69.6 (C-
8), 744 (C-4), 753 (C-5), 104.8 (C-3), 127,5-130.1 (Ph). *CO;Na, C-2, and
NHCOCH; were not observed. LRMS m/z 456 ([M—Na], 100%). Found C, 53.24; H,
5.59; N, 2.58. Ca4H26KNOge2.5 Hy0 requires C, 53.32; H, 5.78; N, 2.59.
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Sodium  (S-acetamido-2,6-anhydro-2,3,5-trideoxy-4-0-ethyl-n-glycero-p-galucto-

non-2-en)onate, 29-C,

o MCOM& I\gethyl S—acete.]midlo—z,t?—anllyd1‘0—2,3,|5—t1‘ideoxy—4—

IR -ethyl-8,9-O-isopropylidene-D-glycero-D-galacto-
\ non-2-enonate, 65-C, (397 mg, 1.06 mmol) was

29.C R = iﬁcha stirred in 80% AcOH at 85°C for half an hour. TLC
(7:2:1 EtOAc/MeOH/H,0, Ry 0.4) showed the formation of a broad lower Ry UV active
spot. Evaporation of the solvent gave the title compound as an off-white solid mass,
307 mg, 87%. 145 mg (approx 0.44 mmol) of the crude methyl 5-acetamido-2,6-
anhydro-4-0-cthyl-2,3,5-trideoxy-D-glycero-D-galacto-non-2-enonate  was  stirred at
0°C in a solution of MecOH (4 mL) and 0.1 M KOH (4 mL) for 1 hr. TLC (7:2:1
EtOAc¢/MeOH/H,0, R 0 - 0.2) showed the formation of a broad lower Ry UV active
spot. The reaction mixture was acidified to pH 3-4 with Amberlite IR-120 (H") resin,
filtcred and the solvent was cvaporated. The residuc was taken up in HO and
neutralised to pH 7.8 with aqueous NaOH and the solvent removed under vacuum, to
give the title compound 29-C as an off-white amorphous mass, 234 mg, > 100%.
Reverse-phase HPLC (1% isocratic acetonitrile/99% H,0O, elution time: 4.8 min)
yielded 72 mg, 52%. "H NMR (300 MHz, D,0): 8 '"H NMR (300 MHz, D,0): & 1.03
(3H, t, Jch,,0ch, 6.9 Hz, CH3), 1.91 (3H, s, NAc), 3.44-3.62 (4H, m, H-7, H-9, O-CH,),
3.73 (IH, dd, Jos 2.7, Jy g 11.4 Hz, H-9%), 3.80 (1H, ddd, Jg7 3.9, Jgo 6.3, Jso 2.4 Hz,
H-8), 4.03 (1H, dd, Js4 8.1, J5s 5 10.5 Hz, H-5), 4.10 (1H, dd, Js5 10.5, J57 1.2 Hz, H-6),
4,22 (1H, dd, Ju3 2.1, J45 9.3 Hz, H-4), 5.64 (1H, d, J34 2.4 Hz, H-3). "C NMR (75.5
MHz; D;0): 8 14.4 (CHj),-21.9 (NHCOCH;3), 47.1 (C-6), 63.0 (C-9), 64.1 (O-CH,),
68.1 (C-7), 69.6 (C-8), 74.7 (C-4), 75.3 (C-5), 105.3 (C-3), 1694 (NHCOCHj), 174.3
(CO;Na), *C-2 was not observed. LRMS m/z 318 ([M-NaJ, 100%).

Sedium  (5-acetamido-2,6-anhydro-2,3,5-trideoxy-4-O-hexyl-D-glycero-D-galacto-

non-2-en)onate, 29-D,

H OH - ido-2 6- 40— ~iri 4.
% o CO,Na Methyl S-acetamido-2,6-anhydro-2,3,5-trideoxy-4
HO RE / 0O-hexyl-8,9-O-1sopropylidene-D-glycero-D-galacto-
HOH o non-2-enonate, 65-D, (72 mg, 0.17 mmol) was

\
CHa)sCH
29.D R =(NH§2 : stirred in 80% AcOH at 85°C for half an hour. TLC
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(7:2:1 EtOAc/MeOH/H,0, Ry 0.42) showed the formation of a broad lower Rf UV active
spot. Evaporation of the solvent gave an off-white solid mass, 93 mg, > 100%. The
crude product methyl 5-acetamido-2,6-anhydro-4-0O-hexyl-2,3,5-trideoxy-D-glycero-D-
galacto-non-2-enonate (74 mg, approx 0.19 mmol) was stirred at 0°C in a solution of
I:1 MeOH (4 mL) /0.1 M KOH (4 mL) for 1 hr, TLC (7:2:1 EtOAc/MeOH/H,0, Ry
0.02) showed the formation of a broad lower Rf UV active spot. The reaction mixture
was acidified to pH 3-4 with Amberlite IR-120 (H") resin, filtered and the solvent was
evaporated. The residue was taken up in H,O and neutralised to pH 7.8 with aqueous
NaOH and the solvent removed under vacuum, to give the title compound 29-D as a
yellow amorphous mass, 140 mg, > 100%. Reverse-phase HPLC (15% isocratic
acetonitrile/85% H,0, elution time: 10.9 min) yiclded 25 mg, 35%. 'H NMR (300
MHz, CD;0D): 6 0.63 (3H, t, J cu,,cH, 6.6 Hz, CH3), 1.03 (6H, s, 3 x CHy), 1.26 (2H, t,
J ocrcn,ock; 7.2 Hz, OCH,CHz), 1.74 (3H, s, NAc), 2.29 (2H, t, J ocn,ochcl, 7.2 Hz,
OCH. ), 3.32-3.42 (2H, m, H-7, H-9), 3.51 — 3.62 (2H, m, H-8, H-9"),3.75 (1H, dd, Js4
9.3, Js6 10.5 Hz, H-5), 3.81 (1H, app d, Js 10.5 Hz, H-6), 4.23 (1H, dd, J43 2.4, J55 9.3
Hz, H-4), 5.50 (1H, d, J34 2.4 Hz, H-3). *C NMR (75.5 MHiz, CD;0D): 8 14.4 (CHs),
22.7 (NHCOCHz), 23.7 (CHy), 29.7 (O-CH,;), 29.8 (OCH,CH,), 30.8, 31.25 (2 x CHy),
43.4 (C-4), 44.7 (C-5), 65.0(C-9), 70.4 (C-7), 71.3 (C-6), 78.0 (C-8), 107.8 (C-3), 174.2
(CO;Na). *C-2 and NHCOCH; were not observed. LRMS m/z 374 ([M—Na], 100%).

Sodium  (3-acetamido-2,6-anhydroe-4-0-decyl-2,3,5-trideoxy-D-glycero-D-galacto-

non-2-en)onate, 29-E.

H,,: OH o CONa Methyl  S5-acetamido-2,6-anhydro-4-O-decyl-
HO T / 2,3,5-trideoxy-8,9-O-isopropylidene-D-glycero-D-
HO H O\ galacto-non-2-cnonate, 65-E,(155 mg, 0.32 mmol)
{CHz)oCHa . .

29.E R = NHAG was stirred in 80% AcOH at 85°C for half an hour.
TLC (7:2:1 EtOAc/MeOH/H,0, R¢ 0.4) showed the formation of a broad lower Ry UV
active spot. Evaporation of the solvent gave the crude product as an opaque foam (120
mg, 84%). The crude product methyl S-acetamido-2,6-anhydro-4-O-decyl-2,3,5-
trideoxy-D-glycero-D-galacto-non-2-enonate (120 mg, 0.27 mmol) was stirred at 0°C in
a solution of 1:1 MeOH (4 mL) /0.1 M KOH (4 mL) for 1 hr. TLC (7:2:1
EtOAc/MeOH/H,0, Ry 0) showed the formation of a lower R UV active spot. The

reaction mixture was acidified to pH 3-4 with Amberlite IR-120 (II") resin, filtered and
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the solvent was evaporated. The residuc was taken up in H,O and neufralised to pH 7.8
with aqueous NaOH and the solvent removed under vacuum, to give the title compound
29-E as an off-white fine powder, 160 mg, > 100%. Reverse-phase HPLC (25%
isocratic acetonitrile/75% H,O, elution time: 13.1 min, 40 mg loaded onto the column)
yielded 21 mg, 56%. 'H NMR (300 MHz, CDs0D): 6 0.81 (3H, t, Jen,,cn, 6.6 Hz,
CHy), 1.19 (14H, s, 7 x CHy), 1.44 (2H, m, OCH,CH,), 1.90 (3H, s, NAc), 3.32-3.44
(3H, m, H-7, O-CHy), 3.51-3.57 (2H, m, H-9 & O-CH,’), 3.69 - 3.79 (2H, m, H-8, H-
9", 4.02-4.13 (3H, m, H-4, H-5, H-6), 5.68 (1H, d, J34 2.1 Hz, H-3). *C NMR (75.5
MHz, CD;0D): 6 14.4 (CH3), 22.8 (NHCOCHa), 23.8, 27.3, 30.5, 30.6, 30.7, 30.8 (6 x
CHy), 31.9 (O-CH,CH,), 33.1 (CHZ), 49.0 (C-6), 64.9 (C-9), 69.3 (O-CH,), 70.2 (C-7),
71.3 (C-8), 76.3 (C-4), 77.2 (C-5), 105.1 (C-3). *CO,Na, C-2, and NHCOCH; were not
observed. LRMS m/z 430 ([M—Na], 100%). HRMS calculated for C,HzgNNaOg
[M+H] 454.2417, found 454.2418.
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Appendix A: Computer Input and Parameter Files
is r

Minimisation input file for distance dependant dielectric minimisation

! INPUT FILE FOR DISCOVER GENERATED BY INSIGHT
!
!

overlap = 0.01

begin simulation
* add-automatic bond torsion valence out-of-plane
reduce

set dielectric = 1,0%r
cutoff=15.0
cutdis=11.5

swidis = 1.5

nmeib = 20

igtpck =0

fixed atom list generation; brief
* add heavy atoms molecules I to 131

minimize using steepest descents

*  until the maximum derivative is less than 10.0
*  with no cross terms and no morse functions

fixed atom list generation; brief
* clear

archive as file number 1

fixed atom list generation; brief

* add main molecule 2

minimize using steepest descents
*  until the maximum derivative is less than 10,0
*  with no cross terms and no morse functions

fixed atom list generation; brief
* clear

archive as file number 2
tethered atoms list generation

* add main

* molecule 2

template force until the maximum derivative is less than 1.0
* using steepest descents
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* with no morse functions and
* no cross terms
# and a forcing constant of 500.0 kcal/angstrom

archive as file number 3

template force until the maximum derivative is less than 1.0
* using steepest descents

* with no morse functions and

* 10 cross terms

* and a forcing constant of 100.0 kcal/angstrom

archive as file number 4

template force until the maximum derivative is less than 1.0
* using steepest descents

* with no morse functions and

* no cross terms

* and a forcing constant of 50.0 kecal/angstrom

archive as file number 5

tethered atoms list generation
* clear

archive as file number 6

minimize using steepest descents

* until the maximum derivative is less than 5.0 kcal/angstrom
* with no ¢ross terms and no morse functions

archive as file number 7

minimize using conjugate gradicents

* until the maximum derivative is less than 0.1 kcal/angstrom
* with no cross ferms and no morse functions

end

Minimisation input file for constant dielectric minimisation

!
!
!

INPUT FILE FOR DISCOVER GENERATED BY INSIGHT

overiap = 0.01

begin simulation
* add-automatic bond torsion valence out-of-plane
reduce

set dielectric = 80
cutoff = 15.0
cutdis = 11.5
swidis = 1.5
nrneib = 20
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fixed atom list generation; brief
* add heavy atoms molecules 1 to 131

minimize using steepest descents
*  until the maximum derivative is less than 10.0
*  with no cross terms and no morse functions

fixed atom list generation; brief
* clear

archive as file number 1

fixed atom list generation; brief
* add main molecule 2

minimize using steepest descents
*  yntil the maxinwm derivative is less than 10.0
*  with no cross terms and no morse functions

fixed atom list generation; brief
* clear

archive as file number 2

tethered atoms list generation
* add main
* molecule 2

template force until the maximum derivative is less than 1.0
* using steepest descents

* with no morse functions and

* no cross terms

* and a forcing constant of 500.0 kcal/angstrom

archive as file number 3

template force until the maximum derivative is less than 1.0
* 1sing steepest descents

* with no morse functions and

* no cross terms

* and a forcing constant of 100.0 keal/angstrom

archive as file number 4

template force uatil the maximum derivative is less than 1.0
* using steepest descents

# with no morse functions and

* no cross terms

* and a forcing constant of 50.0 kcal/angstrom

archive as file number 5
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tethered atoms list generation
* clear

archive as file number 6

minimize using steepest descents

* until the maximmm derivative is less than 5.0 keal/angstrom
* with no cross terms and no morse functions

archive as file number 7

minimize using conjugate gradients

* until the maximum derivative is less than 0.1 kcal/angstrom
* with no cross terms and no morse functions

end

Conformational search of NDV HN active site using NeudAc2en

1 INPUT FILE FOR DISCOVER GENERATED BY INSIGHT
1
!

overlap = 0.01

cutoff = 15.0

cutdis =1 1.5

swtdis = 1.5

dseed = 666

begin simulation
* add-automatic bond torsion valence out-of-plane
reduce

set dielectric = 1.000%r

Fixed atom list generation; brief
add alt
molecule 2
delete all
molecule 2 residue ILE A163
delete all
molecule 2 residue PRO A166
delete all
molecule 2 residue SER A170 to PHE A178
delete all
molecule 2 residue TYR A187 to LEU A206
delete all
molecule 2 residue LEU A229 to VAL A240
delete all
molecule 2 residue ASP- A248 to GLY A273
delete all
molecule 2 residue TYR A281
delete all
molecule 2 residue GL.U- A283
delete all

¥R ¥ K ¥ K X K

oK K X W K

¥ ™ E Ed

EYs
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molecule 2 residue ASP- A285 to LEU A286
delete all

molecule 2 residuc VAL A288

delete ali

molecule 2 residue PHE A292

delete all

molecule 2 residue ASP- A294 to GLY A305
delete all

molecule 2 residue PHE A314 to PRO A322
delete all

molecude 2 residue ASP- A327

delete all

molecule 2 residue GLN A330

delete all

molecule 2 residue ALA A355

delete all

molecule 2 residue TYR A337

delete all

molecule 2 residue ALA A355 to LEU A374
delete ali

molecule 2 residue ILE A376

delete all

molecule 2 residue LEU A388 to PRO A391
delete all

molecule 2 residue ASN A393

delete all

molecule 2 residue VAL A395 to LEU A405
delete all

molecule 2 residue LEU A413 to TYR A427
delete all

molecule 2 residue LEU A438

delete all

molecule 2 residue PHE A447 to ALA A457
delete all

molecule 2 residuc ALA A459

delete all

molecule 2 residue PRO A462 to PRO A473
delete all

molecule 2 residue THR A490 to PRO A501
delete all

molecule 2 residue THR A522 to SER A529
delete all

molecule 2 residue ILE A545 to ASN A550
delete all

molecule 2 residue PHE AS553 to VAL A559
add all

molecule 3 to 131

delete all

molecule 18 residue HOH Z16H

delete all

molecule 20 residue HOH Z18H

delete all

molecule 30 residue HOH Z28H

delete all

molecule 31 residue HOH Z29H

delete all

molecule 33 residue HOH Z31H
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delete all

molecule 54 residue HOH Z52H
delete all

molecule 55 residue HOH Z53H
delete all

molecule 56 residue HOH Z54H
delete all

molecule 57 residue HOH Z55H
delete all

molecule 60 residue HOH Z58H
delete all

molecule 72 residue HOH Z70H
delete all

molecuie 74 residue HOH Z72H
delete all

molecule 80 residue HOH Z278H
delete all

molecule 84 residue HOH Z82H
delete all

molecule 88 residue HOH Z86H
delete all

molecule 89 residue HOH Z87H
delete all

molecule 90 residue HOH Z88H
delete all

molecule 91 residue HOH Z89H
delete all

molecule 92 residue HOH Z90H
delete all

molecule 98 residue HOH Z96H
delete all

molecule 100 residue HOH Z98H
delete all

molecule 106 residue HOH Z104H
delete all

molecule 107 residue HOH Z105H
delete all

molecule 112 residue HOH Z110H
delete all

molecule 113 residue HOH Z111H
delete all

molecule 123 residue HOH Z121H
delete all

molecule 124 residue HOH Z122H
delete all

molecule 125 residue HOH Z123H
delete all

molecule 126 residue HOH Z124H
delete all

molecule 130 residue HOH Z128H
delete all

molecule 131 residue HOH Z129H

KoK ¥ K X X X W

%

b3

L I S R R

R B G R L S R R IR R . R )

Minimize

* 10 cross terms

*  no morse

* using steep descents
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*  until the maximum derivative is less than 1.000000000 kcal/A

Minimize

no cross terms

noe morse

using conjugate gradients

until the maximum derivative is less than 0.01 kcal/A

* ¥ X ¥

archive as file number 1

ifile=2
!
lopl retrieve file number 1
!

itoop=40

initialize dynamics

% for 2000 iterations
* at 350,000 K

*  steps of 1.000 fs
no cross terms

*  no morse

lop2 resume dynamics

*  for 2000 iterations
at 350.000 K
steps of 2.000 fs
no cross ferms
no morse

iloop =iloop + 1

minimize

¥ 1o cross terms

no morse

using steepest descents

until the maximum derivative is less than 1 kcal/A

*

* K *

minimize

* 1o cross terms

*  no morse

* using conjugate gradients

*  qntil the maximum derivative is less than 0.01 kcal/A

archive as file number ifile
ifile = ifile + 1

if iloop.eq.1 then lop2

if ifile.le.14 then lopl

end

Discover — Inferaction Energies

!
!
begin simulation
* add-automatic bond torsion valence out-of-plane

235



reduce output

set dielectric = 1.0%r

print residue-residue interactions
* add molecule 1

* add molecule 2

end

DOCK

GRID parameter file

compute grids yes

grid spacing 0.3

output_molecule no

contact_score yes

contact_cutoff distance 4.5

chemical_score yes

energy Sscore yes

energy cutoff distance 10

atomr_model a

attractive_exponent 6

repulsive _exponent 12

distance_dielectric yes

dielectric_factor 4

bump_fiiter yes

bump overlap 0.75

receptor_file ../1_struc/prol/prol.mol2

box_file box1.pdb

vdw definition_file /programs/dock/4.0.1/parameter/vdw.defn
chemical_definition_file /programs/dock/4.0.1/parameter/chem.defn
score_grid prefix gridl

Static DOCK parameter file

flexible_ligand no

orient ligand no

score ligand yes

minimize ligand no

multiple ligands no
intermolecular_score yes

gridded score yes

grid version 4

contact score no

chemical_score no

energy score yes

atom_model a

vdw_scale 1

electrostatic scale 1

ligand atom file ligl.mol2
score_grid prefix ../../3_grid/grid!
vdw_definition file /programs/dock/4.0.1/parameter/vdw.defn
ligand energy file ligl nrg.mol2
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Flexible DOCK parameter file

flexible ligand yes

orient_ligand yes

score_ligand yes

minimize ligand yes

multiple ligands no

random_seed 0

anchor search no

torsion_drive yes

clash_overlap 0.5
conformation_cutoff factor 5
torsion_minimize yes

match receptor_sites yes

random search no
ligand_centers no
antomated_matching yes
maxinuim_orientations 500

write configurations yes

write _configuration total 100
intramolecular score yes
intermolecular_score yes
gridded_score yes

grid version 4

bump_filter ves

bump _maximum 2

contact score no
chemical_score no
energy_score yes
energy_cutoff distance 10
distance_dielectric yes
diclectric_factor 4
attractive_exponent 6
repulsive_exponent 12

atom model a

vdw_scale 1

electrostatic scale 1

energy minimize yes

initial translation |

initial rotation 0.1

initial torsion 10
maximum_iterations 100
energy_convergence 0.1
maximum_cycles 1
ligand_atom_file dana.mol2
receptor_site file ../1_struc/hnl.sph
score_grid prefix 13 _gridfgrid
vdw_definition_file /programs/dock/4.0.1/parameter/vdw.defn
flex_definition_file /programs/dock/4.0.1/parameter/flex.defn
flex_drive file /programs/dock/4.0.1/parameter/flex drive.tbl
ligand energy file danal nrg.mol2
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Ligbuilder
Pocket

#

# input files

#

RECEPTOR_FILE fusr/compchem/david/book0032/page008/minhn.pdb

LIGAND FILE fusr/compeheny/david/book0032/page008/dana.mol2

PARAMETER DIRECTORY /programs/ligbuilder/LigBuilderv].2/parameter/

#

# output files

#

POCKET _ATOM_FILE
Msr/compchem/david/book0032/page008/pocket/minhnatom.txt

POCKET _GRID_FILE /ust/compchem/david/book0032/page008/pocket/minhngrid.txt

f#

# key interaction sites and pharmacophote

#

KEY SITE FILE fust/compchem/david/book0032/page008/pocket/minhnsite.pdb

PHARMACOPHORE PDB FILE :
fust/compchem/david/book0032/page008/pocket/minhnpharm.pdb

PHARMACOPHORE _TXT FILE
fust/compchem/david/book0032/paged08/pocket/minhnpharm.txt

MINEIMAL FEATURE DISTANCE  3.00

MAXIMAIL_FEATURE DISTANCE 8.00

#

#‘

Grow

#
# input files
#
SEED LIGAND FILE /usr/compchem/david/book0032/page008/grow/seed2.mol2
POCKET ATOM FILE
fusr/compchem/david/book0032/page008/pocket/minhnatom,txt
POCKET GRID FILE fust/compchem/david/book0032/page008/pocket/minhngrid.txt
#
# force field directory
#
PARAMETER DIRECTORY /programs/ligbuilder/LigBuildervl.2/parameter/
#
# fragment libraries
#
BUILDING BLOCK_LIBRARY /programs/ligbuilder/LigBuilderv1.2/fragment.mdb/
FORBIDDEN STRUCTURE LIBRARY /programs/ligbuilder/LigBuildervi.2/forbidden.mdb/
TOXIC STRUCTURE LIBRARY /programs/ligbuilder/LigBuildervl.2/toxicity. mdb/
#
# structural construction parameters
#
GROWING PROBABILITY 1.00
LINKING PROBABILITY 0.50
MUTATION PROBABILITY 0.50
#
# chemical viability rules
#
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APPLY CHEMICAL RULES YES

APPLY FORBIDDEN STRUCTURE_CHECK YES
APPLY TOXIC STRUCTURE CHECK YES
MAXIMAL MOLECULAR_WEIGHT 600
MINIMAL MOLECULAR WEIGHT 300
MAXIMAL LOGP 6.00
MINIMAL_ LOGP 3.00
MAXIMAIL HB DONOR_ATOM 6
MINIMAT. HB_ DONOR ATOM 2
MAXIMAIL HB ACCEPTOR _ATOM 6
MINIMAL HB ACCEPTOR ATOM 2
MAXIMAL PKD 10.00
MINIMAL PKD 5.00

#

# genetic algorithm parameters

#

NUMBER_OF GENERATION 20
NUMBER_OF POPULATION 3000
NUMBER_OF PARENTS 200
ELITISM_RATIO 0.10
SIMILARITY CUTOFF 0.90

#

# output files

#

POPULATION_RECORD FILE
/usr/compehem/david/book0032/page008/grow/population2.lig

LIGAND COLLECTION FILE
fusr/compchem/david/book0032/page008/grow/ligands2.lig

#

Process

#

# input files

#

LIGAND COLLECTION FILE
fustfcompchem/david/book0032/page008/grow/population.lig

#

# chemical rules

#

MAXIMAL MOLECULAR WEIGHT 600

MINIMAL MOLECULAR WEIGHT 300

MAXIMAL_LOGP 6.00

MINIMAL LOGP 3.00

MAXIMAL PKD 10.00

MINIMAL_ PKD 5.00

#

# similarity threshhold

#

SIMILARITY CUTOFF 0.90

#

# output files

i

NUMBER_OF OUTPUT MOLECULES 200

QUTPUT DIRECTORY /usr/compehem/david/book0032/page008/process/cdo

#
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GRID Input Parameter Files

GRIN parameter file

MOLECULAR DISCOVERY LIMITED

PR EEEEE 2 B SR

Command File for Programme GRIN

: Assign Channel Numbers and Output File Names:

Lour 6
LOUT pro.lout
KOUuT 20

KOUT pro.kout

: Assign Channel Numbers and Input File Names:

INKO 11
INKO pro.pdb
INAT 10

INAT /programs/grid19/grub.dat

: Provide Control Parameters:

ALHY  0.040

NEHY 1
HVA 0
LEVL 3
MOVE 1
QQHY  0.000
VDHY  0.600

IEND

:Record the name of the executable Programme and the name of
:the Default Directory as comment lines starting with a colon:

:PROG: /programs/grid21/grin
:DEFA;

GRID parameter file

MOLECULAR DISCOVERY LIMITED

Command File for Programme GRID
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: Assign Channel Numbers and Output File names:

LONT 6

LONT pro.lont
KONT 20

KONT pro.kont

: Assign Channel Numbers and Inpuf File names;

INPT 10
INPT pro.kout

: Provide Control Parameters:

CLER  5.000

DEEP  5.000
DPRO  4.000
DWAT 80.000
EACH 5.000
EMAX  5.000
FARH  5.000
FARR  8.000
KWIK 0
LEAU 0
LENG 30
LEVL 1
LIST 1
MOVE 0
NETA 0
NPLA 1
NUMB |
VALU  0.000
OH2
TOPX 47430
TOPY 61.780
TOPZ 13.560
BOTX 15.880
BOTY 25.260
BOTZ -23.140
IEND
OH2

0 1

:Record the name of the executable Programme and the name of
:the Default Directory as comment lines starting with a colon:

:PROG: /programs/grid2t/grid
:DEFA;
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AutoDock

AutoGrid GPF File

receptor hn.pdbgs # macromolecule

gridfld hn.maps.fld # grid data_file

npts 60 60 60 # num.grid points in xyz

spacing 0.375 # spacing(A)

gridcenter 33,38 45.07 -4.44 # xyz-coordinates or auto
types CAONSH # atom type names

smooth 0.5 # store minimum energy w/in rad(A)
map hn,C.map # atom-specific affinity map

nbp r eps 4.000.0222750 12 6 #C-CJj

nbp r eps 3.750.0230026 12 6 #C-NIj

nbp r eps 3.600.0257202 12 6 #C-O1j

nbp_r eps 4.000.0257202 12 6 #C-S]j

nbp r eps 3.000.0081378 12 6 #C-H]j

nbp r eps 3.000,0081378 12 6 #C-HJj

nbp r eps 3.000.0081378 12 6 #C-HJj

sol par 12.77 0.6844 # C atomic fragmental volume, solvation parameters
constant 0,000  # C grid map constant energy

map hn.A.map # atom-spectfic affinity map
nbp_r eps 4.000.0222750 12 6 #A-Clj

nbp_r eps 3.750.0230026 12 6 #A-N|j

nbp r eps 3.600.0257202 12 6 #A-O]

nbp r eps 4.000.0257202 12 6 #A-S]j

nbp r eps 3.000.0081378 12 6 # A-H]j

nbp r eps 3.000.0081378 12 6 #A-HJj

nbp r eps 3.000.0081378 12 6 # A-HIj

sol_par 10.800.1027 # A atomic fragmental volume, solvation parameters
constant 0.000 # A grid map constant energy

map hn.O.map # atom-specific affinity map
nbp 1 eps 3.600.0257202 12 6 #0-Clj

nbp 1 eps 3.350.0265667 12 6 #O-NJj

nbp 1 eps 3.200.0297000 12 6 #0-01]j

nbp r eps 3.600.0297000 12 6 #0O-S]j

nbp r eps 1.900.3280000 12 10 # O-H hb

nbp_r eps 1.900.3280000 12 10 #O-H hb

nbp r eps 1.900,3280000 12 10 #O-Hhb

sol_par 0.00 0.0000 # O atomic fragmental volume, solvation parameters
constant 0.236  # O grid map constant energy

map hn.N.map # atom-specific affinity map
nbp r eps 3.750.0230026 12 6 #N-C}j

nbp 1 eps 3.500.0237600 12 6 #N-NJj

nbp r eps 3.350.0265667 12 6 #N-0]j

nbp r eps 3.750.0265667 12 6 #N-S1]j

nbp r eps 1.900.3280000 12 10 #N-Hhb

nbp r eps 1,80 0.3280000 12 10 #N-Hhb

nbp r eps 1.900.3280000 12 10 #N-H hb

sol par 0.00 0.0000 # N atomic fragmental volume, solvation parameters
constant 0.000  # N grid map constant energy

map hn.S.map # atom-specific affinity map
nbp r eps 4.000.0257202 12 ¢ #8-Cjj

nbp r eps 3.750.0265667 12 6 #S-NJj

nbp r eps 3.600.0297000 12 6 #5-01j

nbp r eps 4.000.0297000 12 6 #S-S1j

nbp_r eps 2.500.0656000 12 10 # S-H hb
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nbp 1 eps 2.50 0.0656000 12 10 #S-Hhb

nbp r eps 2.50 0.0656000 12 10 #S-H hb

sol par 0.0000.000 #S atomic fragmental volume, solvation parameters
constant 0.000 #8S grid map constant energy

map hn.H.map # atom-specific affinity map

nbp r eps 3.000.0081378 12 6 #H-CIj

nbp r eps 1.90 0.3280000 12 10 # H-N hb

nbp r eps 1.90 0.3280000 1210 #H-Ohb

nbp r eps 2.50 0.0656000 12 10 # H-S hb

nbp r eps 2.000.002970012 6 #H-H]j

nbp r eps 2.000.002970012 6 #H-H]j

nbp r eps 2.000.002970012 6 #H-HIj

sol par 0.000.0000 # H atomic fragmental volume, solvation parameters
constant 0.118  # H grid map constant energy

elecmap hn.e.map # electrostatic potential map
dielectric -0.1146 # <0, distance-dep.diel;>0, constant
#

AuntoDock DPF File

seed time pid # for random number generator
types CANOH # atom type names
fid hn.maps.fid  # grid data file

map  hn.C.map # C-atomic affinity map file
map  hn.A.map # A-atomic affinity map file
map  hn.N.map # N-atomic affinity map file
map  hn.O.map # O-atomic affinity map file
map  hn.H.map # H-atomic affinity map file
map  hn.e.map # electrostatics map file

move molll lig.outpdbg  #small molecule file
about 33.35641.951 -3.463 # small molecule center

# Initial Translation, Quaternion and Torsions

tran{) random # initial coordinates/A or "random"

quatd random # initial quaternion or "random”

ndihe 12 # number of initial torsions

dihe® random # initial torsions

torsdof 12 0.3113 # num, non-Hydrogen forsional DOF & coeff,

ffligand is not_inhibitor # uncomment if small molecule is substrate or T.S.

# Initial Translation, Quaternion and Torsion Step Sizes and Reduction Factors

tstep 2.0 # translation step/A

gstep  50.0 # quaternion step/deg

dstep  50.0 # torsion step/deg

temf 1. # trans reduction factor/per cycle
quarf 1. # quat reduction factor/per cycle
dihrf 1, # tors reduction factor/per cycle

# Hard Torsion Constraints
fthardtorcon 1 -180. 30. # constrain torsion, num., angle(deg), range(deg)

# Internal Non-Bonded Parameters

intnbp _r eps 4.00 0.0222750 12 6 #C-CJ
intnbp r eps 4.00 0.0222750 12 6 #C-Alj
intnbp_r eps 3.75 0.0230026 12 6 #C-N1j
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intnbp r eps 3.600.0257202 12 6 #C-01j
intnbp r eps 3.00 0.0081378 12 6 #C-H |j
intnbp r eps 0.00 0.0000000 12 6 #A-Alj
intnbp r eps 3.750.0230026 12 6  #A-NJj
intnbp r eps 3.60 0.0257202 12 6 #A-O Jj
intnbp r eps 3.000.0081378 12 6 #A-H §j
intnbp_r_eps 3.500.0237600 12 6 #N-NJj
intnbp_r_eps 3.35 0.0265667 12 6 #N-0 Jj
intnbp_r_eps 2.75 0.0084051 12 6 #N-H [j
intnbp_r_eps 3.20 0.0297000 12 6 #0-0 Jj

intnbp r eps 1.900.3280000 1210  #0O-Hhb
intnbp 1 eps 2.000.0029700 12 6  #H-Hj

#intelec 0.1146 # calculate internal electrostatic energy

# Simulated Annealing Parameters

#t0 616. # SA: initial RT

#rirf 0.95 # SA: RT reduction factor/per cycle
#linear. schedule # SA: do not use geometric cooling
#fruns 10 # SA: number of runs

#eycles 50 # SA; cyeles

#aces 100 # SA: steps accepted

#rejs 100 # SA: steps rejected

#select m # SA: minimum or last

# Trajectory Parameters (Simulated Annealing Only)

#trjfrq 100 # trajectory flequency

frjbeg 1 # start t1j output at cycle

#trjend 50 # end trj ouiput at cycle

#trjout molll lig.out.trj # trajectory file

fitrjsel E # A=acc only;E=either acc or rgj

#watch moill_lig.out.watch.pdb # real-time monitoring file
outlev 1 # diagnostic output level

# Docked Conformation Clustering Parameters for "analysis" command

rmstol 1.0 # cluster tolerance {(Angstroms)

rmsref molll lig.out.pdbq # reference structure file for RMS calc.
fhrmsnosym # do no symmetry checking in RMS calc.

write all # write all conformations in a cluster

extnrg 1000, # external grid energy

e0max 0. 10000 # max. allowable initial energy, max. num. retries

# Genetic Algorithm (GA) and Lamarckian Genetic Algorithm Parameters (LGA)
ga_pop_size 50 # number of individuals in population

ga mum_evals 1000000 # maximum number of energy evaluations
ga_num_generations 27000 # maximum number of generations

ga_ elitism 1 # num. of top individuals that automatically survive

ga mutation rate 0.02 # rate of gene mutation

ga_crossover_rate 0.80 # rate of crossover

ga_window_size 10 # num. of gencrations for picking worst individual

ga cauchy alpha 0 # ~mean of Cauchy distribution for gene mutation
ga_cauchy beta 1 # ~variance of Cauchy distribution for gene mutation
set_pa # set the above parameters for GA or LGA
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# Local Search (Solis & Wets) Parameters (for LS alone and for LGA)

sw max its 300 # number of iterations of Solis & Wets local search
sw_max_succ 4 # number of consecutive successes before changing rho
sw_max_fail 4 # number of consecutive failures before changing rho
sw_rho 1.0 # size of local search space to sample

sw_lb rho 0.01 # lower bound on rho

Is search freq 0.06 # probability of performing local search on an indiv.
set pswl # set the above pseudo-Solis & Wets parameters

# Perform Dockings

#ido_local only 50 # do only local search

f#ido_global only 10 # do only global search (traditional GA)

#simanneal # do as many SA runs as set by the "runs" command above
ga 1un 10 # do this many GA or LGA runs

# Perform Cluster Analysis

analysis # do cluster analysis on results

# dpf3gen.awk 3.0.5 #

Modeller

Modeller Alipmmnent File

>PL;P_1V3D

structureX:P_1V3D : 142:A: 572:Amnknown:unknown:-1:-1
ITHDVGIKPLNPDDFWRCTSGLPSLMKTPKIRLMPGPGLLAMPTTVDGCIRTPSLVINDLI
YAYTSNLITRGCQDIGKSYQVLQIGIITVNSDLVPDLNPRISHTFNINDNRKSCSLALLNT
DVYQLCSTPKVDERSDYASPGIEDIVEDIVNYDGSISTTREKNNNISFDQPYAALYPSVG
PGIYYKGKIIFLGY GGLnuvusasanan EHPINENVICNTTGCPGKTQRDCNQASHSPWESDRR
MVNSIIVVDKGLNSIPKLKVWTISMRONYWGSEGRLLLLGNKIYIYTRSTSWHSKLQLG
IIDITDYSDIRIKWTWHNVLSRPGNNECPWGHSCPDGCITGVYTDAYPL----NPTGSIVSS
VILDSQKSRVNPVITYSTATERVNELAILNRTLSAGYTTTSC--ITHYNKGYCFHIVEINHK
SLNTLQPMLFKTEIPKSCS*

>P1;P {E8V

structureX;P_1E8V : 124:A: 570:A:unknown:unknown:-1:-1
GAPIHDPDFIGGIGKELIVDNASDVTSFYPSAFQEHLNFIPAPTTGSGCTRIPSFDMSATH
YCYTHNVILSGCRDHSHSHQYLALGVLRTTATGRIFFSTLRSISLDDTQNRKSCSVSATP
LGCDMLCSKVTETEEEDYNSA--VPTLMAHGRLGFDGQYHEKDLDVTTLFEDWVANYP
GVGGGSFIDGRVWFSVYGGLKPNSPSDTVQEGKY VIYKRYNDTCPDEQDYQIRMAKSS
YKPGRFGGKRIQQAILSIKVSTSLGEDPVLTVPPNTVTLMGAEGRILTVGTSHFLYQRGS
SYFSPALLYPMTVSNKTATLHSPYTFNAFTRPGSIPCQASARCPNSCYVTGVYTDPYPLIF
YRNHTLRGVFGTMLDSEQARLNPASAVFDSTSRSRITRVSSSSTKAAYTTSTCFKVVKT
NKTYCLSIAEISNTLFGEFRIVPLLVEILKNDG*

MODELTOP FILE

# Homology modelling by the MODELLER TOP routine 'model'.

INCLUDE # Include the predefined TOP routines

SET OUTPUT CONTROL=11111 #uncomment to produce a large log file
SET ALNFILE ='paral alignment2.ali' # alignment filename

SET KNOWNS = "1¢8v' # codes of the templates
SET SEQUENCE = 'parl’ # code of the target
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SET ATOM_FILES DIRECTORY = ‘Yusr/compchem/david/sequences/test]’

SET STARTING MODEL= 1
SET ENDING_MODEL = 1

# index of the first model
# index of the last model

# (determines how many models to calculate)

CALL ROUTINE = "'model'

Amber

Leap Input File

source leapre.gaff

mods = load AmberParams fremodl
load AmberPrep "moll ligl.prep"
lig =loadPDB "moll_ligl.pdb"
check lig

hnh = loadPDB "hnHfix.pdb"
bond hnh.172.8SG hnh.196.8SG
bond hnh.186.8G hnh.247.8G
bond hnh.238,SG hnh.251.8SG
bond hnh.344.SG hnh.461.8G
bond hnh.455.8G hnh.465.8G
bond hnh.531.8G hnh.542.SG
check hnh

tot = combine {lig hnh}
saveAmberParm tot totl.top totl.crd
savePdb tot totl.pdb

quit

PTRAJ

trajin mint.rstst
trajout minl.mderd

go
MMGBSA

#
# Input parameters for mm_pbsa.pi

# This example just generates snapshots from a trajectory file

#

# Holger Gohlke
# 08.01.2002

#

# do homology modelling

BRI T

@GENERAL

#

# General parameters

(: means NO; >0: means YES

FhoFR R o W H: H: W H

mm_pbsa allows to calculate (absolute) free energies for one molecular
species or a free energy difference according to Receptor + Ligand = Complex,
DeltaG = G(Complex) - G(Receptor) - G(Ligand).

PREFTX - To the prefix, "{ com, rec, lig}.crd.Number" is added during
generation of snapshots as well as during mm_pbsa calculations,
PATH - Specifies the location where to store or get snapshots.
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COMPLEX - Set to 1 if free energy difference is calculated.

RECEPTOR - Set to 1 if either (absolute) free energy or fiee energy difference
are calculated.

LIGAND - Set to 1 if free energy difference is calculated.

COMPT - Name of the parmtop file for the complex (not necessary for option GC).
RECPT - Name of the parmtop file for the receptor (not necessary for option GC).
LIGPT - Name of the parmtop file for the ligand (not necessary for option GC),

GC - Snapshots are generated from trajectories (see below).
AS - Residues are mutated during generation of snapshots from trajectories.
DC - Decompose the free energies in single contributions {(only works with MM and GB

[}
-
o

MM - Calculation of gasphase energies using sander.
GB - Calculation of desolvation free energies using the GB models in sander (see below).
PB - Calculation of desolvation free energies using delphi (see below).
MS - Calculation of nonpolar contributions to desolvation using molsurf (see below).

If MS == 0, nonpolar contributions are calculated with the LCPO method in sander.
NM - Calculation of entropies with nmode.

B - - e T s

PREFIX ligh
PATH A

COMPLEX 1

RECEPTOR |

LIGAND 1

#

GC 1

AS 0

DC 0

#

MM 0

GB 0

PB 0

MS 0

#

NM 0

#

T T R R AR
@MAKECRD

#

# The following parameters are passed to make_crd_hg, which extracts snapshots
# from trajectory files.

#
# BOX - "YES" means that periodic boundary conditions were used during MD
# simulation and that box information has been printed in the trajectory

# files; "NO" means opposite.

# NTOTAL - Total number of atoms per snapshot printed in the trajectory file
i (including water, ions, ...).

# NSTART - Start structure extraction from NSTART snapshot,

NSTOP - Stop structure extraction at NSTOP snapshot.

NFREQ - Every NFREQ structure will be extracted from the trajectory.

NUMBER LIG GROUPS - Number of subsequent LSTART/LSTOP combinations to

#
#
#
#
extract
#

atoms belonging to the ligand.
# LSTART - Number of first ligand atom in the trajectory entry.
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# LSTOP - Number of last ligand atom in the trajectory entry.

# NUMBER _REC GROUPS - Number of subsequent RSTART/RSTOP combinations to
extract

# atoms belonging to the receptor,

# RSTART - Number of first receptor atom in the trajectory entry,

# RSTOP - Number of last receptor atom in the trajectory entry.

# Note: If only one molecular species is to b eextracted, use only the receptor

# parameters (NUMBER REC GROUPS, RSTART, RSTOP).

#

BOX NO

NTOTAL 6855
NSTART 1

NSTOP 1

NFREQ 1

i

NUMBER_LIG_GROUPS |
LSTART 1

LSTOP 57
NUMBER REC GROUPS 1
RSTART 58

RSTOP 68353

#

R A S T
@TRAJECTORY

#

# Trajectory names

#

# The follwoing trajectories are used to extract snapshots with the make crd hg
# program.

# Each trajectory name must be preceeded by the TRAJECTORY card.

# Subsequent trajectories are considered together, trajectories may be in ascii

# as well as in .gz format.

# To be able to identify the title line, it must be identical in all files.

#

TRAJECTORY Jminl.mderd
#TRAJECTORY Jmd_traj_short 01.mdcrd
#TRAJECTORY Jmd_traj_short 02.mderd
#

R R T T R R R R
MMPBSA

# dana in hn
# Full binding energy calc as per the FKBP example with DMSO.

read
mol pqr comi.pqr.1
mol pgr ligl.pqr.1
mol pgr recl.pgr.1
end

# Complex - Solvated state (Focusing)
elec name complex-solv-course
mg-manual
dime 65 65 65
nlev 4
grid 1,50 1.50 1.50
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geent mol 1

mol |

Ipbe

befl mdh

ion 1 0.0002.0

ion -1 0.000 2.0

pdie 2.0

sdie 78.0

chgm spl0

srfim smol

srad 0.0

swin (.3

temp 300.0

gamma 0,103

calcenergy total

calcforce no
end

elec name complex-solv-fine
mg-manual
dime 65 65 65
nlev 4
grid 0.225 0.225 0.225
gcent mol 2
mol 1
Ipbe
bedl focus
ion 10.0002.0
ion-10.0002.0
pdie 2.0
sdie 78.0
chgm spl0
srfim smol
srad 0.0
swin 0.3
temp 300.0
gamima §.105
calcenergy total
caleforce no
end

# Complex - Reference state (Focusing)
elec name complex-ref-course

mg-manual

dime 65 65 65

nlev 4

grid 1.50 1.50 1.50

gcent mol 1

mol 1

Ipbe

befl mdh

ion 1 0.000 2.0

ion -1 0.000 2.0

pdie 2.0

sdie 2.0

chgm spl0

stfin smol
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srad 0.0

swin 0.3

temp 300.0

gamma 0,105

calcenergy total

calcforce no
end

elec name complex-ref-fine
mg-manual
dime 65 65 65
nlev 4
grid 0.225 (.225 0.225
geent mol 2
mol 1
Ipbe
befl focus
ion 1 9.000 2.0
ion -1 0.000 2.0
pdic 2.0
sdie 2.0
chgm spl0
stfm smol
srad 0.0
swin 0.3
tenp 300.0
gamma 0,103
calcenergy total
calcforce no
end

# Ligand - Solvated state (Focusing)

elec name ligand-solv-course
mg-manual
dime 65 65 65
nlev 4
grid 1,50 1.50 1.50
gcent mol 2
mol 2
Ipbe
befl mdh
ion 1 0.000 2.0
ion -1 0.000 2.0
pdie 2.0
sdie 78.0
chgm spl0
srfin smol
srad 0.0
swin 0.3
temp 300.0
gamma 0.105
calcenergy total
calcforce no
end

elec name ligand-solv-fine
mg-manual
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dime 65 65 65

nlev 4

grid 0.225 0.225 0.225

geent moi 2

mol 2

Ipbe

befl focus

ion10.0002.0

jont -1 0.000 2.0

pdie 2.0

sdie 78.0

chgm spl0

srfm smol

srad 0.0

swin 0.3

temp 300.0

gamma §.105

calcenergy fotal

calcforce no
end

# Ligand - Reference state (Focusing)
elec name ligand-ref-course
mg-manual
dime 65 65 65
nlev 4
grid 1.50 1.50 1.50
geent mol 2
mol 2
Ipbe
befl mdh
ion 1 0.000 2.0
ion -1 0.000 2.0
pdie 2.0
sdie 2.0
chgm spl0
srfin smol
srad (.0
swin 0.3
temp 300.0
gamma 0.105
calcenergy total
calcforce no
end

eclec name ligand-ref-fine
mg-manual
dime 65 65 65
nlev 4
grid 0.225 0.225 0.225
geent moi 2
mol 2
Ipbe
befl focus
ion 1 0.000 2.0
ton -1 0,000 2.0
pdie 2.0
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sdie 2.0

chgm spl0

srfin smol

srad 0.0

swin 0.3

terp 300.0

gamma 0,105

calcenergy total

calcforce no
end

# Protein - Solvated state (Focusing)
elec name protein-solv-course
mg-manual
dime 65 65 65
nlev 4
grid 1.50 1.50 1.50
geent mol 3
mol 3
Ipbe
befl mdh
ion 1 0.000 2.0
ion -1 0.0002.0
pdiec 2.0
sdie 78.0
chgm spl0
srfin sinol
srad (L0
swin 0.3
temp 300.0
gamma 0.105
calcenergy total
calcforce no
end

elec name protein-solv-fine
mg-manual
dime 65 65 65
nlev 4
grid 0.225 0.225 0.225
geent mol 2
mol 3
Ipbe
befl focus
ion 1 0.000 2.0
ion -1 0.000 2.0
pdie 2.0
sdie 78.0
chgm spl0
srfim smol
srad 0.0
swin 0.3
temp 300.0
gamma 0.105
calcenergy total
calcforce no
end
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# Protein - Reference state (Focusing)
elec name protein-ref-course
mg-manual
dime 65 65 65
nlev 4
grid 1.50 1.50 1.50
geent mol 3
mol 3
Ipbe
befl mdh
ion 1 0.000 2.0
ion -1 0.000 2.0
pdie 2.0
sdie 2.0
chgm spl0
srfim smol
srad 0.0
swin 0.3
temp 300.0
gamma (.105
calcenergy total
calcforce no
end

elec name protein-ref-fine
mg-manual
dime 65 65 65
nlev 4
grid 0.225 0.225 0.225
geent mol 2
mol 3
Ipbe
befl focus
ion 1 0.000 2.0
ion -1 0.000 2.0
pdie 2.0
sdie 2.0
chgm spl0
srfim smol
srad 0.0
swin 0.3
temp 300.0
gamma 0.105
calcenergy total
calcforce no
end

# Change in Solvation energy on binding,
print energy complex-solv-fine - complex-ref-fine - ligand-solv-fine + ligand-ref-fine - protein-
solv-fine + protein-ref-fine end

quit
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Appendix B: Docking and Scoring Results of Alternative Templates

BCX-1 '81'2.T'émplate

H OH

HO R

CO.H

R?S/ l

Benzoic Acid Template

Oy

AcHN

OH

A O
HO\WCC@H

=

YSRE .

Furanose Template
R =NHAc

~'Table B.1: Flexible Autodock score for ¢ and § linked derivatives.

NHAc

N

AcHN

(/SR?

Uronic Template

{Y/SR?

Gilead Template

ﬂCOZH

R? Substituent BCX BENZOIC FURANOSE | GILEAD URONIC
{kcal/mol) {kcal/mol) (kcal/mol) (kcal/mol) {kcal/mol}
CIZAT (Y | SMA3T0D 4038 137410y b -14.06 (12)
~12.80 (8) -14.67 (11 -13.93 (8) -13.70 (1) | -14.40 (12)
A
~15.53 (5 16T 15,30 {4} 4580 (3 -16.36 (%)
-14.77 (2) -16.91 (1) -15.45 (5) -14.46 (8) -15.86 (5)
B . _
04T (14) | <1218 (14) | -12.20 (13) TLA4(14) | -12.56 (14)
P 105 (12) | -12.50(14) | -12.80 (12) 1257 (12) | -12.98 (14)
12.57(9) | -14.68(8) | -12.48 (12) A2 | 140 ()
PV N
D -13.48 (5) 15.02 {93 -13.91(9) 14,78 (6) <1521 (8)
-14.14 {4} 16,15 () ~15.68 (1) AT (1 -14.89 (1)
E 1606(1) | -16.85 (2) 13.29 (11) 1660 (1) | -16.06 (3)
T-13.43 (%) AT (1) PEALL(6) ~1A638) ~15.19 {6}
-13.45 (6) -14.99 (10y | -14.79 (6) -14.44(9) ~14.95 (10}
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R2 Substituent BCX BENZOIC | FURANOSE | GILEAD | URONIC

{keal/mof) (kcal/mol) (kcal/mol) (kcal/imol) {kcal/mol)
L7800 | -1531(8) | 13878 1626 ()| 1628 (4)
207(10) | -16.00(8) | -15.86 (4) 1503 (8) | -16.03 4)

G
L7 {13y | -12.85(13) | 1507 (18} | 4208 (12) | -1 3.04 (13

N
&

H 1083 (13) | -1341 (13) | -13.68(10) | -13.39(13) | -13.50 (13)
N3 (33) | 1A71 (| -13.26(9) 142709 | -1504(8)
T162(10) | -1529(8) | -1272(13) | 1444 9) | -14.77(15)

NO,

|
1425 |-lei2@ | -1549) 1284 (13) | -1559(5)
1327 () | -1574(8) | -15.86 (3) 14717 | -1538(7)
TR | 1654 @ | 1410 (7) 5078|1656 (1)

NN @ (G603 | -6s0m 501 (5) | -16160)
30907 | 1465 (9) | 1065 (1) | -1403(6) | -15.09 (7)

if\A 252097 | 1545(7)  |-14.23(7) 1504 (3) | -15.61 (6)
G456 (5 | -1508 (5 | 1545 (3) 557(8) | -1652(2)
/\i/\/\ 393 () | -1649 (@) | -16.01 (2) 1530(2) | -1653 (1)

v | |

282(8) | -1425(12) | 1293 (1) | 301 (iD) | 1431 (i)
O
°\/N\/u\ 207 (10) | -1432(12) | -1423 (7) 1413 (10) | 1496 (9)
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Table B.2: Static Autodock Scores for (7 and S linked derivatives.

R7 Substituent BCX BENZOIC | FURANOSE | GILEAD | URONIC
{kecal/mol) (kcal/mol) {kcal/mol) (kcal/mol) (keal/mol)
1242 (18) | -1340(18) |.-12.81 (7) 1393 (11) | -13.72 (16)
124609y | -1387(11) |-13.04 9) 1344 (11) | ~13.67 (12)
; 5 -
GA62 (D) | -1551 () |1405 () 520 (5| 1543 (3)
394 (3) | -1564(1) | -13.49(5) 490 | -16.40 (1)
565 (14) | -1063 (14) | -1088 (123 | -11.52 (14) | -12.04 (13)
¢
¢ C1028(14) | -1L73(14) | -11.89(12) 1253 (14) | -12.48 (14)
33203 |[1301 (9 | s ab 401 {10y | -14.00 (%)
e/\/\/\ .
D 1323 (5) | -14.03(10) | -13.02 (10 36109 | -14.52(10)
TG | 504D 153600 153 () |61
PRV N NN
) I58(1) | 1467 (5) | -12.93(11) 15292 | 1574 3)
243(6) | -1303(8) | 1401 (4) 406(8) | 1421 ()
328(4) | -1454(9) | -1351(4) 14.55(6) | -14.66 (9)
022300 | 030 | 1081 (13 147206 | 1471 (5)
1283(6) | -15.19(8) |-13.25(8) 1468 (8) | 1470 (5)
G
9047 (13) | -1.94(13) | -10.99 (i1) 1204 (6) | -12.30(12)
NN
y 1029(13) | -1240 (13) | -1126(13) | -12.57 (13) | -12.58 (13)
2az (|- (0 | -1224 () 45507 | -1439(6)
1463(2) | -1470(7) | 9.65(14) 13.92(8) | 1478 (6)
NO,
i
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R? Substituent BCX BENZOIC FURANOSE GILEAD URONIC
(kcal/mol) {kcal/mol) (kcal/mol) {kcal/mot) (kcal/mol}
127508y | S507(4) | 13.58 (5) 15.85 (2 | ~15.10 (4)
A1.94(11) | -15.42(d) | -15.43 (2) 13.73(10) | -14.79 (5)
24T () | -15.46 (3) | 1318 (6 15.9301) | -1543(3)
026007 | -1559(2) |[.-16.06 (1) 1546 (1) | -15.32 (4)
PO BRI TAS3 (B | 1417 (8
/L/\/\ 12.00(10) | -14.96(6) | ~13.46 (6) Q412 () | 1477 (7)
L
- S C1284(4) | -1497() | -1417 () 5753 | 1549 (2)
' /\/T\/\/\ C12.47(8) | -1544(3) | -1426(3) 15.05(3) | -1583(2)
M
A1.96(12) | -13.05 (12) | -12.14 (%) 13.26 (12) | -12.98 (11)
.0
\/N\)j\ 13412 | -13.20(12) |-1337(D 1331 (12) | -14.00 (1D
Table B.3: X-score results for ¢ and $ linked derivatives.
R? Substituent BCX BENZOIC FURANOSE GILEAD | URONIC
L j.(keal/mol) | (keal/mol) j (keal/mol) (keal/mol) | (kcal/mol)
6A42{Z) | 6.75 (8) 581(7) 639 (11) | 653 (7)
0 646 (4) | 6.89 (9) 6.10(6) 6.60(9) | 6.53 (8)
A
7000 | 766 (1) 591 (1) 722(1) | 738 (D)
662(1) | 774D 633 (3) 7.08¢2) | 7.54 (1)
B8
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R2 Substituent BCX BENZOIC | FURANOSE | GILEAD | URONIC
{kcal/mol) | (kcal/mol) (kcal/mol) (kcal/mot) | (kecal/mol)
F5332y |61y 512093 580 (13) | 54113
¢ >

c 570 (12) | 6.17 (13) 5.46 (11) 6.12(13) | 5.91(11)
526 (4 | 6.47 (%) 536 (12) 6.57 (10) | 630011

b 6.20(6) | 6.77 (10) 5.93 (9) 647 (11) | 642 (%)

SEO(11) | 6.87 (6) 6.76 (3) 66209 | 652(8)

628(5) |6AL(D) | 488(14) 685(6) | 642(9)
S04(8) | 6.92 (4) 6.24 (4 G.65(7) | 6.44(16)

6493y |71.09(5) 6.29 (4) 6.96(3) | 6.78(5)

GO0 (T | 6.90(5) 5.74 () 672(6) | 6.81(4)

6.07(8) | 7.08(6) 6.13 (5) G993y | 6.79 (4)

G
543 (13) | 5.91 (12) 512 (13) 574143 | 5.61(14)
NN

H 536(14) | 6.13 (14) 512 (13) 575 (14) | 5.79(12)

623 eTsis | sasdn GOt 67503

6.6 (20 | 7.04(T) 528 (12) 6.98(@) | 6.8803)

: o, o .
|
6.14{6) | 6.87(6) 620 (5) 7023 | 6.65(6)
66209 [ 7.16(3) 645 (2) 6.56 (10) | 6.7 (6)
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R2 Substituent BCX BENZOIC FURANOSE GILEAD | URONIC
(kcal/mol) | (kcal/tnol) (kcal/mol) {kcal/mol) | (kcal/mot)
1501¢8y |76, | 6442 687(8) | 6.9 (2)
NN 595(10) | 7.20 (2) 6.68 (1) 726 (1) | 7.03(2)
K.,
So4 (8 | 6.99 (1) 542 (5) 6.63(8) | 6.51(9)
/t/\/\ 594N [700@) | 6050 675 @) | 6.66()
634 (3 | 702 (3 6.09 (6) 7.00(2) | 6.85 (3)
6.13 N 743 {4) 5.95 (8) 6.96 (5) 6.88 (3)
M
5.78(10) | 6.32 (16) 541 (10) 6.04(12) | 6.10 (12)
(o]
| °\/?/u\ 547(13) | 626(12) | 574 (10) 632(12) | 6.09 (10)
Table B.4: MMPBSA Scores for € and § linked derivatives.
R? Substituent BCX BENZOIC | FURANOSE GILEAD URONIC
(keal/mol) (kcal/mol) | (keal/mol) (kcal/mol) (keal/mol)
9123 (11) | -86.29 (12) | -122.97 (8) 8948 (9) | -82.55 (12)
10835 (7) | 9054 (10) | -109.64 (7) G172 (8 | -97.15 (5)
- o a »
10823 (5) | -108.47 (1) | -112.65 (11} | -107.32(3) | -105.44 (3)
0927(6) | 9231 (7 | -117.64(5) $6.13(11) | -94.99 (%)
B
9040 (12) | -90.73(7) | -123.70(7) 8899 (11) | -91.73 (9)
c. RE.66 (14} | -00.08 (11) | -109.87 (6) 8501 (12) | -89.19 (11}
0174(7) | -85.05 (13) | -124.16 (6) 87.95(12) | -95.59(7)
0/\/\/\
b T01AS(11y | 9551 (5) | 93.48 (13) 80.00 (14} | -95.20 (6)
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R* Substituent BCX BENZOIC | FURANOSE | GILEAD URONIC
{(kcal/mol) (kcal/mol) | (kcal/mol) {kcal/mol) (kcal/mol)
1 ].9.24 (1) -78.19 (14) | -102.47 (12) -99.80 (5) -84.46 (i].)
P el NN
£ 117,12 (3} -104.24 (2) | -133.65(2) 0779 (%) ~1307 (14}
-93.81 (9) -90.75 (6) -101.96 (13) -106.02 (4) | -84.83 (10}
A04zs (I | TR DY | HI0RTT (D 8960 (1) | 8931 (1)
F
-119.00 (2) -100.22 (3) | -126.06(4) -99.50 (6) -104.35 (4)
-106.39 (7)) G487 (D) | SI3TRI(D 0064 4y | 92,97 (8)
G
<1125 (3) -89 18 (10) | -100.27 (14) 8109 (14 | -95.31(8)
N
& F
H 9589 {13} -G2.02 (8) ~102.06F (18) -B5.61 (13 | -RBLAZ (13
-103.35 (6} -90.35 (8) 115310 -89.40 (10y | -80.86 (13)
SLARHESY TR RSy | Y61 (1) 10134 (3 | -10123(2)
NO,
i .
-109.57 4y | -87.69 (11} -134.75 (23 SRLTE 3y | -112.87(H)
&W -105.78 (%) S93Y (3 109,03 (8) 93,86 (7} L1719 (D)
J
10116 (8) | -H3.17 (D) -130,94 (3) 10974 (2 | -106.11(2)
“\/\/
SI036 007 | 9540 (6) 375 () 021002 9337 (%)
K
-93.75 (1 -98.36 (4) -H7.67(9) -0E67 (8) -69.61 (14)
L ~111.36 {4) 727 {4) 80,54 (14) 3548 {6) 435,49 (33
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R2 Substituent BCX BENZOIC | FURANOSE | GILEAD | URONIC
{(kcal/mol) (kcal/mol) (kcal/mol) {kcal/mol) (kcal/mol)

| __ 7903 (1) | 976() | 124736 | -11022(1) | -100.49 (5)
T o B @ | Bz | s @ | 2580 | 560
TRIR0(13) | 90.10(9) | -137.93(1) | 95.15(7) | -99.20(6)

N 0064 (B) | D1L87() | 12345 () | LIS | 7536 (13)
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Appendix C: Selected "H NMR and COSY spectra

DT110,.39 FROTOH

D20
P o COsN
HO. -~ ahd
HO H ﬁi>
C)=<)
29-B R = NHAc

L

T T T T 1
7.0 6.5 6.0 5.5 5.0 4.

L

T
3.5 3.

'H NMR of compound 29-B (300MHz, D,0)

Fpm

DT110.39 COSy
2,04 D20

4.0 . , g i%

4.5 ‘ . @

NI TSR TR SR SERTE T et e 11

E?[
7.5+
T T T

T T T T T
1.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

'H-"H COSY of compound 29-B (300MHz, D,0)
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oT 110.46
PROTOH MeOD u david 7

H OH
A O CO,Na
HO /
JR
HO | g

AY
{CHo)sCHjy
29-D R = NHAc

JL,JLMM___JJ ]

LN 7 T T T LI T T T LA | T P i T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 2 15 1.0 ppm

'H NMR of compound 29-D (300M11z, CD;0D)

UMM‘M&

LT 110.4%
PROTON MeOD u david 7

T T T T T T
5.5 5.0 4.5 4.0 1.0 _ppm

I O V1 N Y |

T
3.0 2.5 240

Expansion of "H NMR of compound 29-D (300MHz, D,0)
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DT 110.46
PROYTON MeOD v david 7

g o

g8

Ry

8 8

| PR

1.0

1.5

-2.0

C2.5

3.0
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4.0

4.5

5.0

8.5

6.0

i T T T T T T R B
6.0 5.5 5.0 4.5 4.0 3.5 3.0

'H-'H COSY of compound 29-D (300MHz, D,0)

H OAc
= fo) CO Me
DT41.2% PROTON AcO /
€DCl3 AR
ACO\H s
= - o o
o~ - =) [ g
(=] « o (3]
s W v ™
]
|
3 Hz
5.7 Hz

M

. .
6.02 6.00 prm
= )
2 olo14.9 %
o o

1.6

'H NMR of compound 59-A (300MHz, CDCls)
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BT211.54
PROTON D20 u david §

28-A R = NHAc

i L

T Y T
5.0

1 T T T T T T T T T

95 90 85 80 75 70 65 606 55

15 190

T T
0.5 ppm

'H NMR of compound 28-A (300MHz, D,0)

CrZ211-%0
PROTON MeOD u david 3

H, OH

, CO,Na
HO 0 7 2
RG
HO'

H S\

(CHa)gCHy
28-E R = NHAc

ok

T

T T

T ;
50 45

6.0 54

T T T T T T T T

96 90 385 80 75 70 65

4.0

3.5

3.0

2.5

20 15

1.0

0.5 ppm;

'H NMR of compound 28-E (300MHz, D,0)
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wrli-es
PROTON ¥eOD u david 3

5.872

— 5,052
— 5,723
- = 5,701

T T ¥ Y ¥
».88 .86 =84 .62 .60  pro

ML

e - J’ﬂ U

T T T T T T ™7 T T T T T T T T T T T T
59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 A2 41 40 39 3.8 37 36 35 34

Expansion of 'H NMR of compound 28-E (300MHz, D,0)
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e
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3.0

&

s gl T 3.6

- S 4.0
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T — T A S S S S

—— ——— — —
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'H-"H COSY of compound 28-E (300MHz, D,0)
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Dy 211,74
PROTON D20 u david 2

H OH CON
Z a
HO 0] / 2
ARG
HO g
\
CH,CHg
29-C R = NHAc

Ju L

T T [] T T T T T T T i
10 3 3 7 6 5 4 3 2 1 ] o

'H NMR of compound 29-C (300MHz, D,0)

L1 z11.74
PROTON D20 u david 2

} J Ulju |

e T T Mkl [ T T T T T T T hAhRE SRl T T T T T T T T
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Expansion of "H NMR of compound 29-C (300MHz, D;0)
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DT 211.74
COSYGPESW D20 u davig 2 ppm
Rominasd @ 4.0
1.5
< 20
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~3.0
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- 1-4.5
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T A T M T T T R T T
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'H.'H COSY of compound 29-C (300MHz, D,0)
DT211.84
PROTON D20 u david 1
M OH .
% o) a
HO. 7 ?
JR
HOH s
28-G R = NHAC
) l JLJM |
T T Ty T ¥ T T | I B AL T i LIRS DAL B ¥ T T T T
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'H NMR of compound 28-G (300MHz, D,0)
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DT 211.53
PROTON D20 u david 2

. S,

1
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r
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Expansion of '"H NMR of compound 28-F (300MHz, D,0)
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DT211,39 PROTON
D20 15/04/2005 #175
4-0-Bn-NeubAcZen
HPLE

% o CO,Na

29-A R = NHAc
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pEn
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'H NMR of compound 29-A (300MHz, D,0)

DT211,3% PROTOH
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Expansion of "H NMR of compound 29-A (300MLz, D,0)
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Appendix D: HPLC data of C-4 thioether NeuSAc2en derivatives

The codes used for the sample names in the following HPLC chromatograms are as
follows: DT211.53 — 4-S-p-(cyano)benzyl-NeuSAc2en; DT211.54 — 4-S-benzyl-
NeuSAc2en; DT211.55 — 4-5-(2-phenyl)benzyl-NewSAc2en; DT211.60 — 4-S-decyl-
NeuSAc2en; DT211.74 — 4-S-cthyl-NeuSAc2en; DT211.82 - 4-S-hexyl-NeuSAc2en;
DT211.84 — 4-S-(2-phenyl)ethyl-NeuSAc2en. The sample name in each scanned picture

is found on the second from the top line.
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bata File C:\HPCHEM\1\DATA\DT211\REINJECT000004.D
Sample Name: DT211.82

Injection Date : 5/30/2005 5:34:22 PM Seq. Line 1 4
Sample Name + DT211.82 Location : Vial 23
Acq. Operator t David Inj : i
Acg. Instrument : Glycomics-HPLCL Inj Volume : 20 nul
Hethod + C:\HPCHEM\1\METHODS\SACN.M

Last changed : 5/30/2005 3:31:21 PM by David

DADT B, Sig-220,20 Rel=380, 100 (D12 1 \REINJECTE00004.D)
DAL 6, Slg=254 20 Rel=380 180 (0T IREINITCTIOML0)
DAD1 B, $ig=280,16 Ref=380,100 (DT21 MREINJECTH0004.0)
Nomm.
3000
H
2500
2000 ;
1500
1000
500 -
2 5 2 g
0 B = =
T T T T T T
0 5 10 15 20 25 min|
Area Percent Report
Sorted By H Signal
Multiplier H 1,0000
Dilution i 1.0000
Use Multiplier & Dilution Factor with ISTbs
Signal 1: DAD1 B, Sig=220,20 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] {mAU*s] {mAU] %
] el [ [===mmm = [ |~ |
1 2.523 BV 0.0945 1574.16101 228.27893 22,0526
2 2.706 Vv 0,1115 1887.83167 251.81001 2.4616
3 3.274 W 0.2800 7.01236e4 3122,21851 91.4349
4 4.108 v 0.4279 1139.69751 33.58434 1.4861
5 4,927 v 0.2579 278.83542 14,792420 0.3636
6 5.52% vp 0.4372 1608.01233 52.22953 2.,0967
7 10.187 BB 0. 4842 80.27020 2.81880 0.1047
Totals : 7.66924e4  3705.73431
Signal 2: DADl €, 8ig=254,20 Ref=360,100
Peak RetTime Type Width Area Height Area
§ [min] [min] [mAlU*s] [mal] %
=== R fm—mm frr e [~ H
1 2.523 BV 0.0800 997.70728 176.27391 1.6334
2 2.722 W 0.0776 362.22836 66.44983 0.5930
3 3.278 VB 0.3312 5,91792e4 2910,39502 96.8837
4 5.527 BB 0.3402 457.89520 20.37652 0.7496
5 10.189 BB 0.5119 85.5864¢ 2.56008 0.1408
Glycomics—HPLC1 6/7/2005 10:50:34 AM David Page 1 of 2
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Data File C:\HPCHEM\1\DATA\DF211\REINJECT000004.D
Sample Name: DT211.82

Injection Date : 5/30/2005 5:34:22 PM Seq. Line : 4
Sample Name : DT211.82 Location : Vial 23
Acq. Operator : David Inj : i
Acqg. Instrument : Glycomics-HPLCL Inj Volume : 20 pl
Method t C:\HPCHEM\1\METHODS\5ACN.M

Last changed t 5/30/2005 3:31:21 PM by David

Peak RetTime Type Width Area Height Area

¥ [min] [min] [mAU*s] {mAU] " %
-1 [——I | - | === f
Totals : 6.10830ed 3176.05536

Signal 3: DADL E, Sig=280,16 Ref=360,100

Peak RetTime Type Width Area Height Area
E frmin] [min] {mAU+*s] [mAlH] %
— | | =1 j===- | === === |
1 2,511 BV 0.0807 125.59361 23.37514 0.B8681
2 2.662 VWV 0.1123 82.,24'754 9.57031 0.5685
3 3.282 VB 0.1480 1.38430e4 1416.07654 95.6789
4 5.518 BB 0.3046 28.412715 1.43766 0.1964
5 11.536 BB 0.6506 388.9%2636 9.40309 2.6881
Totals : 1.44682e4 145%.86275
**+ End of Report *#*4
Glycomics-HPLC1 6/7/2005 10:50:34 AM David Page 2 of 2
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Data File ¢:\HPCHEM\1\DATA\DTZ11\REINJECT0000G5.D

Sample Name: DT211.53

Injecticn Dat
Sample Name
Acg. Operator
Acg. Instrume
Method

Last changed

=]

Glycomics—HPLCL

: 5/30/2005 6:06:02 PM
: DT211.53
t David

nt
1 C:\HPCHEM\1\METEODS\5ACH.M

5/30/2005 3:31:21 PH by David

Seq. Line 1 5
Location @ Vial 24
Inj : 1

Inj Volume : 20 nl

Norm.

&
2

DADT B, 5ig=220,20 Ref=350, 300 (DT 21 REINJECTOG0005 D)
DAL G, Big=i54 20 Ref=380, 160 (T2 BREIMIECTOM005.6)
DAD1 E, $ig=280,16 Ref=360,100 (DT21 1REINJECT0O00005.0)

2 .8
gy 1 I I
10 15 20 25 ey
Area Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution : 1.0000
Use Multiplier & bilution Factor with ISTDs
Signal 1: DADL B, 5ig=220,20 Ref=360, 100
Peak RetTime Type Width Area Height Area
£ [min] [min} {mAl*s] [mAU] %
il Rt e === fmmmm e [ |
1 2.195 BV 0.1102 28.171070 3.41555 0.0153
2 2,506 vv 0.0677 429,.93912 93.47238 0.2335
3 2,650 v 0.0896  464.80905 75.68451 0.2524
4 2,756 Vv 0.0703 127.02332 25.43535 0.0690
5 2.929 vwW 0.1771 183.27060 14.73258 0.0995
6 3,323 v 0.1807 394.20981 29.73436 0.2141
1 3.379 v 0.1665 424.21616 37.91571 0.2304
8 3.866 Vv 0.2401 217.98575 12.45908 0.1184
9 4.189 v 0.2389 216.07138 13.93819 0.1173
i0 4,479 v 0.2020 268.15753 20.32139 0.1456
11 5.817 v 0.2919 2.57038e4 11950.22729 13,9593
12 6.248 Vv 0.1651 4.24941e4 3155.56104 23.0779
13 6.315 vV 0.0835 2.04145s4 3154.84790 11.0868
14 6.452 VW 0.2097 7.5506led 3151.80688 41,0388
15 7.338 wW 0.4200 6644.32568 234.91617 3.6084
16 7.948 VB 0.5064 9374.96680 252,93994 5.0914
17 16.880 BB (.9939 675.42480 10,59285 0,3668
18 24.948 BB 1.0876¢ 506.36978 5.48220 0.2750
Totals : 1.84133e5 1.:14835e4
Glycomics—HPLCL 6/7/2005 10:52:10 AM David Page 1 of 2
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Data File C:\HPCHEM\1\DATA\DTZ2LI\REINJECTO00005.D
Sample Name: DT211.53

Injection Date

Sample

Acg. Operator

Name

Acg. Instrument :

Method

Last changed

Glycomics-HPLC1
1 C:\HPCHEM\1\METHODS\5ACN .}
3/30/2005 3:31:21 PM by David

1 5/30/2005 6:06:02 PY
: DT211.53
: David

Seq.

Line
Locaticn
Inj
Inj Volume :

5
Vial 24
1
20 nl

Signal 2: DADYI C, 5ig=254,20 Ref=360,100

Peak RetTime Type

¢

W I oh s L B

10
11
12
13
14
15

[min]

Totals @

BE333338353338¢

Width Area Height
[min] [mAU*s] [mAU]
I___
0.0574 17.37200 4.46306
0.0741 256.73694 53.40440
0.0520 48.72321 12.09627
0.143%2 95.55136 9.62146
0.1627 339.95483 29,01978
0.15%23 379.78568 35.94292
0.2386 94.14611 6.08324
0.2094 154.11154 11.276596
0,1820 218.11807 17.91978
0.2931 2.52656ed4 1164,406886
0.2679 6.53786ed 3004,42236
0.2481 5,95401ed4 2992.68140
0,3614 4512.30762 175.85524
0.5357 7658.18896 193.51860
0.9125 375.08821 5.920958
1.64334e5 7716.621924

signal 3: DAD]1 E, Sig=280,16 Ref=360,100

$

—
DO U W

11

Peak RetTime Type Width Area

[min] [min] [maU*s]
=1

2.520 BV 0.0581 12.58144
2.641 vV 0,0731 65.22346
Z.763 VV 0.05095 13.12652
2,933 vV 0.1434 13.85690
3.337 W 0.1507 3z.21320
3.578 VB 0.1580 42.05927
4,197 BV 0.1797 20.24778
4,463 VvV 0.1576 31.66262
5.817 v 0.2903 5365,89844
6.281 vv 0.4898 7,86032e4
7.348 VWV 00,3541 859.69653
7.950 VB 0.5174 1453.08252

12

Totals 1

8.65129%e4

Height
{mAl)

250.
2652.
34.
38.

3007,

15,
39,
36.
2.
4.
Q.

CLODODOOO

2283

*++ End of Report ***

Glycomics—~HPLCL 6/7/2005 10:52:10 AM David

277

Page

2 of 2



Pata File G:\HPCHEM\1\DATA\DTZ1l1\REINJECT000003.D

Sample Name: DT211.54

Injection Date

Sample Name

Acq., Operator

Acq., Instrument :
1 C:\HPCHEM\1\METHODS\5ACN.4

Method
Last changed

Glycomics-HPLC1

1 5/30/2005 5:02:43 P4
: DP211.54
t David

5/30/2005 3:31:21 PM by David

Seq., Line : 3

Location : Vial 22
Inj : 1

Inj Volume : 20 pl

Norm.
2500

%] 2
% &

DAL, Sig=230 26 Ref=360,100 (D721 TRENJEC 000003 1)
DATH €3, Blg=254,20 Rer=369,100 (171 DREHIECTH0003.0)
DAD1 E, Slg=280,16 Rel=360,100 (DT211\REINJECT0O00003.0)

10 15 0 25 i}
Area Percent Report

Sorted By Signal

Multiplier H 1.0000

pilution 1.0000

Use Multiplier & Dilution Factor with ISThs

Signal 1: DADl B, Sig=220,20 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] {mAD] %

il el [===mmmm | === | == ]
1 2.276 BV 0.1008 54.48933 7.32608 0.0858
2 2.498 v 0.0564 244,58868 67.37842 0.3850
3 2.659 v 0.0705 182.1%6%1 36.31833 0.2868
4 2.781 vwv 0.0638 88.01978 19.80893 0,1385
5 2.957 W 0.1136 342.78317 43.63585 0.5396
3 3.040 v 0.0514 68,33237 19,25927 0.1076
7 3.149 W 0.0721 156.97586 30.48677 0.2471
8 3.462 VWV 0.1010 77.82953 10.68656 0.1225
9 3.601 vv 0.1065 183.64082 26.60490 0.2891
10 3.691 vv 0.0702 37.43563 7.25073 0.0589
11 3.864 vV 0.3747 7507.89014 248.32466 11.8177
12 6.016 VvV 0.5395 5.21436e4 1335.40759 82.0760
13 6.768 VB 06,3232 1875.17932 88.48716 2.98516
14 7.858 BB 0.5841 567.91199 14.98731 0.8939

Totals 6,35309e4 1955.96258

Glycomics—~HPLC1 &/7/2005 10:49:50 AM David Page 1 of 2
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pata File C:\HPCHEM\1\DATA\DTZ11\REINJECTOUU003.D

Sample Mame: DF211.54

Injection Date

Sample

Name

Acq. Operator

Acqg. Instrument :
: C:\HPCHEM\1\METHODS\5ACH.M

Method

Last changed

5/30/2005 5:02:43 PM Seq. Line :
DT211.54 Lecation

t David Inj
Glycomics~HPLCL Inj Volume

5/30/2005 3:31:21 PM by David

r 20 ul

3

t Vial 22

1

Signal 2: DAD]l C, Sig=254,20 Ref=360,100

Peak RebTime Type
[min]

#

O 00~ oY UT R PO

10
11
12
13

Totals :

EEsssEgdgssse

0

0

0.0614 67.39148 16.57545
"0

0

0

Width Area Height Area
[min] [malU*s] [mAU] -3

0.1112 31.07165 4

0.0568 21.21320 5.51812 0.0202

0.0642 93.23981 20,82556 0.0888

0.0545 26.59566 7.29567 0.0253
L1083 155.55569 21.02205
L0504 33.29402 9.62630

.1149 70.94853 9.52801
.0626 11.19408 2.58175
.4549 7.82523e4 25846.64307
0.5289 2.4881%4 652.,43707
0.3274  949,34027 44.05315
0.6129%9 378.98303 9.35059

[ ]
CowhrOODODO
o
e
=
puct

1.04973e5 3389.51945

Signal 3: DAD1 E, 5ig=280,16 Ref=360,100

Peak RetTime Type Width Area Reight Area
E [min] [min] [mAU*s] [maU} %
e 1-—- fomm | === |- 1
1 2.508 BV 0.0513 13.90108 4,12383 0.0179
2 2.831 vV 0.0899 37.64082 6,46332 0.0484
3 2,715 VB 0.0717 8.21038 1.60542 0.0105
q 2.976 BV 0.0837 8.96288 1.50061 0.011%
5 3.160 VB 0.0524 16.05606 4,1258¢6 0.0206
6 3.601 BV 0,1017 37.70230 5,97072 0.0484
7 3.6%9 VW 0. 0560 5.15229 1.30623 6.619e-3
8 3,867 VB 0.4410 7.50677ed 2568.13818 96.4310
9 6.015 BY 0.5310 1849.23853 48,26309 2.3755
10 6. 743 vV G.3374 89.00774 3.,97276 0.1143
11 7.863 VB 0.5851 712.42413 19.01387 0.9152
Totals 7.78460ed  2664.483090

*t+ Fnd of Report ***

Glycomics~-HPLC1 6/7/2005 10:49:50 AM David
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Data File C:\HPCHEM\1\DATA\DTZ21i\REINJECTOG(012.D
Sample Nama: DT211,55

Injection Dat
Sample Name
Acq, Operator
Acqg., Instrume
Acq. Method
Last changed

e

nt

Analysis Method

Last changed

+

3

5/3G/2005 10:02:25 PM Seq. Line : 12
DT211.55 Location : Vial 28
David Inj : i
Glycomics-BPLC1 Inj Volume : 20 ul

C: \HPCHEM\ 1 \METHODS\20ACN .4
5/30/2005 3:32:20 PM by David
C1 \HPCHEM\ 1 \METHODS\ 5ACN .M
5/30/2005 3:31:21 PM by David

DAD1T B, 8ig=220,20 Ref=360,100 (DT 2 {\REINJECT000012.0)
DADE O, Slg=254 20 Ret=300,100 (T 21 RENIEGTO0M 12 .0}
DAD1 £, 8ign280,16 Ref=360,100 (DT21 \REINJECT000012.0)
Nofm,
1400
1200
1000
300_
B8040 -
400 -
200 o
o
g8 b
0 L .. R, e
] T T T T
L] S 10 15 25 min
Araa Parcent Report
Sorted By Signal
Multiplier 1.0000
bilution H 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: DADL B, 5ig=220,20 Ref=360,100
Peak RelTime Type Width Area Height Area
# {min] [min} [maT*s} [maU]) %
il it e 1 1 o Sl i
1 2.353 BV 0.1252 62.67691 6.46009 0.0738
2 2.649 vy 0.0722 415,22372 83.30647 0.4887
3 2,800 vV 0.0690 84,93230 18.69340 0.1000
4 2.872 W 0.0687 131.06685 26.95637 0.1543
5 3.018 v 0.1124 66,37849 7.71540 0.078%
6 3.304 wv 0.1531 32,93591 2.806305 0.0388
7 3.695 vB 0.0736 30.47073 6.17062 0.0359
4 §.074 BV 0.2652 50.43297 3.04505 0.0594
9 8.957 v 0.3229 194.03682 8.95294 0.2284
10 11.520 BB 0.6485 485.14371 11.24204 0.5710
11 22.565 BB 0.8221 8.34122e4 1465.25513 98.1718
Totals 8.49655ed  1640.60056
Glycomics-HPLC1 6/7/2005 10:54:41 AM David Page 1 of 2
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Data File C:\HPCHEM\1\DATA\DTZILI\REINJECTQOC01Z.D

Sample Name: DF211.55

Injection Date
Sample Name
Acq. Operator
Acg. Instrument
Acq. Method
Last changed
Analysis Methed
Last changed

5/30/2005 10:02:25 PM

DT211.55

David

: Glycomics-HPLC1
1 C:\HPCBEM\1\METHODS\20ACN.M

5/30/2005 3:32;20 PM by David

1 C:\HPCHEM\1\METHODS\5ACN.M

5/30/2005 3:31:21 PM by Pavid

Seq. Line !
Location !
Inj 1

In} Volume i

12
Vial 28
1
20 pi

Signal 2: DADl C, 8ig=254,20 Ref=360,100

Peak RetTime Type
# [min]

076 BV

Width
{min]

0.2648
0.3268
0.6475
0.8285

Signal 3: DADL E, Sig=280,16 Ref=350,100

Peak RetTime Type
4  [min]

Width

1967

Area Height Area
[mAU*s5] {may] 4
***** --1
10.59450 2.1995¢ 0.0179
66,74113 12.02306 0.1130
27.48238 7.66758 0.0465
38,16763 9.14929 0.0646
9.20163 2.092711 0.0156
20.93880 4., 30606 0.0355
63,39040 3.75867 0.1073
157.08046 7.19240 0.2660
423.01569 9.8794¢  0.7163
5.82401ed 1019.41705 98.86172
%.90567e4 1077.68584
Area Height Area
{mAU*s] fmau] %
5.30922 1.187865 0.1463
83.45076 15.52533 2.3002
16.71251 4.29769 0.4606
20.30084 4.654%6  (.5596
5.32583 1.12611 0.1468
6.39816 1.46458 0.1764
3490.55933 60.89958 96,2102
3628.05664 89,15591

%% BEnd of Report ***

Glycomics—-HPLC1 6/7/2005 10:54:41 AM David
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Data File C:\HPCHEM\1\DATA\DTZ211\REINJECTOCC014.D
Sample Name: DT211,60¢

Injection Date : 5/30/2005 11:10:37 B Seq. Line : 14
Sample Name 1 DT211.60 Location ! Vial 29
Acqg. Operator : Pavid inj : 1
Acq. Instrument : Glycomics-HPLC1 Inj Voiume : 20 pi
Acq. Method ¢t C:\HPCHEM\1\METHODS\Z5ACH.M

Last changed : 5/30/2005 3:32:36 FPM by David
analysis Method @ C:\HPCHEM\1\METHODS\SACN.M

Last changed 1 5/30/2005 3:31:21 PM by David
121 TRENJECTO0U014.0) -
RALRE O, Sig=254 20 Ref=300, 100 (0721 RRERLIECTO000 4.6
DAD1 E, 8ig=280,16 Ref=350,100 (DT21 1\REINJECT000014.0)
Norm. | o
2560 - %
4 E-
2000 -
1600
1000 -
500 -
of
par §g 8N
0 203 Sl L e o AU = . —
) T T e A S A F S ¥
o ~ 5 10 i5 20 25
Area Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution H 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: DADL B, S5ig=220,20 Ref=360,100
Peak RetTime Type Width Area Height Area
3 {min} [min] [mAU*s] [mAL] %

1 2,290 BV 0.10717 26.17551 3.25758 0.01986
2 2.623 VW 0.0569 192.14078 47.82999 0.1440
3 2.665 VW 0,0496 192.22287 56,62530 0.1441
4 2,886 W 0.,0778 69.40511 13.07389 0.0520
5 2.968 Vv 0.0696 104.23949 21.10854 0.0781
6 3.132 v 0.1031 33.18549 4.24838 0.024%
7 3.378 vV 0.1955 43.61155 2.,96644 0.0327
8 3.780 VB 0.0899 41,35683 6.,35570 0.0310
9 0.2025 48.64078 3.77009 0.0365
0.2796 229.18282 11.74836 0.1718
0.3636 485.17548 20.63070 0.3636
12 7.039 VB 0.1219 8.93966 1.11111 6.700e-3
0.1486 14.74729 1.48869 0.011%
0.5083 9.77165e4 2751.83838 73.2371
0.3108 3.42193e4 1744.72937 25.6469

Totals : 1.33425=5 4620.84232

Glycomics-HPLC1 6/7/2005 10:55:20 AM David Page 1 of 2
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Data File C:\HPCHEM\1\DATA\DTZ1I\REINJECT000014.D

Sample Name: DT211.60

Injection Date

Acq. Operator : DPavid

Acq. Instrument : Glycomics~HPLC1

Acq. Method
Last changed

5/30/2005 11:10:37 BM
Sample MName : DT211.60

: Ci:\HPCHEM\1\METHODS\25ACN.HM
5/30/200% 3:32:36 PM by David

Analysis Method : C:\HPCHEM\1\METHODS\5ACN.M

Last changed

+ 5/30/2005 3:31:21 P by David

Seq. Line :
Location :

Inj

Inj Volume :

14
vial 29

20 pl

Signal 2: DADL €, Sig=254,20 Ref=350,100

Peak RetTime Type Width

¥ [min] {min]}
1 2.292 BB 0.0773
2 2.620 BV 0.0541
3 2.675 VB 0.0536
4 2.976 BY 0.0858
) 3.133 VB 0.0963
[ 3.779 BB 0.06890
7 4,618 BV 0.2080
8 5.097 VB 0.26886
9 6.444 BB 0.3894
13 12.656 BV 0
11 13.075 VB 0

Totals

Area
{mAU*5]
] B e [====mmmmme f==mmmmmm—e fmmmmmmms ]

G.
30.
58.
45.
14,
26.
54.

176.
427.

80936
80171
70607
44607
91393
98674
96881
84933
98938

L5002 6.77887e4d
.3146 2.81853e4

Height Area
fmaAU] %
1.25502 7.033e-3
8.14711 0.0318
16.46337 0.0606
7.18753 0.0469
2,11400 0.0154
4.19515 0.0279
4.05786 0.0568
9.27026 0.1827
17.37193 0.4421
1966.54968 70,0170
1438,35437 29,1118

9.68175ed4 3474,96688

Signal 3: DADl E, Sig=280,16 Ref=360,100

Peak RetTime Type Width

# [min} {min])
1 2,622 BV 0.0520
2 2,672 VWV 0.0585
3 2.974 v 0.0959
4 3.777 BB 0,0726
5 12,656 BY 0.4623
& 13.075 vB 0.2905

Area
{mAU*s]

. 70520

12500
21558

51324

Height
[mAl)

285

|
.17493

.10049
L91174
.33541
. 63206
27567

.43030

0,3215
0.1029
62.0019
36.3069

*%% End of Report ***

Glycomics—HPLC1 6/7/2005 10:55:20 AM David
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Data File C:\HPCHEM\I\DATA\DTZ211\REINJECTGOQ0QQ1.D
Sample Name: DT211.52

Injection Date : 5/30/2005 3:54:24 PM Seq. Line
Sample Name ¢+ DT211.52 Location
Acq. Operator ¢ David Inj
Acd. Instrument : Glycomics—-HPLCIL Inj Volume
Aeq. Method : C:\HPCHEM\1\METHODS\O~ET-REINJECT .M

Last changed : 5/30/2005 3:30:44 PM by David
Analysis Method : C:\HPCHEM\1\METHODS\SACN.M
Last changed : 5/30/2005 3:31:2%F PM by David

DAD] B, S1g=220,70 Rel=260,100 (D121 'REINJEC 1000061 D}
CAD ©, Sig=254,20 Ref=380, 160 (DT 21 TIRE I IECTAM0000
DAD1 E, §ig=280,16 Ref=260,100 (DT21 1\REINJECTO00001.0}
Nomn. | -]
d
2500
2000
1500 -}
1000 |
500
0 A
v T T T T e ,
5 30 15 20 25 mrin

Area Percent Report

Sorted By ! Signal

Multiplierx ! 1.0000
Dilution H 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: DhDl B, Sig=220,20 Ref=360, 100

Peak RetTime Type Width Area Height Area
¥ fmin) [min] [mAU*s] [mAU} %
il it f=———1 |- == [-—mmmm |
1 2,186 BV 0.0674 6.71077 1.46498 0.0139
2 2.531 Vv 0.0538 216,44858 60,39103 0,4481
3 2.719 v 0.0848 618.78271 101.92947 1,2810
4 3.144 VB 0.2242 4.74914e4 3006.40332 98.2570

Totals : 4.83034e4 3170.18881

Signal 2: DADL C, Sig=254,20 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s} [mAU] %
-—1 |1 |- |-—= jommmm !
1 2.18% BB 0.0726 8.82101 1,69767 0.027&
2 2.541 BV 0.0536  38.85307 1¢,88609 0.12186
3 2,719 v 0.0798 297.71637 54.45380 0.93%6
4 3.137 VB 0.2124 3.16127e4 2451.46851 98,9192

Totals : 3.1958led 2518.50606

Glycomies~HPLC1 6/7/2005 10:47:48 AM David
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Data File C:\HPCHEM\1\DATA\DIZ211\REINJECT000001.D

Sample Name: DT211.52

Injection Date
Sample Name

Acqg. COperator
Acqg. Instrument @
Acqg. Method
Last changed
Analysis Method :
Last changed

5/30/2005 3:54:24 PM Seq. Line :
1 PT211.52 Location :
: David Inj :
Glycomics—HPLCL Inj Volume :

+ C:\HPCHEM\1\METHODS\O-ET-REINJECT.H
: 5/30/2005 3:30:44 PM by David

C: \HPCHEM\1\METHODS\5ACN .M

:+ 5/30/2005 3:31:21 PM by David

Vial 21

20 ul

Signal 3: DADi E,

Peak RetTime Type
¥ [min]

Sig=280,16 Ref=360,100

Width Area Height Area
[min] [mAU*s] [mAU] %

1 2.190 BB

2 2.545 BV

3 2,669 VB

4 3.136 BB
Totals :

0.0762 6.95844 1.26457 1.0495
0.0556 20.87447 5.85127 3.1484
0.0878 46.22507 7.11859% 6.9719
0.1344 588.960&3 65.84416 88.8302

663.018581 80.07859

*** End of Report ***

Glycomics—HPLC1 6/7/2005 10:47:48 AM David
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Data File C:\HPCHEM\1\DATA\DT211\REINJECTO000010.D

Sample Name: DTZ211.75

Injection Date 3 5/30/2005 8:54:12 PM Seq. Line : 10
Sample Name + DT211.75 Location : Vial 27
Acq. Opecrator 1 bavid Inj @ 1
Acg. Instrument : Glycomics-HPLC1 Inj Volume : 20 pl
Acq. Method + C:\HBCHEM\1\METHODS\15ACN.H
Last changed + 5/30/2005% 3:32:05 PM by David
Analysis Method : C:\HPCHEM\1\METHODS\5ACH.M
Last changed : 573072005 3:31:21 PH by David
DAD1 B, S5ig=220,20 Ref=380,100 {DT21 {\REINJECTO00210.D}
FrAR £, Sigeiid 20 Rels3a0, 10 (DT 2 HTRERNECTO00M D 0)
DAD1 E, Sig=260,16 Ref=350,100 (DT2+1\REINJECT000010.D)
Norm. g
2500
2000 |
1500 - 2
o
2
N
R
| ] T T T 1 N
0 <] 10 15 20 25 mir|
Area Percent Report
Sorted By Signal
Muitiplier 1.0000
Ditution 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: DADL B, 5ig=220,20 Ref=360,100
Peak RetTime Type Width Area Height Area
$ {min] [min] [mAU*s] [mau] %
il Rttt f——1 -—=- - i
1 2,308 BY 0,0801 24.81810 4.25033 0.0419
2 2.621 vV 0.00692 592.57318 120.91873 1.0008
3 2.690 vv 0.0385 75.13650 28.70242 0.1269
4 2.767 W 0.0688 253.79358 52.15182 0.4286
5 2,894 VB ¢,1109 206.90065 25,98501 0.3494
6 3.214 BV 0,1009 48.21884 6,47073 0.0814
7 3.329 W 0.1167 35.53308 4.67218 0.0800
g 3.535 vv 0.0999 243.89713 35.861075 0.411%
9 4.691 vv 0.25%94 5,75292e4  3004,74390 97.1625
10 5.598 VB 0.4011 199.17188 7.42193 0.3364
Totals 5.92092e4  3290.92780
3ignal 2: DADl <, 3ig=234,20 Ref=360,100
Glycomics-HPLCL 6/7/2005 30:33:58 AM David Page 1 of 2

286



Data File Ct\HPCHEM\1\DATA\DTZ11\REINJECTO00010.D

Sample Wame: DT21:.75

Injection Pate 5/30/2005 8:54:12 PM Seq. Line : 10
Sample Name + DT211.75 Location : Vial 27
Acq. Operatoxr David Inj : 1
Acg. Instrument : Glycomics-HPLC1 Inj Volume : 20 pl
Acg. Method ¢ Ci\HPCHEM\1\METHODS\1i5ACN.M
Last changed : 5/30/2005 3:32:05 PM by David
aAnalysis Method : C:\HPCHEM\i\METHODS\B5ACN.H
Last changed : 5/30/2005 3:31:21 BM by David
Peak RetTime Type Width Area Reight Area

# [min] [min] [mAU*s] [mal) %
Bl R - | nthitall

1 2.309 BV 0.0713 7.62329 1.49993 0.0216

2 2.634 v 0.0777 70.16982 12.45682 0.19¢21

3 2.694 vv 0.0371 19.68122 7.88784 0.0558

4 2,768 vV 0.0608 93.40009 22.30805 0.2650

5 2.892 VB 0.1009 81.09901 11.40949% 0.2301

6 3.218 BV 0.0830 14.04432 2,30825 0.0398

7 3.345 w 0.1047 9,34005 1.34955 0.0265

8 3.534 wv 0.0976 124.49924 18.71817 0.3533

9 4.695 VB 0.2506 3.469%40ed4 2193.18823 98.4411

10 5.606 BB 0.4036 129.55333 4.91436 0.3676
Totals : 3.52434e4 2276.04068
Signal 3: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Typa Width Area Height Area

# [mizn} {min] [mAU*s] [mAU} %
e - [ iatteiadatetatatedl Ratebelbnbaltey

1 2.633 BV 0.,0711 81.93826 16.74919 13.1759

2 2.765 VW 0.0608 41.65164 9.96741 6.6977

3 2.914 v8 0.0874 17.03515 2.70787 2.7383

4 4,695 BB 0.1701 481.25620 40.08751 17.3872
Totals : 621.88125 69.51178

**%* End of Report ***

Glycomics~HPLCL1 6/7/2005 10:53:58 AM Pavid

287

Page

2 of 2



Data File C:\HPCHEM\1\DATA\DTZ11\REINJECTO00OGCS8.D
Sample Name: DT211.82

Injection Date : 5/30/2005 7:45:58 PM Seq. Line :
Sample Name 1 DT211.82 Location :
Acq, Operator 1 David Inj
Ahcqg. Instrument @ Glycomics—HPLCL Inj Volume
Acyg. Method : C:\HPCHEM\1\METHODS\10ACN.M

Last changed : 5/30/2005 3:31:34 PM by David
Analysis Method : C:\HPCHEM\1\METHODS\SACN.,M
Last changed : 5/30/2005 3:31:21 PM by David

8

DAD1 B, 8ig=220,20 Ref=360,100 (DT21 \REINJECT000008.0})
DALY G, Slg=254,20 Rel=360, 100 (D121 PREINIECT00005.02)
DAD1 E, Sig=280,18 Ref=360,100 (DT211\RENJECTOC0)08.0)

Norm. |

2500 -

20 25 [y
Area Percent Report
Sorted By H Signal
Multiplier t . 1.0000
Pilution H 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD1 B, Sig=220,20 Ref=360,100
Peak RetTime Type Width Area Height Area
# {min] [min} [mAU*5 ] {mAU) %
il bt [==== === [ Redadedeins it Skl Rt |
1 2.393 BV 0.067¢9 95.37785 i9.89544 0.0677
2 2.549 Vv 0.0556 2585.03418 691.96381 1.8353
3 2.642 v 0.0610 526.00525 125.29282 0.3734
4 2.710 v 0.1254 546.36371 57.21728 0.3879
5 3.074 Vv 0.1426 497.80679 45.870956 0.3534
6 3.258 vv 0.1682 997.25726 75.46400 0.70680
7 4.083 VB 0.396% 712.25500 24.96196 0.5057
8 6.206 BV 0.2805 588.45618 32.99024 0.4185
9 7.713 vv 0.2313 4.56578e4  3039.49243 32.4142
10 7,746 Vv 0.3095 7.96107e4 3040.00872 26.5199
11 9.377 VB 0.4601 973.92426 26.42100 0.6914
12 13.329% BV 0.8431 1002.44086 17.79763 0.7117
13 15.022 VB 1.2213 7059.85840 70.92416 5.0122
Totals : 1.40854e5 7268.30051
Glycomics-HPEC1 6/7/2005 10:53:20 AM David Page 1 of 2
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Data File C:\HPCHAEM\1\DATA\DT211\REINJECT000008.D
Sample Name: DT211.82

Injecticon Date

Sample Name

Acqg. Operator
Acq. Instrument :
1 C:\HPCHEM\1\METHODS\10ACN.M

Acqg. Method
Last changed

: 5/30/2005 7:45:58 PM Seq. Line :
: DT211,82 Location @
David Inj ¢
Glycomics-HPLC1 Inj Volume :

Aralysis Methed :

Last changed

5/30/2005 3:31:34 PM by David
C:\HPCHEM\1\METHODS\5ACHN .M
5/30/2005 3:31:21 PM by David

8

Vial 26
i

20 pl

Signal 2: DAD1 C, Sig=254,20 Ref=380,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s} [mAU] %
——=1 b——1I [ | | 1
E 2.393 BV 0.0602 34.83666 8.44006 0.0327
2 Z2.555 w 0.0704 456.13901 94,40737 0.,4284
3 2.643 W 0.0599 216.45300 52.75651 0.2033
4 2,197 W 0.1303 465,.46948 53.07554 0,4371
5 3.087 v 0.,1224 103.01102 11.50624 0.0967
[ 3.255 vv 0.1002 412.70419 54.56799 0.3876
7 3.418 VB 0.08%5 148.76250 24.97529 0.1397
8 4.073 BB 0.3874 493,37558 21,36809 0.4633
9 5.035 BB 0.2582 25,44212 1.37281 0.0239
10 6.205 BV 0.2753 164.84569 9.45897 0.1548
11 7.739 VB 0.5443 9.81208e4 2508.92969 92.1447
12 13.329 BV 0.7798 638,98395 11.98891 0.6001
13 15.028 vB 1.2165 5204,68604 52,68541 4.8877
Totals :

Signal 3: DAD] E,

Peak RetTime
¥ [min]

Totals :

Type

vB

1.06486e5 2905.53289

5ig=280,16 Ref=360,100

wWidth Area Height Area
{min) [mnAU*s] [mAU) %

|
0.0496 12.12990 3.79863 1}
0.0894 449.81766 69.60860 4
0.1461 302,88260 30,43967 2.
0,1115 113,34844 14.44802 1.0926
0.1035 72.53084 9.67331 0
0.3022 4669.55371 224.90622 45
0.3108 4754,37109% 232.29912 45

1.0374624 585.17356

**% End of Report ¥*%

Glycomics-HPLC1 6/7/2005 10:53:20 AM David
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Data File C:\HPCHEM\I\DATA\DTZ21i\REINJECTOOQ0Q7.D
Sample Name: DT211.84

Injection Date : 5$/30/2005 7:14:16 PM Seq. Line 13 ki
Sample Name : DT211.84 Location @ Vial 25
Acq. Operator : David Inj 3 1
Acq. Instrument : Glycomics-HPLC] Inj Volume : 20 nl
Acq. Method 1 C:\HPCHEM\1\METHODS\10ACN.H
Last changed : 5/30/2005 3:31:34 PM by David
Analysis Method : Ci\BPCHEM\1\METHODS\SACH.M
Last changed :+ 5/30/2005 3:31:21 PM by David
" DAD1E, 5ig=220,20 Rel=360,160 (DT211\REINJECTO00007.D} T
DAY €, Slge5e 50 Rel=300 100 T 2 P ARENIES 100007 D}
DAD1 E, Sk=280, 16 Ref=360,100 (DT211\REINJECTG00007.0}
Nom. ] 2
3000 | ?
2500
2000
1508
10040 -
£00 ~
w
] g £
0T ol &
T T T ¥
0 19 15 20 25 mi
Area Percent Report
Sorted By ' Signal
Multiplier ' 1.0000
Dilution H 1.0000¢
Use Multiplier & Pilution Factor with IS5STDs
Signal 1: DAD1 B, Sig=220,20 Ref=360,100
Peak RetTime Type Width Area Height Area
4 [min} [min} [mAU*s] {may] %
il bttt | === === | Radateindatoioleteie Jmmmm—— |ttt |
1 1.887 BV 0.2437 17.04161 1.10818 0.0221
2 2.555 VvV 0.0612 410.88754 97.,45527 0.5340
3 2,655 v 0.0892 577.85327 89,61021 0.7509
4 2.825 vw 0.1234 321.63779 37.74090 0.4180
5 3.034 v 0.0939 282.50082 43.42561 0,3671
6 3.299 W 0.2125 2102.26465 130,1339%0 2,1319
7 3.871 v 0.1420 53.04193 4.99117 0.0689
8 5.3892 VB 0,3817 7.30823e4 3070.32568 94.9708
9 6.8%24 BB 0.2850 64.21659 3.55077 0.0834
10 8.736 BB 0.3011 40.65155 2.0175% 0.,0528
Totals 7.69524e4 3480.35735
Signal 2: DARl C, S5ig=254,20 Ref=360,100
Glycomics—-HPLC1 6/7/2005 10:52:41 AM David Page 1 of 2
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bata File C:\HPCHEM\1\DATA\DT2il1\REINJECTOGGOD?7.D
Sample Name: DT211.84

Injection Date : 5/30/2005 7:14:18 PM Seq. Line : 7
Sample Name 1 DT211.84 Location : Vial 25
Acq. Operator 1 David Inj : 1
Acqg, Instrument : Glycomics-HPLCL Inj Volume : 20 pl
Acg. Method 1 C:1\HRPCHEM\ 1\METHODS\10ACN.M
Last changed : 5/30/2005 3:31:34 PM by David
Analysis Method : C:\HPCHEM\1\METHODS\SACN.M
Last changed 1 5/30/2005 3:31:21 PH by David
Peak RetTime Type Width Area Height Area

# [min] {min] {mAlU*s] [maU] %
= [ Endaietad Radutee bt I--- I | === I

1 2.558 Bv 0.0608 113.28417 27.,06050 0.2184

2 2.673 w 0.0783 1692.90862 29.00428 0.3276

3 2.737 w 0.0627 103.01408 24.68801 0,1986

4 2.927 wW 0.1084 148.46213 19.59868 0.2B63

5 3.030 v 0.1169 274,14929 33.01569 0.5286

6 3.29%9 Vv 0.1958 1634.71472 111.04140 3.1520

7 3.885 w 0.1358 25.08338 2.52657 0.0484

8 5,390 VB 0.3031 4,93197«4 2556,139%65 95.0951

9 6,902 BB 0.3756 T5.21820 2.89089 0.1450
Totals : 5,18636a4 2B05.96569

Signal 3: DADL E, Sig=280,16 Ref=360,100

Peak RetTime Type Width Area Height Area
i [min] fmin] [MAU*s] {mAU] %

1 2.556 BV 0.0641 146.31795 32.73884 3
2 2,644 vV 0.0724 74.88522 15.47677 1
3 2,739 VB 0.0645 22.32774 4.95807 o
4 3.028 BV 0.1261 58.55417 6.56451 1.2476
5 3.298 vV 06,1129 148,39014 19.04381 3
6 3.406 VB 0.1345 142.00948 15.55700 3
7 5.389 BB 0.2519 4100.84863 246.74292 87

Totals : 4693,33332 341.08192

**% End of Report *#*+*
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