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Abstract 

 

Campylobacter jejuni (C. jejuni) is currently the leading cause of food-borne 

gastroenteritis, and is a precursor to Guillian–Barré and Miller–Fischer syndromes.  C. 

jejuni produces a number of unusual carbohydrates on its cell surface that are essential to 

viability and pathogenicity.  Of particular interest is the C. jejuni strain 11168H capsular 

polysaccharide (CPS), which, in addition to having a structurally interesting 

tetrasaccharide repeating unit, is a virulence factor. The tetrasaccharide consists of β-D-

ribofuranose (Ribf), 2-acetamido-2-deoxy-β-D-galactofuranose (GalfNAc), α-D-

glucopyranosiduron-(2-amino-2-deoxyglycerol)-amide (GlcANGro), and 6-O-methyl-D-

glycero-α-L-gluco-heptopyranose (Hep) residues.  Inhibitors of CPS biosynthesis are 

attractive therapeutic targets in circumventing C. jejuni associated diseases. However, 

there remain many questions in regard to the mechanism by which the C. jejuni CPS is 

biosynthesized, and without a proper understanding and identification of the enzymes that 

catalyze the synthesis of this tetrasaccharide, producing effective inhibitors remains 

problematic.  

 

The aim of this project was to address some of these deficiencies. The main focus was to 

identify the GalfNAc transferase that catalyzes the coupling of the GalfNAc onto the 

GlcANGro in the tetrasaccharide repeating unit. This involved cloning and expressing 

putative GTs in the cps gene cluster (cj1438, 1440, and 1442), as well as chemically 

synthesizing potential donor and acceptor substrates to test with these enzymes. It 

concluded with an enzymatic assay designed to probe for GalfNAc transferase activity.  
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1 Introduction 

1.1 Research Overview and Objectives 

Campylobacter jejuni (C. jejuni) is currently the leading cause of food-borne gastroenteritis, and 

is a precursor to Guillian–Barré and Miller–Fischer syndromes.1–3  C. jejuni produces a number 

of unusual carbohydrates that are essential to viability and pathogenicity.  Of particular interest is 

the C. jejuni serotype NCTC11168H capsular polysaccharide (CPS), which, in addition to having 

a structurally unique tetrasaccharide repeating unit (Figure 1-1), is an important virulence 

factor.4,5 Inhibitors of CPS biosynthesis are possible therapeutic targets in circumventing 

diseases associated with C. jejuni. However, there remain many questions in regard to the 

mechanism of CPS biosynthesis in C. jejuni. Without a proper understanding and identification 

of the enzymes that catalyze the synthesis of this tetrasaccharide, producing effective inhibitors 

remains problematic. This thesis aims to carry out investigations to identify the enzymes 

(glycosyltransferases, GTs) that catalyze the coupling of the carbohydrate residues in the 

tetrasaccharide repeating unit. The enzyme that introduces the 2-acetamido-2-deoxy-β-D-

galactofuranose (GalfNAc) residue (Figure 1-1, ring B), a GalfNAc-transferase, will be the 

primary focus.   

 

The structure of C. jejuni NCTC 11168 (HS:2) CPS is shown below. There are, however, many 

different CPS structures for C. jejuni that are strain dependent, and a full review has been 

published.3  
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Figure 1-1: Structure of C. jejuni NCTC 11168 (HS:2) CPS repeating unit. (A) β-D-
ribofuranose, (B) 2-acetamido-2-deoxy-β-D-galactofuranose, (C) α-D-glucopyranosiduron-(2-
amino-2-deoxyglycerol)-amide, (D) 6-O-methyl-D-glycero-α-L-gluco-heptopyranose. 
 

This introduction will begin with an overview of the organism, C. jejuni, and C. jejuni associated 

disease. Focus will then shift to the virulence factors that contribute to disease progression, with 

a sole focus on the CPS of serostrain 11168 (HS:2), and its initial discovery. CPS assembly and 

export will be examined, with special attention to the GTs responsible for elongating the CPS 

repeat unit. An overview of the genome and assignment of putative function based on sequence 

homology will lead to the first aim of the project: the cloning and expression of the most likely 

GalfNAc-transferase gene candidates. Further in depth structural analysis will lead to the second 

aim: the chemical synthesis of potential donor and acceptors to test with the putative GTs. 

Lastly, visualization and characterization methods for the potential products of the GalfNAc-

transferase will be discussed.  
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1.2 Campylobacter jejuni: Associated Diseases and Virulence Factors 

Campylobacter, consisting of 16 species and an additional 6 subspecies, is a member of the 

epsilon proteobacteria.1 It is closely related to Gram-negative mucosal pathogens such as 

Haemophilus influenzae and Neisseria meningitides due to it being microaerophilic (requiring 

oxygen for growth, but at a lower amount than the atmosphere), naturally transformable (can 

actively take up free DNA and readily incorporate its genetic information), and encapsulated. C. 

jejuni exist as commensals in the gastrointestinal tract of domestic and wild birds, as well as 

mammals. Moreover, C. jejuni is currently the leading cause of food-borne gastroenteritis, 

making it a subject of research interest. Approximately 1% of Europeans suffer from 

campylobacteriosis, resulting in an annual cost of €2.4 billion; in the United States costs amount 

to $2.9 billion each year.6 Over 90% of these cases are attributable to C. jejuni. Consumption or 

handling of contaminated poultry products is the primary source of human infection.3,7 In 

addition to bacterial diarrhea, less than 1 in 1000 of those infected with campylobacter enteritis 

will develop Guillan–Barré or Miller–Fischer syndrome, which are chronic, and sometimes fatal, 

paralytic disorders.2 The cause of paralysis is due to the host immune response, which, when 

targeting the C. jenuni lipopolysaccharide (LPS), produces antibodies with the same surface 

recognition moiety as those found on native peripheral nerves.8 Consequently, the host mounts 

an autoimmune response that destroys myelin, and causes nerve damage. 

 

Although C. jejuni is a causative agent of gastroenteritis, little is known as to the mechanism of 

C. jejuni survival and infection. This is due to the lack of non-primate models for diarrhoeal 

disease.13 Thus, the route from environmental contaminant, to chicken ceca, to poultry carcass 
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contaminant, and finally human disease agent, contains many hurdles for bacterial survival and 

infectivity. 

 

It is postulated that C. jejuni is capable of triggering various adaptive responses to different 

environmental stresses, due to its persistence in the gastrointestinal tract of poultry, a hostile 

environment. It is also known that C. jejuni colonizes the lower gastrointestinal tract after 

ingestion. Colonization alone, however, can be asymptomatic, and disease outcome is more 

dependent on the immune status of the host as well as the virulence characteristics of the 

campylobacter strain. It has been demonstrated that capsules are virulence factors in other 

pathogens. However, the role of CPS in C. jejuni disease, specifically, has not been well 

demonstrated except for descriptive studies demonstrating serum resistance and onset of diarrhea 

in a ferret model of disease.3 One compelling piece of evidence giving significance to the CPS as 

a virulence factor in C. jejuni infections, and warranting the further study of its role as such, is 

that conjugate vaccines against CPS protect against diarrhoeal disease in non-human primates.1  

 

As is a major area of concern for a wide variety of bacterial pathogens, C. jejuni has developed 

antibiotic resistance.9–11  This has been attributed to the fact that, acting as a commensal in 

poultry and cattle, C. jejnui has been exposed to sub-therapeutic antibiotics for years as a 

measure of increasing output.12 Thus, the exposure of C. jejuni to antibiotic treated commensal 

hosts allowed it to develop antibiotic resistance before transfer to humans.  

 

Despite the growing contributions to understanding the progression and onset of 

campylobacteriosis, and its mechanism of virulence, there remain large areas for which, at the 
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molecular level, our understanding is lacking. Of specific concern is the biosynthesis and export 

machinery of polysaccharides in Gram-negative bacteria. Consequently, the need for 

investigations to address this gap in knowledge is ever increasing. Such studies will not only aid 

in the understanding of how these bacteria produce such diverse and elaborate virulence factors, 

but also lead to the production of novel chemotherapeutic agents that selectively target and 

disrupt capsule synthesis and export, to combat infection. 

 

1.3 Bacterial pathogens and virulence factors 

C. jejuni, like all bacterial pathogens, have evolved an array of physiological adaptations that 

allow them to survive under the harsh conditions in a host organism. These conditions arise from 

an environment devoid of natural elements required for bacterial growth, antibacterial factors in 

secretions covering mucosal surfaces, and phagocytic cells recognizing bacteria as foreign.13 

 

For bacteria to cause disease, they need to meet two key criteria before colonizing: the capacity 

to infect, and to invade the host organism.14 There are a number of cellular components required 

to overcome the host resistance mechanisms that threaten bacterial survival, and these are 

referred to as virulence factors. The functions of virulence factors are threefold; they aid the 

bacteria in (1) invading the host, (2) causing disease, and (3) evading host defenses.1 In regard to 

Gram-negative bacteria such as C. jejuni, these virulence factors include cell surface and 

extracellular components—such as flagella and associated chemotaxis proteins—as well as the 

lipopolysaccharide (LPS) and capsular polysaccharide (CPS).14 Bacterial infectivity results when 

there is an imbalance between bacterial virulence factors and host resistance. This thesis will 

focus on one of these virulence factors: the CPS.   
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1.4 Capsular Polysaccharides 

Surface polysaccharides represent the predominant structures of all bacterial cell surfaces, and 

function to maintain surface charge, phase variation (are displayed in an on-off fashion in 

response to environment), as well as providing serum resistance.15 Polysaccharide capsules, in 

particular, are essential for mediating the interaction between pathogens, their hosts, and the 

environment, because they are located on the outermost layer of the cell. As a result, they are 

often the first bacterial structure encountered by the host immune system. CPSs are widely 

dispersed and found in a diverse class of pathogens, including Escherichia coli, and Neisseria 

meningitides, and are also found in important Gram-positive pathogens such as Staphylococcus 

aureus and Streptococcus pneumonia. CPSs form an extensive layer around the cell, and are 

therefore often observable by electron microscopy (Figure 1-2). In E. coli, for example, the CPS 

can extend anywhere from 100–400 nm, and is formed by a series of glycan chains that are over 

200 sugars long.16 A single species of bacteria can synthesize a range of CPS; therefore, they act 

as a basis for serotyping schemes.  
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Figure 1-2: C. jejuni visualized by Electron Microscopy using Alcain Blue stain. Reprinted with 
permission form American Society for Microbiology: Infect. Immun., 69, 5921–5924, copyright 

2001.17 
 

These sugars also play a crucial role in bacterial survival and virulence by preventing 

desiccation, assisting in adherence, providing resistance to non-specific and specific host 

immunity, as well as mediating the diffusion of molecules through the cell surface.18 

Extracellular polysaccharides are classified into CPS and slime polysaccharides, where the 

former is intimately associated with the cell surface through a phospholipid linker, and the later 

loosely associated (Figure 1-3).18 A CPS-lipid linker has been identified as the most likely means 

of association to the bacterial cell surface, but other possibilities exist, including ionic 

interactions between the CPS and the core region of the LPS.19 Capsule genes have a 

significantly higher A+T composition than the rest of the chromosome, suggesting a common 

ancestry for these genes in Gram-negative bacteria, with the most likely candidate being 

horizontal gene transfer.18 
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Figure 1-3: Cell Surface Glycans: General depiction of Gram-negative bacterial cell wall with 
Inner Membrane (IM), Periplasmic space with peptidoglycan, Outer Membrane (OM), 
Lipopolysaccharide (LPS, containing the O-Antigen, Outer Core, Inner Core, and Lipid A), and 
Capsular Polysaccharide (CPS). 

 

1.4.1 Prevention of Desiccation 

CPSs are highly hydrated molecules that are over 95% water. As a result, they form a hydrated 

gel around the cell surface that acts to protect the bacteria from the harmful effects of 

desiccation. This results in the increased survival of encapsulated bacteria outside of the host 

compared to non-encapsulated bacteria, which, in turn, promotes the transmission of bacteria 

from one host to the other.18,20,21  Some evidence suggests that bacteria have evolved a 

mechanism by which they regulate capsule expression in response to desiccation; when external 

osmotic concentration is altered, an increase in capsule biosynthesis is triggered.20,21 
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1.4.2 Adherence 

CPSs have been shown to facilitate the formation of biofilms, as well as the ability to colonize in 

various ecological niches.22 This has been postulated to be due to their ability to promote 

adherence, both to each other and various surfaces. The formation of a biofilm is advantageous 

to individual bacteria in that it provides protection from phagocytic protozoa, infection by 

bacteriophages, as well as nutritional advantages, due to biofilm nutrient trapping.22 The biofilm 

has also been shown to establish a microbial consortium, and the close interaction between 

individual bacteria is believed to arise as a result of colonizing bacteria providing bridges of 

attachment for subsequent bacteria introduced in the environment.23,24 In addition to the adherent 

properties in bacterial biofilms, it has also been suggested that some CPSs have lubricant 

properties that allow their swarming over substrata by reducing friction.25 

 

1.4.3 Resistance to Host Immunity 

Because the CPS often constitutes the outermost layer of the bacterial cell surface, it is the first 

bacterial structure encountered by the host immune system. Therefore, it plays an essential role 

in evasion of the host immune system, and so it is not surprising that many acapsular bacterial 

isolates are non-pathogenic.14  Consequently, CPS structures have been used to develop vaccines 

against N. meningitides.1 There is, however, a fear in using more commonly seen CPS structures 

as vaccine candidates, due to their similarity to human glycans such as glycosaminoglycans 

(GAGs). For example, Pasteurella multocida and E. coli make CPSs that are either similar or 

identical to the nonsulfated backbone of hyaluronan, chondroitin sulfate, and heparosan. In 

contrast C. jejuni, the subject of this thesis, offers an advantageous feature in its CPS: its CPS 

contains very unusual sugars. 
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The CPS interferes with host innate immunity at several levels. It acts as a permeability barrier 

for complement components, and interferes with the attachment of the bacterial cell surface to 

phagocytes. Although the complement system can penetrate the CPS, the CPS effectively masks 

the underlying cell surface from activating the complement system.26 In turn, the CPS is 

effectively responsible for conferring resistance to non-specific immunity of the host.18,26,27 

There is also evidence that suggests that the CPS confers resistance toward complement and non-

complement mediated opsonophagocytosis.21,28  Although the precise mechanism is not known, 

it has been shown that an increase in net negative charge on the CPS is correlated with enhanced  

complement resistance.28 The capsule usually acts alongside other cell surface carbohydrates, 

such as the O-antigen, to confer complement resistance.29 Additionally, some capsules modulate 

the release of cytokines by the host, thereby mediating its immune response by disrupting the 

coordination of the cell-mediated immune response.30  

 

CPSs, like most carbohydrates, are poor immunogens, and this feature is advantageous for 

bacterial survival. These CPSs are referred to as T lymphocyte-independent antigens due to their 

inability to stimulate major histocompatibility complex (MHC) presentation on helper T cells.31 

As a result, the T cells are unable to generate immunological memory. 

 

1.4.4  Identification of Lipopolysaccharide on Campylobacter jejuni  

Differentiation and identification of CPS from other forms of bacterial extracellular 

polysaccharides remains problematic for a variety of reasons. These include the fact that the CPS 

may be released from the cell surface in extraction steps as a consequence of the susceptible 
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phosphodiester linkage connecting the CPS to phospholipid on the outer membrane, giving the 

appearance of slime polysaccharides. As well, distinguishing between CPS and O-antigenic 

moieties of the LPS remains challenging, because the CPS is found to be associated with the LPS 

(See Figure 1-3). CPS was not initially identified as a C. jejuni surface polysaccharides, and 

instead, it was classified as a high molecular weight (HMW) LPS.32 

 

Early studies into the identification of surface polysaccharides in C. jejuni showed the presence 

of a low molecular weight (LMW) LPS lacking O-antigen repeats (See Figure 1-3); this was 

referred to as the lipooligosaccharide (LOS).33 Further structural and chemical characterization 

revealed inner and outer core regions linked to Lipid A by 2-keto-3-deoxy-octulosonic acid 

(Kdo), which, being a conserved component of the LPS structure, further validated its 

classification as such.34 Additionally, one third of C. jejuni serotype reference strains showed an 

additional HMW repeat unit structure, thought to be another LPS; this was detected by western 

blot analysis with Penner typing antisera.35 The HMW LPS was referred to as O-antigenic, and 

both the sugar composition and the structure of the glycans isolated from different strains were 

observed.  The classification of C. jejuni surface polysaccharides into HMW and LMW LPS, 

however, was insufficient in explaining a key a set of observations obtained in further studies of 

surface polysaccharide structure, export, and assembly. It was not until many years after that 

HMW LPS was classified as CPS (More in Section 1.5).   

1.5 CPS Assembly & Export: Reclassifying HMW LPS as CPS 

The biosynthesis and transport of LPS is divided into two classes: wzy-dependent (Figure 1-4) 

and wzy-independent (Figure 1-5). The wzy-dependent pathway is characterized by en block 

transfer, in which a repeat unit structure of carbohydrate is polymerized in the periplasm by the 



 12 

wzy polymerase. The wzy-independent pathway is characterized by processive elongation and 

polymerization of the repeat unit carbohydrate in the cytosol by glycosyltransferases. The latter, 

having been identified in C. jejuni CPS biosynthesis and export, will be the focus of this section. 

Further, examining the wzy-independent pathway (also referred to as the ABC transport system), 

and its characteristic markers, will help elucidate why HMW LPS was classified as CPS.  

 

Figure 1-4: Wzy-dependent Transport:15 Und-PP repeat units are synthesized by 
glycosyltransferases (GTs) at the inner membrane, with WbaP acting as the initiating transferase, 
attaching the first sugar unit to the und-PP. Wzx is responsible for flipping the synthesized und-
PP-linked repeats to the periplasm, where Wzy-dependent polymerization occurs by en bloc 
transfer (polymer grows by transfer of growing chain to the incoming und-PP-linked repeat unit). 
Wzc and Wzb aid in continued polymerization; because the periplasm does not contain ATP as 
an energy source, transphosphorylation of Wzc on the inner membrane occurs, with 
dephosphorylation by the Wzb phosphatase. The polymer is then translocated to the outer 
membrane by Wza, which acts as a channel. Reprinted with permission form Annual Review of 
Biochemistry: Annu. Rev. Biochem., 75, 39–68, copyright 2006. 
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Figure 1-5: Wzy-independent ABC Transport:15 Polymer formation is initiated on an 
unknown acceptor (hexagon), and is processively elongated by glycosyltransferases (GTs) on the 
inner membrane. The product is linked to a lipid phosphate (or lipid phosphate-Kdo), though at 
what point of the polymerization step (initiation, during, or after polymerization) is unknown. 
The polymer is exported by the ABC transporter KpsM and KpsT. KpsS and KpsC are essential 
for capsule transport, however the precise function has not been elucidated. KpsE and KpsD are 
required for translocation from the periplasm to outer membrane. KpsE is a putative membrane-
fusion protein, which couples the ABC transporter to later translocation steps, with KpsD being a 
candidate for capsular polysaccharide translocation channel. KpsD requires KpsE for its proper 
localization. Reprinted with permission form Annual Review of Biochemistry: Annu. Rev. 
Biochem., 75, 39–68, copyright 2006. 

 

1.5.1 ABC Transport 

The ABC transport system consists of four main components: two identical nucleotide binding 

domain polypeptides (KpsT); two integral membrane polypeptides (KpsM); a polysaccharide co-

polymerase (KpsE) that transports the polysaccharide chain from the periplasm to the outer 

membrane and an outer membrane polysaccharide protein (KpsD). This group of proteins, 

referred to collectively as KpsTMED, are responsible for the synthesis and transport of the 

growing polysaccharide chain from the cytosol to the outer membrane of the bacteria in a 

coordinated manner (Figure 1-5). There are other components as well: the repeat unit structure of 

the CPS is made by GTs (Glycosyltransferases 1.7). The GTs catalyze the transfer of sugars 
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from an activated donor—in this case a sugar nucleotide—to a substrate—another sugar (though 

protein and lipid linkages are also possible with this class of enzyme).  Additionally, two 

conserved genes, KpsS and KpsC, have been shown to transfer Kdo from CMP-Kdo to mono- 

and di-acyl phosphatidylglycerol in vitro. That these two genes are conserved across all CPS-

containing bacteria, which points to a process specific to the biosynthesis of CPS rather than 

LPS, remained pivotal to the characterization of HMW LPS as CPS.36  

 

Genome sequencing of ~100 clones by Karlyshev and coworkers identified genes encoding 

proteins similar to those that biosynthesize the CPS in other bacteria.32 The mutational analysis 

of KpsC and KpsS, as well as KpsM, showed that they were integral in forming HMW LPS and 

not LMW LPS.32  Identifying the presence of a wzy-independent pathway/ABC transporter-

dependent pathway, alone, did not provide sufficient evidence for the presence of a CPS, because 

this pathway is responsible for the assembly and export of both LPS and CPS onto bacterial cell 

surfaces.  

 

One of the characteristic features of the model CPS assembled by the ABC transporter-

dependent pathway is the presence of a phospholipid on the reducing end of the polysaccharide 

chain.14 This acts in contrast to LPS systems, where the defining anchor is Lipid A (Figure 

1-6).15  
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Figure 1-6: (A) Lipid A anchor for LPS, (B) Dipalmitoyl glycerophosphate anchor from C. 
jejuni 81-176 (HS:23 and HS:3) and 81-116 (HS:6). 

 
 

In order to distinguish between the presence of a Lipid A anchor—which would suggest that 

HMW LPS was indeed LPS—or phospholipid anchor—which would suggest that HMW LPS 

was a CPS—C. jejuni cells were subjected to phospholipase treatment. An absence of HMW 

LPS on the bacterial cell surface suggested the anchor for this polysaccharide was a 

phospholipid, which is susceptible to such a treatment, and not Lipid A. This observation 

provided support that HMW LPS was indeed a CPS.32 Subsequent studies have identified the 

lipid anchor of C. jejuni 81-176 (HS:23), serostrain HS:3, as well as C. jejuni 81-116 (HS:6) CPS 

as dipalmitoyl-glycerophosphate.37 
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Further support for the presence of a CPS in C. jejuni was provided by electron microscopy with 

Alcian blue staining, which showed the presence of a capsule-like structure.38 Electron 

microscopy coupled with mutational studies of KpsM showed retention of the polysaccharide 

capsule in the wild type C. jejuni, whereas the KpsM mutant showed an absence of this structure 

on the cell surface. This further validated that the CPS was exported by the ABC-transport 

dependent pathway.38  

 

After having identified the presence of a CPS on C. jejuni, its mechanism of export, and general 

structural features (phospholipid anchor vs Lipid A linkage), focus shifted to a more detailed 

structural understanding of the repeat unit polysaccharide chain and its biosynthesis. This thesis 

will focus on the structural features and biosynthesis of one strain of C. jejuni in particular: 

11168 (HS:2) 

 

1.6  C. jejuni NCTC 11168 (HS:2) CPS: Structure 

1.6.1 Repeat Unit Tetrasaccharide Structure of C. jejuni NCTC 11168 (HS:2) CPS 

The structure of the C. jejuni NCTC 11168 (HS:2) CPS was first elucidated by Monteiro and 

coworkers in 2002, relying primarily on tandem capillary electrophoresis-electrospray 

ionization-mass spectrometry (CE-ESI-MS) and High Resolution Magic Angle Spinning NMR 

(HR-MAS).39 The structure of the CPS repeating unit was determined to consist of a β-D-

ribofuranose (β-D-Ribf, ribose), 2-acetamido-2-deoxy-β-D-galactofuranose (β-D-GalfNAc), α-D-

glucopyranosiduron-(2-amino-2-deoxyglycerol)-amide linear chain (GlcANGro) with a 6-O-

methyl-D-glycero-α-L-gluco-heptopyranose (heptose) residue as a side-branch (Figure 1-1).  
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1.6.2 Phase Variable Modifications 

A large degree of variability in CPS structure was found upon examination of C. jejnui 11168 

cells by HR-MAS. Genome sequencing suggests this may be attributable to the large proportion 

of phase-variable genes that are found within the CPS gene locus.7 Further analysis led to the 

identification of a variable 6-O-methyl group on the heptose, high levels of the N-ethanolamine 

modification on glucuronic acid instead of 2-amino-2-deoxyglycerol, and lastly a unique and 

structurally interesting O-methyl phosphoramidate (MeOPN) moiety on the GalfNAc and 

heptose, which at this point, has not been described anywhere else in nature.40 Subsequent 

detection has identified the O-methyl phosphoramidate in 70% of strains from various clinical 

presentations, geographical locations, and animal sources, expressing different capsule 

structures. This moiety is versatile in that it is added to different sugars in different strains of C. 

jejuni. Such examples include: the β-fructofuranoses in the CPS of strain C. jejuni HS:1;41 N-

acetylglucosamine in C. jejuni HS:19 CPS;42 galactose in C. jejuni 81–176 CPS;43 6-deoxy-β-D-

ido-heptose in C. jejuni CG8486 CPS (HS:4);44 O-3 of GalfNAc and O-4 of 3,6-di-O-methyl-D-

glycero-α-L-gluco-heptose in C. jejuni 11168 CPS.45 

 

Through western blot analysis, differences in immunoblotting patterns have been observed as a 

result of changes in capsule modification. Therefore, it has been postulated that phase variable 

modifications have the ability to affect the immunogenicity of the pathogen.40,46 Variation is not 

only limited to the phase variable modifications that decorate the CPS, for C. jejuni strains 81-

176 and 11168 have demonstrated an on–off variation in total capsule expression. The ability to 

shut off capsule expression has been suggested to be advantageous in the life cycle of the 
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pathogen. The mechanism of on–off expression is most likely attributable to slip strand 

mismatch repair of yet unknown gene(s).1 

 

1.6.3 GalfNAc 

Of particular interest is the GalfNAc residue on the repeat tetrasaccharide chain, which will be a 

focus of this thesis. Hexose sugars are found predominantly in the thermodynamically favourable 

pyranose form in nature. In contrast, the five-membered ring furanose form is seen more 

scarcely, and is often observed in bacteria, fungi, and parasites.47,48 Due to the absence of 

hexofuranosides in mammalian glycan structures, interest has risen in identifying inhibitors of 

furanoside biosynthesis to target pathogenic organisms selectively. More specifically, 

galactofuranose (Galf), contained on cell surface polysaccharides, has been shown to be essential 

for cell viability, in addition to playing a crucial role in cell physiology, of pathogenic 

microorganisms such as Aspergillus fumigatus, Trypanosoma cruzi, Mycobacterium 

tuberculosis, and Klebsiella pneumonia.49,50   

 

The C. jejuni NCTC 11168 CPS features a GalfNAc moiety, modified with a MeOPN group on 

O-3.39  This is one of the few examples of GalfNAc observed in nature, and little is known of the 

biosynthesis of these sugars. Previous work in our group has identified a pyranose–furanose 

mutase (cj1439c, UNGM) that interconverts uridine disphospho-2-acetamido-2-deoxy-α-D-

galactopyranose (UDP-GalpNAc) and uridine disphospho-2-acetamido-2-deoxy-α-D-

galactofuranose (UDP-GalfNAc).51 However, no GalfNAc transferase has been identified to date, 

and indeed, at the time the structure of C. jejuni NCTC 11168 (HS:2) CPS was elucidated, it was 

the first time GalfNAc was reported in nature.  
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1.7 Glycosyltransferases 

1.7.1  Overview 

The complexity found in various oligosaccharide structures in nature arises from the enzymatic 

formation and breakdown of glycosidic linkages catalyzed by GTs, glycosidases, glycan 

phosphorylases, and polysaccharide lyases.52 GTs are essential for producing large, diverse, and 

complex glycoconjugates by catalyzing glycosidic bond formation between an activated 

carbohydrate donor and acceptor molecule (Figure 1-7). CPSs are included in this category. Any 

two monosaccharides can be joined in a number of configurations, owing to multiple hydroxyl 

groups on each monosaccharide; as well, they are capable of forming these glycosidic bonds 

stereoselectively. Another layer of complexity is introduced in the form of branching in the 

polysaccharide chain, thus GT-catalyzed biosynthesis is responsible for the incredible amount of 

structural complexity observed in the CPS.21  

 

 

Figure 1-7: General glycosyltransferase reaction for sugar nucleotide with sugar acceptor. 
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monophosphate (e.g., cytidine monophosphate-N-acetyl-β-neuraminic acid, B, Figure 1-8), and 

lipid phosphates (e.g., dolichol phosphate oligosaccharides, C, Figure 1-8).  

 

 
 
Figure 1-8: Most common sugar phosphate donors in the form of (A) nucleoside diphosphates, 
(B) nucleoside monophosphates (cytidine monophosphate-N-acetyl-β-neuraminic acid), and (C) 
lipid phosphates (dolichol phosphate oligosaccharides).  
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functionally characterized. This highlights the lack of efficient tools and methods to elucidate GT 

function.53 To functionally classify, as well as identify both the donor and acceptor substrates for 

GTs, remains a challenging problem, and is an area in need of new and innovative systematic 

strategies.  

 

Though sugars are the most common acceptor substrates used by GTs, lipids, proteins, nucleic 

acids, antibiotics, and other small nucleophiles also form glycosidic linkages catalyzed this class 

of enzyme.52 Moreover, the type of linkages formed by GT’s also vary: in addition to forming O-

linkages with the hydroxyl group of acceptor substrates, which will be the focus of this thesis, it 

is also important to note that nitrogen (e.g., N-linked glycoproteins), sulfur (e.g., thioglycosides 

in plants), and carbon (e.g., C-glycoside antibiotics) can also act as nucleophiles. In fact, N-

linked glycosylation is the most ubiquitous protein modification, and affects protein folding, 

oligomerization, sorting, and transport of secretory and membrane proteins.54 Not only is it 

widely spread in eukaryotes, but also in archaeal and eubacterial organisms.55  

1.7.2 Glycosyltransferase Folds: GT-A, GT-B, and GT-C 

Two general folds have been observed for all solved structures of sugar nucleotide-dependent 

GTs, called GT-A and GT-B. In addition, a GT-C fold has been predicted for transmembrane 

GTs.52,56–58  The limited number of folds observed suggests that the GT family of enzymes 

evolved from a small number of progenitor sequences, unlike the glycosidases, which have a 

remarkable degree of diversity in overall fold.  

 

The GT-A fold was first described for SpsA in Bacillus subtilis.59 SpsA is an inverting GT 

whose topology is characterized by two closely abutting β/α/β Rossman domains. These 
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domains lead to the formation of a central continuous β sheet, which is typical of nucleotide 

binding proteins, for which a distinct nucleotide binding domain and acceptor binding domains 

are present (Figure 1-9A).60 It is important to note that not all enzymes displaying a GT-A fold 

are GTs, as is the case with the sugar-1-phosphopyrophosphorylase and nucleotidyltransferase 

superfamilies.52,61 Though not a conserved motif, most GT-A enzymes posses an Asp-X-Asp 

(DXD signature), in which the carboxylates of the Asp residues coordinate with a divalent cation 

such as Mn2+. 

 

 
          A                                   B 

Figure 1-9: Glycosyltransferase folds.52 (A) GT-A fold for SpsA in Bacillus subtilis (B) GT-B 
fold for bacteriophage T4 β glucosyltransferase.  Reprinted with permission form Annual 
Review of Biochemistry: Annu. Rev. Biochem., 77, 521-555, copyright 2008. 
 

 
A DNA-modifying β-glucosyltransferase from bacteriophage T4 was the first 3-D X-ray 

structure determined for a nucleoside diphosphate-utilizing GT (Figure 1-9B).62 The overall fold 

of this structure, homologous to glycogen phosphorylase, was assigned the GT-B fold 

designation. Similar to the GT-A fold, the architecture of GT-B exhibited two β/α/β Rossman-

like domains. However, the later has these domains less tightly associated, with an active site 

lying in the cleft formed when the β/α/β domains face each other. As is the case with GT-A fold, 
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the domains of the GT-B fold are associated with acceptor and donor substrate binding sites. 

Non-glycosyltransferases, such as UDP-GlcNAc 2-epimerase, for example, are also known to 

adopt the GT-B fold.63 Unlike the GT-A fold, however, the GT-B lacks the DXD signature, and 

consequently lacks a divalent cation in the active site.  

 

Iterative sequence searches have predicted a third GT fold, termed GT-C, using programs such as 

Basic Local Alignment Search Tool (BLAST, http://blast.ncbi.nlm.nih.gov/Blast.cgi).58 The 

predicted architecture identifies a large hydrophobic integral membrane protein containing 8–13 

transmembrane helices, either as part of the endoplasmic reticulum or plasma membrane, with an 

active site on the long loop region52. To date, 12 GT families have been predicted to adopt the 

GT-C fold and 10 of these use a lipid phosphate-activated donor. Therefore, they do not display 

structures that are constrained to bind nucleotides, unlike GT-A and GT-B folds. Most recently, a 

new structural fold, named GT-D has been reported for the GT DUF1792.64 This family of GTs, 

similar to the GT-A and GT-B fold, have been found to bind UDP, and like that of the GT-A, 

requires a divalent metal ion to transfer the carbohydrate, though its sequence and structural 

similarity to known GTs remains distinct.65 

 

1.7.3 Glycosyltransferases: Classification 

The formation of a glycosidic bond will result in one of two stereochemical outcomes: the 

anomeric configuration about the newly formed bond can either be retained or inverted with 

respect to the anomeric configuration of the original activated donor substrate (Figure 1-7). 

Consequently, GTs are classified into inverting or retaining, to reflect the outcome of the 
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reaction.52 The stereochemical outcome arises due to the mechanism by which the two classes of 

enzymes act (Figure 1-7).  

 

GT-A and GT-B folds contain both retaining and inverting GTs, thus the overall fold does not 

dictate the stereochemical outcome.56 In contrast, all enzymes predicted to adopt the GT-C fold 

belong to the inverting GT family. To deconvolute and simplify the identification and 

classification of GTs, Coutinho et al.56 have proposed a system that takes into account both the 

fold and activity of the GT, and combines these two criteria to classify GTs into clans (I–IV, 

Figure 1-10). The family number (according to the CAZy database) is displayed on the far right, 

with solved 3-D structures annotated in red.  

 

Figure 1-10: Glycosyltransferase classification system: Classification is based, from left to right, 
on fold (GT-A or GT-B), classification as a GT or non-GT, GT activity (inverting or retaining), 
clan number (I, II, III, IV), GT family assigned on CAZy database (red = solved 3-D structure). 
Proposed by Coutinho et al.56  
 

GT-A

Non-GT

Inverting - Clan I

Retaining - Clan III

GT-B

Non-GT

Inverting - Clan II
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42, 43, 49, 82, 84

6, 8, 15, 24, 27, 
34, 44, 45, 55, 60, 
62, 64, 78, 81

1, 9, 10, 17, 19, 
23, 26, 28, 30, 33, 
41, 47, 56, 63, 80

3, 4, 5, 20, 32, 
35, 72
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1.7.4 Glycosyltransferases: Mechanism 

Inverting GTs use a direct displacement SN2-like mechanism (A, Figure 1-11). The mechanism 

by which retaining glycosyltransferases act, however, is less clear, and two models have been 

proposed: a double displacement mechanism (B, Figure 1-11), and a DN*ANss ion pair 

mechanism (C, Figure 1-11). In contrast to the more well characterized glycosidases,  
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Figure 1-11: (A) Inverting glycosyltransferase direct displacement SN2-like mechanism, (B) 
Retaining glycosyltransferase double displacement mechanism, (C) Retaining 
glycosyltransferase DN*ANss ion pair mechanism. 
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mechanistic studies for retaining GTs have failed to provide a clear or definitive answer. Most 

likely a mechanistic continuum exists in this class of enzyme, involving an ion pair formation 

with the kinetic properties of a double SN2 mechanism, with the stereochemical outcome of an 

SN1 reaction. This is comparable to the SNi mechanism, which is characteristic for the 

chlorination of alcohols using thionyl chloride, where the carbenium ion forms an intimate ion 

pair before racemization, thereby maintaining stereochemical integrity (Figure 1-12).  

 

 

Figure 1-12: Retention in stereochemistry for chlorination of alcohol with thionyl chloride via 
SNi mechanism. 

 

1.8 Genome of C. jejuni serotype 11168H 

There remain many questions with regard to the mechanism of CPS biosynthesis in C. jejuni, and 

without a proper understanding and identification of the enzymes that catalyze the synthesis of 

this tetrasaccharide and its polymerization, synthesizing inhibitors with therapeutic potential is 

difficult.  Currently, the GTs responsible for synthesizing the main chain of the CPS repeat unit 

have not been elucidated. The current thesis will involve addressing some of these deficiencies.  
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of the carbohydrate residues in the tetrasaccharide repeating unit, as well as probing the 

specificity and structure of one of these enzymes, particularly the GalfNAc transferase.   

 

The genome of C. jejuni serotype 11168 has been sequenced and putative functions have been 

assigned to many of the genes (Figure 1-13).66 This work has led to the identification of five 

possible gene candidates that could encode for the four GTs that are responsible for installing the 

heptose, glucuronic acid, N-acetyl-galactofuranose and ribofuranose residues (Figure 1-1, rings 

A–D, respectively) in the tetrasaccharide. Note: it is believed that all of the modifications, e.g., 

addition of methyl and phosphoramidate groups are added after the polysaccharide is assembled.   

 

However, it is difficult to predict the exact function of a putative GT based on sequence 

homology alone. There are many examples of enzymes with closely related sequences having 

different catalytic activities.67  Only the heptosyl transferase, cj1431, responsible for adding the 

side branch heptose, has been identified through insertional mutagenesis. Mutagenesis of any of 

the other putative genes—cj1432, cj1434, cj1438, cj1440, and cj1442—shows a complete failure 

of CPS synthesis,32,68 therefore an in vitro study is necessary to elucidate the CPS biosynthetic 

pathway. 
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Figure 1-13: Genome of C. jejuni serotype 11168H, and assigned putative function.32  
 

 

Table 1-1: C. jejuni single-knockout mutants and associated CPS glycan phenotypes. 
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Gene 
Knockout 

CPS Phenotype Functional Annotation Reference 

 
Specific gene function modelled as unknown 
 
Cj1416 loss of  OMePN OMePN nucleotidyltransferase McNally et al.45 
Cj1417 loss of  OMePN OMePN biosynthesis McNally et al.45 
Cj1418 loss of  OMePN OMePN biosynthesis McNally et al.45 
Cj1432 loss of CPS sugar transferase Sternberg et al.68 
Cj1434 loss of CPS sugar transferase Sternberg et al.68 
Cj1438 loss of CPS sugar transferase Sternberg et al.68 
Cj1440 loss of CPS sugar transferase Sternberg et al.68 
Cj1442 loss of CPS sugar transferase Sternberg et al.68 
 
Specific Gene function modelled as known 
 
cj1421 loss of MeOPN on GalfNAc MeOPN transferase  McNally et al.45 
cj1422 loss of MeOPN on Hep MeOPN transferase McNally et al.45 
cj1423 loss of Hep Heptosyl transferase  Karlyshev et al.32 
cj1424 loss of Hep Sedoheptulose isomerase  Karlyshev et al.32 
cj1425 loss of Hep Heptose kinase  Karlyshev et al.32 
cj1426 loss of 6-OMe on Hep  Methyltransferase Sternberg et al.68 
cj1427 loss of Hep GDP-heptose epimerase  Sternberg et al.68 
cj1428 loss of Hep GDP-heptose epimerase  St. Michael et al.69 
cj1430 loss of Hep GDP-heptose epimerase  Sternberg et al.68 
cj1431 loss of Hep GDP-heptosyltransferase  Karlyshev et al.32 
cj1439 loss of CPS UDP-GalNac pyranose-furonse 

mutase  
Poulin et al.51pou 

cj1441 loss of CPS UDP-Glc 6-dehydrogenase Sternberg et al.68 
St. Michael et al.69 
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Based on sequence homology, it is hypothesized that the four glycosyltransferases required for 

the assembly of the tetrasaccharide repeating unit in the C. jejuni 11168 CPS are encoded by one 

of the following genes: cj1432, cj1434, cj1438, cj1440, cj1442. More recent in silico work by 

Muggleton and coworkers has proposed the most likely candidate for N-acetyl-galactosamine-

transferase is cj1440, with cj1442 being a strong alternate possibility.70 Although the probability 

of predicting gene function from the models assigned from in silico work may be questioned, the 

plausibility of the final result gives a starting point to aid in vitro investigations.  

1.9 Research Objectives 

The aim of the current thesis is threefold: 

 

1) To clone each of the five putative glycosyltransferase genes into E. coli and then express 

and purify the resulting proteins (cj1432, cj1434, cj1438, cj1440, cj1442). 

 

2) To synthesize possible substrates for the putative glycosyltransferases encoded by these 

genes, and then use the molecules in assays with the purified enzymes to establish their 

function.   

 

3) To carry out more detailed structural and mechanistic studies on the enzyme that adds the 

N-acetyl-galactofuranose (GalfNAc) residue. 

 

The cloning of each of the genes will be carried out using standard approaches. Briefly, each of 

the five genes described above will be incorporated into the pWM1007 plasmid and then the 

plasmid DNA will be isolated from XL10-gold cells and sequenced before being transformed 



 31 

into E. coli BL21:DE3 cells for protein expression.  Each protein will be expressed with a His6-

tag to facilitate purification by affinity chromatography on a Ni2+-NTA column. We anticipate 

the major challenge will be preparing the protein mutants as some may be hard to produce or 

express in soluble form.  Should this be a problem, we will look at alternate plasmids and E. coli 

cell types, as well as expression conditions.  It is impossible at the outset to determine which, if 

any, of these proteins will be difficult to express.  

 

Each of the GTs will catalyze the formation of a glycosidic linkage by the reaction of an acceptor 

molecule with a donor species. It is suspected that the donor species are sugar nucleotides and 

that small oligosaccharides will serve as the acceptors.  Thus, we will synthesize what we 

consider to be the most likely donor and acceptor substrates for each enzyme, and test each of the 

proteins for their ability to carry out the reaction with these substrates.  This is illustrated below 

for the enzyme that adds the GalfNAc residue (Figure 1-1, ring C).  The sugar nucleotide donor 

substrate for the GT that introduces this residue is uridine diphospho-N-acetyl galactofuranose 

(UDP-GalfNAc, 1-1, Figure 1-14).  Possible acceptors are either monosaccharides 1-2 or 1-3, or 

disaccharides 1-4 or 1-5. Sugar nucleotide 1-1 will be obtained by an enzyme-catalyzed reaction, 

carried out in our group, starting from the pyranose form of this sugar nucleotide.51   
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Figure 1-14: (1) Predicted donor substrate for putative GTs, UDP-GalfNAc, (2-4) potential 
acceptor substrates, (6) predicted product for positive activity of GalfNAc transferase with 1 and 
3, (7) predicted product for positive activity of GalfNAc transferase with 1 and 5. 
 

 

Compounds 1-2 to 1-5 (Figure 1-14), will be prepared using chemical synthesis.  As an example, 

the general approach for the preparation of 1-5 is shown in Figure 1-15. Similar approaches will 

be used for the preparation of 1-4.  
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Figure 1-15: General approach to synthesizing disaccharide acceptor. 
 

 

With these compounds in hand, they will be incubated with each expressed protein using a 

coupled spectrophotometric GT assay, which we have adapted and implemented for 

galactofuranosyltransferases (Figure 1-16).71,72  

 

 

Figure 1-16: Glycosyltransferase Continuous Spectrophotometric Assay 
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The protein that shows activity with these substrates in this assay will correspond to the GT that 

installs the GalfNAc residue.  Further proof of enzymatic function will be achieved by 

performing larger scale enzymatic reactions, purifying the products and their characterization by 

mass spectrometry and NMR spectroscopy.  As standards, authentic samples of the reactions 

products (e.g., disaccharide 1-6 or trisaccharide 1-7, Figure 1-14) will also be synthesized for 

purposes of comparison.  The same approach can be applied to future work in identifying the 

enzymes responsible for the formation of the other three glycosidic linkages, using different 

substrates.  

 

These studies will represent the first detailed investigations of GTs involved in the assembly of 

campylobacter CPS.   In addition, the carbohydrate residues in this polysaccharide are unusual, 

and so it is possible that new protein recognition motifs, involved in transferring these sugars, 

may be identified. 
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2  Synthetic routes toward 6-O-methyl-D-glycero-L-gluco-heptose 

2.1 Introduction 
 

Heptose sugars are present in a number of bacterial species, particularly in the inner core 

structures of lipopolysaccharides from Gram-negative bacteria (Figure 1-3, labelled in black). 

These heptoses display various stereochemical configurations. The most common of these are 

the D-glycero-D-manno-heptopyranosides, which are common constituents of the inner core of 

Gram-negative bacteria such as Salmonella, Escherichia coli, Shigella, Klebsiella, 

Pseudomonas, Neisseria, Vibrio, Bordetella, Yersinia, and Campylobacter.1 There are also rarer 

forms found in the bacterial surface polysaccharides of Campylobacter, Yersinia, Burkholderia, 

Eubacterium, Plesiomonas, and Escherichia, in both the pyranose and furanose form.2  

 

The first naturally occurring glycoconjugate reported to contain a heptose with the D-glycero-L-

gluco- stereochemistry was the CPS from C. jejuni NCTC11168 (HS:2) (Figure 2-1, ring D). It is 

also the only known example of a naturally occurring sugar in the L-gluco configuration.3  
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Figure 2-1: Structure of C. jejuni NCTC 11168 (HS:2) CPS repeating unit. (A) β-D-
ribofuranose, (B) 2-acetamido-2-deoxy-β-D-galactofuranose, (C) α-D-glucopyranosiduron-(2-
amino-2-deoxyglycerol)-amide, (D) 6-O-methyl-D-glycero-α-L-gluco-heptopyranose. 
 

Of particular interest to this thesis is the chemical synthesis of the heptose moiety in C. jejuni 

11168 (HS:2), as a glycoconjugate—for the generation of antibodies specific to this novel 

motif—as well as part of potential substrates to probe the various biosynthetic GTs involved in 

assembling the full-length glycan (1-4 and 1-5, Figure 2-2).  

 

Figure 2-2: Potential donor and acceptor substrates for putative GalfNAc transferases. 

O
O

O

NHAc
OH

HO
O

HO O

PCH3O

O

H2N

O

ribose

N-acetyl-
galactofuranose

glucuronic acid
heptose

A

B

C

D O
OH

HO
HOHO

O
O

HO
O

NHO

OHOH

CH3O

OOctyl

O
HO

HO
HO

O NH

OHHO

HO
OHO

NHAcHO
OUDP

OOctyl

O
O

HO
HO

O

O

NH

OHHO

HO
OH

OHCH3O

HO

OOctyl

O
HO

HO
HO

O OH

OOctyl

O
OHO

HO

O

O

OH

HO
OH

OHCH3O

HO

1-1 1-2 1-3

1-4 1-5



 45 

Heptoses are not widely available from natural sources; therefore, their chemical synthesis has 

been the topic of a number of investigations.1,4–6 The majority of heptose syntheses involve chain 

extension from C-6 of a hexose. This is typically achieved by oxidizing the C-6 hydroxyl group 

to an aldehyde, and chain extension via Grignard addition or Wittig olefination reactions. 

Subsequent functionalization of this homologated product provides the target molecule (Figure 

2-3, A).7 

 

 

Figure 2-3: Synthetic strategies toward constructing heptoses.7 
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Accessing heptoses by this methodology is not a completely novel idea, and has been reported as 

far back as investigations by Fischer and Kilani on the synthesis of cyanohydrins.8 This approach 

has not seen wide application in modern organic chemistry due in part to generally low 

stereoselectivities.1  

 

Mindful of this, we envisioned that the heptose backbone, 2-2, could be synthesized from 

galactofuranosyl thioglycoside 2-6 (Figure 2-4). The two key transformations in this route 

involved a stereoselective C-1 elongation to give 2-4, followed by ozonolysis mediated ring 

closure, to provide the D-glycero-L-gluco-heptose backbone, 2-3.  

 

 

Figure 2-4: Retrosynthetic analysis for heptose. 
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functionalized with an aminooctyl spacer arm 2-1 (Figure 2-4), and its attachment to a protein 

carrier (bovine serum albumin, BSA) yielded glyconconjugate 2-30 for the generation of 

antibodies (see below). 

 

2.2 Synthesis of D-glycero-L-gluco-heptose backbone (2-3) 
 

The synthetic route towards the D-glycero-L-gluco-heptose backbone, 2-3, as illustrated in 

Scheme 2-1, requires chain extension from a galactofuranosyl thioglycoside. In nature, Galf-

residues are biosynthesized at the sugar nucleotide level by an enzymatic ring contraction of 

uridine diphospho-galactopyranose (UDP-Galp) to UDP-Galf.9 A number of synthetic methods 

have been developed for accessing the thermodynamically less stable Galf ring form of 

galactose, which exists predominantly in the pyranose ring form. These include kinetically 

controlled Fischer glycosylations,10,11 high temperature perbenzoylation of galactose in 

pyridine,12 reduction of D-galactonolactones with borane reagents,13 reduction of furanoside 

derivatives of D-galacturonic acid with sodium borohydride and iodine,14 as well as electrophile 

induced cyclization of dithioacetals or O,S-mixed acetals.15–18  

 

The first key intermediate, thioglycoside 2-6, was thus obtained from D-galactose (2-7) via a 

two-step route involving formation of the corresponding diethyl dithioacetal (2-8) and 

cyclization promoted by mercuric chloride, to afford the target in 59% yield over two steps. 16,19 

This method was originally developed in 1937 by Pacsu and Green16 and then later refined by 

Wolfrom and coworkers.20 
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Scheme 2-1: Construction of D-glycero-L-gluco-heptose backbone. 
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yield. Benzylation of the two hydroxyl groups using standard conditions (giving 2-10), followed 

by hydrolysis of the acetal provided 2-11 in 84% yield from 2-9. The resulting diol was then 

protected at the primary position as a t-butyldiphenylsilyl (TBDPS) ether affording 2-15 in 76% 

yield.  

 

With a route to secondary alcohol 2-15 in place, treatment with methyl iodide and sodium 

hydride resulted in introduction of the methyl group to afford 2-16. The silyl ether was replaced 

with a benzyl ether via a process involving desilylation with tetrabutyl- ammonium fluoride 

(TBAF) and alkylation using benzyl chloride/sodium hydride. The product, 2-18, was obtained 

in 66% yield over the three steps from 2-15. Attempts to prepare 2-18 in two steps from diol 2-

11—by selective O-6 benzylation via formation of a stannylene acetal (2-12)21, followed by 

methylation—led to a lower overall yield (20% over two steps). Selective O-6 benzylation of 2-

11 was also attempted by forming a tetracoordinated borinate complex (2-13),22  however no 

product was detected by thin-layer chromatography (TLC). 

 

Hydrolysis of thioglycoside 2-18 was achieved by reaction with N-bromosuccinimide (NBS) and 

water in acetone affording hemiacetal 2-5 in 85% yield. The key step in the route was the chain 

extension of 2-5, which was successfully achieved upon reaction with divinyl zinc, generated in 

situ from vinylmagnesium bromide with ZnBr2. The divinyl zinc addition led to the formation of 

2-4 in 91% yield with excellent stereoselectivity due to chelation control; none of the other 

isomer could be detected.  

 

 



 50 

 

To explore the importance of the ZnBr2 to the stereocontrol of the reaction, 2-4 was also treated 

with vinyl magnesium bromide. This reaction provided the product with poor selectivity and 

reduced yield. The structure of 2-4 was corroborated by 1H NMR (Nuclear Magnetic Resonance) 

spectroscopy of a subsequently synthesized cyclic intermediate and the preparation of a 

crystalline derivative, by former lab member Dr. Akihiro Imamura.23 Ozonolysis of the alkene in 

2-4 afforded the heptose backbone, 2-3, in 70% yield. 

 

2.3 Completion of Heptose Thioglycoside Donor 

  

Having the desired D-glycero-L-gluco-heptose backbone, our attention turned to completing the 

synthesis of the corresponding heptose thioglycoside donor, as a functional handle for further 

modification at the anomeric center.  

 

Acetylation of the hydroxyl groups in 2-3, followed by treatment with p-toluenethiol and 

BF3·OEt2, yielded thioglycoside 2-20 in 78% yield over two steps. The β isomer of 2-20 could 

be separated and the stereochemistry was confirmed by 1H NMR spectroscopy; the 3J1,2 was 10.1 

Hz, indicative of a trans relationship between H-1 and H-2. The acetate ester on O-2 was 

converted into a nonparticipating benzyl group because the final target, 2-1, possesses an axially 

oriented aglycone. This was achieved in two steps by deacetylation (yielding 2-21) and 

benzylation resulting in a 94% yield of 2-2.  
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Scheme 2-2: Completion of heptose thioglycoside donor synthesis. 
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Figure 2-5: Preparation of crystalline intermediate for X-ray analysis 
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2.4 Attachment of Aminooctyl Linker for Preparation of BSA Glycoconjugate 
 

Having unequivocally established the stereochemistry of 2-2, the glycosylation of the 

thioglycoside donor was attempted with 8-azidooctanol in the presence of N-iodosuccinimide 

(NIS) and silver triflate.
24 Unexpectedly, this reaction led to a mixture of products in which the 

undesired β-(1,2-trans)-glycoside predominated. This problem could be circumvented (Scheme 

2-3) by conversion of 2-2 into the corresponding reducing sugar 2-24 and, in turn, the β 

trichloroacetimidate 2-25 by using a mild base (K2CO3).  

 

It has been postulated that the β imidate is favoured by using bases such as NaH and K2CO3 due 

to kinetic factors, which favour the reaction of the more reactive β oxyanion.  In contrast, the use 

of CsCO3 is proposed to increase the nucleophilicity of the α oxanion, leading to the α imidate 

formation by thermodynamic control.25,26 Therefore, the β imidate was formed under kinetic 

conditions (–20 °C, <30 min reaction time) to influence stereoselectivity.  
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Scheme 2-3: Preparation of amino octyl linker on heptose for preparation of glycocongugates. 
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Figure 2-6: Rationalization for stereoselectivity of heptose glycosylation. 
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obtained in 91% yield. Finally, cleavage of the amide in 2-29 was carried out by reaction with 

sodium methoxide yielding an 83% yield of 2-1. Subsequent reaction of 2-1 with amine-reactive 

bovine serum albumim, using the imm-LinkTM immunogen linking kits from Innova Biosciences, 

led to the expected BSA conjugate 2-30, which was confirmed by matrix-assisted laser 

desorption/ionization (MALDI).  

 

This section describes the first synthesis of the D-glycero-L-gluco-heptose monosaccharide 

present in the CPS of C. jejuni NCTC11168. The route involved the chain extension of a readily-

obtained galactofuranose derivative (2-5), which was then converted into the target 2-1. This 

approach differs from the usual approach used for the synthesis of heptoses, where homologation 

proceeds via a C-6 oxidized hexose derivative.  

 

2.5 Alternate Heptose Route 
 

A key drawback of the heptose route discussed in Section 2.2 was that this approach required a 

number of purification steps via flash chromatography. The large number of purification steps 

became very tedious and time consuming, which led us to look into other synthetic approaches 

that require less time and effort. This work is detailed below and was conducted together with 

Roger A. Ashmus, another graduate student in the group.  

 

The synthesis of various D- and L-hexopyranoses from furfural has been previously investigated 

by Ogasawara and O’Doherty.29–33 Ogasawara and coworkers’ approach involved the synthesis 

of enone 2-39, which was accessed from diol 2-37 through an Achmatowicz reaction, followed 



 56 

by acid catalyzed ring closure (Figure 2-7).29 O’Doherty and coworkers were able to access a 

variety of D- and L-sugars through the stereoselective manipulation of pyrenone 2-38.30–33 

 

Figure 2-7: Retrosynthetic analyses for synthesis of heptose from furfural from the Ogasawara 
and O’Doherty routes.	
  
	
  

After considering these approaches, we attempted to apply a similar strategy for the synthesis of 

this heptose from furfural. The final heptose donor, 2-2, was to be accessed by the Ogasawara 

intermediate 2-39, a dioxabicyclooctane framework 

in which the stereochemistry at the 5 and 6 carbons are set in accordance with the D-glycero-L-

gluco- configurations. The desired stereochemistry at C-4 would be accessed by reduction and 

stereoinversion, while introduction of the hydroxyl groups at C-2 and C-3 would result by 

epoxidation of the alkene followed by hydrolysis (Figure 2-8).  
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Figure 2-8: Retrosynthetic route to heptose from Ogawasara intermediate. 
 

Scheme 2-4 shows the attempted route towards a more facile synthesis of heptoses based on 

Ogasawara’s synthesis from furfural. Starting from furfural 2-36, a Horner–Wadsworth–

Emmons olefination with bromophosphonoacetate yields 2-43 in 63% yield, as a 99:1 mixture of 

E:Z alkenes. The ester in 2-43 then undergoes reduction with LiAlH4 and benzylation of the 

resulting alcohol (2-44) to give 2-45 in 65% over two steps. Diol 2-37 was then obtained after 

asymmetric dihydroxylation of 2-45 with AD-mix α in 42% yield.* The enone, 2-39, was 

obtained after Achmatowicz reaction of 2-37 with NBS, followed by acid catalyzed ring closure 

with p-toluenesulfonic acid, though the yield of this two-step reaction was low (34% over two 

steps).  

 

                                                
* This step was completed by Roger A. Ashmus 
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Scheme 2-4: Route toward Ogawasara dioxabicyclooctane framework, and stereocontrolled 
introduction of hydroxyl groups. 

 

Reduction of the carbonyl group in 2-39 under Luche conditions provided 2-46, which had the 

opposite C-4 stereochemistry to that desired; therefore, an inversion step was necessary at this 

position. However, this reaction proved very difficult. Inversion of the C-4 stereocentre to yield 

2-47 from 2-46 by Mitsunobu conditions using diisopropyl azodicarboxylate (DIAD), diethyl 

azodicarboxylate (DEAD), 1,1’-(azodicarbonyl)dipiperidine (ADDP)34, N,N,N’,N’-

tetramethylazodicarboxamide (TMAD)35,  proved unsuccessful. Similarly, triflate displacement 

with sodium nitrate failed.  The stereoselective reduction of the carbonyl group with (R)-(+)-2-

Methyl-CBS-oxazaborolidine (R-CBS)36 to attempt the direct conversion of 2-39 to 2-47 also 

failed. Additionally, installing a naphthylmethyl protecting group on the 4-OH followed by 
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epoxidation of the alkene yielded a stable intermediate 2-48, whose epoxide ring could not be 

opened by using BF3-OEt2, thus failing to yield 2-49.  

 

To circumvent the problem of 4-OH inversion, we investigated performing this step on the 

pyranose ring (2-42). This was done because we suspected that steric impedance on the bottom 

face of the bicyclic ring in 2-46 prohibited to formation of the oxyphosphonium ion the 

Mitsunobu reaction. In implementing this approach, it was necessary to find conditions by which 

the epoxide moiety in molecule 2-48 could be opened to provide a diol.  To address problems 

associated with ring opening of the epoxide, we chose to change the naphthylmethyl protecting 

group to a pivalate ester, which we expected would help open the epoxide by neighbouring group 

participation. This strategy proved to be successful (Scheme 2-5). After epoxidation of the 

electrophilic alkene in 2-39 using H2O2/NaOH, the ketone in the resulting product, 2-50, was 

reduced and protected with a pivaloate ester to yield 2-40.  Epoxide 2-40 was successfully 

opened using BF3-OEt2 in 92% yield to give 2-52.  After protection of the diol in 2-52 as benzyl 

ethers, however, compound 2-41 was found to be unreactive towards opening of the bicyclic 

ring. Thus, the L-sugar 2-42 could not be obtained by thioglycosylation to break the seven-

membered component of the bicyclic ring. After experimenting with stronger Lewis acids such 

as SnCl4, the reaction still did not progress. Attempts at pushing the reaction with higher 

temperatures lead to the degradation of 2-41, and so this route was abandoned.  Given time 

limitations, I did not further pursue this route.   
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Scheme 2-5: Route toward heptose from Ogawasara intermediate 2-39. 
 

2.6 Current Work & Future Directions 
 

With the route shown in Scheme 2-5 abandoned, current work by other group members is 

exploring the synthesis of the heptose from furfural by functionalizing intermediate enone 2-38, 

via O’Doherty’s approach (Figure 2-9). Briefly, enone 2-54 will be reduced to yield the desired 

stereochemistry at C-4. This is followed by dihydroxylation of the alkene, protecting group 

chemistry so that the 2-OH can be selectively inverted, followed by the installation of a p-

toluenethio group at the anomeric position.  
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Figure 2-9: Current approach to heptose from O’Doherty enone 2-54. 
 

2.7 Experimental 
 

2.7.1 General Experimental Methods 

All reagents were purchased from commercial sources and were used without further purification 

unless noted. Solvents used in reactions were purified by successive passage through columns of 

alumina and copper under argon. Unless stated otherwise, all reactions were carried out at room 

temperature and under a positive pressure of argon and monitored by TLC on Silica Gel G-25 

F254 (0.25 mm). TLC spots were detected under UV light and/or by charring with a solution of 

anisaldehyde in ethanol, acetic acid and H2SO4. Column chromatography was performed on 

Silica Gel 60 (40–60 µm). Organic solutions were dried using anhydrous Na2SO4 and solvents 

were evaporated under reduced pressure and below 50 °C (water bath) on a rotary evaporator. 1H 

NMR and 13C NMR spectra were recorded at 400, 500 or 600 MHz. 1H NMR chemical shifts are 

referenced to CHCl3 (7.26 ppm, CDCl3). 13C NMR chemical shifts are referenced to CDCl3 (77.0 

ppm, CDCl3). 1H NMR data are reported as though they were first order, and the peak 

assignments were made on the basis of 2D-NMR (1H–1H COSY and HSQC) experiments. ESI-

MS spectra were recorded on samples suspended in THF or CH3OH and added NaCl. Optical 
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rotations were measured at 22 ± 2 °C at the sodium D line (589 nm) and are in units of 

deg·mL(dm·g)-1. 

 

2.7.2 Experimental, spectroscopic, and analytical data  

 

8-Aminooctyl 6-O-methyl-D-glycero-α-L-gluco-heptopyranoside (2-1)  

 
 
 
To a solution of 2-29 (4 mg, 0.0086 mmol) in CH3OH (0.5 mL) was added 1M NaOCH3 until the 

pH of the solution was 9. After stirring for 48 h, Amberlite IR120 H+ resin was added to 

neutralize the solution; after filtration the solution was concentrated. The residue was dissolved 

in H2O and passed through a C18-SepPak cartridge and eluted with a gradient of 0 to 30% 

CH3OH in H2O to give 2-1 (2.5 mg, 83%) as a white solid. Rf = 0.23 (5:1 CH3OH–CH2Cl2); [α]D 

–48.9 (c 0.3, CH3OH); 1H NMR (500 MHz, CD3OD) δ 4.71 (d, 1H, J = 3.8 Hz, H-1), 3.76 (dd, 

1H, J = 6.0, 10.3 Hz, octyl OCH2 ), 3.57–3.70 (m, 5H, H-7a, H-6, H-5, octyl OCH2, H-3), 3.52 

(s, 3H, CH3O), 3.50–3.44 (m, 1H, H-4), 3.43–3.33 (m, 2H, H-7b, H-2), 2.83 (t, 2H, J = 7.6 Hz, 

octyl NCH2), 1.90 (s, 3H, acetate salt OAc) 1.69–1.51 (m, 2H, octyl), 1.36 (s, 10H, octyl); 13C 

NMR (125 MHz, CD3OD): δ 100.2 (C-1), 80.5 (C-5), 75.4 (C-3), 73.5 (C-2), 72.0 (C-6), 71.1 

(C-4), 69.0 (C-7), 62.4 (octyl OCH2), 60.3 (CH3O), 40.8 (octyl NCH2), 30.5 (octyl CH2), 30.3 

(octyl CH2), 30.2 (octyl CH2), 27.5 (octyl CH2), 27.2 (octyl CH2).  HR ESIMS: m/z [M+Na+] 

calcd for C16H33NO7Na: 374.2149.  Found 374.2148.  
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p-Tolyl 3,4,7-Tri-O-benzyl-6-O-methyl-1-thio-D-glycero-α/β-L-gluco-heptopyranoside (2-2)  

 
 
Compound 2-20, as a α/β mixture of isomers (628 mg, 0.90 mmol), was dissolved in 3:1 

CH2Cl2–CH3OH (6 mL) and NaOCH3 in CH3OH was added until the pH of the solution was 

above 10. After 4 h, the solution was neutralized by the addition of IR-120 (H+), filtered, and 

concentrated. To a solution of crude 2-20 α/β (538 mg, 2.2 mmol) in anhydrous DMF (5 mL) at 0 

°C were added BnBr (0.25 mL, 1.5 equiv) and NaH (61 mg, 2.0 equiv). After stirring for 6 h, 

CH3OH (0.5 mL) was added and the solution was concentrated. The residue was purified by 

chromatography (9:1 hexane–EtOAc) to give 2-2 (1680m g, 94% over two steps) as a syrup. 2-

2β isomer: Rf = 0.54 (4:1 hexane–EtOAc); 2-2ββ isomer: [α]D –20.1 (c 0.8, CHCl3); 1H NMR 

(500 MHz, CDCl3): δ 7.42 (d, 2H, J = 8.1 Hz, Ph), 7.39–7.21 (m, 15H, Ph), 7.05 (d, 2H, J = 7.9 

Hz, Ph), 4.95 (d, 1H, J = 11.0 Hz, PhCH2), 4.94 (d, 1H, J = 11.3 Hz, PhCH2), 4.86 (d, 1H, J = 

11.3 Hz, PhCH2), 4.66 (d, 1H, J = 11.0 Hz, PhCH2), 4.46 (d, 1H, J = 11.8 Hz, PhCH2), 4.43 (d, 

1H, J = 9.7 Hz, H-1), 4.42 (d, 1H, J = 11.8 Hz, PhCH2), 3.88–3.75 (m, 3H, H-4, H-6, H-7a), 

3.67–3.60 (m, 2H, H-3, H-7b), 3.56 (app t, 1H, J = 9.1 Hz, H-2), 3.47 (dd, 1H, J = 9.8, 1.6 Hz, 

H-5), 3.46 (s, 3H, CH3O), 2.42 (s, 1H, OH), 2.29 (s, 3H, CH3Ph); 13C NMR (125 MHz, CDCl3): 

δ 138.7, 138.5, 138.3, 138.2, 133.1, 129.8, 129.2, 128.6, 128.6, 128.5, 128.1, 127.9, 127.8, 

127.7(5), 127.6, 89.9 (C-1), 86.6 (C-3), 78.9 (C-5), 76.8 (C-4 or C-6), 76.5 (C-6 or C-4), 75.3 

(PhCH2), 75.0 (PhCH2), 73.5 (PhCH2), 73.4 (C-2), 69.3 (C-7), 58.6 (CH3O), 21.2 (CH3Ph).  HR 

ESIMS: m/z [M+Na+] calcd for C36H40O6SNa: 623.2438.  Found: 623.2435.  2-2α isomer: [α]D –

198.3 (c 0.6, CHCl3). 1H NMR (500 MHz, CDCl3): δ = 7.49–7.20 (m, 17H, Ph), 7.07 (d, 2H, J = 

7.9 Hz, Ph), 5.66 (d, 1H, J = 5.5 Hz, H-1), 4.96 (d, 1H, J = 11.0 Hz, PhCH2), 4.91 (s, 2H, 

O OH
BnO

BnOBnO

H3CO
STol

2-21

BnCl/NaH
DMF, 94% 
over 2 steps

O
OBn

BnO

BnOBnO

H3CO
STol

2-2



 64 

PhCH2), 4.68 (d, 1H, J = 11.0 Hz, PhCH2), 4.43 (d, 1H, J = 11.9 Hz, PhCH2), 4.38 (d, 1H, J = 

11.9 Hz, PhCH2), 4.27–4.23 (m, 1H, H-5), 4.04 (dd, 1H, J = 9.4, 5.5 Hz, H-2), 3.87 (app t, 1H, J 

= 5.7 Hz, H-6), 3.80 (app t, 1H, J = 10.2 Hz, H-4), 3.71 (app t, 1H, J = 9.4 Hz, H-3), 3.64 (dd, 

1H, J = 9.9, 6.4 Hz, H-7a), 3.49 (s, 3H, CH3O), 3.44 (dd, 1H, J = 9.9, 5.0 Hz, H-7b), 2.33 (s, 3H, 

CH3Ph); 13C NMR (125 MHz, CDCl3): δ 138.4, 138.2, 138.1, 137.2, 131.2, 130.4, 129.8, 128.6, 

128.5, 128.3, 127.9, 127.8(7), 127.8(1), 127.7, 127.6, 127.5, 89.9 (C-1), 83.9 (C-3), 77.1 (C-4), 

76.6 (C-6), 75.4 (PhCH2), 75.0 (PhCH2), 73.4 (PhCH2), 72.3 (C-2), 72.2(5) (C-5), 70.5 (C-7), 

59.0 (CH3O), 21.1 (CH3Ph); HR ESIMS: m/z [M+Na+] calcd for C36H40O6SNa: 623.2438.  

Found: 623.2430. 

 

3,4,7-Tri-O-benzyl-6-O-methyl-D-glycero-α/β-L-gluco-heptopyranose (2-3)  

 

 
 
A stream of O2/O3 was passed through a solution of 2-4 (2.48 g, 5.0 mmol) in CH2Cl2 (10 mL) 

and CH3OH (10 mL) at –78 °C with gentle stirring until the solution took on a blue color. 

Dimethyl sulfide was then added (2.6 mL, 7.0 equiv). After warming to rt, the mixture was 

concentrated and the residue was purified on silica gel column (2:1 à 1:1 hexane–EtOAc) to 

afford a 2:1 α/β mixture of 2-3 (1.72 mg, 70%) as a syrup, Rf = 0.38 (1:1 hexane–EtOAc). 1H 

NMR (600 MHz, CDCl3): δ = 7.44–7.22 (m, 22.5H, Ph-), 5.19 (d, J = 3.8 Hz, 1H, H-1α), 4.99–

4.83 (m, 4.5H, PhCH2), 4.68–4.61 (m, 1.5H, PhCH2-), 4.59–4.47 (m, 3H, PhCH2), 4.39 (d, J = 

7.7 Hz, 0.5H, H-1β), 4.01 (dd, J = 9.9, 1.4 Hz, 1H, H-4α), 3.86–3.81 (m, 2H, H-3α, H-6α), 3.81–

3.72 (m, 3.5H, H-5α, H-7aα, H-4β, H-6β, H-7aβ), 3.73–3.65 (m, 2.5H, H-7bβ, H-2α, H-7bα), 3.59 
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(t, J = 9.1 Hz, 0.5H, H-3β), 3.48 (m, 0.5H, H-5β), 3.47 (s, 3H, CH3Oα), 3.46–3.43 (m, 0.5H, H-

2β), 3.42 (s, 1.5H, CH3Oβ). ESI-MS: m/z [M + Na+] 517.2. 

 

(2R,3R,4R,5R,6S)-1,4,5-tris-benzyloxy-2-methoxy-oct-7-ene-3,6-diol (2-4)  

 
 
Fresh vinyl magnesium bromide was prepared by adding magnesium (0.66g, 27 mmol) to 1M 

vinyl bromide (41 mL, 41.0 mmol) in THF, with a crystal of NaI and heating at reflux for 1 h. 

The solution (5 equiv) was cooled and then added to dried ZnBr2 (3.08 g, 13.7 mmol, 2.5 equiv). 

After 20 min, the fresh divinylzinc solution was slowly added to a solution of hemiacetal 2-3 (2.5 

g, 5.5 mmol) in anhydrous THF (15 mL). The mixture was stirred for 4 h and concentrated. The 

residue was diluted with EtOAc and washed with 1N HCl, water, and brine, before being 

concentrated. The resulting residue was purified by chromatography (1:1 hexane–EtOAc) to give 

2-4(2.46 g, 91%) as a syrup. Rf = 0.48 (1:1 hexane–EtOAc); [α]D –10.2 (c 0.5, CHCl3); 1H NMR 

(600 MHz, CDCl3): δ 7.45–7.18 (m, 15H, PhCH2), 5.97 (ddd, 1H, J = 17.1, 10.5, 5.6 Hz, H-7), 

5.37 (dt, 1H, J = 17.2, 1.6 Hz, H-8a), 5.21 (1H, dt, J = 10.5, 1.5 Hz, H-8b), 4.78 (d, 1H, J = 11.4 

Hz, PhCH2), 4.70 (d, 1H, J = 11.4 Hz, PhCH2), 4.67 (d, 1H, J = 11.4 Hz, PhCH2), 4.62–4.52 (m, 

3H, PhCH2), 4.51–4.37 (m, 1H, H-6), 3.98 (dd, 1H, J = 8.1, 1.6 Hz, H-3), 3.85–3.74 (m, 3H, H-

1a, H-4, H-5), 3.73–3.59 (m, 2H, H-1b, H-2), 3.43 (s, 3H, CH3O), 3.05 (brs, 2H, OH); 13C NMR 

(100 MHz, CDCl3): δ 138.6 (C-7), 138.3, 138.2, 138.0, 128.6, 128.5, 128.5, 128.3, 128.0, 

127.8(6), 127.7(9), 116.2 (C-8), 820 (C-5), 78.1 (C-4), 77.7 (C-2), 74.8 (PhCH2), 73.9 (PhCH2), 

73.7 (PhCH2), 72.6 (C-3), 72.3 (C-6), 70.2 (C-1), 58.0 (CH3O).  HR ESIMS: m/z [M+Na+] calcd 

for C30H36O6Na: 515.2404.  Found: 515.2397. 
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2,3,6-Tri-O-benzyl-5-O-methyl-α/β-D-galactofuranoside (2-5)  

 
 
To a solution of 2-18 (4.44 g, 8.73 mmol) in acetone (100 mL) and water (20 mL) at 0 °C was 

added NBS (3.11, 2.0 equiv). After 1 h, the mixture was concentrated and the residue was diluted 

with CH2Cl2. This solution was washed with NaHCO3 (satd), dried, and concentrated. 

Chromatography of the crude product (2:1 hexane–EtOAc) gave 2-5 (3.44 g, 85%) as a syrup. Rf 

= 0.29 (2:1 hexane–EtOAc); ); 1H NMR (600 MHz, CDCl3): δ 7.56–7.15 (m, 15H), 5.43 (d, 

0.6H, J1,2 = 0 Hz, J1,-OH = 5.5 Hz, H-1β), 5.28 (dd, 0.4H, J1,2 = 4.5 Hz, J1,-OH = 10.9 Hz, H-1α), 

4.77–4.45 (m, 6H, PhCH2), 4.34 (app t, 0.6H, J = 5.2 Hz, H-4β), 4.18 (app t, 0.4H, J = 5.0 Hz, H-

3α), 4.10 (dd, 0.4H, J = 5.0, 2.5 Hz, H-4α), 4.06 (dd, 0.6H, J = 5.2, 2.4 Hz, H-3β), 4.04 (dd, 0.4H, 

J = 5.5, 4.6 Hz, H-2α), 4.00 (dd, 0.6H, J = 2.4, 1.0 Hz, H-2β), 3.69 (dd, 0.4H, J = 10.0, 6.3 Hz, H-

6α), 3.64 (dd, 0.4H, J = 10.0, 5.4 Hz, H-6α’), 3.63 (dd, 0.6H, J = 10.3, 4.5 Hz, H-6β), 3.59 (dd, 

0.6H, J = 10.4, 5.8 Hz, H-6β’), 3.54-3.50 (m, 0.6H, H-5β), 3.47 (s, 1.8H, CH3O), 3.45 (s, 1.2H, 

CH3O), 3.38–3.33 (m, 0.4H, H-5α), 3.17 (d, 0.6H, J = 5.8 Hz, OHβ); 13C NMR (100 MHz, 

CDCl3): δ 138.2, 138.0, 137.8, 137.5(3), 137.5(0), 128.4(8), 128.4(5), 128.3(9), 128.3(4), 128.1, 

128.0, 127.9(0), 127.8(7), 127.6(3), 127.6(2), 100.9 (C-1β), 95.9 (C-1α), 87.3 (C-2β), 84.6 (C-2α), 

82.5 (C-4β), 82.3 (C-3β), 81.3(5) (C-3α), 81.3(0) (C-4α), 79.7 (C-5β), 79.5 (C-5α), 73.5, 73.4, 72.1, 

72.0, 71.94, 71.8, 70.1 (C-6β), 70.0 (C-6α), 59.5 (OCH3α), 59.1 (OCH3β).  HR ESIMS: m/z 

[M+Na+] calcd for C28H32O6Na: 487.2091.  Found: 487.2084. 
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Ethyl 1-thio-αα-D-galactofuranoside (2-6) 

 

To a solution of D-galactose diethyl dithioacetal (20.0 g, 0.0699 mol) in water (400 mL) was 

added a solution of mercury (II) chloride (24.7 g, 0.0909 mol) in water (290 mL) and then 1.0M 

NaOH was added portion-wise, to maintain a solution pH of 6–7. Once disappearance of the 

starting material was observed by TLC, along with stabilization of the pH of the solution,† the 

excess mercury (II) chloride was filtered, and the filtrate was concentrated under reduced 

pressure.‡ The resulting residue was purified by column chromatography (6:1 CH2Cl2–CH3OH) 

to give 2-6 (11.2 g, 71%) as an oil. 1H NMR (600 MHz, D2O) δ 5.40 (d, 1H, J = 5.4 Hz, H-1), 

4.27 (app t, 1H, J = 5.4 Hz, H-2), 4.18 (dd, 1H, J = 5.4, 5.1 Hz, H–3), 3.85–3.87 (m, 1H, H-5), 

3.80 (app t, 1H, J = 5.1 Hz, H-4), 3.71 (dd, 1H, J = 4.2, 11.4 Hz, H-6a), 3.62 (dd, 1H, J = 7.2, 

11.4 Hz, H-6b), 2.74 (q, 2H, J = 7.2 Hz, CH3CH2), 1.28 (t, 1 H, J = 7.2 Hz, CH3CH2). 13C NMR 

(125 MHz, CDCl3, δC): 87.5 (C-1), 83.7 (C-4), 77.6 (C-2), 76.8 (C-3), 71.7 (C-5), 62.6 (C-6), 

25.0 (CH2), 14.5 (CH3). 

 
  

                                                
†  Once the mercury (II) chloride finishes reacting with the dithioacetal, there is a cessation of 

HCl production. 
‡  1 mL of octanol was added to prevent foaming of the solution when concentrating under 

reduced pressure. 
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Ethyl 5,6-O-Isopropylidene-1-thio-α-D-galactofuranoside (2-9) 

 
 
To a solution of 2-6 (14.81 g, 66.0 mmol) and p-TsOH (0.57 g, 10 mmol, 0.1 equiv) in dry 4:1 

acetone:DMF (200 mL) at 0 °C was added 2,2-dimethoxypropane (40 mL, 330 mmol, 5.0 equiv). 

The reaction mixture was stirred overnight, neutralized with NaHCO3 and filtered. The filtrate 

was dried, concentrated and the residue was purified by chromatography (2:1 hexane–EtOAc) to 

afford 2-9 (13.9 g, 80%) as a white solid. Rf = 0.48 (2:1 hexane–EtOAc); Rf = 0.48 (1:1 CH2Cl2–

EtOAc); [α]D +103.0 (c 0.9, CHCl3); 1H NMR (600 MHz, CDCl3) δ 5.31 (d, 1H, J = 4.2 Hz, H-

1), 4.27 (ddd, 1H, J = 8.1 6.7, 3.2 Hz, H-5), 4.18 (app t, 1H, J = 3.1 Hz, H-3), 4.08–4.00 (m, 2H, 

H-6a, H-2), 3.97 (app t, 1H, J = 8.1 Hz, H-6b), 3.85 (app t, 1H, J = 3.1 Hz, H-4), 2.70 (q, 2H, J = 

7.4 Hz, CH3CH2), 1.47 (s, 3H, (CH3)2C), 1.37 (s, 3H, (CH3)2C), 1.29 (t, 3H, J = 7.4 Hz, 

CH3CH2); 13C NMR (100 MHz, CDCl3): δ = 110.3 (C(CH3)2), 89.2 (C-1), 84.0 (C-4), 78.7 (C-2), 

78.6 (C-3, C-5), 65.6 (C-6), 26.3 (CH3)2C), 25.9 (CH3CH2), 25.8 (CH3)2C), 15.6 (CH3CH2).  HR 

ESIMS: m/z [M+Na+] calcd for C11H20O5SNa: 287.0924.  Found: 287.0927. 

 

Ethyl 2,3-Di-O-benzyl-5,6-O-isopropylidene-1-thio-α-D-galactofuranoside (2-10)  

 
 
To a solution of 2-9 (8.1 g, 30.6 mmol) in anhydrous DMF (75 mL) at 0 °C were added BnBr 

(9.5 mL, 2.6 equiv) and NaH (3.7 g, 3.0 equiv). The mixture was slowly warmed to rt and stirred 

for another 4 h, before CH3OH (2 mL) was added and the solution was concentrated. The 
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residue was dissolved in CH2Cl2 and washed with HCl (1 N), dried over Na2SO4, and 

concentrated under reduced pressure. Purification by chromatography (7:1 hexane–EtOAc) gave 

2-10 (13.3 g, 97%) as a syrup. Rf = 0.35 (6:1 hexane–EtOAc); .  Rf = 0.35 (6:1 hexane–EtOAc); 

[α]D +69.5 (c 0.9, CHCl3); 1H NMR (600 MHz, CDCl3): δ 7.52–7.18 (m, 10H, PhCH2), 5.45 (d, 

1H, J = 4.8 Hz, H-1), 4.72 (d, 1H, J = 11.6 Hz, PhCH2), 4.61 (d, 1H, J = 11.6 Hz, PhCH2), 4.53 

(d, 1H, J = 11.4 Hz, PhCH2), 4.51 (d, 1H, J = 12.0 Hz, PhCH2), 4.40 (q, 1H, J = 7.3 Hz, H-5), 

4.24 (app t, 1H, J = 4.8 Hz, H-2), 4.01 (app t, 1H, J = 4.8 Hz, H-3), 3.93 (dd, 1H, J = 7.3, 4.8 Hz, 

H-4), 3.86 (dd, 1H, J = 8.5, 7.3 Hz, H-6a), 3.80 (dd, 1H, J = 8.5, 7.0 Hz, H-6b), 2.75 (q, 2H, J = 

7.4 Hz, CH3CH2), 1.43 (s, 3H, (CH3)2C), 1.36 (s, 3H, (CH3)2C), 1.32 (t, J = 7.4 Hz, 3H, 

CH3CH2); 13C NMR (100 MHz, CDCl3): δ 137.5, 137.3, 128.5, 128.1, 128.9(8), 127.9(6), 

127.9(4), 109.6 ((CH3)2C), 86.5 (C-1), 84.4 (C-2), 83.5 (C-4), 82.5 (C-3), 77.2 (C-5), 72.5 

(PhCH2), 72.1 (PhCH2), 65.26 (C-6), 26.6 ((CH3)2C), 25.2 ((CH3)2C), 24.6 (CH3CH2), 15.0 

(CH3CH2).  HR ESIMS: m/z [M+Na+] calcd for C25H32O5SNa: 467.1863.  Found: 467.1861. 

 
Ethyl 2,3-Di-O-benzyl-1-thio-α-D-galactofuranoside (2-11)  

 

 
 
Compound 2-10 (12.0 g, 27.0 mmol) was dissolved in 70% aq HOAc (50 mL) and the solution 

was stirred at 60 °C overnight. The solution was cooled, concentrated and the residue was 

purified by chromatography (2:1, hexane–EtOAc) to afford 2-11 (9.5 g, 87%) as a syrup. Rf = 

0.42 (2:1 hexane–EtOAc); [α]D +68.6 (c 0.6, CHCl3); 1H NMR (600 MHz, CDCl3): δ 7.53–7.07 

(m, 10H, PhCH2), 5.41 (d, 1H, J = 4.7 Hz, H-1), 4.67 (d, 1H, J = 11.6 Hz, PhCH2), 4.63 (d, 1H, J 

= 11.7 Hz, PhCH2), 4.55 (d, 1H, J = 11.4 Hz, PhCH2), 4.53 (d, 1H, J = 12.0 Hz, PhCH2), 4.26 
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O

SEt
OBn

OBn

O

O

O

SEt
OBn

OBn

HO

HO

2-11

87%

2-10



 70 

(app t, 1H, J = 4.7 Hz, H-3), 4.22 (app t, 1H, J = 4.7 Hz, H-2), 4.04 (app t, 1 H, J = 4.7 Hz, H-4), 

3.79-3.74 (m, 1H, H-5), 3.66-3.60 (m, 2H, H-6ab), 3.00 (brs, 1H, OH), 2.71 (q, 2H, J = 7.4 Hz, 

CH3CH2), 2.30 (brs, 1H, OH), 1.33 (t, 3H, J = 7.4 Hz, CH3CH2); 13C NMR (100 MHz, CDCl3): δ 

137.5, 137.1, 128.5(1), 128.4(9), 128.0(4), 127.9(9), 127.8, 87.4 (C-1), 83.8 (C-2), 83.6 (C-4), 

82.4 (C-3), 72.5 (PhCH2), 72.4 (PhCH2), 71.3 (C-5), 64.4 (C-6), 25.2 (CH3CH2), 15.2 (CH3CH2).  

HR ESIMS: m/z [M+Na+] calcd for C22H28O5SNa: 427.1550.  Found: 427.1542. 

 
Ethyl 2,3-Di-O-benzyl-6-O-tert-butyldiphenylsilyl-1-thio-α-D-galactofuranoside (2-15)  

 
 
A solution of diol 2-11(6.4 g, 15.8 mmol) in anhydrous DMF (70 mL) at 0 °C was treated with 

TBDPSCl (4.3 mL, 1.05 equiv) and imidazole (2.2 g, 2.0 equiv). The mixture was warmed to rt 

while stirring overnight, and then CH3OH (0.5 mL) was added and the solution was 

concentrated. The residue was dissolved in CH2Cl2 and washed with HCl (1N), dried, and 

concentrated under reduced pressure. Purification by chromatography (10:1 hexane–EtOAc) 

afforded 2-15 (9.6 g, 76%) as a syrup. Rf = 0.30 (8:1 hexane–EtOAc); [α]D +39.7 (c 0.9, CHCl3); 

1H NMR (600 MHz, CDCl3): δ 7.71–7.64 (m, 4H, Ph), 7.46–7.23 (m, 16H, Ph), 5.44 (d, 1H, J = 

4.8 Hz, H-1), 4.67 (d, 1H, J = 11.7 Hz, PhCH2), 4.62 (d, 1H, J = 11.6 Hz, PhCH2), 4.55 (d, 1H, J 

= 11.4 Hz, PhCH2), 4.52 (d, 1H, J = 11.4 Hz, PhCH2), 4.32-4.28 (m, 2H, H-3, H-4), 4.26 (app t, 

1H, J = 4.8 Hz, H-2), 3.82–3.77 (m, 1H, H-5), 3.73–3.68 (m, 2H, H-6ab), 2.90 (d, 1H, J = 7.8 

Hz, OH), 2.67 (dq, 2H, J = 7.4, 2.5 Hz, CH3CH2), 1.30 (t, 3H, J = 7.4 Hz, CH3CH2), 1.08 (s, 9H, 

(CH3)3C); 13C NMR (100 MHz, CDCl3): δ 137.8, 137.3, 135.6, 135.6, 133.5, 129.6(9), 129.6(5), 

128.5, 128.0, 127.8, 127.7, 127.6(6), 87.0 (C-1), 83.9 (C-2), 82.5 (C-3,4), 72.4 (2 PhCH2), 71.3 
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(C-5), 64.7 (C-6), 26.9 (CH3)3C), 25.0 (CH3CH2), 19.3 (CH3)3C), 15.1 (CH3CH2).  HR ESIMS: 

m/z [M+Na+] calcd for C38H46O5SSiNa: 665.2727.  Found: 665.2717. 

 

Ethyl 2,3-Di-O-benzyl-6-O-tert-butyldiphenylsilyl-5-O-methyl-1-thio-α-D-galactofuranoside 

(2-16) 

 

A solution of 2-15 (9.5 g, 14.8 mmol) in anhydrous DMF (70 mL) at 0 °C was treated with CH3I 

(2.6 mL, 1.3 equiv) and NaH (5.5g, 1.5 equiv) was added slowly batch-wise. The mixture was 

slowly warmed to rt and, after the starting material disappeared, CH3OH (1 mL) was added and 

the solution was concentrated. The residue was dissolved in CH2Cl2 and washed with HCl (1N), 

dried, concentrated and the residue was purified by chromatography (13:1 hexane–EtOAc) to 

give 2-16 (7.4 g, 76%) as a syrup. Rf = 0.47 (9:1 hexane–EtOAc); [α]D +49.0 (c 0.7, CH2Cl2); 1H 

NMR (400 MHz, CDCl3): δ 7.86–7.65 (m, 4H), 7.55–7.06 (m, 16H), 5.44 (d, 1H, J = 5.2 Hz, H-

1), 4.70 (d, 1H, J = 11.7 Hz, PhCH2), 4.55 (d, 1H, J = 12.3 Hz, PhCH2), 4.51 (d, 1H, J = 12.1 Hz, 

PhCH2), 4.38 (d, 1H, J = 11.5 Hz, PhCH2), 4.23 (app t, 1H, J = 5.2 Hz, H-2), 4.12 (app t, 1H, J = 

5.0 Hz, H-3), 3.97 (dd, 1H, J = 7.2, 5.7 Hz, H-4), 3.87 (dd, 1H, J = 11.2, 4.0 Hz, H-6a), 3.76 (dd, 

1H, J = 11.2, 6.0 Hz, H-6b), 3.66-3.60 (m, 1H, H-5), 3.50 (s, 3H, CH3O), 2.76 (dd, J = 7.4, 4.6 

Hz, 2H, CH2CH3), 1.35 (t, 3H, J = 7.4 Hz, CH2CH3), 1.11 (s, 9H, (CH3)3C); 13C NMR (100 

MHz, CDCl3): δ 137.7, 137.5, 135.6(7), 135.6(4), 135.5, 134.8, 133.5, 133.4, 129.6, 129.5(9), 

129.5(5), 128.4, 128.3, 127.9, 127.8, 127.7, 127.6, 86.3 (C-1), 84.4 (C-2), 83.1 (C-5), 83.0 (C-3), 

82.3 (C-4), 72.3 (PhCH2), 72.0 (PhCH2), 63.6 (C-6), 59.3 (CH3O), 26.8 ((CH3)3C), 24.5 
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(CH2CH3), 19.2 ((CH3)3C), 15.0 (CH2CH3); HR ESIMS: m/z [M+Na+] calcd for C39H48O5SSiNa: 

679.2878.  Found: 679.2884. 

 

Ethyl 2,3-Di-O-benzyl-5-O-methyl-1-thio-α-D-galactofuranoside (2-17)  

 
 

To a solution of 2-16 (7.64 g, 11.2 mmol) in THF (80 mL) was added 1M TBAF in THF (14.5 

mL). The mixture was stirred and after the starting material disappeared, the solution was diluted 

with CH2Cl2 and washed with 1M HCl (satd), brine, dried, and concentrated. Chromatography of 

the crude product (2:1 hexane–EtOAc) gave 2-17 (4.55 g, 97%) as a syrup. Rf = 0.38 (2:1 

hexane–EtOAc; [α]D +94.0 (c 0.6, CHCl3).  1H NMR (500 MHz, CDCl3): δ 7.47–7.19 (m, 10H, 

PhCH2), 5.38 (d, 1H, J = 4.5 Hz, H-1), 4.69 (d, 1H, J = 11.7 Hz, PhCH2), 4.58 (d, 1H, J = 11.6 

Hz, PhCH2), 4.53 (d, 2H, J = 11.6 Hz, PhCH2), 4.22–4.15 (m, 2H, H-2, H-3), 4.05 (dd, 1H, J = 

7.1, 5.2 Hz, H-4), 3.72 (ddd, 1H, J = 11.6, 7.6, 3.9 Hz, H-6a), 3.61-3.56 (m, 1H, H-6b), 3.55-

3.53 (m, 1H, H-5), 3.53 (s, 3H, CH3O), 2.73 (q, 2H, J = 7.4 Hz, CH3CH2), 2.29 (dd, 1H, J = 7.6, 

5.7 Hz, OH), 1.32 (t, 3H, J = 7.4 Hz, CH3CH2); 13C NMR (125 MHz, CDCl3): δ 137.4, 137.2, 

128.5, 128.1, 128.0, 86.8 (C-1), 84.2 (C-2), 83.2 (C-4), 82.4 (C-3), 81.9 (C-5), 72.5 (PhCH2), 

72.0 (PhCH2), 61.0 (C-6), 58.7 (CH3O), 25.0 (CH3CH2), 15.1 (CH3CH2).  HR ESIMS: m/z 

[M+Na+] calcd for C23H30O5SNa: 441.1706.  Found: 441.1700. 
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Ethyl 2,3,6-Tri-O-benzyl-5-O-methyl-1-thio-α-D-galactofuranoside (2-18)   

 
 
 
To a solution of 2-17 (4.69 g, 11.2 mmol) in anhydrous DMF (40 mL) at 0 °C were added BnBr 

(1.7 mL, 1.3 equiv) and NaH (584 mg, 1.5 equiv). The mixture was slowly warmed to rt and 

stirred overnight before CH3OH (~1 mL) was added. The solution was concentrated and the 

residue was purified by chromatography (12:1à8:1 hexane–EtOAc) to give 2-18 (4.74 g, 84%) 

as a syrup. Rf = 0.72 (2:1 hexane–EtOAc); [α]D +72.3 (c 0.6, CH2Cl2). 1H NMR (400 MHz, 

CDCl3): δ 7.50–7.12 (m, 15H, Ph), 5.42 (d, 1H, J = 4.8 Hz, H-1), 4.67 (d, 1H, J = 11.7 Hz, 

PhCH2), 4.57 (d, 1H, J = 11.7 Hz, PhCH2), 4.55–4.45 (m, 4H, PhCH2), 4.22–4.14 (m, 2H, H-2, 

H-3), 4.00 (dd, 1H, J = 7.1, 4.9 Hz, H-4), 3.74–3.67 (m, 1H, H-5), 3.64 (dd, 1H, J = 10.5, 3.9 Hz, 

H-6a), 3.55 (s, 3H, CH3O), 3.51 (dd, 1H, J = 10.5, 5.8 Hz, H-6b), 2.75 (dq, 2H, J = 7.4, 1.8 Hz, 

OCH2CH3), 1.34 (t, 3H, J = 7.4 Hz, CH2CH3); 13C NMR (100 MHz, CDCl3): δ 138.5, 138.1, 

137.7, 128.7, 128.6, 128.5(6), 128.2, 128.1, 128.0, 127.9, 127.8, 86.8 (C-1), 84.6 (C-2), 83.4 (C-

4), 82.7 (C-3), 81.3 (C-5), 73.6 (PhCH2O), 72.6 (PhCH2O), 72.1 (PhCH2O), 70.2 (C-6), 59.3 

(CH3O), 25.1 (CH2CH3), 15.3 (CH2CH3).  HR ESIMS: m/z [M+Na+] calcd for C30H36O5SNa: 

531.2170.  Found: 531.2176. 
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1,2-Di-O-acetyl-3,4,7-tri-O-benzyl-6-O-methyl-D-glycero-α/β-L-gluco-heptopyranose (2-19)  

 
 

To a solution of 2-3 (692 mg, 1.4 mmol) in anhydrous pyridine (5 mL) at 0 °C was added Ac2O 

(1 mL). After stirring for 3 h, the mixture was concentrated. The residue was dissolved in 

CH2Cl2 and then washed with 1N HCl, water, and brine before being dried and concentrated. The 

residue was purified by chromatography (4:1 hexane–EtOAc) to afford a 2:1 α/β mixture of 2-19 

(788 mg, 95%) as a syrup. Rf = 0.50 (2:1 hexane–EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.41–

7.23 (m, 22.5H, PhCH2), 6.26 (d, 1H, J = 3.7 Hz, H-1α), 5.54 (d, 0.5H, J = 8.3 Hz, H-1β), 5.16 

(dd, 0.5H, J = 9.4, 8.4 Hz, H-2β), 5.08 (dd, 1H, J = 10.0, 3.7 Hz, H-2α), 4.96 (d, 1H, J = 10.9 Hz, 

CH2Phα), 4.92 (d, 0.5H, J = 11.0 Hz, CH2Phβ), 4.85 (d, 1H, J = 11.4 Hz, CH2Phα), 4.82 (d, 0.5H, 

J = 11.4 Hz, CH2Phβ), 4.78 (d, 1H, J = 11.4 Hz, CH2Phα), 4.69 (d, 0.5H, J = 10.6 Hz, CH2Phβ), 

4.68 (d, 1H, J = 10.9 Hz, CH2Phα), 4.55 (d, 0.5H, J = 12.5 Hz, CH2Phβ), 4.54 (d, 1H, J = 11.8 

Hz, CH2Phα), 4.51 (d, 1H, J = 10.9 Hz, CH2Phα), 4.04 (app t, 1H, J = 9.4 Hz, H-3α), 3.99 (dd, 

1H, J = 10.0, 1.6 Hz, H-5α), 3.95–3.89 (m, 1.5H, H-4β, H-4α), 3.86-3.82 (m, 1H, H-6α), 3.82–

3.73 (m, 2.5H, H-3β, H-6β, H-7α, H-7β), 3.69–3.62 (m, 2H, H-5β, H-7β’), 3.60 (dd, 1H, J = 9.2, 

7.0 Hz, H-7α’), 3.46 (s, 3H, OCH3α), 3.45 (s, 3H, OCH3β), 2.08  (s, 3H, OAcβ), 2.00 (s, 3H, 

OAcα), 1.97 (s, 3H, OAcα), 1.95 (s, 3H, OAcβ); 13C NMR (125 MHz, CDCl3): δ 169.8, 169.4, 

169.3, 169.0, 138.4, 138.2, 138.0, 138.0(0), 137.9(9), 128.5(4), 128.5(1), 128.4(8), 128.4(5), 

128.4(0), 128.3(7), 127.9, 127.8(6), 127.7(8), 127.7(3), 127.6, 127.5, 127.4, 92.6 (C-1β), 89.8 (C-

1α), 83.2 (C-3α), 80.5 (C-3β), 76.9 (C-4β), 76.7 (C-4α), 76.0(3) (C-6β), 75.9(8) (C-6α), 75.4 

(CH2Phα), 75.2(7) (CH2Phα), 75.2(2) (C-5β), 75.2 (CH2Phβ), 75.0 (CH2Phβ), 73.7 (CH2Phβ), 73.4 

(CH2Phα), 72.2 (C-5α), 72.1 (C-2β), 71.9 (C-2α), 68.9 (C-7β), 68.6 (C-7α), 58.7 (OCH3β), 58.6 
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(OCH3α), 20.9 (OAcβ), 20.7(7) (OAcβ), 20.7(6) (OAcα), 20.6(7) (OAcα).  HR ESIMS: m/z 

[M+Na+] calcd for C33H38O9Na: 601.2408. Found: 601.2407. 

 

p-Tolyl 2-O-Acetyl-3,4,7-tri-O-benzyl-6-O-methyl-1-thio-α/β-D-glycero-L-gluco-

heptopyranose (2-20)  

 
 
Compound 2-19 (691 g, 1.2 mol) and p-thiocresol (193 mg, 1.3 equiv) were dissolved in 

anhydrous CH2Cl2 (12 mL). After the addition of BF3·Et2O (0.30 mL, 2.0 equiv) at 0 °C, the 

reaction mixture was stirred for 1 h while warming to room temperature. The solution was 

diluted with CH2Cl2, washed with NaHCO3 (sat), dried over Na2SO4, and concentrated. The 

crude product was purified by chromatography (6:1 hexane–EtOAc) to afford 2-20 as a 1:9 α/β 

mixture 2-20 (628 mg, 82%) as a syrup. Rf = 0.39 (4:1 hexane–EtOAc). Data for major isomer 2-

20β [α]D –26.5 (c 0.5, CHCl3); 1H NMR (500 MHz, CDCl3): δ 7.51–7.15 (m, 17H, Ph), 7.03 (d, 

2H, J = 7.5 Hz, Ph), 5.05 (t, 1H, J = 10.1 Hz, H-2), 4.90 (d, 1H, J = 11.0 Hz, PhCH2), 4.80 (d, 

1H, J = 11.3 Hz, PhCH2), 4.70 (d, 1H, J = 11.4 Hz, PhCH2), 4.66 (d, 1H, J = 11.0 Hz, PhCH2), 

4.54 (d, 1H, J = 10.1 Hz, H-1), 4.43 (d, 1H, J = 11.8 Hz, PhCH2), 4.39 (d, 1H, J = 11.8 Hz, 

PhCH2), 3.92 (app t, 1H, J = 8.8 Hz, H-4), 3.83–3.76 (m, 2H, H-6, H-7a), 3.73 (app t, 1H, J = 8.8 

Hz, H-3), 3.60 (app t, 1H, J = 9.7 Hz, H-7b), 3.52-3.45 (m, 1H, H-5), 3.44 (s, 3H, CH3O), 2.28 

(s, 3H, CH3Ph), 2.01 (s, 3H, CH3CO); 13C NMR (125 MHz, CDCl3): δ 169.7, 138.3(1), 138.2(7), 

138.2(5), 137.9, 132.9, 130.1, 129.7, 128.6, 128.5(6), 128.5(0), 127.9(5), 127.8(9), 127.8(5), 

127.7(6), 127.6, 87.7 (C-1), 84.9 (C-3), 78.7 (C-5), 77.2 (C-4), 76.3 (C-6), 75.3 (PhCH2), 75.1 
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(PhCH2), 73.5 (PhCH2), 72.3 (C-2), 68.9 (C-7), 58.5 (CH3O), 21.2 (2C, CH3Ph, CH3CO). HR 

ESIMS: m/z [M+Na+] calcd for C38H42O7SNa: 665.2543.  Found: 665.2538. 

 
p-Tolyl 2,3,4,7-Tetra-O-benzyl-6-O-methyl-1-thio-D-glycero-α/β-L-gluco-heptopyranose (2-

24) 

 
 
To a solution of 2-2 (203 mg, 0.29 mmol) in 5:1 acetone–H2O (5 mL) was added N-

bromosuccinimide (157 mg, 3 equiv). After stirring for 2 h, the solution was concentrated and 

the residue was purified by chromatography (2:1 hexane–EtOAc) to give 2-24 (145 mg, 1:0.3 α/β 

mixture, 84%) as a white solid. Rf = 0.35 (2:1 hexane–EtOAc); 1H NMR (600 MHz, CDCl3) δ 

7.45–7.22 (m, 26H, Ph), 5.12 (d, 1H, J = 3.6 Hz, H-1α), 4.98–4.91 (m, 3H, PhCH2α. PhCH2β), 

4.84 (d, 1H, J = 10.9 Hz, PhCH2α), 4.81 (d, 0.3H, J = 11.0 Hz, PhCH2β), 4.76 (d, 1H, J = 12.0 

Hz, PhCH2α), 4.75 (d, 0.3H, J = 11.4 Hz, PhCH2β), 4.67 (d, 1H, J = 11.9 Hz, PhCH2α), 4.64 (d, 

1H, J = 11.1 Hz, PhCH2α), 4.63 (d, 0.3H, J = 11.1 Hz, PhCH2β), 4.60 (d, 0.3H, J = 12.0 Hz, 

PhCH2β), 4.58 (d, 0.3H, J = 10.2 Hz, H-1β), 4.56 (d, 1H, J = 12.0 Hz, PhCH2α), 4.51 (d, 1H, J = 

12.0 Hz, PhCH2α), 4.48 (d, 1H, J = 12.0 Hz, PhCH2α), 4.02–3.94 (m, 2H, H-3α, H-5α), 3.85–3.79 

(m, 1.3H, H-6β, H-6α), 3.79–3.66 (m, 3.2H, H-7aα, H-7aβ, H-4α, H-4β), 3.72–3.66 (m, 0.6H, H-3β, 

H-7bβ), 3.64 (dd, 1H, J = 6.0, 9.9 Hz, H-7bα), 3.57 (dd, 1H, J = 9.5, 3.6 Hz, H-2α), 3.49 (0.3H, 

td, J = 9.8, 4.7 Hz, H-5β), 3.46 (s, 3H, CH3Oα), 3.44 (1H, s, CH3Oβ), 3.36 (dd, 0.3H, J = 9.1, 7.7 

Hz, H-2β); 13C NMR (125 MHz, CDCl3): δ 138.6, 138.4, 138.2, 137.8, 128.5, 128.4, 128.3(8), 

128.3(6), 128.2, 128.1, 127.9, 127.8(6), 127.8(0), 127.7(5), 127.7(2), 127.6(6), 127.6(4), 

127.6(1), 127.6, 97.9 (C-1β) 91.3 (C-1α), 84.8 (C-3β), 83.8 (C-2β), 82.0 (C-3α), 79.9 (C-2α), 76.8 
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(C-4α), 76.5 (C-4β), 75.7 (C-6β), 75.0 (C-6α), 74.5 (PhCH2α), 73.4 (PhCH2α), 73.3(4) (C-5β), 

73.3(2) (PhCH2α), 70.4 (C-7α), 70.2 (C-5α), 68.9 (C-7β), 59.0(2) (CH3Oα), 59.0(0) (CH3Oβ). HR 

ESIMS: m/z [M+Na+] calcd for C36H40O7Na: 607.2666.  Found: 607.2657.  

 

8-Azido-octyl 2,3,4,7-Tetra-O-benzyl-6-O-methyl-D-glycero-α-L-gluco-heptopyranoside (2-

26)  

 
 
 
To a solution of 2-24 (22 mg, 0.037 mmol) in anhydrous CH2Cl2 (1 mL) was added 

trichloroacetonitrile (40 µL, 10 equiv) and K2CO3 (26 mg, 5 equiv). After stirring for 4 h, the 

solution was filtered, concentrated and the residue was purified by chromatography (6:1 hexane–

EtOAc with 0.5% Et3N) to give 2-25 (12.7 mg major spot (presumably β), 4.9 mg minor spot 

(presumably α), 66%) as a yellow syrup. Rf (major isomer) = 0.71 (4:1 hexane–EtOAc). To a 

solution of 2-25 β-anomer (12.7 mg, 0.017 mmol), 1-azidooctanol (2 mg, 1.1 equiv) and 4 Å 

molecular sieves (10 mg) in Et2O (0.5 mL) was added 5% TMSOTf in Et2O until the pH of the 

solution was 5. After stirring for 45 min, the solution was filtered, concentrated and the residue 

was purified by chromatography (9:1 hexane–EtOAc) to give 2-26 (12.3 mg, separable 4:1 α:β 

mixture, 95%) as a white solid. Data for α-isomer: Rf = 0.34 (9:1 hexane–EtOAc); [α]D –24.5 (c 

0.7, CHCl3); 1H NMR (500 MHz, CD3OD) δ 7.33 (m, 20H, Ph), 5.04 (d, 1H, J = 10.9 Hz, 

PhCH2), 4.99 (d, 1H, J = 11.0 Hz, PhCH2), 4.84 (d, 1H, J = 10.9 Hz, PhCH2), 4.79 (d, 1H, J = 

12.1 Hz, PhCH2), 4.74 (d, 1H, J = 3.6 Hz, H-1), 4.66 (d, 1H, J = 12.1 Hz, PhCH2), 4.64 (d, 1H, J 
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= 11.0 Hz, PhCH2), 4.55 (s, 2H, PhCH2), 4.04 (app t, 1H, J = 9.4 Hz, H-3), 3.86–3.79 (m, 2H, 

H-6, H-7a), 3.79–3.72 (m, 2H, H-4, H-7b), 3.65 (dd, 1H, J = 9.5, 6.1 Hz, H-5), 3.61–3.54 (m, 

2H, H-2, octyl OCH2), 3.47 (s, 3H, CH3O), 3.33 (td, 1H, J = 9.6, 6.7 Hz, octyl OCH2), 3.26 (t, 

2H, J = 7.0 Hz, octyl NCH2), 1.66–1.53 (m, 2H, octyl), 1.40–1.21 (m, 10H, octyl); 13C NMR 

(CDCl3) δ 138.9, 138.5, 138.4, 138.1, 128.5, 128.4, 128.3(7), 128.1, 128.0, 127.8, 127.5, 96.8 

(C-1), 82.3 (C-3), 80.0 (C-2), 77.2 (C-4), 76.52 (C-6), 75.6 (PhCH2), 75.0 (PhCH2), 73.4 

(PhCH2), 73.10 (PhCH2), 70.0 (C-5), 69.9 (C-7), 67.9 (octyl OCH2), 59.0 (CH3O) 51.5 (octyl 

NCH2), 29.7 (octyl), 29.4 (octyl CH2), 29.1 (octyl CH2), 28.9 (octyl CH2), 26.7 (octyl CH2), 26.1 

(octyl CH2). HR ESIMS: m/z [M+Na+] calcd for C44H55N3O7Na: 760.3932.  Found 760.3927. 

 
8-Trifloroacetamido-octyl 2,3,4,7-Tetra-O-benzyl-6-O-methyl-D-glycero-α-L-gluco-

heptopyranoside (2-28)  

 

 
 
To a solution of 2-26 (12.5 mg, 0.017 mmol) in pyridine (2 mL) was added 10 mg Pd–C. The 

mixture was purged with 1 atm H2 (g) for 2 h and filtered through Celite. Partial concentration 

yielded a clear colourless liquid to which were added trifluoroacetic anhydride (10 µL, 2 equiv) 

and pyridine (12 µL, 4 equiv). After stirring for 36 h, the solution was concentrated and the 

residue was purified by chromatography (4:1 hexane– EtOAc) to give 2-28 (13 mg, 95% over 2 

steps) as a solid. Rf = 0.23 (4:1 hexane–EtOAc); [α]D –2.5 (c 0.5, CH2Cl2); 1H NMR (600 MHz, 

CDCl3) δ 7.44–7.20 (m, 20H, Ph), 6.30–6.12 (br s, 1 H, NH), 5.02 (d, 1H, J = 10.8 Hz, PhCH2), 

4.97 (d, 1H, J = 10.9 Hz, PhCH2), 4.82 (d, 1H, J = 10.8 Hz, PhCH2), 4.76 (d, 1H, J = 12.1 Hz, 

PhCH2), 4.72 (d, 1H, J = 3.6 Hz, H-1), 4.65 (d, 1H, J = 12.1 Hz, PhCH2), 4.64 (d, 1H, J = 10.9 
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Hz, PhCH2), 4.52 (s, 2H, PhCH2), 4.04 (app t, 1H, J = 9.4 Hz, H-3), 3.72–3.84 (m, 4H, H-6, H-5, 

H-7a, H-4), 3.67 (dd, 1H, J = 9.5, 6.2 Hz, H-7b), 3.58–3.52 (m, 2H, octyl OCH2, H-2), 3.44 (s, 

3H, OCH3), 3.38–3.29 (m, 3H, octyl OCH2, octyl NCH2), 1.55 (m, 2H, octyl), 1.37–1.13 (m, 

10H, octyl). 13C NMR (CDCl3) δ, 138.9, 138.4, 138.3(6), 138.1, 128.5, 128.4, 128.3(7), 128.0, 

127.9, 127.8(5), 127.8(2), 127.7(5), 127.6, 127.5(6), 127.4(7), 96.8 (C-1), 82.3 (C-3), 80.0 (C-2), 

76.5 (C-4), 76.4(9) (C-6), 75.6 (PhCH2), 75.1 (PhCH2), 73.4 (PhCH2), 73.1 (PhCH2), 70.0 (C-5), 

69.9 (C-7), 67.9 (octyl OCH2), 59.0 (CH3O), 40.0 (octyl NCH2), 29.3 (octyl CH2), 29.2(7) (octyl 

CH2), 29.1 (octyl CH2), 29.0 (octyl CH2), 26.6 (octyl CH2), 26.1 (octyl CH2). HR ESIMS: m/z 

[M+Na+] calcd for C46H56F3NO8Na: 830.3850.  Found 830.3846.  

 

8-Trifloroacetamido-octyl 6-O-methyl-D-glycero-α-L-gluco-heptopyranoside (2-29)  

 
 
To a solution of 2-28 (18 mg, 0.024 mmol) in HOAc (1 mL) was added 12 mg Pd–C. The 

reaction was shaken under 60 psi H2 (g) for 60 h, filtered through Celite, and concentrated to 

give 2-29 (9.4 mg, 91%) as a white solid. Rf = 0.69 (6:1 CH2Cl2–CH3OH[α]D –60.0 (c 0.3, 

CH3OH); 1H NMR (500 MHz, CD3OD) δ 4.72 (d, 1H, J = 3.7 Hz, H-1), 3.77 (dd, 1H, J = 10.3, 

5.9 Hz, octyl OCH2), 3.70–3.57 (m, 5H, H-7a, H-6, H-5, octyl OCH2, H-3), 3.53 (s, 3H, CH3O), 

3.51–3.43 (m, 1H, H-4), 3.41–3.32 (m, 2H, H-7b, H-2), 3.28–3.23 (m, 2H, octyl NCH2), 1.78–

1.44 (m, 2H, octyl), 1.44–1.15 (m, 10H, octyl); 13C NMR (125 MHz, CD3OD): δ 100.2 (C-1), 

80.5 (C-5), 75.4 (C-3), 73.5 (C-2), 72.0 (C-6), 71.1 (C-4), 69.1 (C-7), 62.5 (octyl OCH2), 60.3 

(CH3O), 40.6 (octyl NCH2), 30.6 (octyl), 30.5 (octyl CH2), 30.2 (octyl CH2), 29.8 (octyl CH2), 
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27.8 (octyl CH2),  27.3 (octyl CH2).  HR ESIMS: m/z [M+Na+] calcd for C18H32F3NO8Na: 

470.1972.  Found 470.1973. 

 

Synthesis of BSA conjugate (2-30).  
 
To a solution of 2-1 (2.5 mg, 0.010 mmol) in 20 mM Na2PO4 buffer at pH 7.5(0.6 mL) was 

added imm-LinkTM Amine Modifier reagent (60 µL). The solution was mixed gently and added 

to imm-LinkTM BSA mix (2 mg), resuspended, and left for 16 h. The reaction mixture was then 

dialysed against deionized water mixed with dialysis buffer (1 L, changed twice, 4h each). The 

dialyzed conjugate was lyophilized to give the BSA conjugate of 2-1, corresponding to the 

incorporation of 4 ligands per molecule of BSA. MALDI-MS (positive mode, matrix sinapinic 

acid, H2O): imm-LinkTMBSA conjugate 1 (72528); imm-LinkTM BSA (71076). 

 

Ethyl (E)-3-(2-furanyl)prop-2-enoate (2-43) 

 

To a solution of 2-36 (4.3 mL, 52 mmol) in H2O (260 mL) was added 

bromophosphonoacetate(10.3 mL, 93.6 mmol), triphenylphosphine (26 g, 93.6 mmol), LiOH 

(4.6 g, 109.2 mmol), and LiCl (13.3g, 312 mmol). The mixture was heated at refluxed in air for 

40 min and then cooled to room temperature. The mixture was then extracted with EtOAc (3 x 

60 mL) and the combined organic extracts were washed with brine, dried over Na2SO4 filtered, 

and concentrated under reduced pressure. The residue was then purified by column 

chromatography over silica gel (7:1 hexane–EtOAc) to give 2-43 (5.4 g, 63%) in a 99:1 mixture 

of E:Z isomers as an clear colourless oil. The product was confirmed by matching 1H NMR 

O O
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spectroscopic data to literature reports.37 1H NMR (400 MHz, CDCl3) δ 7.47 (d, 1H, J =1.6 Hz), 

7.42 (d, 1H, J =15.6Hz), 6.60 (d, 1H, J = 3.2Hz), 6.46 (dd, 1H,  J = 3.2 Hz, 1.6 Hz, 1H), 6.31 (d, 

1H, J =15.6 Hz), 4.24 (q, 2H, J = 7.2 Hz), 1.32 (3H, t, J = 7.2 Hz).  

 

(E)-3-(2-Furfuryl)prop-2-en-1-ol (2-44) 

  

To a solution of 2-43 (1.43 g, 7.93 mmol) in THF (35 mL) at 0 °C, was added 1M LiAlH4 in 

THF (6.3 mL). After 1 h, a saturated solution of NH4OH was added and then the mixture was 

filtered through Celite. The organic phase was separated, washed with brine, and dried over 

Na2SO4, and concentrated under reduced pressure. The residue was purified by chromatography 

(2:1 hexane–EtOAc) to give 2-44 (0.64 g, 65%) as a yellow oil. Rf = 0.33 (2:1 hexane–EtOAc). 

The product was confirmed by matching 1H NMR spectroscopic data to literature reports.29 1H 

NMR (CDCl3, 300 MHz): δ 7.48 (d, 1H, J = 1.6 Hz), 7.43 (d, 1H, J = 15.9 Hz), 6.60 (d, 1H, J = 

3.4 Hz), 6.46 (dd, 1H, J = 3.4, 1.6 Hz), 6.32 (d, 1H, J = 15.9 Hz), 4.25 (q, 2H, J = 7.1 Hz), 1.32 

(t, 3H, J = 7.1 Hz).  
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(+)-(1S,5S,6R)-7-O-benzyl-6,8-dioxabicyclo[3.2.1]oct-2-en-4-one (2-39)  

 

To a solution of 2-37(2.08 g, 8.40 mmol) in 4:1 THF:H2O (25 mL) at 0 °C was added 

NaOAc·3H2O (1.14 g, 8.40 mmol), NaHCO3 (1.41 g, 16.8 mmol), and N-bromosuccinimide 

(1.50 g, 8.40 mmol). After dissappearance of the starting material, the a saturated solution of 

NaHCO3 was added. The mixture was extracted with EtOAc (3 x 30 mL) and the combined 

organic layers were washed with brine, dried over Na2SO4, and filtered. Concentration of the 

organic layer yielded crude, 2-38, which was dissolved in benzene (20 mL), before  p-

toluenesulfonic acid was added (0.10 g, 5%/wt). The solution was heated at reflux in a Dean–

Stark apparatus overnight. After cooling, the mixture was diluted with EtOAc (100 mL) and the 

solution was washed with sat. aq NaHCO3 (3 x 10 mL) and brine (10 mL), and dried over 

MgSO4. After evaporation of the solvent under reduced pressure, the residue was purified by 

column chromatography (8:1 hexane–EtOAc) to give 2-39 (695 mg, 34% over two steps) as a 

yellow oil. The product was confirmed by matching 1H NMR spectroscopic data to literature 

reports.38 1H NMR (CDCl3, 500 MHz): δ 7.30–7.19 (m, 5H), 7.05 (dd, 1H, J = 9.8, 3.1 Hz, H-2), 

6.01 (d, 1H,  J = 9.8 Hz, H-3), 5.75 (d, 1H, J = 3.1 Hz, H-1), 4.52 (m, 3H, PhCH2), 3.96–3.93 

(m, 1H, H-6), 3.56 (dd, 1H, J = 9.8, 6.1 Hz, H-7a), 3.46 (dd, 1H, J = 9.8, 6.8 Hz, H-7b). 13C 

NMR (CDCl3, 125 MHz): δ = 194.0, 147.3, 137.6, 128.5, 127.9, 127.8, 126.9, 96.6, 81.8, 73.5, 

73.0, 69.8. 
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(+)-(1S,5S,6R)-7-O-benzyl-6,8-dioxabicyclo[3.2.1]oct-2,3-epoxy-4-pivaloyl-ane (2-40) 

 

To a solution of 2-50 (695 mg, 2.82 mmol) in MeOH (8 mL) at 0 °C, was added CeCl3·7H2O 

(1.27 g, 3.38 mmol, 1.2 equiv) and then NaBH4 (129 mg, 3.38 mmol, 1.2 equiv). After 0.5 h, the 

reaction mixture was dilluted with EtOAc, washed with H2O, brine, dried over Na2SO4, then 

filtered, and the organic layer was concentrated under reduced pressure to give 2-49, which was 

used without further purification.  To a solution of 2-40 (161 mg crude, 0.609 mmol) in pyridine 

(3 mL) was added PivCl (150 µL, 2 equiv) and 4-dimethylaminopyridine (16 mg, 0.10 equiv) 

and the mixture was stirred overnight. The solution was diluted with CH2Cl2, washed with aq 

satd NaHCO3, dried over Na2SO4, and concentrated. The crude product was purified by 

chromatography (9:1 hexane–EtOAc) to afford 2-39 (100 mg, 47% over two steps) as a syrup.  

Data for 2-50: 1H NMR (CDCl3, 500 MHz): 1H NMR (CDCl3, 500 MHz): δ 7.23–7.12 (m, 5H), 

5.63 (s, 1H, H-1), 4.60 (d, 1H, J = 6.7 Hz, PhCH2), 4.52 (ddd, 1H, J = 1.7, 5.3, 7.0 Hz, H-6), 

4.24–4.20 (m, 1H, H-3), 4.19-4.17 (m, 1H, H-5), 3.59 (dd, 1H, J = 7.0, 5.3 Hz, H-7a), 3.45 (dd, 1 

H, J = 7.0, 5.3 Hz, H-7b), 3.09–3.04 (m, 1H, H-2), 2.58 (app d, 1H, J = 3.8 Hz, H-4). 13C NMR 

(CDCl3, 125 MHz): δ 137.6, 128.5, 127.9, 127.8, 97.7 (C-1), 75.9 (C-5), 73.6 (PhCH2), 72.8 (C-

4), 70.7 (C-7), 63.2 (C-6), 52.9 (C-2), 48.9 (C-3). Data for 2-39: 1H NMR (CDCl3, 500 MHz): δ 

7.23–7.12 (m, 5H), 5.53 (s, 1H, H-1), 4.72 (dd, J = 2.6, 2.6 Hz, 1H, H-4), 4.68–4.40 (m, 4H, 

PhCH2, H-3, H-5), 4.12 (app t, J = 6.4, 1H, H-4), 3.52 (dd, 1H, J = 9.5, 5.9 Hz, H-7a), 3.44 (dd, 

1H, J = 9.5, 5.9 Hz, H-7b), 3.38 (dd, J = 2.6, 2.6 Hz, 1H, H-2), 2.58 (app d, 1H, J = 3.8 Hz, H-

4), 1.25 (s, 9H, –OC(CH3)3).  
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 (+)-(1S,5S,6R)-7-O-benzyl-6,8-dioxabicyclo[3.2.1]oct-2,3-di-O-benzyl-4-pivaloyl-ane (2-41) 

  

To a solution of 2-52 (95 mg, 0.260 mmol) in Et2O (5 mL), freshly prepared Ag2O (180 mg, 3.0 

equiv) and BnBr (124 µL, 4.0 equiv) were added. After stirring for 2 d, the mixture was filtered 

through Celite and the filtrate was concentrated under reduced pressure. The concentrate was 

dissolved in EtOAc, and washed with brine,  before the organic layer was dried over Na2SO4, 

and concentrated under reduced pressure. Purification by chromatography (10:1 hexane–EtOAc) 

gave 2-40 (40 mg, 28% yield) as a white solid, and unreacted 2-41 (50 mg). Rf = 0.35 (9:1 

hexane–EtOAc); 1H NMR (CDCl3, 500 MHz): δ 7.19–7.14 (m, 19H), 5.40 (dd, 1H, J = 5.3, 1.3 

Hz, H-4, 5.33 (app t, 1H, J = 1.5 Hz, H-1), 4.71 (app t, 1H,  J = 6.6, H-6) 4.82–4.48 (m, 6H, 3 x 

PhCH2), 4.31 (d, 1H, J = 3.7 Hz, H-5), 4.05 (app t, 1H, J = 5.1 Hz, H-3), 3.48 (dd, 1H, J = 9.8, 

7.1 Hz, H-7a), 3.38 (dd, 1H, J = 9.8, 7.1 Hz, H-7b), 3.52 (s, 1H, H-2), 2.40 (s, 9H, 3 x CH3). 

 
(+)-(1S,5S,6R)-7-O-benzyl-6,8-dioxabicyclo[3.2.1]oct-2,3-epoxy-4-one (2-50) 
 

 

To a solution of 2-39 (613 mg, 2.49 mmol) in THF (25 mL) at 0 °C was added a 30% solution of 

H2O2 in H2O (292 µL, 1.5 equiv) and 1M solution of NaOH in H2O (1.25 mL). After 3 h, an 

additional amount of H2O2 in H2O (150 µL, 0.75 equiv) and 1M NaOH (0.625 mL, 0.75 equiv) 

was added. After stirring overnight, the reaction mixture was extracted with EtOAc, washed with 

brine, and dried over Na2SO4. After evaporation of the solvent under reduced pressure, the 
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residue was purified by column chromatography (3:1 hexane–EtOAc) to give 2-50 (159 mg, 24% 

yield, 61% conversion) as a white solid, Rf = 0.29, 1:1 hexane–EtOAc) and unreacted starting 

material 2-39 (390 mg). Rf = 0.78, 1:1 hexane–EtOAc) 

 

(+)-(1S,5S,6R)-7-O-benzyl-6,8-dioxabicyclo[3.2.1]oct-2,3-dihydroxy-4-pivaloyl-ane (2-52) 

 

To a solution of 2-40 (103 mg, 0.296 mol) in wet CH2Cl2 (1.5 mL) at –65 °C was added 

BF3·OEt2 (47 µL, 1.3 equiv). After 2.5 h, an additonal amount of BF3·OEt2 (47 µL, 1.3 equiv) 

was added. After 1 h, the reaction mixture was neutralized with triethylamine. After 

concentration of the reaction mixture, the crude product was purified by column chromatography 

(1:1 hexane–EtOAc) to give 2-52 (99 mg, 92%) as a yellow oil. Rf = 0.31, 1:1 hexane–EtOAc; 

1H NMR (CDCl3, 500 MHz): δ 7.20–7.13 (m, 5H), 5.40 (app s, 1H, H-1), 5.10 (d, J = 8.9 Hz, 

1H, H-4), 4.64–4.51 (m, 4H, PhCH2, H-5, H-6), 4.31 (s, 1H, H-3), 3.70 (br s, 1H, H-2), 3.52 (dd, 

1H, J = 9.6, 7.3 Hz, H-7a), 3.44 (dd, 1H, J = 9.6, 7.3 Hz, H-7b), 1.30 (s, 9H, 3xCH3). 13C NMR 

(CDCl3, 125 MHz): δ 178.8 (C=O –Piv), 137.9, 128.5, 128.4, 127.8, 127.8, 127.6, 101.2 (C-1), 

76.2 (C-6), 74.1 (CH2Ph), 73.4 (C-3), 72.8 (C-2), 70.7 (C-7), 70.2 (C-4), 64.4 (C-5), 39.1 (–

OC(CH3)3), 27.1 (–OC(CH3)3). 
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3 Synthesis of Donor and Acceptor Substrates For Testing With Putative GalfNAc 

Transferases.  

This chapter will discuss work towards the synthesis of the potential donor and acceptor 

substrates (1-1 to 1-5) to be tested with the putative GalfNAc transferases (Figure 3-1, shown 

below). It will begin with two routes toward the donor, UDP-GalfNAc (Figure 3-1, 1-1). The 

first involves a small scale enzymatic synthesis through epimerization of the C-4 hydroxyl group 

of UDP-GlcpNAc to UDP-GalpNAc using GalE, and then a conversion to the furanose ring form 

by using the pyranose–furanose mutase UNGM (cj1439, Scheme 3-1) characterized by our 

group.1 The second route involves a preparative chemical synthesis,2 in which GalfNAc-1-

phosphate (prepared by former graduate student Ryan Snitynsky) is subjected to a coupling 

reaction with uridine-5′-monophosphate (UMP) through the formation of an imidazole-activated 

UMP. 

 

Figure 3-1: Potential donor and acceptor substrates for putative GalfNAc transferases. 
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(Figure 3-2), various glycosylation strategies toward completing the total synthesis of 

compounds 1-4 and 1-5 were explored. With these substrates, further biochemical work could 

elucidate the GalfNAc transferase among the putative GTs (Chapter 4).  

 

 

Figure 3-2: Heptose donor 2-2, used for the synthesis of acceptors 1-4 and 1-5.  
 

3.1 Synthesis of UDP-GalfNAc (1-1) 

3.1.1 Enzymatic Approach 

One route toward the synthesis of UDP-GalfNAc is through the enzymatic route outlined in 

Scheme 3-1. It relies on the enzymatic conversion of UDP-GlcpNAc into UDP-GalpNAc by the 

epimerase GalE and then isomerization of UDPGalpNAc into UDPGalfNAc using the pyranose–

furanose mutase UNGM. Though both UDP-GlcpNAc and UDP-GalpNAc are commercially 

available, the latter is significantly more expensive ($824.00 CAD /25 mg vs $67.00 CAD/25 

mg, Sigma Aldrich), making the preparative scale synthesis using UDP-GalpNAc as starting 

material much less cost effective.   

 

 

Scheme 3-1: Enzymatic route towards UDP-GalfNAc. 
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3.1.1.1 Expression, evaluation and mechanism of GalE. 

GalE is encoded for by the Gne gene (cj1431) in C. jejuni 11168, and is a bifunctional UDP-

GlcpNAc/Glcp 4-epimerase.3 To explore the possibility of using the route outlined in Scheme 

3-1, a clone of GalE-MBP (UDP-GalpNAc-4-epimerase–maltose binding protein fusion), 

obtained from Warren Wakarchuk’s laboratory at Ryerson University, was overexpressed and 

purified. A protein of the expected molecular weight (76 kDa) was visible after purification on 

an amylose column.  

 

 The enzyme activity was confirmed using capillary electrophoresis with a photodiode array 

detector (CE-PDA), where two peaks in a 3:1 ratio indicated enzymatic activity (3 UDP-

GlcpNAc : 1 UDP-GalpNAc) (Figure 3-3). This matched closely results reported in the literature 

for the equilibrium for this enzyme.3  

 

 

Figure 3-3: GalE activity monitored by CE-PDA.  
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Interestingly, the epimerization by GalE is thought to go through the UDP-4-keto-GlcNAc 
intermediate, as outlined in the mechanism in  

Figure 3-4.4 

 

 
 
Figure 3-4: Mechanism of GalE through a 4-keto intermediate. 
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Figure 3-5: Proposed mechanism of UGM (R = OH) and UNGM (R= NHAc). 
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the putative GTs by this route would be both laborious and inefficient. Although coupling the 

enzymatic synthesis of 1-1 from 3-1 with the GT reaction of acceptors 1-2 to 1-5 would be 

advantageous in that GT product formation would push the equilibrium of the GalE and UNGM 

reactions forward, the introduction of more components into a one pot enzymatic synthesis 

would make analysis and product characterization more difficult. Our focus then shifted toward 

the chemical synthesis of UDP-GalfNAc as a more facile route toward obtaining 1-1 in multi-

milligram quantities.2  

 

 

 

Figure 3-6: HPLC of UDP-GalfNAc synthesis from GalE/UNGM one pot reaction (top). 
Internal standards of UDP-GalpNAc and UDP-GalfNAc (middle and bottom) confirm the newly 
formed peak was GalfNAc. Note: UDP-GalpNAc and UDP-GlcpNAc have same retention time 
on HPLC.  
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3.2 Chemical Synthesis 

The synthesis of UDP-GalfNAc began with the synthesis of 2-acetamido-2-deoxy-α-D-

galactofuranose-1-phosphate, 3-10, which was completed by former group graduate student 

Ryan Snitynsky in 2014.2 The eight-step route used for the synthesis of 3-10 from 2-azido-2-

deoxy-D-galactopyranose (3-6) is shown in Figure 3-7. Azidosugar 3-6 can be readly obtained by 

either azidonitration9 or diazotransfer10 of 3,4,6-tri-O-acetyl-D-galactal. Isopropylidene 

protection with 2,2-dimethoxypropane and p-TsOH afforded the furanose ring form with an 

anomeric methoxy group. Deprotection of the isopropylidene acetal and acetylation of the 

resulting triol yielded methyl glycoside 3-7. Acetolysis of 3-7 yielded tetraacetate 3-8, which 

was amenable to phosphorylation, first by conversion to the bromide with TiBr4, and then 

reaction with dibenzylphosphate to obtain 3-9. Debenzylation, azide reduction, and N-acetylation 

of 3-9 gave the required GalfNAc-1-P 3-10 as a triethylammonium salt. The conversion of 3-9 

into 3-10 was carried out in one step through hydrogenation over Pd/C using acetic anhydride as 

the solvent. 

 

Figure 3-7 : Synthetic route to GalfNAc-1-phosphate (3-10).2 
 

O

N3

HO

OH OH

OH

1) 2,2-dimethoxy 
propane, p-TsOH,
dioxane, 80°C
2) 80% AcOH, reflux

3) Ac2O, pyr

O
AcO

AcO

AcO

N3
OCH3

H2SO4, Ac2O O
AcO

AcO

AcO

N3
OAc

1) TiBr4, 9:1 
    CH2Cl2:EtOAc
2) dibenzy lphosphate,
    Et3N, toluene
    5:1α:β

O
AcO

AcO

AcO

N3
O P OBn

O

OBn

1) H2, Pd-C, Et3N,
    Ac2O

2) 10:2:1, CH3OH:
    H2O:Et3N

O
HO

HO

HO

AcHN
O P O

O

O

3-6 3-7 3-8

3-93-10



 97 

With 3-10 in hand, its coupling with uridine-5ʹ′-monophosphate (UMP) was investigated, to 

complete the synthesis of UDP-GalfNAc. This was most efficiently achieved by a route 

developed recently by Hindsgaul and coworkers.11 This method first relies on the formation of an 

imidazole-activated uridine monophosphate (UMP) derivative. The activated UMP, UMP-Im, is 

formed from 2-imidazolyl-1,3-dimethylimidazolinium chloride (ImIm), which is generated in 

situ from imidazole and 2-chloro-1,3-dimethylimidazolinium chloride (DMC) (Figure 3-8). 

Subsequent addition of 3-10 yielded UDP-GalfNAc in 18% yield, with a significant amount of 

starting material remaining (50%). Reaction times could not be elongated more than an hour, due 

to the formation of significant hydrolysis products and UMP dimerization. In addition, the 

reaction must be performed in D2O because significantly higher rates of hydrolysis were 

observed when H2O is used as the solvent (60–70% more hydrolysis reported).11  
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Figure 3-8: Chemical coupling of 3-10 with UMP via ImIm reagent. 
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Octyl α-D-glucopyranoside, 3-13, was most efficiently obtained in three steps (Scheme 3-2). 

This involved acetylation, glycosylation with octanol activated by BF3-OEt2, to obtain 39% of the 

α anomer 3-12, followed deprotection under Zemplen conditions in 84% to give 3-13. Although 

neighbouring group participation by the C-2 acetoxy group leads to the β-octyl glucoside being 

formed, longer reaction times result in the formation of the more thermodynamically stable α-

glucopyranoside. Preparation of 3-13 from D-glucose in a one step via Fischer glycosylation with 

p-toluenesulfonic acid and n-octanol as the solvent was also performed and the product could be 

obtained.  However, this method was disadvantageous during scale up due to the cumbersome 

removal of large quantities of n-octanol (boiling point 195 °C). 

 

Scheme 3-2: Route to monosaccharide acceptors 1-2 and 1-3. 
 

With a route to 3-15 in place, its conversion to the corresponding uronic acid, 1-2, was achieved 

by selective oxidation of the primary hydroxyl group by treatment with catalytic amounts of 

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO). This reaction employs a co-oxidant to 

regenerate TEMPO in situ (Figure 3-9)14–16 and [bis(acetoxy)iodo]benzene (BAIB) was chosen 

over the cheaper KBr/NaOCl, because the final product, 1-2, is water soluble, and its separation 

from the inorganic salts was expected to be cumbersome. Moreover, a simple dichloromethane 

TEMPO
BAIB, H2O 

77%

O
HOHO

OOctyl

HO

OHO
O

HOHO
OOctyl

HO
NHO

OHOH

l

OH

OH
H2N

TBTU, Et3N,
DMF, 67%

O
OAc

AcO
AcO

AcOOOctyl

O
OH

HO HO
HO

OH Ac2O, pyr O
OAc

AcO
AcO

AcO
OAc

BF3-OEt2 
Octanol

3-11 3-12

1-21-3

CH3OH,
CH3ONa

O
OH

HO
HO

HOOOctyl
3-13

D-Glucose



 100 

extraction removes all of the reaction byproducts, and the yields obtained in this reaction were 

more favourable than the KBr/NaOCl counterpart.  

 

 

Figure 3-9: TEMPO oxidation mechanism.14–16 
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the 1H NMR spectrum showed H-2 of the serinol appears as symmetric quintet (see data in 

experimental section for 1-2), which is only possible as a result of coupling with the N on C-2.  
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3.3.2 Synthesis of Disaccharide Acceptors 1-4 and 1-5. 

With heptose donor 2-2 in hand, as well as an established route toward the glucuronic acid 

derivative 1-2 and the corresponding amino glycerol derivative 1-3, attention was turned towards 

completing the synthesis of disaccharide acceptors 1-4 and 1-5. The synthesis of these 

compounds began with octyl α-D-glucopyranoside, 3-13 (Scheme 3-3). 

 

Scheme 3-3: Route to disaccharide acceptors 1-4 and 1-5. 

O
HO

HOOOctyl

O
OPh O

HO
BnOOOctyl

O
OPh

MeO OMe
Ph H

pTSA, Acetone
76%

i)  40% NaOH sat with NaI,
    Bu4NBr, CH2Cl2, BnBr
ii) Ac2O, Pyridine, 3-16a

iii) NaOCH3, CH3OH,
    36% over 3 Steps

O

O
OBn

BnO
BnOBnO

O

BnO
OOctyl

HO

OHO

H3CO

O
O

BnO
OOctyl

HO

NHO

OH
OH

O O
OBn

BnO
BnOBnO

H3CO
CCl3

NH

O

O
OBn

BnO
BnO

BnO

O

BnO
OOctyl

H3CO

OOPh

TEMPO, BAIB, 
H2O, 72%

OH OH

NH2

TMSOTf, Et2O,
54%, (10:1, a:b)

O OHHO
HO

O
O

HO
OOctyl

HO

NHO

OHOH

H3CO
HO

H2/Pd-C

EtOH
O

O
OH

HO
HOHO

O

HOOOctyl

HO

OHO

H3CO

TBTU,
Et3N,
DMF,

3-13 3-14 3-15

80% HOAc in H2O

66%

O

O
OBn

BnO
BnO

BnO

O

BnO
OOctyl

H3CO

HO
HO

3-163-17

3-18
1-4

H2/Pd-C

EtOH

1-5

O
OH

HO
HO

HOOOctyl

O
OBn

BnO
BnOBnO

H3CO

3-19

2-25



 102 

Benzylidination of 3-13 using benzaldehyde dimethyl acetal and p-toluenesulfonic acid gave 3-

14 in 80% yield. The regioselective benzylation of C-2 hydroxyl group over the C-3 hydroxyl 

group was achieved by using a phase-transfer process (Figure 3-10).   

 

 

Figure 3-10: Phase transfer process to selectively benzylate the C-2 hydroyxl group in the 
conversion of 3-16 to 3-17. 
 

The reaction involved treating the substrate with sodium hydroxide saturated with sodium iodide, 

then adding tetrabutylammonium bromide, and benzyl bromide in a mixture of dichloromethane 

and water.18  The pKa of the C-2 hydroxyl group is lower than the pKa of the C-3 hydroxyl 

group, which can be rationalized based on inductive effects and the proximity to the ring and 

anomeric oxygens.  Therefore, under these phase-transfer conditions, the C-2 hydroxyl group is 

selectively deprotonated. The resulting alkoxide goes into the aqueous layer, complexes with the 

phase transfer catalyst, and then re-enters the organic phase where it is alkylated.19 The resulting 

reaction gave a 10:1 mixture of the 2-O-benzylated and 3-O-benzylated products as determined 

from the 1H NMR spectrum of 3-15. However, the two compounds had very similar 

chromatographic mobilities and separation was therefore difficult. Thus, the combined mixture 

of products was acetylated, which facilitated purification. Deacetylation under Zemplen 
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conditions provided 3-15 in 36% yield from 3-14. An HMBC experiment on 3-15 was used to 

confirm the presence of the desired 2-O-benzylation over 3-O-benzylation; a correlation was 

seen between H-2 and the methylene carbon on the benzyl ether.  

 

 

Figure 3-11: HMBC correlation between H-2 and CH2Ph suggesting 2-O-benzylation vs 3-O-
benzylation. 
 

In addition, the NMR spectrum of acetylated 3-15 showed a downfield shift of the H-3 proton 

compared to this resonance in 3-15 (δ 5.61 ppm vs 3.94 ppm). This would be expected upon 

acylation of the C-3 hydroxyl group.  The lack of a downfield shift of H-2 upon acetylation 

further indicates that the C-2 hydroxyl group has been benzylated. 

 

With acceptor 3-15 in hand, various heptose glycosyl donors were considered to obtain 

disaccharide 3-16 (Figure 3-12). The heptose is linked to the glucuronic acid residue in an α-1,2-

cis manner, making this a synthetically challenging target. We first attempted the glycosylation 

using donor 2-2 directly, activated by NIS/AgOTf; however, this strategy provided poor 

stereoselectivity (2:1 α:β) 

 

We also explored the use of a sulfoxide donor. Thus 2-2 was converted into sulfoxide 3-20 in 

33% yield (plus 15% of the over-oxidized products) upon treatment with m-CPBA.  However, 

attempted glycosylation of 3-15 with 3-20 produced the glycosyl sulfenate 3-22 as the only 
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observable product (in 16% yield), with the majority being unreacted donor and acceptor. Kahne 

and coworkers demonstrated that the energetic preference toward the sulfenate dramatically 

increases in the presence of an α oxygen on the carbon of a sulfoxide moiety.20 Thus all anomeric 

sulfoxides have the ability to be converted to anomeric sulfenates, through the formation of a 

sulfonium ion (3-21), after the sulfoxide has been activated by TMSOTf (Figure 3-12). 

Byproducts of this type have previously been observed, particularly in reactions with unreactive 

hydroxyl groups.21  

 

 

 

Figure 3-12: Attempt at accessing 3-16 from sulfoxide donor 3-20. 
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After these failures, we found the most effective method for synthesizing 3-16 was through the 

imidate donor, 2-25. Glycosylation of 2-25 with 3-15 resulted in a 10:1 α:β ratio of products, 

with overall modest yield (54%).  After the generation 3-16, the benzylidene acetal was cleaved 

by acid hydrolysis to afford diol 3-17. Completion of the disaccharide acceptors was done using 

the same chemistry developed for the monosaccharide acceptors 1-2 and 1-3.  First oxidation of 

3-17 with TEMPO/BAIB gave 3-18 in 80% yield. Finally, hydrogenolysis of the benzyl ethers in 

3-18 provided the final acceptors 1-5 in 33% yield. Due to a lack of starting material 3-18, the 

TBTU coupling and subsequent hydrogenolysis have yet to be completed.   

 

3.4 Experimental 

3.4.1 General Experimental Methods 

All reagents were purchased from commercial sources and were used without further purification 

unless noted. Solvents used in reactions were purified by successive passage through columns of 

alumina and copper under argon. Unless stated otherwise, all reactions were carried out at room 

temperature and under a positive pressure of argon and monitored by TLC on Silica Gel G-25 

F254 (0.25 mm). TLC spots were detected under UV light and/or by charring with a solution of 

anisaldehyde in ethanol, acetic acid and H2SO4. Column chromatography was performed on 

Silica Gel 60 (40–60 µm). Organic solutions were dried using anhydrous Na2SO4 and solvents 

were evaporated under reduced pressure and below 50 °C (water bath) on a rotary evaporator. 1H 

NMR and 13C NMR spectra were recorded at 400, 500 or 600 MHz. 1H NMR chemical shifts are 

referenced to CHCl3 (7.26 ppm, CDCl3). 13C NMR chemical shifts are referenced to CDCl3 (77.0 

ppm, CDCl3). 1H NMR data are reported as though they were first order, and the peak 

assignments were made on the basis of 2D-NMR (1H–1H COSY and HSQC) experiments. ESI-
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MS spectra were recorded on samples suspended in THF or CH3OH and added NaCl. Optical 

rotations were measured at 22 ± 2 °C at the sodium D line (589 nm) and are in units of 

deg·mL(dm·g)-1. 

 

3.4.2 GalE Epimerase: Growth and Purification 

Glycerol stock of GalE was used to inoculate a 2YT Broth (16g Bacto Tryptone + 10 g Bacto 

Yeast extract + 5 g NaCl + H2O to final volume of 1 L, pH = 7.0) + 150 µg/mL ampicillin plate, 

which was then incubated at 37 °C overnight. The plate was used to inoculate 20 mL 2YT + 150 

ug/ml ampicillin in a baffled flask. This was incubated at 37 °C x 200 rpm x overnight, and the 

culture was used to inoculate 1L 2YT + 150 µg/mL ampicillin in a baffled flask, incubated at 37 

°C x for 1 hour x 200 rpm, until the OD600nm = 0.400. Next, 0.5 mM isopropyl 1-thio-β-D-

galactopyranoside (IPTG) was added and the culture continued to incubate at 25 °C x 200 rpm x 

overnight. Cells were harvested by spinning at 5000 rpm x 30 min x 4 °C, and the supernatant 

was discarded. The cell paste was resuspended to 1:10 with 20 mM Tris pH 7.5 Emulsiflex with 

1x protease inhibitor cocktail. Centrifuge was performed at 15k rpm x 30 min x 4 °C, and 

supernatant decanted, then filtered with a Millex 0.22 µm GV-13 filter. The supernatant was 

diluted 1:1 with running buffer. Purification was performed on an amylose column, where 

running buffer = 20 mM Tris pH 7.5 + 200 mM NaCl + 5 mM β-mercaptoethanol + 1mM 

EDTA,  and the elution buffer = running buffer + 10% glycerol + 10 mM maltose. 

 

Conditions for the Enzyme Assay: 

To test GalE activity, UDP-GlcpNAc (1 mM) was incubated with 10 mM MnCl2, 50 mM Tris pH 

= 8 buffer, and 5 ul of GalE enzyme in a 10 µL reaction. The reaction was heated at 37 °C x 1 h, 
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and then visualized by CE-PDA using 25 mM Na2B4O7 pH 9.4, 254 nm, 20 min run. Two peaks 

at 3:1 size ratio indicated enzymatic activity (Figure 3-3).  

 

3.4.3 Mutase UNGM 

C-terminal hexa-histidine-tagged C. jejuni UNGM was expressed in E. coli DH5 from plasmid 

pWM1007:(kan)-Cj-glf after growth for 18 h at 28 °C using Lysogeny broth (LB 10 g Bacto 

Tryptone + 5 g Bacto Yeast extract + 10 g NaCl + H2O to final volume of 1 L, pH = 7). Soluble 

UNGM-His6 proteins were purified by Ni-NTA affinity chromatography, giving approximately 3 

mg of >95% pure protein per liter of culture.  

 
UDP-2-acetamido-2-deoxy-α-D-galactofuranose (1-1) 
 
 
 

 

Enzymatic synthesis: 

UDP-GlcpNAc (25 mg, 0.041mmol) was added to a solution of 500 mM phosphate buffer 

solution (500 µL), 50% glycerol (20 µL), 200 mM MnCl2 (20 µL), 400 mM Na2S2O4 (40 µL), 

GalE (40 µL), UNGM (20 µL), and H2O (1.36 mL). The mixture was in incubated at 37 °C for 2 

h, and then purified by HPLC using a C18 column (Microsorb, Varian, 21.4�250 mm) with 50 

mM triethylamonium acetate (pH, 6.5) containing 1.5% acetonitrile at a flow rate of 7.0 mL/min, 

to give trace amounts of 1-1 (<1 mg, detected by HRMS (ESI)). 
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Chemical Coupling of UMP and GalfNAc-1-Phosphate: 

UMP (Na+ form; 58.2 mg, 0.158 mmol), imidazole (43.2 mg, 0.636 mmol), and 2-chloro-1,3-

dimethylimidazolinium chloride (DMC, 53.8 mg, 0.318 mmol) were dissolved in 60 µL of D2O 

in a small Eppendorf tube. A stir bar was added, and the mixture rotated in a 37 °C incubator for 

1 h. After this time, GalfNAc-1-P triethylammonium salt 3-12 (20 mg, 0.040 mmol) was added, 

and the mixture was stirred for 18 h. The solution was diluted in 10 mL Tris-HCl buffer, pH = 

8.0, 50 U of calf intestinal alkaline phosphatase added, and the solution shaken at 30 °C for 24 h. 

This solution was centrifuged to remove protein and concentrated under vacuum before 

purification by HPLC (mobile phase: 50 mM triethylammonium acetate buffer, pH = 6.8, 

containing 1.5% acetonitrile; column: Varian Microsorb C18, 21.4 x 250 mm; flow rate: 7.0 

mL/min; detection: PDA, λ = 262 nm). Further purification was carried out on a Sephadex G-15 

column, eluting with MQ water (x2), followed by freeze-drying to isolate the desired sugar 

nucleotide as a fluffy white solid (5.9 mg, 18%). 1H NMR (500 MHz, D2O) δ 7.98 (d, 1H,  J = 

8.1 Hz, Uridine H-6), 6.05–5.96 (m, 2H, Ribose H-1, Uridine H-5), 5.68 (dd, 1H, J = 5.5, 4.5 Hz, 

GalfNAc H-1), 4.53 (ddd, 1H, J = 9.2, 4.4, 2.5 Hz, GalfNAc H-2), 4.42–4.37 (m, 2H, Ribose H-

2, H-3), 4.33 (dd, 1H, J = 9.2, 7.7 Hz, GalfNAc H-3), 4.32–4.30 (m, 1H, Ribose H-4), 4.26 (ddd, 

1H, J = 11.7, 4.6, 2.6 Hz, Ribose H-5), 4.21 (ddd, 1H, J = 11.8, 5.6, 3.0 Hz, Ribose H-5’), 3.95 

(dd, 1H, J = 7.6, 5.0 Hz, GalfNAc H-4), 3.81 (ddd, 1H, J = 7.2, 5.0, 4.4 Hz, GalfNAc H-5), 3.75 

(dd, 1H, J = 11.8, 4.4 Hz, GalfNAc H-6), 3.67 (dd, 1H, J = 11.8, 7.2 Hz, GalfNAc H-6ʹ), 3.23 (q, 
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12H, J = 7.3 Hz, NCH2CH3), 2.11 (s, 3H, GalfNAc COCH3), 1.31 (t, 18H, J = 7.3 Hz, 

NCH2CH3). 13C NMR (125 MHz, D2O) δ 174.8 (COCH3), 166.4 (Uridine C-4), 151.9 (Uridine 

C-2), 141.8 (Uridine C-6), 102.7 (Uridine C-5), 97.1 (d, J = 5.9 Hz, GalfNAc C-1), 88.4 (Ribose 

C-1), 83.3 (d, J = 9.0 Hz, Ribose C-4), 82.6 (GalfNAc C-4), 73.8 (Ribose C-2), 72.6 (GalfNAc 

C-3), 72.0 (GalfNAc C-5), 69.7 (Ribose C-3), 65.0 (d, J = 5.6 Hz, Ribose C-5), 62.3 (GalfNAc 

C-6), 58.3 (d, J = 7.6 Hz, GalfNAc C-2), 46.7 (NCH2CH3), 22.0 (COCH3), 8.3 (NCH2CH3); 31P 

NMR (162 MHz, D2O) δ –11.51 (d, J = 19.9 Hz), –13.30 (d, J = 19.9 Hz); HRMS (ESI) m/z 

Calcd for C17H26N3O17P2 [M– H]– : 606.0743. Found: 606.0742. 

 

Octyl αα-D-glucopyranosiduronic acid (1-2)  

 

To a solution of 3-15 (169 mg, 0.578 mmol) in H2O (15 mL) at 0 °C was added BAIB (205 mg, 

1.1 equiv) and TEMPO (6 mg, 0.10 equiv). After 2 h, the reaction mixture was extracted with 

CH2Cl2, and the aqueous layer was partially concentrated under reduced pressure. The product 

was then passed through a C18-SepPak cartridge and eluted with a gradient of 0 to 30% CH3OH 

in H2O. The eluant was lyophilized to give 1-2 (124 mg, 71%) as a white solid. Rf = 0.24 (7:1 

CH3OH –H2O, C18 TLC); 1 H NMR (500 MHz, CD3OD) δ 4.97 (d, 1H,  J = 3.5 Hz, H-1), 4.06 

(d, 1H, J = 9.5 Hz, H-5), 3.54−3.81 (m, 5H, H-2, H-3, H-4, OCH2 octyl), 1.62−1.72 (m, 2H,  

octyl), 1.34−1.45 (br m, 10H, octyl), 0.92−0.95 (m, 3H, octyl); 13C NMR (125 MHz) δ 173.4 

(C=O), 100.6 (C1), 74.6, 73.4, 73.1, 72.9, 69.8, (6 C, C-2,C-3,C-4,C-5, OCH2 octyl), 33.0, 30.5, 

30.4, 27.3, 23.7, 14.4 (octyl). HRMS (ESI) m/z Calcd for C14H26O7 [M– H] : 306.1679. Found 

306.1923.  
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Octyl αα-D-(N-2-deoxyglycero)glucopyranosiduronamide (1-3) 

  

To a solution of 1-2 (55 mg, 0.180 mmol) in DMF (1 mL) was added TBTU (86 mg, 1.5 equiv), 

DIEA (94 µL) and lastly serinol (25 mg, 1.5 equiv). After 3 h, the reaction mixture was 

concentrated and the product was purified by column chromatography on Iatrobeads (3:1 CH2Cl2 

–CH3OH) to give 1-3 (46 mg, 67%) as a yellow solid. Rf = 0.18 (6:1 CH2Cl2 –CH3OH); 1 H NMR 

(500 MHz, D2O) δ 4.95 (d, 1H, J = 3.6 Hz, H-1), 4.07 (d, 1H, J = 9.9 Hz, H-3), 4.02 (quint., 1H, 

J = 5.7 Hz, N-CH of serinol), 3.77–3.62 (m, 8H, OCH2 octyl, H-5, 2 x CH2 serinol, H-6a, H-6b), 

3.60 (dd, 1H,  J = 9.7, 6.4 Hz, H-2), 3.54 (t, 1H, J = 10.8 Hz, OCH2 octyl), 3.49 (dt, 1H, J = 9.9, 

6.8 Hz, H-4), 2.68 (broad m, 1H, NH), 1.83–1.78 (m, 1H, octyl), 1.63–1.55 (m, 2H, octyl), 1.33–

1.20 (m, 14H, octyl), 0.83 (t, 3H, J = 6.8 Hz, octyl); 13C NMR (125 MHz) δ 172.2 (C=O), 99.6 

(C-1), 73.6, 72.7, 72.5, 71.8, 69.8 (C-2, C-3, C-4, C-5, N-CH serinol), 61.20, 61.18 (CH2 

serinol), 53.6 (OCH2 octyl), 29.8, 26.5, 23.2, 23.1, 20.7, 19.2, 14.6 (octyl); HRMS (ESI) m/z 

Calcd for C17H33NO8Na [M+Na]: 402.2098. Found: 402.2097.  
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Octyl 6-O-methyl-D-glycero-α-L-gluco-heptopyranosyl-(1→→3) αα-D-glucopyranosiduronic 

acid (1-4) 

 

To a solution of 3-20 (20 mg, 0.021 mmol) in EtOH (2 mL), was added Pd–C (2 mg, 10%/wt) 

and the mixture was stirred overnight under 1 atm H2(g). Upon completion of the reaction, the 

reaction mixture was filtered through Celite, concentrated, and the resulting residue was purified 

under Iatrobead column chromatography to give 1-4 (3.5 mg, 33%) as a white solid. Rf = 0.32 

(2:1 CH2Cl2–CH3OH); 1H NMR (500 MHz, CDCl3): δ 5.28 (d, 1H, J = 3.9 Hz, H-1 Glc), 5.07 

(d, 1H, J = 3.9 Hz, H-1 Glc), 3.94–3.88 (m, 3H, H-3 Hep), 3.85–3.78 (m, 7H, H-3 Glc, OCH2 

octyl), 3.75–3.68 (m, 5H, H-2 Hep, OCH2 octyl, H-5 Hep), 3.66–3.60 (m, 2H, H-2 Glc), 3.69 (s, 

3H, OCH3), 1.69–1.58 (m, 2H, octyl), 1.31–1.26 (m, 10H, octyl), 0.97 (t,  3H, J = 7.4 Hz, octyl); 

13C NMR (125 MHz, CDCl3): δ 101.3 (C-1 Glc), 98.4 (C-1 Hep), 79.0, 78.7, 72.9, 72.6, 72.57, 

72.52, 71.9, 70.5, 70.1, 69.0, 61.4(OCH2 octyl), 60.9 (C-7 Hep), 60.3 (OCH3), 32.1, 29.5, 29.4, 

26.4, 23.0, 14.4.   

 
 
 
 
 
 
 
 
 
 
 
 

O

O
OBn

BnO
BnOBnO

O

BnO
OOctyl

HO

OHO

H3CO

H2/Pd-C

EtOH
O

O
OH

HO
HOHO

O

HOOOctyl

HO

OHO

H3CO
3-18

1-4



 112 

Octyl 2,3,4,6-tetra-O-acetyl-αα-D-glucopyranoside (3-12) 
 

 

To a solution of commerciually available 1,2,3,4,6-penta-O-acetyl-β-D-glucopyranose (4.8 g, 

13.0 mmol) in dry CH2Cl2 at 0 °C, was added 1-octanol (6.20 mL, 3 equiv), and BF3·OEt2. After 

stirring 1.5 d at room temperature, CH3OH (10 mL) was added, and the mixture was stirred for 

10 min. The solution was diluted with EtOAc (100 mL) and washed with water, brine, and the 

organic layer was dried over Na2SO4. After evaporation under reduced pressure, the crude 

residue was purified by column chromatography (4:1 hexane–EtOAc) to give 3-14 (2.30 g, 39% 

yield) as a clear oil. Rf = 0.27 (4:1 hexane–EtOAc); 1H NMR (500 MHz, CDCl3): δ 5.48 (app t, 

1H, J = 10.2 Hz, H-3), 5.05 (d, 1H,  J = 3.7 Hz, H-1), 5.04 (dd, 1H, J = 9.8, 10.2 Hz, H- 4), 4.84 

(dd, 1H, J = 10.2, 3.7 Hz, H-2), 4.25 (dd, 1H,  J = 12.2, 4.5 Hz, H-6a), 4.08 (dd, 1H, J = 12.2, 2.2 

Hz, H-6b), 4.01 (ddd, 1H, J = 10.2, 4.5, 2.2 Hz, H-5), 3.67 (td, 1H, J = 9.7, 6.5 Hz, OCH2 octyl), 

3.42 (td, 1H,  J = 9.7, 6.5 Hz, OCH2 octyl), 1.96, 1.93, 1.91, 1.89 (4s, 12H,4 x CH3), 1.58 (quint, 

2H, J = 6.5 Hz, octyl), 1.36–1.22 (m, 10H, octyl ), 0.88 (t, 3H, J = 6.8 Hz, octyl); 13C NMR (125 

MHz, CDCl3): δ 170.2, 169.70, 169.68, 169.2 (4 x C=O), 95.3 (C-1), 70.6 (C-2), 69.9 (C-3), 68.3 

(OCH2 octyl), 66.8 (C-5), 61.6 (C-6), 31.5, 28.9, 25.7, 22.3 (octyl), 20.3 (2 CH3–CO), 20.24, 

20.22 (2 CH3–CO), 13.7 (octyl).  
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Octyl αα-D-glucopyranoside (3-13)  

 

To a solution of 3-14 (2.3 g, 5.0 mmol) in 3:1 CH2Cl2–CH3OH (20 mL), 1M NaOCH3 in CH3OH 

was added until the pH of the solution was above 10. After 4 h, the solution was neutralized by 

the addition of IR-120 (H+ ), filtered, and concentrated. The crude product was purified by 

column chromatography (6:1 CH2Cl2–CH3OH) to give 3-15 as a white solid (1.23 g, 84%). Rf = 

0.39 (6:1 CH2Cl2–CH3OH); 1H NMR (500 MHz, CDCl3): δ 4.98 (d, 1H,  J = 3.7 Hz, H-1), 3.92 

(dd, 1H,   J = 11.8, 2.4 Hz, H-6a), 3.81 (td, 1H, J = 9.6, 6.9 Hz, OCH2 octyl), 3.80 (dd, 1H,  J = 

11.8, 5.4 Hz, H-6b), 3.75 (dd, 1H, J = 9.7, 9.3 Hz, H-3), 3.72 (ddd, 1H, J = 9.8 Hz, 5.4, 2.4 Hz, 

H-5), 3.62 (td, 1H, J =  9.6 Hz, 6.4 Hz, OCH2 octyl), 3.60 (dd, 1H, J = 9.7, 3.7 Hz, H-2), 3.47 

(dd, 1H, J = 9.8, 9.3 Hz, H-4), 1.72–1.65 (m, 2H, octyl), 1.48-1.30 (m, 10H, octyl), 0.92 (t, 3H, J 

= 6.8 Hz, octyl); 13C NMR (125 MHz, CD3OD): δ 99.0 (C-1), 74.1 (C-3), 72.7 (C-2), 72.3 (C-5), 

70.5 (C-4), 69.3 (OCH2 octyl), 61.9 (C-6), 33.0, 30.6, 30.5, 30.3, 27.3, 23.7, 14.5 (octyl).  

 

Octyl 4,6-O-benzylidene-α-D-glucopyranoside (3-14)  

  

To a solution of 3-15 (2.22 g, 7.60 mmol) in acetonitrile (50 mL) was benzaledhyde dimethyl 

acetal (13.7 mL, 12 equiv) and p-toluenesulfonic acid (11 mg, 5% wt). After stirring overnight, 

the solution was cooled to 0 °C and neutralized with triethylamine and concentrated. The 

resulting  residue was purified by chromatography (1:1 hexane–EtOAc) to give 3-16 (2.06 g, 
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76%) as a white solid. Rf = 0.35 (1:1 hexane–EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.35− 7.51 

(m, 5 H, Ph), 5.54 (s, 1 H, CH-Ph), 4.89 (d, 1H, J = 4.0 Hz, H-1), 4.28 (dd, 1H, J = 10.0, 4.5, 

Hz, H-6a), 3.94 (app t, 1H, J 9.5 Hz, H-3), 3.86−3.78 (m, 1H, H-5), 3.78−3.70 (m, 2H, H-6b, 

OCH2 octyl), 3.65−3.58 (m, 1H,  H-2), 3.51−3.43 (m, 2H, H-4, OCH2), 2.78 (br s, 1H, OH), 2.20 

(d, 1 H, J =1.8 Hz, OH), 1.71−1.60 (m, 4H, octyl), 1.40−1.23 (br m, 10H, octyl), 0.88−0.91 (m, 

3H, octyl); 13C NMR (125 MHz, CDCl3) δ 137.3, 129.4, 128.5, 126.5, 102.1 (PhCH), 98.9 (C-1), 

81.2 (C-3), 73.2 (C-2), 72.1 (C-5), 69.2 (C-4), 69.0 (C-6), 62.7(OCH2 octyl), 31.9, 29.6, 29.5, 

29.3, 26.2, 22.8, 14.4 (octyl). 

 

Octyl 2-O-benzyl-4,6-O-benzylidene-αα-D-glucopyranoside (3-15). 

 

To a solution of 3-16 (498 mg, 1.31 mmol) in anhydrous dichloromethane (3.3 mL) and 40% 

NaOH in water saturated with NaI (0.26 mL), was added tetrabutylammonium iodide (49 mg, 

0.13 eq) and benzyl bromide (0.16 mL, 1 eq). After 2 h, the reaction mixture was poured into a 

separatory funnel with 10 mL of H2O. This mixture was extracted with dichloromethane (3 x 5 

mL) and the organic later was washed with brine before being dried with NaHCO3 and 

concentrated. To a solution of the crude in anhydrous pyridine (5 mL) at 0 °C was added Ac2O 

(1 mL). After stirring for 3 h, the mixture was concentrated. The residue was dissolved in 

CH2Cl2 and then washed with 1N HCl, water, and brine before being dried and concentrated. The 

residue was purified by chromatography (9:1 hexane–EtOAc). After concentration, the product 

was dissolved in CH3OH (16 mL) and NaOCH3 in CH3OH was added until the pH of the 

solution was 9. After stirring for 4 h, Amberlite IR120 H+ resin was added to neutralize the 
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solution. After filtration, the solution was concentrated. The crude product was purified by 

chromatography (6:1 hexane–EtOAc) to give 3-17 (221 mg, 36% over 3 steps) as a white solid. 

Rf = 0.43 (4:1 hexane– EtOAc). 1H NMR (500 MHz, CDCl3) δ 7.45−7.28 (m, 10H, Ph), 5.60 (s, 

1H, CH-Ph), 4.99 (d, 1H, J = 11.0 Hz, PhCH2), 4.93 (d, 1H, J = 3.6 Hz, H-1), 4.87 (d, 1H,  J = 

10.9 Hz, PhCH2), 4.32(dd, 1H,  J = 10.1, 4.8, Hz, H-3), 3.90-3.72 (m, 5H, H-4, H-6a, H-2, 

OCH2 octyl, H-6b), 3.66 (t, 1H, app, J = 9.4 Hz, H-5), 3.51 (dt, 1H, J = 9.6, 6.7 Hz, OCH2 

octyl), 2.27 (d, 1H, J = 8.5 Hz, OH), 1.67 (quint, 2H, J = 7.0 Hz, octyl), 1.40–1.25 (m, 10H, 

octyl ), 0.92 (t, 3H, J = 7.2 Hz, octyl); 13C NMR (125 MHz, CDCl3) δ 126.8, 125.9, 125.6, 123.9, 

123.6, 99.6 (PhCH), 95.0 (C-1), 79.0 (C-5), 77.4 (C-4), 70.1 (C-2) , 67.7 (C-3), 66.7, 66.2 (OCH2 

octyl), 59.8 (C-6), 29.5, 27.0, 23.8, 11.7 (octyl). 

 

Octyl 3-O-acetyl-2-O-benzyl-4,-O-benzylidene-D-glucopyranoside (Isolated from 

intermediate towards synthesis of 2-15). 

 
1H NMR (400 MHz, CDCl3) δ 7.45−7.30 (10H, m, Ph), 5.61 (1H, app t, J = 9.68 Hz, H-3), 5.49 

(1H, s, CH-Ph), 4.84 (1H, d, J = 3.6 Hz, H-1), 4.68 (2H, d, J = 8.0 Hz, PhCH2), 4.29 (1H, dd, J 

= 9.7, 4.9, Hz, H-6a), 3.95 (1H, ddd, J = 10.0, 9.9, 4.9 Hz, H-6b), 3.72 (1H, t, app, J = 10.36 Hz, 

H-4), 3.68 (1H, app t, J = 6.8 Hz, OCH2 octyl), 3.61(1H, dd, J = 9.8, 3.6, Hz, H-2), 3.56 (1H, t, 

app, J = 9.6 Hz, H-5), 3.44 (1H, dt, J = 9.7, 6.7 Hz, OCH2 octyl), 2.10, (3H, s, CH3), 2.73-2.62 

(2H, m, octyl), 1.48–1.34 (10H, m, octyl), 1.90 (3H, t, J = 6.8 Hz, octyl). 
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Octyl 2,3,4,7-tetra-O-benzyl-6-O-methyl-D-glycero-α-L-gluco-heptopyranosyl (1→→3)-2-O-

benzyl-4,6-O-benzylidene-αα-D-glucopyranoside (3-16) 

 

To a solution of imidate donor 2-24 (119 mg, 0.165 mmol), 3-17 (86 mg, 1.1 equiv) in Et2O (1 

mL and 4 Å molecular sieves (10 mg) in Et2O (0.5 mL) was added 5% TMSOTf in Et2O until the 

pH of the solution was 5. After stirring for 45 min, the solution was filtered, concentrated and the 

residue was purified by chromatography (9:1 hexane–EtOAc) to give 3-18 αα (90 mg, 54%) + 3-

18 ββ (5 mg, 3%) both as a white solids. Data for α-anomer: Rf = 0.43 (4:1 hexane–EtOAc); [α]D 

1.68 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.25–7.15 (m, 30H,  Ph), 5.57, (s, 1H, 

CHPh), 5.48 (d, 1H, J = 3.5 Hz, H-1 Glc), 5.06 (d, 1H, J = 10.8 Hz, CH2Ph), 5.03 (d, 1H, J = 

10.8 Hz, CH2Ph), 4.98 (d, 1H, J = 10.5 Hz, CH2Ph), 4.77 (d, 1H, J = 3.5 Hz, H-1 Hep), 4.82 (d, 

1H,  J = 10.8 Hz, CH2Ph), 4.78 (d, 1H,  J = 10.8 Hz, CH2Ph), 4.64-4.58 (m, 3H, CH2Ph), 4.52 (d, 

1H, J = 11.9 Hz, CH2Ph), 4.43(d, 1H, J = 12.5 Hz, CH2Ph), 4.30 (m, 3H, H-5 Hep), 4.18 (app t, 

1H, J = 9.4 Hz, H-3 Hep), 4.08 (app t, 1H, J = 9.4 Hz, H-3 Glc), 3.88–3.68 (m, 10H,  H-6 Hep, 

H-5 Glc, H-4 Hep, H-4 Glc, H-7a/b Hep, H-6 a/b Glc, H-2 Hep), 3.56–3.51 (m, 2H, OCH2 octyl, 

H-2 Glc), 3.38 (s, 3H, OCH3), 3.33 (dt, 1 H, J = 9.9, 6.8 Hz, OCH2 octyl), 1.40–1.20 (m, 20H, 

octyl), 0.95 (t, 3H, J = 7.2 Hz, octyl); 13C NMR (125 MHz, CDCl3) δ 139.0, 138.7, 138.6, 137.9, 

137.7, 137.4, 128.5, 128.44, 128.40, 128.38, 128.36, 128.31, 128.27, 128.23, 128.21, 128.17, 

127.88, 127.81, 127.74, 127.69, 127.59, 127.54, 127.45, 126.78, 126.1, 101.3 (CHPh), 98.31 (C-

1 Hep), 98.27 (C-1 Glc), 91.9, 83.1, 81.7, 79.3, 79.3, 78.6, 78.6, 76.3, 76.1, 76.3 (CH2PH), 75.5 

(CH2PH), 74.9 (CH2PH), 74.8 (CH2PH), 71.8  (CH2PH), 70.2, 69.3, 68.2 (OCH2 octyl), 67.8, 
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62.1, 58.8 (OCH3), 31.8, 29.4, 29.2, 26.1, 24.0, 22.7, 14.1 (CH3 octyl); HRMS (ESI) m/z Calcd 

for C64H76O12Na [M+Na]: 1036.5337. Found: 1036.5339.  

 

Octyl-2,3,4,7-Tetra-O-benzyl-6-O-methyl-D-glycero-α-L-gluco-heptopyranosyl (1→→3)-2-O-

benzyl-αα-D-glucopyranoside (3-17) 

 

To a solution of 3-18 (47 mg, 0.045 mmol) in 6:1 CH2Cl2–CH3OH (3.5 mL) was added p-

toluenesulfonic acid (10 mg, 0.058 mmol) and the reaction was heated at 30 °C overnight. The 

mixture was cooled, and triethylamine was added until the was pH = 7–8. The solution was then 

concentrated, and the resulting residue was purified by column chromatography (1:1 hexane–

EtOAc) to give 3-19 (27 mg, 63%) as a pale yellow oil. Rf = 0.42 (4:1 hexane–EtOAc); [α]D –

3.2 (c 0.9, CHCl3); 1H NMR (500 MHz, CDCl3) δ7.40–7.20 (m, 25H, Ph), 5.19 (d, 1H, J = 3.3 

Hz, H-1 Glc), 5.20 (d, 1H, J = 12.3 Hz, CH2Ph), 5.02 (d, 1H, J = 10.8 Hz, CH2Ph), 5.01 (d, 1H, J 

= 11.4 Hz, CH2Ph), 4.90 (d, 1H, J = 3.5 Hz, H-1 Hep), 4.70 (d, 1H, J = 12.4 Hz, CH2Ph), 4.66 

(d, 1H, J = 11.4 Hz, CH2Ph), 4.65 (d, 1H, J = 12.1Hz, CH2Ph), 4.61 (d, 1H, J = 12.1 Hz, 

CH2Ph), 4.56 (s, 1H, CH2Ph), 4.14 (app t, 1H, J = 9.4 Hz, H-3 Glc), 3.87 (dd, 1H, J = 9.9, 1.1 

Hz, H-5 Glc), 3.84–3.68 (m, 7H, H-6a/b Glc, H-3 Hep, H-4 Glc, H-7a/b Hep, H-5 Hep), 3.62–

2.58 (m, 2H, H-2 Hep, H-6 Hep), 3.55 (dd, 1H, J = 9.9, 3.5 Hz, H-2 Glc), 3.52–3.45 (m, 2H, H-4 

Hep, OCH2 octyl), 3.44 (s, 3H, OCH3), 3.23 (dt, 1 H, J = 9.7, 6.8 Hz, OCH2 octyl), 1.65–1.55 

(m, 7H, octyl), 1.28–1.22 (m, 15H, octyl), 0.95 (t,  3H, J = 7.2 Hz, octyl); 13C NMR (125 MHz, 

CDCl3) δ 139.1, 128.7, 128.6, 128.0, 127.96, 128.6, 128.4, 128.36, 128.35, 128.26, 127.8, 
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127.74, 127.68, 127.3, 127.6, 127.58, 127.56, 127.54, 127.49, 127.4, 99.6 (C-1 Glc), 97.8 (C-1 

Hep), 81.7 (H-3 Glc), 81.1, 79.4, 79.3, 77.5, 75.5 (CH2PH), 74.9 (CH2PH), 74.8 (CH2PH), 73.5 

(CH2PH), 73.3 (CH2PH), 71.2, 71.1, 69.2, 7.7 (H-6 Glc or H-7 Hep), 67.7 (H-6 Glc or H-7 Hep), 

62.8 (OCH2 octyl), 59.1 (OCH3), 31.9, 29.6, 29.5, 29.3, 26.2, 22.7, 14.1 (octyl); HRMS (ESI) 

m/z Calcd for C57H72O12Na [M+Na]: 948.5024. Found: 948.502.  

 

Octyl 2,3,4,7-Tetra-O-benzyl-6-O-methyl-D-glycero-α-L-gluco-heptopyranosyl (1→→3)-2-O-

benzyl-αα-D-glucopyranosiduronic acid (3-18) 

 

To a solution of 3-19 (9 mg, 0.00948 mmol) in wet CH2Cl2 (0.5 mL) at 0 °C was added BAIB 

(3.5 mg, 1.1 equiv) and TEMPO (1 mg, 0.10 equiv). After 2 h, the reaction mixture was 

concentrated under reduced pressure and the product was purified by column chromatography 

(20:1 CH2Cl2–CH3OH with 1% AcOH) to give 3-20 (8 mg, 80%) as a white solid. Rf = 0.33 

(20:1 CH2Cl2–CH3OH); 1H NMR (500 MHz, CDCl3) δ 9.23 (1H, s, COOH), 7.40–7.20 (m, 25H, 

Ph), 5.89 (d, 1H,  J = 3.3 Hz, H-4 Glc), 5.32 (d, 1H,  J = 3.7 Hz, H-1 Hep), 5.21 (d, 1H, J = 2.6 

Hz, H-1 Glc), 5.03(d, 1H,  J = 11.0 Hz, CH2Ph), 4.99 (d, 1H,  J = 11 Hz, CH2Ph), 4.86 (d, 1H, J 

= 12.3 Hz, CH2Ph), 4.81 (d, 1H, J = 12.3 Hz, CH2Ph), 4.75 (d, 1H, J = 11.9 Hz, CH2Ph), 4.70 (d, 

1H,  J = 11.9 Hz, CH2Ph), 4.65–4.51 (m, 10H, 2 x CH2Ph, H-5 Glc), 4.06–4.03 (m, 2H, H-

3Hep), 4.01(dd, 1H, J = 9.9, 2.6 Hz, H-2 Glc), 3.82–3.66 (m, 8H, H-4 Hep), 3.58 (dd, 1H, J = 

9.4, 3.7 Hz, H-2 Hep), 3.56–3.53 (m, 2H, OCH2 octyl), 3.51, (s, 3H, OCH3), 3.50–3.48 (m, 1H, 
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OCH2 octyl), 1.69–1.58 (m, 2H, octyl), 1.31–1.26 (m, 10H, octyl), 0.97 (t, 3H, J = 7.4 Hz, octyl); 

HRMS (ESI) m/z Calcd for C57H70O13Na [M+Na]: 962.4816. Found: 948.4818.   

 

2,3,4,7-Tetra-O-benzyl-6-O-methyl-D-glycero-α/β-L-gluco-heptopyranoyl p-toluyl (R/S)-

sulfoxide (3-20)  

 

 

To a solution of 2-21 (66 mg, 0.0955 mmol) in CH2Cl2 (2 mL) cooled to –70 °C was added m-

CPBA (18 mg, 0.105 mmol, 1.1 equiv). After stirring 3 h, the mixture was concentrated under 

reduced pressure and purified by column chromatography (2:1 hexane–EtOAc) to give 3-22 (35 

mg, 52%) as an white solid and the over oxidized sulfone product (10 mg, 15%) as an white 

solid. Rf = 0.12 (4:1 hexane–EtOAc); 1H NMR (500 MHz, CDCl3) δ 7.88 (d, 2H, J = 8.0 Hz, Ph), 

7.43 (d, 2H, J = 8.0 Hz, Ph), 7.48–7.22 (m, 20H, Ph), 7.17 (d, 2H, J = 8.0 Hz, Ph), 5.18 (d, 1H, J 

= 9.7 Hz, PhCH2), 5.05 (d, 1H, J = 10.0 Hz, PhCH2), 4.94–4.85 (m, 3H, PhCH2), 4.62 (d, 1H,  J 

= 10.0 Hz, PhCH2), 4.34 (d, 1H, J = 9.9 Hz, H-1), 3.87 (app t, 1H, J = 8.8 Hz, H-2), 4.13 (d, 1H, 

J = 11.7 Hz, PhCH2), 3.98 (d, 1H, J = 11.7 Hz, PhCH2), 3.88–3.80 (m, 2H, H-3, H-5), 3.67 (ddd, 

1H,  J = 6.4, 6.2, 1.8 Hz, H-6), (s, 3H, OCH3), 3.36–3.32 (m, 2H, H-4, H-7b), 2.88 (dd, 1H,  J = 

9.4, 6.8 Hz, H-5), 2.46 (s, 3H, CH3Ph); 13C NMR (125 MHz, CDCl3): δ 144.8, 138.3, 138.1, 

138.0, 137.6, 134.8, 129.7, 129.5, 128.8, 128.5, 128.46, 128.44, 128.42, 128.0, 127.8, 127.73, 

127.7, 127.66, 127.6, 127.2, 91.3 (C-1), 86.7 (C-3), 79.3 (C-4), 77.8 (C-2), 76.8 (C-5), 76.4 (C-

6), 75.84 (CH2PH), 75.8 (CH2PH), 75.6 (CH2PH), 75.0 (CH2PH), 73.0 (CH2PH), 68.6 (C-7) 58.3 

(OCH3), 21.7 (CH3Ph); HRMS (ESI) m/z Calcd for C43H46O7Na [M+Na]: 729.2856. Found: 

S
O
TolO OBn

BnO
BnOBnO

H3CO
STol mCPBA

CH2Cl2
-78°C

2-2
3-20

O OBn
BnO

BnOBnO
H3CO



 120 

729.2856.  For the sulfone product: HRMS (ESI) m/z Calcd for C43H46O8Na [M+Na]: 745.2806. 

Found: 745.2798. 
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4 Cloning, Expression, and Preliminary Studies on Enzyme Function with Putative 

Glycosyltransferases 

4.1 C. jejuni CPS genes: Initial studies and annotated gene function 

The genome sequence of C. jejuni was elucidated by Parkhill and coworkers in 2000,1 and the 

presence of homologues of conserved KPS genes led Karlyshev and coworkers to identify the 

presence of a CPS in C. jejuni shortly thereafter (Section 1.4.4).2 The genes involved in CPS 

production are organized into gene clusters, consisting of a highly variable internal biosynthetic 

region, which is flanked by conserved regions involved in transport and assembly (Figure 4-1).2  

Despite overall variability, Karlyshev postulated that the internal region may contain some 

conserved genes, and he and coworkers developed a polymerase chain reacion (PCR)-based 

procedure for comparative sequence analysis of C. jejuni sequence clusters.3  

 

Figure 4-1: C. jejuni HS:2 CPS gene cluster.2 
 

Since this discovery, extensive work has gone into annotating the individual genes in the C. 

jejuni CPS gene cluster. 1,2,4–7  However, biochemical studies in this area have been lacking. 

Insertional mutagenesis studies have identified only a specific subset of genes, and of those, the 

only GT identified was the heptosyl transferase (cj1431). A summary of the knockout studies 

conducted, and functional annotations based on CPS phenotype, are listed below: 

kp
sC
cj1
41
5

cj1
41
6

cj1
41
7
pp
sA
cj1
41
9

cj1
42
0

cj1
42
1
cj1
42
2

hd
dC
gm
hA
2

hd
dA
cj1
42
6

cj1
42
7

fcl cj1
42
9

cj1
43
0

hd
dD
cj1
43
2

cj1
43
3

cj1
43
4

cj1
43
5

his
C1
his
C2
cj1
43
8
glf cj1

44
0

ud
g
cj1
44
2
kp
sF

polysaccharide transport/assembly
sugar transferases
heptose biosynthesis
other sugar biosynthesis-related genes
genes w/ no obvious link to sugar biosynthesis
no similarity to hypothetical genes
MeOPN biosynthesis



 124 

 

 

In addition to the cj1431 gene, sequence homology analysis of capsule-related genes has led to 

the identification of five additional GT candidates: cj1432, cj1434, cj1438, cj1440, and cj1442 

(Table 4-2).  

  

Gene 
Knockout 
 

CPS Phenotype Functional Annotation Reference 

cj1421 loss of MeOPN on GalfNAc 
 

MeOPN transferase  McNally et al.8 

cj1422 loss of MeOPN on Hep 
 

MeOPN transferase  McNally et al.8 

cj1423 loss of Hep 
 

Heptose guanosyltransferase  Karlyshev et al.2 

cj1424 loss of Hep 
 

Sedoheptulose isomerase  Karlyshev et al.2 

cj1425 loss of Hep 
 

Heptose kinase  Karlyshev et al.2 

cj1426 loss of 6-OMe on Hep  
 

Methyltransferase Sternberg et al.9 

cj1427 loss of Hep 
 

GDP-heptose epimerase  Sternberg et al.9 

cj1428 loss of Hep 
 

GDP-heptose epimerase  St. Michael et al.10 

cj1430 loss of Hep 
 

GDP-heptose epimerase  Sternberg et al.9 

cj1431 loss of Hep 
 

Heptosyltransferase  Karlyshev et al.2 

cj1439 loss of CPS 
 
 

UDP-Gal/GalNAc pyranose-
furanose mutase  

Poulin et al.11 

cj1441 loss of CPS UDP-Glc 6-dehydrogenase  Sternberg et al.9 
St. Michael et al.10 

 
Table 4-1: Proposed functions of CPS genes based on phenotypic analysis of gene knockouts  
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ORF Homologue or source Score Activity 

cj1442c  SacD Neisseria meningitidis  2e-7  Glycosyltransferase  

cj1440c  EpsI Streptococcus 
agalactiae  

7e-19  Galactosyltransferase  

cj1438c  EpsI Streptococcus 
agalactiae  

4e-16  Galactosyltransferase  

cj1434c  EpsI Streptococcus 
pneumoniae  

4e-21  Galactosyltransferase  

cj1432c  KfaA Escherichia coli  2e-4  Glycosyltransferase  

Table 4-2: Putative glycosyltransferases by sequence homology. (Note: homology score < 10-4 

shows significant sequence alignment.)9 

 

Mutagenesis of any of these genes results in complete loss of CPS, which would be expected if 

they are involved in adding the sugar residues in the backbone of the repeating unit. Therefore, 

identifying the specific transformation attributable to the protein produced by each gene requires 

a biochemical approach. In my case, having chemically synthesized UDP-GalfNAc (1-1) and 

acceptor substrates 1-2–1-4, allows us to probe the specificity of each putative GT. The ability of 

a particular enzyme to transfer GalfNAc from UDP-GalfNAc to an acceptor, would allow its 

identification as the GalfNAc transferase.  
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Figure 4-2: Reaction of donor 1-1 with acceptors 1-2–1-5 with putative GTs to monitor UDP-
GalfNAc transferase activity.  
 

In order to carry out this biochemical work, however, the putative GT candidates must be cloned 

and overexpressed in soluble form. The current chapter will describe progress towards this end, 

and initial results on the assays performed with the over-expressed and purified gene products.  

 

4.2 Cloning cj1432, cj1434, cj1438, cj1440, and cj1442 into expression vectors § 

Our aim was to make the N and C-terminal His-6 tagged clones for each of the five putative 

GTs. The addition of His6 tags allows for the purification of the expressed gene products by 

immobilized metal affinity chromatography (using a Ni2+–NTA (Nickel–Nitriloacetic acid) 

                                                
§ The cloning work was completed under the aid and supervision of Cory Q. Wenzel, a technician in Dr. Christine 
Szymanski’s laboratory in the Department of Biological Sciences at the University of Alberta.  
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agarose column). The reason for attempting to make both N- and C-terminally tagged versions 

was to give us insurances against the possibility of the His6 tag affecting the expression, 

function, or solubility of the protein, or accessibility of the tag when on one end vs the other. The 

varying effect of N vs C terminal His6 tags has been observed in the past with WbpO.12 Table 4-

3 provides a list of the putative GTs, the size of the genes that encode them (in base pairs), their 

predicted sizes (in kilodaltons), and their theoretical pI values. 

 

Gene Number of Base Pairs 
(bp) 

 

Size of Expected 
Protein (kDa) 

pI 

cj1432 3096 121.8 8.95 

cj1434 1338 52.9 9.17 

cj1438 2331 92.5 8.84 

cj1440 1224 49.2 8.53 

cj1442 1635 65.1 8.67 

Table 4-3: Number of base pairs, molecular weight of final protein, and corresponding pI of 
putative GTs to be cloned and expressed. ProtParam (http://web.expasy.org/protparam/). 
 

The pET28a vector was the backbone for the N-terminal expression constructs, and C-terminal 

expression constructs were generated using the pET30a vector. The cj1432, cj1434, cj1438, 

cj1440 and cj1442 genes were amplified from genomic DNA (C. jejuni strain NCTC11168) by  

PCR using the following primers and restriction sites (note that the restriction site sequence is 

underlined in each primer):  
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Primer 

Vector Sequence (5’àà3’) Restriction 
Site 

Tm 
(°C) 

cj1432 pET28/30a GAAAGTCTACCATGGTAAAAAAAATTCTTC NcoI 62 

His6-cj1432 pET28a GAATTACGAGCTCTTATCCTTTCTTAAATTTC SacI 62 

cj1421-His6 pET30a GAATTATCGCGGCCGCTCCTTTCTTAAATTTC NotI 60 

cj1434 pET28/30a GGATGAAACCATGGATTATAATACTCC NcoI 62 

His6-cj1434 pET28a CAAACACCCACTCGAGTTATATCATCTTATTC XhoI 62 

cj1434-His6 pET30a CAAATCTCGAGTATCATCTTATTCTTATATTC NcoI 62 

cj1438 pET28/30a CAAGGATCATATGATGAATTATAATAC NdeI 62 

His6-cj1438 pET28a GTTTTTCACTCGAGTTATTGGCTTGCATTATC XhoI 62 

cj1438-His6 pET30a GTTTTTGATCGCTCGAGTTTGCTTGCATTATC XhoI 62 

cj1440 pET28/30a GGAAATTCATATGAAAACTGTAGGTG NdeI 62 

His6-cj1440 pET28a CTAATACATGCTCGAGTTACCTGAAAAATAAATATC XhoI 62 

cj1440-His6 pET30a CTAATTATATTCTCTCGAGCCTGAAAAATAAATATC XhoI 62 

cj1442 pET28/30a GAAATGTCATATGCCTCTTTTATCTG NdeI 62 

His6-cj1442 pET28a CAATGACTCGAGTCATATTTTACCTTTC XhoI 62 

cj1442-His6 pET30a CAACAATGACATCTCGAGTATTTTACCTTT XhoI 62 

Table 4-4: Primers used to construct N and C terminal clones for cj1432, cj1434, cj1438, cj1440 
and cj1442. 
*Nucleotides underlined indicate restriction endonuclease sites. 
 

Initial failures in obtaining clean PCR products—due to multiple bands observed when screening 

the clones—were overcome by using a combination of hot start with touchdown PCR (see 

Section 4.4.2).  This is a modified form of the PCR that aims to avoid non-specific binding of the 

primer oligonucleotide sequence, and therefore non-specific DNA amplification. The initial 

annealing temperature (Step 2, Figure 4-3) is higher than the optimal Tm of the primers, and this 

is incrementally lowered over subsequent cycles until a “touchdown temperature,” or optimal 
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annealing temperature, is reached. By using temperatures higher than the calculated Tm (general 

procedures section 4.4.1), only high primer-template complementarity amplicons are extended, 

thereby decreasing the incidence of off-target binding of the primers. The subsequent lowering of 

the annealing temperature, over iterative cycles, increases the yield of the PCR reaction, where 

now the desired amplicons out-compete any non-specific gene products 

 

Figure 4-3: Steps in the polymerase chain reaction (PCR): 1. Denaturation of double stranded 
DNA into single strands, 2. Lowering of temperature allowing annealing of primers (at this 
stage, primers are prone to non specific binding), 3. Raising of the temperature allowing DNA 
chain extension. 
 

Following PCR, digestion, band isolation, ligation, transformation, and isolation of plasmid 

DNA from resultant colonies was performed (Sections 4.6.1–4.6.3). Analytical digests were 

performed on plasmids isolated from resultant colonies after transformation (Section 4.6.3), and 

putative expression constructs for His6-cj1438 , His6-cj1440, cj1440-His6, His6-cj1442, and 

cj1442-His6 were identified that correlated with the  expected size of the gene inserts (Figure 

4-4). DNA sequencing (Section 4.4.4) confirmed the correct sequences for His6-cj1438  His6-

cj1440, cj1440-His6, His6-cj1442,  expression constructs, while all of the cj1442-His6 constructs 

isolated contained a premature stop codon (Note: His6-tag before the gene name indicates an N 

terminal His6 tag, and His6-tag after the gene name indicates a C terminal His6-tag).13   

 

double-stranded DNA
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Figure 4-4: Analytical digests for clones of cj1440-His6/pET30a, His6-cj1440/pE28a, cj1442-
His6/pET30a, His6-cj1438/pET28a, and His6-cj1442/pET28a (separated by DNA ladders when 
on same gel; multiple bands reflect each set of PCR reaction). 
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Unfortunately, cloning attempts for cj1432 and cj1334 cloning were unsuccessful, regardless of 

the position of this His6-tag, and sequencing showed point mutations in each. It is possible that 

cj1432, being significantly larger than the other genes (>3000 bp), would benefit from longer 

extension times during the PCR reaction, as well as the use of a less error-prone polymerase. 

Therefore, if constructing clones for this gene are attempted again, it may be more advantageous 

to use a high fidelity proofreading polymerase such as Q5, Pfu, or platinum Pfx, versus PWO 

Polymerase used in these studies. 

 

4.3 Expression of cj1440 and cj1442. 

With clones for cj1438, cj1440, and cj1442 in hand, our focus turned towards expressing their 

gene products. As described in Chapter 1, a recent in silico study by Muggleton and coworkers 

has proposed that the most likely candidate for GalfNAc transferase is cj1440, with cj1442 being 

a strong alternate possibility.14 For this study, they combined bioinformatics analysis with the 

insertional mutagenesis studies done previously, to give a hypothesized annotation of gene 

function. Given these findings, we chose to first focus on the expression of cj1440 and cj1442. 

 

Initial attempts at expressing both these proteins after transformation into BL21(DE3) competent 

E. coli cells were unsuccessful. The expected protein band was not observed on the SDS–PAGE 

(sodium dodecyl sulfate–polyacrylamide gel electrophoresis) gel or anti-His6 Western 

immunoblots. Experimenting with growth and purification conditions including growth media 

(going from Luria–Bertani (LB) to the more nutrient dense Terrific Broth (TB)), increasing 

induction times, and altering the optical density (OD) at which cultures were induced, failed to 

increase expression levels. Under closer scrutiny, it was noted that these genes contained several 
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rare codons (codons for which there are few tRNAs in E. coli due to low frequency of usage). 

The use of rare codons in the C. jejuni cps gene cluster, up to this point, had not been reported.  

 

As a result of these findings, we chose to express cj1440-His6 and His6-cj1442 in the 

BL21(DE3)pLacIRARE competent cell line. This cell line contains an additional vector that 

encodes for rare tRNAs and, when it was used, protein expression increased significantly. 

Moreover, it increased to the point that inclusion bodies were observed when using TB broth and 

growth temperatures of 37 °C (Figure 4-5). As a result, expression optimization studies were 

carried out on cj1440-His6, and the following factors were compared: growth media (TB vs LB), 

incubation temperature (37 °C vs 20 °C), and induction time (1, 2, 3, and 24 h). Cells were 

collected after each of the growth cycle, lysed, and were subjected to Western immunoblotting 

(using an anti-His6 monoclonal antibody (mAb) as the primary antibody).    
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Figure 4-5: Anti-His6 Western immunoblotting for cj1440-His6 expression optimization: 
Growth media (TB vs LB), incubation temperature (20 °C vs 37 °C), induction time (1, 2, 3, and 
24 h). 
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To summarize, the optimized conditions decided upon for the expression of cj1440-His6 were 

growing the cells in LB growth medium at 37 °C until OD600nm= 0.4–0.5, followed by induction 

with isopropyl 1-thio-β-D-galactopyranoside (IPTG) followed by a 2 h induction time at room 

temperature. In addition, a cold shock was applied to the cell culture directly before induction. It 

has been shown that this procedure increases the production of molecular chaperones, aiding in 

the proper folding of the protein, and overall reduction in the number of inclusion bodies.15 

Therefore, it is expected that protein solubility and stability would increase significantly. 

 

The results of the protein expression are shown below (Figure 4-6). Using the pLacIRARE 

expression strain, in addition to our optimized conditions, significantly increased levels of 

soluble protein (prior to this, no bands at the expected molecular weight (MW) for the desired 

protein were seen). The optimized expression conditions for cj1440-His6, when applied to the 

expression of His6-cj1442, also displayed an increase in expression amounts.  
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Figure 4-6: Top: Expression of cj1440-His6, Bottom: Expression of His6-cj1442. L = Ladder, 
WL = whole cell lysate, TS = total soluble fraction/flow through fraction, 20 = elution with 20 
mM imidazole, 60 = elution with 60 mM imidazole, 100 = elution with 100 mM imidazole, 200 
= elution with 200 mM imidazole. 
 

Though the total amount of soluble protein expressed improved markedly, binding of the His6 

tag to our affinity resin was not as successful. The proteins expressed from His6-cj1440 and 
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cj1440-His6 (not shown) showed moderate retention on the Ni2+–NTA column, with most of the 

protein eluting at 60 mM of imidazole in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) buffer, pH 7.5, containing 10% glycerol, and 150 mM NaCl. Despite this, a 

significant portion of total protein was lost in the flow through fraction, as well as low 

concentration eluting buffer (20 mM imidazole). In the case of His6-cj1442, almost all of the 

desired protein was eluted in the flow through and 20 mM imidazole fractions, and none 

contained in the elution buffers, possibly due to the His6 tag not being presented on the protein 

surface, thereby preventing it from binding to the Ni2+–NTA resin. 

 

In addition to losses in the purification steps, protein was also lost during the ultracentrifugation 

step. This step removes cell debris from the whole cell lysate, and these include membrane 

fractions as well as membrane associated proteins. This suggests that perhaps these proteins are 

membrane associated. In silico work (http://molbiol-tools.ca/ Online Analysis Tools, using 

secondary structural prediction analysis) showed no trans membrane helical domains. However, 

it is not unreasonable to assume that these proteins are in a complex near the cell membrane 

where the CPS is synthesized (more in Section 4.5).  

 

 

Due to these findings, we decided to test our potential substrates on both the total soluble 

fractions as well as the crude whole cell lysate, to ensure we had adequate concentrations of 

protein required for our GT assay. 
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4.4 GT Assay: Preliminary Results 

The spectrophotometric assay we used for proteins produced from cj1440-His6 and His6-cj1442 

were adapted from Rose et al. and is summarized below and in Figure 4-7.16 

 

Figure 4-7: Spectophotometric assay used to monitor GalfNAc-transferase activity; adapted 
from Rose et al.16 
 

This assay is dependent upon the transfer of a monosaccharide (here GalfNAc) from a sugar 

nucleotide (1-1) onto one of our acceptor substrates (1-2 or 1-3).   It should be noted that we used 

only the monosaccharide substrates in these preliminary studies because at the time, the valuable 

disaccharides were not made in adequate amounts, and the conditions of the assay were not yet 

optimized. The UDP produced in the reaction is coupled to the oxidation of β-nicotinamide 

adenine dinucleotide (NADH) by two enzymes, pyruvate kinase (PK), which converts 

phosphoenolpyruvate (PEP) into pyruvate, and lactate dehydrogenase (LDH), which converts 

pyruvate into lactate, while oxidizing NADH. The decrease in absorption at 340 nm, resulting 

from NADH oxidation to NAD+, is proportional to the activity of the GT. The protein that shows 
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activity with these substrates in this assay will correspond to the GT that installs the GalfNAc 

residue.   

 

The assay was designed as detailed in Table 4-5 for both Cj1440-His6 and His6-Cj1442 (cells 

correspond to the wells in the microplate reader): 

 

Controls Reaction with 1-2 Reaction with 1-3 

No Acceptor Control (Enz) Enz + 1-2 Enz + 1-3 

1-1 + 1-2 Enz + 1-2 Enz + 1-3 

1-1 + 1-3 Enz + 1-2 Enz + 1-3 

Positive Control (UDP)   

No Acceptor Control (CL) CL + 1-2 CL + 1-3 

 CL + 1-2 CL + 1-3 

 CL + 1-2 CL + 1-3 

Table 4-5: Setup for spectrophotometric assay. This setup was run for both the cj1440-His6 and 
His6-cj1442 gene products. Enz = Total Soluble Fraction, CL = Crude Whole Cell Lysate, No 
Acceptor Control = Enz + 1-1, Positive Control = UDP 
 
No acceptor controls, in which the donor (1-1) + enzyme were added, as well as negative 

controls (no enzyme added), were included. In addition, a positive control (where UDP was 

added) was included to test the assay. Triplicates were run with each of the enzyme preparations 

(whole cell lysate and soluble fraction) with both of the acceptor monosaccharides (1-2 and 1-3).  

 

A decrease in UV absorption (340 nm) was not seen for any of the samples with crude whole cell 

lysate. The increased cell debris is most likely the cause, increasing the baseline reading, 

therefore failing to show an adequate drop in UV absorption due to positive activity. Further 
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supporting this is that the positive control, with the whole cell lysate, also failed to show a 

reading. 

 

The soluble enzyme fractions, however, showed the expected negative results with both the no 

acceptor controls, as well as the no enzyme controls. In addition, the assay showed the expected 

activity with the positive control. The protein produced from cj1440-His6 did not show a 

significant decrease in absorption compared to our negative controls. However, the protein 

produced from His6-cj1442, showed a decrease in absorbance, correlating to UDP release, and 

therefore GalfNAc transferase activity, with both 1-2 and 1-3. Furthermore, the decrease in 

absorbance seen with donor 1-1 + cj1442 His6 + 1-2 and 1-1 + His6-cj1442 + 1-3, mimicked our 

positive control values, further supporting UDP release, and positive enzyme activity (Figure 

4-8).  
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Figure 4-8: Spectophotometric activity for cjH1442. +ve Control = positive control with UDP 
added; NAC = no acceptor control (cj1442 + donor 1-1); –ve (1-2) = negative control (no 
enzyme) with 1-2; –ve (1-3) = negative control (no enzyme) with 1-3; 1-2 = donor 1-1 + enzyme 
+ 1-2; 1-3 = donor 1-1 + enzyme + 1-3. 
 

Although positive activity was observed seen by the spec assay for cj1442-His6 with 1-3, upon 

submitting the isolated assay mixtures for MS, the desired product 1-6 was not observed. In the 

future, this reaction will need to be scaled up to obtain sufficient amounts of product, after C18 

Sep-pack purification, to confirm the presence of product. LC-MS should also be investigated at 

as an alternative to manual C18 Sep-pack purification, to detect the presence of the desired 

product with minimal losses at the purification stage.  
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4.5 Conclusions and Future Directions 

This chapter highlights progress towards identifying the putative GalfNAc transferase involved 

in the biosynthesis of the CPS in C. jejuni 11168. Progress has been made toward obtaining the 

clones of the putative GTs, and those that have been completed and correctly sequenced are His6-

cj1338, His6-cj1440, cj1440-His6, and His6-cj1442. We experienced a difficult hurdle in not 

detecting any levels of expression for cj1440- His6 and His6-cj1442. However, growth condition 

optimization, use of cold shock induction, in addition to switching to a rare codon usage strain, 

pLacRARE, overcame this problem. Though these proteins were observed in the soluble 

fraction, there was a significant amount seen in the membrane fraction, and, of the total soluble 

protein, only a fraction bound with high affinity to the Ni2+–NTA column. The later made 

purification a challenge; moreover, a large proportion of total protein expressed was lost in the 

purification step. Both of these issues will have to be addressed in optimizing the expression of 

cj1440 and cj1442, as obtaining pure protein will be required if any kinetic evaluation is 

conducted for positive GalfNAc transferase activity.   

GTs are a notoriously difficult class of enzymes to express in soluble form. One particular hurdle 

is that those involved with transmembrane export machinery, in this case the ABC transport 

system, often form a coordinated and associated complex localized on the cell membrane. The 

likelihood of these proteins being membrane associated is high, and this fact may require the co-

expression of accessory proteins for them to adopt their native fold and to show activity.17 

Therefore, expecting CPS-associated GTs to express individually in soluble form, and show high 

levels of activity, may be a tall order in that they may not be able to adopt their native fold. 

Despite the difficulty that this class of enzyme pose, there are examples where 

glycosyltransferases have been found to express and show activity in soluble form.18–21 



 142 

 

In addition to investigating methods to express the putative GTs with their native folded 

conformations, the enzyme assay conditions will also need to be optimized. Those used in this 

study were adapted from the study of GlfT2 (a UDP-galactofuranosyltransferase from 

mycobacteria)16, and more studies will be needed regarding experimental conditions, such as 

optimal buffers and salt concentrations, temperature, and time. If this fails, there are a number of 

other strategies for probing glycosyltransferase activity that could be explored, such as 

colorimetric assays,22 phosphatase coupled assays,23,24 glycosyl transferase activity kits (R&D 

Systems Inc., Minneapolis, MN), or bioluminescent assay using UDP-GloTM (Promega, Madison, 

WI). Ultimately, however, these reactions must be carried out on miligram scale (including 

appropriate purification), to confirm the presence of GT products by MS and 1H NMR 

spectroscopy. 

 

In addition, we have not yet assessed the activity of the cj1432, cj1434, and cj1438 gene 

products. It may very well be the case that the proteins expressed from cj1440 and cj1442 do not 

recognize UDP-GalfNAc as a substrate. Clones for cj1432 and cj1434 must still be sequenced 

(constructs have already been made), and cj1438 expression conditions must still be optimized. 

When complete, the disaccharides, which were not shown in these studies, may prove to be 

better substrates than the monosaccharides to facilitate turnover.  

 

Despite these shortfalls, a considerable amount of progress has been made in attempting to 

obtain the putative GTs. The enzyme that have been expressed, and though not conclusively 

showing activity for GalfNAc transferase, may still be used to elucidate the ribosyltransferase or 



 143 

GlcA transferase activity required for CPS biosynthesis, with their appropriate substrates. For 

example, other members of the group are currently working on substrates for identifying the 

ribosyltransferase activity, and the clones that I have constructed, as well as optimized 

expression conditions can aid in this endeavor. In addition, the substrates for GalfNAc have been 

synthesized and are ready for testing once the three remaining putative GTs are expressed.  

 

4.6 Experimental 

 

4.6.1 General Cloning Procedures 

Plasmid DNA was isolated using Qiaprep Spin Miniprep Kit (Qiagen Inc., Mussussauga, ON) as 

described by manufacturers. DNA restriction endonucleases were used as recommended by the 

manufacturer (Invitrogen Canada Inc.). Ligation of restriction endonuclease-digested vectors and 

insert DNA was performed using T4 DNA ligase (New England Biolabs, Ltd., Mississauga, ON) 

at 15 °C for 16 h prior to transformation into E. coli strains. Cloning of PCR products into 

pET28 and pET30a was performed using the corresponding cloning kits (Novagen, Madison, 

WI) as described by the manufacturer. Purification of DNA from agarose gels was performed 

using the UltraClean 15 DNA Purification Kit (Mo Mio Laboratories, Inc., Solana Beach, CA). 

 

4.6.2 PCR Amplification: 

 The oligonucleotide primers were designed and analyzed using DNA analysis software 

GENERUNNER for Windows (Hastings Software, NY; www.generunner.com), based on the 

nucleotide sequences from the complete C. jejuni NCTC11168 genome. The oligonucleotide 

primers used are listed in Table 4-4. All restriction endonucleases were obtained from New 
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England Biolabs (Mississauga, ON, Canada).  PCR-amplification reactions were performed with 

a Gene Amp 2400 PCR System thermocycler (PerkinElmer Canada, Woodbridge, ON) using 

Taq DNA polymerase (Roche Diagnostics Corporation, Indianapolis IN) according to the 

manufacturers specifications. All PCR reactions were performed with HPLC-grade water 

(Fischer Scientific Ltd, Nepean, ON).  

 

Hot start with touchdown PCR reaction: The template DNA was denatured by incubation at 95 

°C for 5 min with the forward primer, prior to addition of Taq DNA polymerase. The reaction 

then cycled through a series of denaturation (90 °C), annealing (68 °C), and 

polymerization/extension (68 °C) steps for 3 cycles (2.5 min extension time), before adding the 

reverse primer. Lastly, the reverse primer was added, and the reaction cycled through a series of 

denaturation (90 °C), annealing (68 °C to 50 °C), and polymerization/extension (68 °C) steps for 

27 cycles (2.5 min extension time), followed by a final 7 min polymerization/extension (68 °C) 

step.  

 

PCR reactions were analyzed by agarose gel electrophoresis as follows: 5 µL of DNA tracking 

dye (0.1% bromophenol blue, 15% ficoll) was loaded into a 0.8%–1.0% agarose-TAE gel 

(0.8%–1.0% agarose, 20 mM acetic acid, 1 mM ethylenediaminetetraacetic acid (EDTA), 40 

mM tris(hydroxymethyl)aminomethane (Tris) and electrophoresed at 80–100 V. Gels were 

stained in a 0.002% ethidium bromide solution and visualized under ultraviolet (UV) light. 

Products were purified using QIAquick PCR Purification Kit (Qiagen Inc) prior to restriction 

endonuclease digestion.  
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4.6.3 Screening Potential Clones 

Screening of potential clones for those containing plasmid DNA with the desired insert was 

performed by the E-lyse method.25 Colonies to be screened were patched onto the appropriate 

selective media and incubated overnight at 37 °C. Patched cells were scraped using a sterile loop 

and resuspended in 15 µL of TE buffer (1 mM EDTA, 10 mM Tris-HCl, pH 8.0) and combined 

with 15 µL of SL lysis solution (25% sucrose, 2 units/mL RNAse, and 1 mg/mL lysozyme in 

TBE buffer (90 mM boric acid, 2.5 mM EDTA, 90 mM Tris-HCl). Samples were then loaded 

into a 1% agarose–TBE gel (1% agarose, 0.2% SDS in TBE buffer) that was submerged in TBE 

buffer (45 mM Tris-borate, 1 mM EDTA, pH = 8.3), and allowed to stand in the wells for 10 

min. Electrophoresis was performed at 120 V for 2–3 h. The gel was stained in a 0.002% 

ethidium bromide bath for 20 min, and then visualized under UV light. 

 

4.6.4 DNA Sequencing 

DNA samples were prepared as described above (4.6.1) and DNA sequencing was performed by 

The Molecular Biology Service Unit (MBSU), Department of Biological Sciences, University of 

Alberta. The resultant DNA sequences were analyzed using the analyzed using DNA analysis 

software GENERUNNER for Windows (Hastings Software, NY; htttp://www.generunner.com), 

and DNA- and protein-database searches were performed using the National Centre for 

Biotechnology Institute (NCBI) Basic Local Alignment Search Tool (BLAST) network server.  

 

4.6.5 General Protein Methods 

Unless otherwise, stated all reagents were obtained from Sigma–Aldrich Canada Ltd. (Oakville, 

ON), all media were obtained from Difco Laboratories (Detroit, MI), and all solutions were 
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prepared using water purified by a Milli-Q PF Ultra-Pure Water System (Millipore (Canada) 

Ltd., Missisauga, ON). The bacterial strains and plasmids were used as listed in Table 4-4. 

Where appropriate, media were supplemented with antibiotics at the following concentrations: 

chloramphenicol (Cm) 34 µg/mL, kanamycin (Km) 50 µg/mL.  

 

4.6.6 Expression of cj1440-His6 and His6-cj1442 

Newly transformed E. coli RosettaTM (DE3)2pLacITM competent cells (Novagen Biosciences, La 

Jolla, CA) carrying recombinant plasmids were cultured while shaking at 200 rpm overnight at 

30 °C in 5 mL of LB broth supplemented with Kan and Cm at the appropriate concentrations. 

Cultures were expanded to a volume of 1 L and the OD600nm regularly monitored.  

 

Overexpression of the target protein was achieved by inducing the E. coli culture with 0.1 mM 

IPTG (Invitrogen, Burlington, ON) at OD600nm of 0.4–0.5 after the starter culture was laid to rest 

in an ice bath for 10 min. This was followed by incubating the culture for a further 2 h at 23 °C. 

Cells were harvested at 4 °C by centrifugation at 11,300gmax and the pellets were stored –20 °C 

until further use. Upon use, the cell pellets were thawed on ice and resuspended at a ratio of 1:10 

in ice-cold 50 mM HEPES buffer, pH 7.5, containing 10% glycerol, and 150 mM NaCl. All 

subsequent steps were performed at 4 °C.  

 

Lysates were prepared by a double passage of the resuspension mix through a pre-chilled bench 

top cell disrupter (Constant Systems Incorporated, Sanford, NC) set to 35,000 psi. The cell lysate 

was centrifuged at 105,000g for 60 min to remove cellular debris and other insoluble proteins. 

The supernatant fraction was applied directly to a pre-equilibrated Ni2+–NTA-agarose affinity 
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column using gravity flow. The crude soluble fraction was combined with the resin Ni2+–NTA-

agarose resin and gently mixed for 30 min. Unbound proteins were washed from the column 

using 15 bed volumes of binding buffer, and weakly eluting proteins were washed using 15 bed 

volumes of 20mM imidazole. The overexpressed protein was eluted with 4 bed volumes each of 

60 mM, 100 mM, and 200mM imidazole. Evaluation by sodium dodecylsulfate polyacrylamide 

gel electrophoresis (SDS–PAGE) indicated the presence of a band with the expected protein MW 

(Figure 4-6). 

 

4.6.7 Spectrophotometric assays  

Potassium chloride (KCl), NADH as the reduced disodium salt, PEP, PK (type III, lyophilized 

powder, rabbit muscle), and LDH (type XI, salt free, rabbit muscle) were from Sigma–Aldrich 

(St. Louis, MO). 3-(N-morpholino)propanesulfonic acid (MOPS), BioUltraPure grade, was from 

BioShop (Burlington, ON), and magnesium chloride hexahydrate was obtained from EMD 

Biosciences (La Jolla, CA).  

 

Spectrophotometric assays were performed in 384-array microtiter plate wells containing 50 mM 

MOPS, pH 7.9, 50 mM KCl, 20 mM MgCl2, 1.1 mM NADH, 3.5 mM PEP, 7.5 U pyruvate 

kinase (PK), and 16.8 U lactate dehydrogenase (LDH). MOPS, pH 7.9, was added as a 20-fold 

stock solution. KCl, MgCl2, and the acceptor and donor substrates were dissolved in deionized 

distilled water. All other assay components were prepared in 50 mM MOPS, pH 7.9, with the 

exception of PEP, which, due to its acidity, was buffered in 250 mM MOPS, pH 7.9. Stock 

solutions of NADH, PEP, PK, LDH, and donor were made fresh on the day of use. A standard 

assay reaction contained UDP-GalfNAc (1-1) at a final concentration of 3 mM and acceptor 
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monosaccharide (1-2 or 1-3) at 2 mM. Each reaction was initiated by the addition of 0.75 µL 

cj1442 and cj1440 to the assay mixture. The final assay volume was 40 µL.  

 

Reactions were continuously monitored at 37 °C using an Epoch 2 Microplate Spectophotometer 

(BioTek, VN, USA) in the kinetics read mode. The wavelength was set at 340 nm and each 

reaction was monitored at 3.43 s intervals for up to 50 min. Data were graphed and analyzed 

using GraphPad Prism Version 4.  
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