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Abstract 

Glycans are a diverse and integral component of all biological organisms, making 

them an ideal target for vaccine development.  Carbohydrates often act as weak 

antigens, lacking the T cell epitopes required to recruit T cell help which is vital to 

develop a strong and long lasting protective antibody response.  Chemical conjugation 

of glycan antigens to a protein carrier to elicit T cell help has been a successful strategy 

to improve the strength of the immune response towards glycan-derived haptens.  The 

hapten-carrier concept has been successfully used for numerous synthetic 

glycoconjugate vaccines now approved for human use. 

HIV-1 appears to be an ideal candidate for developing a glycoconjugate vaccine 

as the exposed HIV-1 envelope protein, gp120, is one of the most heavily N-glycosylated 

proteins known.  Glycoconjugate vaccines displaying the glycans of gp120 have thus far 

failed to elicit protective antibodies that bind to gp120 or neutralize viruses bearing 

HIV-1 Env.  The lack of cross reactivity has been attributed to an inability of the 

glycoconjugate vaccines to faithfully mimic the carbohydrate-dense gp120 surface. 

Described herein is the synthesis of two mannosyl thiol analogues of gp120 

glycans, their chemical conjugation to a filamentous phage carrier, and the LC-UV-MS 

methodology developed to characterize the resulting glycoconjugates.  The mannosyl 

thiols provide access to highly reactive linker chemistry while maintaining a minimal 

linker length, which may be essential to mimic the limited flexibility of the tightly packed 

glycans of gp120.  Filamentous phage possess a structurally homogenous, repeating 

surface with closely spaced, solvent exposed amines available for conjugation.  This 

arrangement is ideal for mimicking the glycan shield of gp120.  Coupling of mannosyl 

thiol analogues to the phage carrier produced a densely glycosylated surface where over 



80% of the 8,100+ conjugation sites of the phage were occupied, as was determined to 

an unprecedented level of clarity by LC-UV-MS.  The phage glycoconjugates were shown 

to interact with anti-HIV-1 glycan-specific antibody 2G12 with 0.5 nM avidity, ranking it 

as one of the best 2G12-binding antigenic mimics described thus far.  Mice immunized 

with the phage glycoconjugates elicited high titres of carbohydrate-specific antibodies 

that were unable to cross react with gp120. 
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CHAPTER 1 

CHAPTER 1: Design of a Synthetic HIV-1 Carbohydrate Vaccine 

Preface 

Despite the successes of modern medicine and drug development, treating 

disease can require significant financial resources, extended treatment times and 

suffering of the afflicted.  A more effective method for disease control is through 

vaccination as it offers long term preventative protection to the population.  Vaccines 

function by presenting an antigen to the immune system in order to safely build up 

immunity in preparation for future encounters with the same antigen.  Prophylactic 

vaccines typically contain a dead or attenuated pathogen or immunogenic proteins, 

glycoproteins or polysaccharides that are associated with the pathogen.  Carbohydrates 

are present on the surface of every cell and pathogen and are often structurally distinct, 

which is ideal for vaccine design.  Advances in both glycomics and carbohydrate 

synthesis in the last 30 years have made it much easier to deduce the complex 

structures of naturally occurring glycans and to synthesize workable quantities of pure 

and structurally defined oligosaccharides for biological study.  Synthetic saccharides 

have since been incorporated into vaccines as haptens, adjuvants, and as cell-specific 

targeting motifs. 

This introductory chapter provides a thorough background of the concepts 

intrinsic to the rational design of a carbohydrate-based vaccine against HIV-1, focusing 

on the topics of bioorganic chemistry, immunology and structural biology. 

Part I: Carbohydrate-based Vaccine Design 

Carbohydrates in Biological Systems 

Carbohydrates are one of the four fundamental classes of biomolecules, along 

with lipids, nucleic acids and amino acids.  As an integral part of all organisms, 

carbohydrates are directly involved in many extra- and intra-cellular processes.  On the 

surfaces of mammalian and bacterial cells, carbohydrates are found attached to 

proteins and lipids which are involved in cell signaling, molecular recognition and 

adhesion events.1  Within the cell, glycan modifications of proteins often directly 

influence the synthesis, stability, recognition and regulation of proteins and their 
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interactions with other biomolecules.2  Carbohydrate interactions with receptor 

proteins such as lectins, enzymes, hormones, toxins, antibodies, bacteria and viruses 

play crucial roles in host-pathogen interaction, immunity and disease progression.3  

With such physiologically important functions under the influence of glycans, it is clear 

that carbohydrates are promising candidates in drug development. 

Of all biomolecules, carbohydrates are arguably the most abundant and 

structurally diverse biomolecule found in nature.4  The extraordinary complexity of 

glycan structures arises from a combination of multiple available linkage points, the 

stereochemistry of the linkages, and the opportunity for branching.  In contrast to 

protein complexity, two identical amino acids can only produce a single dipeptide 

whereas two identical hexose monosaccharides can produce 11 different disaccharides.  

The disparity between protein and polysaccharide complexity is exponential.  Four 

different amino acids may produce 24 different tetrapeptides, but four different hexose 

monosaccharides may form 35,560 distinct tetrasaccharides.5  Thus, carbohydrates 

encode an immense amount of biological information.  The abundance and high 

diversity of carbohydrate structures found on the exterior of microbes and viruses 

makes them attractive targets for vaccine development. 

Despite the complexity of oligosaccharide structures, they are not produced by 

a template encoded by the genome, but are instead produced by glycosyltransferase 

and glycosidase enzymes in the secretory pathway.  Glycosyltransferases mediate the 

transfer of activated glycans to acceptor molecules such as proteins, lipids or another 

glycans.  Glycosidases function opposite to glycosyltransferases, catalyzing the cleavage 

of specific glycosidic linkages.  Although it may appear counterproductive, both enzymes 

collaborate to determine the structural outcome in pathways of glycan biosynthesis.  

Glycan assembly proceeds sequentially where glycosyltransferase/glycosidases rely on 

the glycan structure produced by the previous enzyme in the biosynthetic pathway in 

order to produce the substrate for the next enzyme in the sequence.6  In this way, as 

proteins and lipids transit through the endoplasmic reticulum (ER) and Golgi apparatus, 

the glycans they bare become increasingly oligomeric and complex.  Glycan biosynthesis 

exhibits species-specific and even cell type-specific diversity.7  Even within a specific cell 

type, glycoconjugates are typically produced as mixtures of glycoforms, where the 
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glycan structures and glycosylations patterns differ while the carrier structure remains 

the same.8  In eukaryotes, the glycome consists primarily of glycolipids, glycoproteins 

and glycosaminoglycans (proteoglycans) (Figure 1).9 

 

Figure 1. Glycan biosynthetic pathways.  The dotted lines separate the pathways and are used to 
represent the inner membrane of the ER and Golgi apparatus.  Proteins may also contain multiple types 
of glycans, although only one glycan type per protein is shown here for simplicity.  The N-linked pathway 
begins with the transfer of a preformed glycan to the nascent protein soon after emerging from the 
ribosome.  The glycan is further modified in both the ER and Golgi.  O-mannosylation begins in the ER 
with further elongation occurring in the Golgi.  O-xylose and O-GalNAc-linked glycan assembly occurs 
exclusively in the Golgi.  GPI anchors are assembled in the ER where proteins are attached soon after 
translation.  GSLs begin their synthesis on the cytoplasmic side of the ER after which the glycolipid 
precursor flips into the lumen and is extended with additional sugars in the Golgi.  ETNP: ethanolamine 
phosphate, S: sulfate.  Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Genetics, 7, 
537-551, ©2006. 

Glycolipids fall into two structurally defined categories, either glycosphingolipids 

(GSLs) or glycosylphosphatidylinositols (GPIs).  Both are found on the outer leaflet of the 

plasma membrane.  Glycosphingolipids are characterized by an O-linkage between 

glucose or galactose and ceramide which are further elongated to produces a diverse 

array of GSLs.  They are typically found clustered in lipid rafts where they mediate cell 



Part I: Carbohydrate-based Vaccine Design 

4 

CHAPTER 1 

signaling and recognition on the cell surface.10  Glycosylphosphatidylinositols are 

composed of a phosphatidylinositol membrane anchor attached to a short glycan core 

containing mannose and glucosamine.  Proteins are linked at their C-terminus through a 

phosphodiester linkage of phosphoethanolamine to this core glycan.  GPI-anchored 

proteins are involved in intracellular protein sorting and signaling pathways.11 

Glycoproteins are defined by the type of linkage between the glycan and amino 

acid.  There are 13 monosaccharides and 8 amino acids that can be involved in the initial 

glycosidic linkage, and though many permutations of the glycan-amino acid linkage can 

form, certain linkages are more prevalent than others.12  N- and O-linked glycans are 

linked through the asparagine nitrogen and either the serine or threonine hydroxyl, 

respectively, and are the most common protein glycosylations in mammalian cells.  

Other linkages, such as C-linked glycans which are linked through the C2 atom of 

tryptophan, are less common.13 

O-glycans are attached through serine and threonine and can be further 

subdivided into groups based on the initiating glycan of the chain.  O-linked 

glycoproteins initiated with GalNAc are characteristic of mucins.14  Mucins are highly 

glycosylated trans-membrane proteins that function as cellular lubricants through their 

high hydrophilicity.  O-mannose linked glycans are predominantly found in the brain, 

nerve and muscle tissues of mammals.15  O-glycosylation of serine/threonine with single 

GlcNAc has been shown to modulate protein activity.16  O-GlcNAc modification is unique 

as it takes place in the cytoplasm and nucleus rather than in the secretory pathway, and 

often competes for the same posttranslational modification sites as phosphorylation.17 

Glycosaminoglycans are a subset of O-glycosylation, linked to proteins through 

xylose to serine residues.  These glycans tend to be long and linear with many repeating 

disaccharide units that are often further modified by sulfation.  Heparin, heparan 

sulfate, chondroitin sulfate and dermatan sulfate are all glycosaminoglycans.  They are 

used in extracellular structural roles, such as in cartilage, as well as being involvement in 

signal transduction and regulatory processes.18 

N-glycans are the most widely distributed class of glycans, being found across all 

domains of life.12, 19  In eukaryotes, N-glycans are linked by β-GlcNAc to asparagine in the 
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consensus sequence Asn-X-Ser/Thr, where X can be any amino acid but proline.  The 

consensus sequence is universal for N-glycosylation, although the initiating glycan 

linkage can vary in prokaryotes.19  N-linked glycosylation differs significantly from other 

glycan biosynthetic pathways as the glycan is sequentially assembled on a dolichyl 

pyrophosphate carrier and then transferred en bloc onto newly made proteins, rather 

than being assembled on the protein itself (Figure 2).20  In the majority of eukaryotes, 

the conserved Glc3Man9GlcNAc2 oligosaccharide is cotranslationally transferred to 

proteins.21  The addition of this oligosaccharide has been shown to contribute to 

thermodynamic stability and solubility of nascent proteins, leading to improved rates of 

protein folding.22-24  The terminal glucoses and mannoses in the structure also interact 

with lectins in the ER which serve to direct proteins to folding, secretion or degradation 

pathways.25-27  After transfer to the Golgi apparatus, a core glycan is created by 

glycosidases that trim off successive mannose residues (Figure 2) followed by further 

elaboration into complex structures specific to the cell. 
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Figure 2.  N-linked glycan biosynthetic pathway.  Dolichol in the cytoplasmic side of the ER membrane is 
sequentially glycosylated using nucleoside phosphate monosaccharide donors to form the Man5GlcNAc2 
structure.  The dolichol conjugate then flips into the ER lumen where it is further elaborated using 
dolichol-phosphate monosaccharide donors.  The resulting Glc3Man9GlcNAc2 structure is transferred en 
bloc by an oligosaccharidetransferase (OST) complex to asparagine of a nascent protein.  The resulting 
glycoprotein is trimmed to the Man8GlcNAc2 and transferred to the Golgi apparatus.  In eukaryotes, this 
high mannose structure is further trimmed down to Man5GlcNAc2 and sequentially glycosylated to form a 
hybrid or complex glycan.  Complex-type glycans no mannose residues other than the trimannosyl core 
while hybrid-type glycans retain additional mannosyl residues.  Adapted by permission from Macmillan 
Publishers Ltd: Nature Reviews Genetics, 7, 537-551, ©2006. 

Viruses, which rely on host-cell biosynthetic pathways to replicate, utilize host-

cell glycosylation pathways to produce primarily N-linked viral glycoproteins.28  The 

glycosylation patterns on viral proteins reflects that of the host cell from which the virus 

was derived.  Glycosylation of viral proteins influences many aspects of the viral life 

cycle such as receptor binding,29 membrane fusion,30 intracellular transport,31 viral 

assembly/release32 and immune evasion.33  Enveloped viruses, such as HIV, hepatitis C 

virus and influenza A virus, are particularly reliant on envelope protein glycosylation for 

resisting antibody (Ab) neutralization and host-cell entry.34-37 
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History of Carbohydrate Vaccines 

The use of carbohydrates to induce immunity is a relatively new strategy, even 

though Heidelberger and Avery revealed in 1923 that pneumococcal antigens targeted 

by the immune system were capsular polysaccharide.38  Tillet and Francis took this work 

a step further and showed that intradermal injection of only pneumococcal 

polysaccharide would provoke an immune response in individuals suffering from lobar 

pneumonia.39  In 1944, the first carbohydrate vaccine, consisting of four types of 

pneumococcal capsule polysaccharides, was tested in 8,000 men in an army air force 

technical school, roughly half the school population.40  The vaccine not only provided 

significant protection to the immunized students, it also greatly reduced the incidence 

of pneumonia in the non-immunized, since fewer vaccinated men now carried 

pneumococcus.  Unfortunately, interest in carbohydrate vaccines was lost due to the 

advent of penicillin during this same period.  A steady increase in antibiotic resistance 

brought back a renewed interest in disease prevention and in 1983, PneumoVax ™, the 

first commercial polysaccharide vaccine, was launched.  The vaccine consisted of 

capsular polysaccharides from 14 serotypes of Streptococcus pneumonia, which has 

since increased to include 23 serotypes.41  While this vaccine protects adults against 

90% of all infections, the immune response is poor in high risk groups such as children 

under the age of two, the elderly and the immunocompromised.42, 43  Furthermore, 

immunity only lasts 5-6 years as polysaccharide alone is unable to elicit T-cell help and, 

subsequently, generates poor B-cell memory.44-46  Polysaccharide vaccines against other 

encapsulated pathogens, such as Neisseria meningitidis and Haemophilus influenzae 

have similar efficacies.47 

Polysaccharide immunogenicity can be enhanced through conjugation to an 

immunogenic carrier protein, as was reported by Avery and Goebel in 1931.48  

Immunization with glycoconjugates provokes a T-cell dependent response,49 providing 

lifelong protection of adults and all persons of high risk.50  Glycoconjugate vaccines 

against S. pneumonia, N. meningitidis and H. influenzae are currently available, which 

alleviate the shortcomings of their polysaccharide vaccine counterpart.  The H. 

influenzae is currently the only synthetic carbohydrate vaccine on the market, although 
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development of synthetic carbohydrate vaccines against many other pathogens is in 

progress.51 

Of growing interest are therapeutic vaccines, which involve production of an 

immune response against an already existing disease.  Carbohydrates vaccines in 

immunotherapy have primarily been directed against cancers.52-55  The unregulated 

growth of cancer cells influences the expression of glycosyltransferases, which can 

result in the up or down regulation of glycan expression,56, 57 produce incomplete 

glycans or even neoglycans.58, 59  The aberrant expression of these self-antigens could be 

exploited by the immune system to differentiate healthy cells from tumor cells.60  

Cancer immunotherapy has shown cytotoxicity against tumor cells, although in clinical 

trials this response was not effective enough to significantly enhance patient survival.61-

63  Overcoming immunotolerance of tumor-associated self-antigens remains a 

challenge.64 

Carbohydrates have also been exploited in vaccine design as a ligand 

component to target lectin receptors on antigen-presenting cells.  Such an approach has 

been used to deliver antigens to dendritic cells and macrophages by targeting mannose 

receptor (CD206) which binds oligosaccharides containing terminal mannose residues.65, 

66  The resulting antibody response was superior in comparison to control vaccines that 

lacked the mannose ligands.  Other carbohydrate-specific lectins found on antigen-

presenting cells, such as DC-SIGN67, 68 and Dectin-169, have displayed potential for in vivo 

targeting in vaccine delivery as well. 

Immune Response to Carbohydrate Antigens 

The immune system is a network of cells, tissues, and organs that defends an 

organism against a wide range of infectious agents.  Immunological protection is 

achieved through innate immunity and adaptive immunity.  The innate immune 

response is the body’s first line of defense, composed of systems and components that 

are present before infection.  These include the body’s epithelial barriers, the 

complement system, inflammatory responses and a variety of leukocytes such as 

Natural killer (NK) cells, mast cells, neutrophils and dendritic cells.  The innate response 

proceeds very rapidly and in a non-specific manner which is in contrast to the adaptive 
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response which can take days to weeks to become effective and is highly specific to the 

invading pathogen.  The adaptive response can either be of humoral (antibody-

mediated) or cellular (cell-mediated) nature.  Antibodies are produced by B lymphocytes 

and cell-mediated immunity is coordinated by T lymphocytes. 

Antigen-presenting cells (APCs), which include dendritic cells, macrophages and 

B cells, bridge the innate and adaptive immune responses.70  Dendritic cells (DCs) are 

the most effective APCs, possessing the broadest range of antigen presentation, as well 

as cytokine secretion.71  They migrate through the body where they serve as sentinels 

for foreign antigens.  Pathogens are identified by APCs through pattern recognition 

receptors (PRRs), such as Toll-like receptors (TLRs) and C-type lectins, which recognize 

conserved structural components of microbes that are foreign to the host; 

lipopolysaccharide is an example of one such pathogen-associated molecular pattern 

(PAMP).  Pathogen interaction with PRRs triggers intracellular signaling cascades that 

lead to proinflammatory responses, increased antigen presentation, cytokine 

production, and upregulation of co-receptors.70, 72  Antigen is internalized by DCs 

through phagocytosis or receptor-mediated endocytosis and then processed for loading 

onto major histocompatibility complex (MHC) receptor proteins which are shuttled to 

the cell surface.73  DCs then migrate from the periphery to lymphoid tissues where they 

can present antigen to immature lymphocytes.  T-cell receptors (TCRs), found on the 

surface of T cells, are able to recognize antigens bound to MHC molecules, and thereby 

activate the adaptive immune system.  The interaction between antigen and the specific 

PRR that was involved in DC maturation will have far reaching effects into how the 

adaptive immune response develops.74 

There are two classes of MHC receptors that interact directly with TCRs and 

either the CD8 or CD4 co-receptor (Figure 3).  Class I MHC activates cytotoxic T 

lymphocytes (CTL, CD8+ T cells) which destroy cells that are infected by viruses or 

bacteria, or are damaged in some other way.75  Class I MHC is expressed on nearly every 

cell in the body and is used to present intracellular antigens, such as self-derived 

antigens or antigens from intracellular pathogens.  When CTLs encounter a foreign 

antigen on a class I MHC receptor of an infected cell, they kill the cell with the release of 

cytotoxins such as perforins and granzymes.  Class II MHC is used exclusively by APCs for 
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presenting antigens that are taken up from the extracellular environment.  Class II MHC 

presentation activates naive helper T cells (CD4+ cells) which cause them to proliferate 

and differentiate into helper subtypes.  Evidence suggests that APCs provide the main 

influence in determining the subtype of proliferating helper T cells during class II MHC 

presentation.74, 76-78  In the classic 1986 model,79, 80 differentiation to type 1 helper T cells 

(Th1) cells activate macrophages and CTLs, and differentiation to Th2 cells stimulate B 

cell proliferation and antibody class switching.  New helper T cells are continually being 

defined outside the Th1/Th2 model,81 such as T follicular cells (Tfh),82-84 Th985, Th17,86 

and Th22,87, 88 which has led some to question the continued use of the simplistic 25 

year old paradigm.89, 90 

Helper T cells, especially Tfh, are important for inducing high-affinity Ab 

producing B cells to differentiate into long-lived plasma B cells91 and memory B cells.81, 92  

Long-term immunological memory, as well as immunoglobulin (Ig) class switching to 

more specialized antibody types, is a defining characteristic of T cell dependent (TD) 

responses.93  In contrast, T cell independent (TI) responses have been thought to lack 

memory B cell production and Ig class switching, although this has frequently been 

challenged.94-96  It has been shown that B-cells can produce memory without T cell help, 

although of a different quality, which is discussed more in the next section.  In general, 

TD responses are more effective, and well-documented, at producing lifelong memory 

cells and protective secondary responses in vaccine development. 
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Figure 3.  Representation of glycopeptide MHC presentation and the TD/TI immune responses.  Class I 
MHC molecules present glycopeptides derived from intracellular pathogens in the cytosol that have been 
degraded by the proteasome.  Presentation of the class I MHC-glycopeptide complex to naïve CD8+ T cells 
produces a cellular immune response.  Class II MHC presentation of glycopeptides from extracellular 
antigens induce the maturation of naïve CD4+ T cells into a helper T cells.  The cytokine profile of the APC 
will determine the phenotype of the helper T cell.  Stimulation of B cells via activated helper T cells 
triggers TD proliferation and differentiation into long-lived memory B cells and plasma cells.  
Polysaccharide alone can also activate B cells through carbohydrate specific BCRs and PRRs, although the 
effectiveness of a TI response appears insufficient to provide lifelong protection. 

TI responses activate B cells through TLRs and the crosslinking of B cell receptors 

(BRCs) by polymeric antigens with repeating units such as polysaccharides (Figure 3).97  
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Carbohydrate antigens can be converted to TD immunogens by conjugation to a protein 

carrier in order to access class II MHC presentation for T cell help.  In this way, the 

immune response can be directed towards a carbohydrate while circumventing the 

disadvantages of a TI response.  Glycoconjugates taken up by APCs are digested by 

proteases in endosomal compartments to yield glycan-peptide fragments.  The peptide 

portion binds class II MHC in the endosome, leaving the carbohydrate distal to the MHC 

binding groove.98  The glycopeptide-MHC complex is presented to the TCR of CD4+ T 

cells, which recognizes the glycan specifically.  MHC-mediated activation of the T cell, 

along with co-stimulation, results in cytokine release and B cell maturation with 

consequent Ig class switching.  The most common APCs for T cell activation are DCs.  

Naïve B cells, which also express class II MHC, are thought to be able to activate naïve 

helper T cells, although their effectiveness has long been questioned.99  While it has 

been shown that naïve B cells, despite expressing lesser numbers of class II MHC,100 are 

able to poorly activate helper T cells,101 they are also known to induce T cell 

tolerance.102-105  It is obvious that our understanding of B cells functioning as APCs 

requires further investigation. 

Effective conjugate vaccines require the use of adjuvants to provide the danger 

signal that accompanies natural infection.106  Adjuvants enhance the immune response 

through their interaction with the innate immune system, either acting as ligands for 

PRRs or directly interacting with signaling pathways that provoke an inflammatory 

response.107, 108  The result is an increase in magnitude of the adaptive response, both in 

the rate of the response and in antibody titre.  Adjuvants can also alter the cytokine 

profile leading to the qualitative alteration of the adaptive response.109  Choice of 

adjuvant can be exploited to effectively stimulate specific helper T cells in order to get 

the desired immune response.  Currently aluminum salts (alum) are the only adjuvant 

approved for use by the FDA, but this is primarily due to the fact that alum has been 

safely used for over 80 years, predating the founding of the FDA.110  Squalene and the 

detoxified LPS derivative monophosphoryl lipid A (MPL) have been approved for 

adjuvant use throughout Europe.  A multitude of adjuvants have been used in clinical 

trials, including Freund’s adjuvant which consists of heat-killed Mycobacterium 

tuberculosis, flagellin from Salmonella typhimurium and the saponins QS-21 and GPI-

0100.109  Carbohydrates can also act as potent adjuvants themselves, with β-glucans, 
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mannans, chitans, lipopolysaccharide and glycosylated mycobacterial components all 

able to interact with various PRRs.110 

The objective of vaccination is to generate B and T cell memory so that the 

immune system can rapidly clear the immunizing antigen when re-encountered.111, 112  

T cell help and the selection of high-affinity B cells for memory progression and lifelong 

antibody production are paramount to this paradigm.  Circulating preexisting antibody is 

especially important for protective immunity against viruses like HIV that can establish a 

latent infection if initial acquisition is not blocked.  Due to the observed successes of 

glycoconjugate vaccines, conjugation to carrier proteins in order to elicit TD 

immunological responses continues to be the standard in carbohydrate vaccine 

development.51 

Immunoglobulin Diversity and Recognition 

Antibodies, also known as immunoglobulins (Igs), display an evolving 

morphology that is linked to the life cycle of B cells.  The BCR of naïve B cells is a 

membrane-bound Ig that is able to bind a specific cognate antigen.  Once a naïve B cell 

is activated, it undergoes a series of genetic and phenotypic changes that may 

eventually lead to the release of unbound Ig.113  B cells in the marginal zone of the 

spleen or lymph nodes are primarily activated in a TI manner, such as through 

interaction with polysaccharides (Figure 4A).  B cells activated in this way are deprived 

of the conditions that lead to Ig class switching and extensive affinity maturation.  This 

results in differentiation into Ig-producing plasma cells that continue to produce low 

affinity IgM and, perhaps more importantly, into memory B cells that appear to be 

unable to live indefinitely.  Naïve B cells that are partially activated via APC presentation 

migrate to the T-B zone border in lymphatic tissue where they rapidly proliferate and 

undergo productive interactions with T cells (Figure 4B).  Some of these B cells continue 

to proliferate and differentiate into short lived plasma cells without much affinity 

maturation and class switching.  Concurrently, some activated B and T cells migrate into 

germinal centers where B cells undergo extensive proliferation, somatic hypermutation 

(SHM) and antigen-affinity driven selection.  B cells that gain affinity through SHM are 

able to outcompete their less avid peers for the necessary survival signals.114  Over time 

the germinal center is populated with high affinity B cells which can then further 
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differentiate into long lived memory and short lived plasma B cells.115  These plasma 

cells can access survival niches in the bone marrow where they can survive indefinitely, 

secreting protective antibodies for long term protection. 

 

Figure 4.  B cell maturation.  A| Polysaccharides provoke marginal zone B cells to proliferate and 
differentiate into short lived, low affinity plasma and memory B cells.  B| Proteins presented by APC can 
activate follicular B and T cells.  Such activated B cells can either differentiate into low affinity and plasma 
cells or migrate to germinal centers where they undergo extensive affinity maturation and class 
switching.  These high affinity B cells can further differentiate into long lived memory B cells and plasma 
cells.  Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Immunology, 9, 185-194, 
©2009. 

Igs are large Y-shaped proteins that recognize cognate antigens via the antigen-

binding sites on the tips of each arm (Figure 5B).  Igs are composed of two heavy chains 

(H) and two light chains (L) that are linked through disulfide bonds.  Both chains contain 

variable (V) and constant (C) regions.  Individual B cells are only able to produce one 

distinct type of Ig, although it is estimated that 1011 Igs with unique antigen-binding sites 

can exist.  Such diversity is accomplished through the genetic recombination of one of 

the variable (V), diversity (D) and joining (J) exons that are encoded in the Ig heavy and 

light chain variable regions (Figure 5A).116  The recombination process is imprecise, 
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leading to the further diversification of the V(D)J segment through the removal of 

nucleotides at the site of recombination and the addition of non-templated nucleotides 

into the exon junctions.117, 118  Thus, the initial heterogeneity of Ig antigen-binding sites 

is generated through the combinations of V, D and J segments and in the way in which 

they join.  The VDJ sequence can undergo further antigen-driven gene diversification 

through SHM, which introduces point mutations into the V-region exons at high rates.119  

SHM is the defining event of germinal centers that enables the selection of B cells that 

produce higher affinity antibodies. 

 

Figure 5.  Antibody recombination.  A| Organization of the germ-line gene segments of the 
immunoglobulin heavy chain.  DNA recombination of the V, D and J exons form the unique antigen-
binding sites on the heavy chain.  Light chain recombination proceeds similar to the heavy chain, although 
there is no D sequence.  Transcription across the locus is driven by a promoter upstream of the VDJ 
sequence which facilitates the synthesis of a µ heavy chain.  CSR exchanges the Cµ region exon of the 
heavy chain with an alternative set of downstream constant region exons.  B| A model depicting a 
transcribed antibody is shown here.  The heavy chains are shown in gold and the light chains are shown in 
light blue.  The antigen-binding site is composed of the VDJ sequence of the heavy chain and the VJ 
sequence of the light chain. 

Class-switch recombination (CSR) is a genetic process by which antigen-

stimulated B cells switch from the initial production of IgM to Igs that have more 

specialized roles.120, 121  CSR exchanges the initially expressed heavy chain constant 

region exon of IgM and IgD with an alternate downstream constant region exon (Figure 

5A).  The resulting Ig expression retains the same variable region and antigen specificity 

but has a secondary heavy chain isotype that possess different effector functions. 
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The five mammalian isotypes of Ig are known as IgA, IgD, IgE, IgG and IgM.  IgM 

and IgD both function as BCRs in the B cell membrane and are the first secreted 

antibodies to be produced during an immune response, during which there is limited 

affinity maturation.122  IgM is secreted as a pentameric Ig, which allows for greater 

avidity for multivalent antigens and other unique properties.123  IgD doesn’t appear to 

play a direct role in antigen clearance as little secreted IgD is found in human serum, 

although it has recently been shown to play minor immunomodulatory roles.124  IgA is 

the predominant Ig found in mucosal areas such as the cut and respiratory tract and 

exists as a dimer.125  IgE is involved in parasitic immunity and allergen recognition.  IgG 

provides the majority of antibody-based immunity and is the Ig response desired from 

immunization. 

 

Figure 6.  A model of the antibody antigen-binding site.  A| A ribbon model of the antigen-binding 
fragment (Fab) of an antibody is shown with the heavy chain in gold and light chain in blue.  Each chain of 
the Fab contains two β-sandwich structures.  The antigen-binding site is composed of the colored loops.  
B| A space filling model of the Fab is shown, looking down on the antigen-binding site.  The CDRs of both 
models are colored as follows:  CDR H1: red, CDR H2: blue, CDR H3: yellow, CDR L1: magenta, CDR L2: 
cyan, CDR L3: orange.  Modeled from PDB ID: 1H3P. 

Carbohydrate antigens typically display lower binding affinity to 

immunoglobulins than protein antigens.  In contrast to peptides that have rich structural 

and chemical diversity in their functional groups, carbohydrates primarily display only 

hydroxyl and amine groups for Ig recognition.  Ig recognition is thus achieved through a 

combination of hydrogen bonding to the sugar hydroxyls and van der Waals interactions 

of the hydrophobic sugar faces with aromatic amino acid side chains.126  The binding 

sites for carbohydrates are predominantly found in shallow indentations formed by the 
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loops at the ends of β-sheets on protein surfaces.127  The antigen-binding site of Igs is 

formed by the loops of two β-sandwich structures of the heavy and light chain variable 

regions (Figure 6A).  These loops are referred to as complementarity determining 

regions (CDRs).  Both the light and heavy chains contribute three CDRs, named L1, L2, L3 

and H1, H2, H3 respectively.  CDR L/H1 and CDR L/H2 are encoded by the V sequence, 

whereas CDR L/H3 includes the V, D (heavy chain only) and J sequence.  CDR H3 in 

particular displays the largest variability in its length, sequence and structure and is 

suitably centrally located within the antibody-binding site (Figure 6B).128, 129  Studies 

have shown that CDR H3 is the dominant determinant of specificity in the recognition 

and binding of antigens.130  The CDR1 and CDR2 sequences, originating from the 

germline V sequences, display more cross-reactive recognition of antigens. 

Glycoconjugate Vaccine Carriers 

Proteins are the most commonly utilized carriers in glycoconjugate vaccines 

primarily for their ability to elicit TD responses.  Protein carriers can also offer additional 

benefits such as mitogenic activity and adjuvant-like properties that enhance the 

immune response.131-135  While a wide variety of proteins have been utilized as carriers 

in a research environment, only a few have been approved for human use.  Such 

approval generally requires a safe record of injection into host subjects, extensive 

knowledge of the protein structure and consistent hapten conjugation to yield near 

homologous characterizable conjugates.  The choice of carrier can also affect the 

immunological outcome of vaccines,136 although comparative studies often yield 

conflicting results and are difficult to interpret due to the coexistence of other variables 

such as conjugation technique, adjuvant type, glycan composition and vaccination 

protocol.135-140 

The five main carrier proteins used in commercially available vaccines today are 

tetanus toxoid (TT), diphtheria toxoid (DT), cross-reactive material 197 (CRM197), N. 

meningitides outer membrane protein complex (OMPC), and non-typeable H. influenzae 

(Hib) derived protein D (PD).  The first utilized carrier proteins, DT and TT, were chosen 

due to their safety track record accumulated from their use in tetanus and diphtheria 

vaccinations dating back to the 1920’s.141, 142  CRM197 is a nontoxic mutant of DT, 

containing a single missense G52E mutation which eliminates its destructive enzymatic 
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activity.143  Without the need for detoxification, CRM197 is thought to have better intact 

helper T cell epitopes over the chemically treated toxoids.144  This may be the reason 

why CRM197 conjugate vaccines against bacterial influenza and meningococcal disease 

have demonstrated superior immunogenicity in infants over similar vaccines utilizing DT 

carriers.137, 145, 146  OMPC glycoconjugates have displayed enhanced immunogenicity over 

the toxoid carriers which is attributed to OMPC’s additional engagements with the 

immune system.135, 147  OMPC is recognized by TLRs on macrophages and dendritic cells, 

inducing cytokine production that enhances the B cell immune response.134, 148  OMPC 

has also been shown to interact with B cells directly to up-regulate costimulatory ligand 

expression and providing mitogenic stimuli.133, 134  These additional interactions with the 

immune system may account for why a single inoculation of OMPC Hib glycoconjugate 

vaccine is able to induce protective levels of anti-Hib polysaccharide antibodies, 

whereas similar CRM197 and DT conjugates require multiple booster immunizations.135, 

138  The repeated use of the same carrier for different glycoconjugate vaccines can lead 

to immune interferences which can impact the immunogenicity of concurrent or 

subsequent vaccinations.149, 150  For this reason, as well as its proven safety record in H. 

influenzae vaccines and known structural homogeneity, PD has been employed as a 

glycoconjugate vaccine carrier.151, 152  As an interesting side effect, pneumococcal 

polysaccharide conjugates of PD, which is derived from H influenzae, have been shown 

to induce immunity against both S. pneumoniae and H. influenzae.153, 154 

Many other proteins are used routinely for glycoconjugate vaccines in a 

research environment.  Two carriers of interest are keyhole limpet hemocyanin (KLH) 

and N19.  KLH is a carrier protein isolated from the mollusk Megathera crenulata that 

has potent immunological properties.  Glycoconjugates of KLH have been able to elicit 

antibody responses against haptens that are poorly immunogenic, such as self-antigens 

that are frequently used in cancer therapeutic vaccines.139  The large complicated 

heterogeneous structure of KLH has impeded its approval as a vaccine carrier in North 

America, although it has been approved for use in Europe and Asia.  N19 is a designer 

protein born out of the need for a new carrier construct to avoid the risk of carrier-

specific suppression.155  N19 is composed of 19 peptide sequences derived from 

antigens to which the human population is frequently exposed.  The peptide sequences 

liberated upon cellular processing are able to bind a wide range of class II MHC 
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molecules and are recognized by T helper cells.  Glycoconjugates of N19 using Hib and 

meningococcal oligosaccharides produced competitive results when compared to 

similar vaccines utilizing classical carriers.155, 156 

Fully synthetic glycoconjugate vaccines utilizing synthetically made peptide 

carriers have been produced to overcome some drawbacks of protein carriers.157  

Peptides have the benefits of being easier to purify and characterize, and allow for 

controlled hapten addition to produce well defined structures.  Peptides can also be 

tailored for loading onto class I or class II MHC to direct either a cellular or humoral 

response.  Despite the advantages peptide carriers offer, a peptide epitope taken out of 

context of the whole antigen brings with it challenges.  Peptides may not follow the 

same processing pathways as their native protein equivalent, leading to loading onto 

the unintended MHC class and producing an unexpected type of immune response.  

Peptide epitopes also need to be relevant to a broad population of MHC allotypes and 

require predictable cellular processing in order to assure the desired T cell epitope is 

presented.  Promiscuous peptide epitopes that can be presented by a wide range of 

MHC molecules have been identified, although predicting peptide processing remains 

difficult.158  Peptides are also poorly immunogenic due to their size and simplicity.  This 

has been alleviated through advances in adjuvants, conjugation to TLR ligands and direct 

delivery to dendritic cells in vitro.157 

Viral nanoparticles (VNPs) and virus-like particles (VLPs) have also been used as 

scaffolds for displaying carbohydrates haptens in vaccine design.159-162  VNPs are whole 

virus particles that characteristically are unable to replicate in mammals, such as plant 

viruses and bacteriophage.  VLPs consist of the envelopes or capsids from viruses 

without the viral genome or any infectious viral components.  The viral capsids (VCs) of 

VNPs and VLPs are composed of structural proteins that assemble in a highly organized 

manner.  VLPs have been FDA approved and are used in hepatitis B virus (HBV) and 

human papillomavirus (HPV) vaccines.  VCs used to present antigens have been shown 

to provide immunologically superior responses, even without adjuvant,163 than carriers 

that provide less organized presentation.164-167  The demonstrated safety, 

immunogenicity and structural definition have made VCs attractive carriers for antigen 

presentation. 
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The highly ordered structure of VCs, as well as their particulate nature, provides 

many advantages to stimulating the immune system.  It has been shown that the 

immune system is primed to recognize and respond to antigens that are the size of 

viruses.168  VCs interact with many APCs through PRRs which leads to effective priming 

of both humoral and cellular immune responses.169, 170  The VC, being composed of 

protein, provides a route for attached glycans to induce TD B cell responses.  VCs can 

also provoke TI stimulation of B cells through the cross-linking of BCRs and TCRs by the 

patterned presentation of glycan antigens.  Interestingly, viral displays of antigen can 

induce class switching to IgG earlier and with much higher titres than antigen displayed 

on smaller carriers.164, 171, 172  The increased class switching efficiency is thought to be a 

consequence of the synergistic activation of B cells through both TLRs and BCRs, 

bridging the TI and TD responses.165, 173, 174 

Other carrier strategies have been devised to include TLR interaction and 

adjuvant-like properties.  Dendrimeric carriers that cluster glycan haptens present the 

glycans in a somewhat repetitive manner which may be favourable for uptake and 

presentation by APCs, much like virus particles.  Glycodendrimers have been able to 

elicit immune responses that are much more efficient than their monomeric 

equivalents.175, 176  Dendrimer structures are fully synthetic and must include helper T 

cell epitopes in order to be immunogenic.176  Lipopeptides have been used as 

immunogenic carriers that include inherent adjuvant properties.  TLRs on APCs 

recognize lipopeptides which simultaneously incites cytokine release and internalization 

of the glycolipid conjugate for processing and presentation.  The desired immune 

response can be tailored by modification of the helper T cell peptide epitope, the 

external adjuvant and through multivalent presentation.176  Most interestingly, 

zwitterionic polysaccharides (ZPSs) have recently been used as immunogenic carriers.  In 

2004, Kasper and co-workers demonstrated that ZPSs are able to bind class II MHC 

molecules and elicit a TD immune response similar to that of exogenous protein.177  ZPS 

has since been used as a carrier for a tumor-associated carbohydrate antigen for the 

development of an entirely synthetic carbohydrate vaccine.178, 179  ZPS has been 

suggested to be a promising carrier substitute for proteins in anti-cancer vaccines as an 

immune response against the carrier protein may suppress the already weak antibody 

development against the self-carbohydrate hapten.150, 180 
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Glycoconjugation Techniques 

Many methodologies and synthetic strategies have been developed to couple 

carbohydrates to proteins and peptides.181-183  The most commonly employed 

conjugation methods are through chemical ligation techniques which offer the greatest 

flexibility with respect to structural modifications.  Enzymatic methods have also been 

used to modify existing carbohydrates on proteins/peptide scaffold as well as to form 

carbohydrate-amino acid linkages. 

While enzymatic synthesis can efficiently form specific glycosidic linkages under 

mild conditions with no need for protection/deprotection strategies, often expensive 

enzymes are required that are available for a relatively small number of reactions and 

are unsuitable for large scale preparations of glycoconjugates.184  Molecular biology 

techniques have taken enzymatic synthesis one step further through the manipulation 

of glycoconjugates in vivo, although controlling the biosynthetic glycosylation products 

has been difficult.  Advances in the past decade in biosynthetic regulation and 

recombinant DNA technology have produced successful biological platforms for 

controlled glycoconjugate production.184-189  By modifying the genes involved in 

glycosylation pathways of bacteria or yeast, or inserting entire cassettes encoding 

foreign glycosylation pathways, glycoprotein expression systems have been developed 

to produce customized glycosylation.190 

Glycopeptide/protein assembly follows two general approaches: the elongation 

of an existing glycan-bound amino acid or the direct attachment of the entire 

carbohydrate to an amino acid.  The latter approach is employed for the majority of 

glycoconjugate synthesis.  The rest of this section will focus on chemical ligation 

techniques that are used for the convergent assembly of synthesized carbohydrates to 

protein. 

Carbohydrates and their protein and peptide carriers contain natural reactive 

centers that can be exploited for chemical ligation.  The amino acid side chains of 

proteins and peptides provide some functional groups that can be used for 

indiscriminant conjugation.  The most commonly utilized functional groups are the 

amino group of the N-terminus and the ε-amine of lysine.  Amino groups tend to be 
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accessible on the protein surface due to their positive charge at physiological pH.  The 

carboxyls of the C-terminus, aspartic acid and glutamic acid are also utilized as 

functional groups for conjugation but require chemical activation prior to coupling.  Like 

amines, the charged, hydrophilic nature of carboxyls favors surface expression on 

proteins where they can be hydrated by the aqueous environment.  Cysteine thiols are 

the strongest protein nucleophile and can also be used for conjugation.  Cysteine 

residues are frequently found as disulfides with another cysteine residue which play 

important roles in protein structure and conformation.  Accessing cysteine thiols and 

disulfides for conjugation can be difficult as they are usually located within the core of 

the protein.  In contrast to amino acids, carbohydrates impart mostly indiscriminate 

alcohol groups and, if the reducing end is free, an aldehyde for conjugation.  To increase 

the breadth of reactive functional groups, carbohydrates are frequently synthesized 

with functionalized aglycones.  Peptides have also been synthesized to incorporate 

unnatural amino acids that contain unique functional groups to provide selective 

chemical functionalities for conjugation.191-196  Unnatural amino acids have been 

incorporated into proteins for glycoconjugation but have yet to gain widespread use due 

to the inconvenience of producing and purifying these unnatural proteins.197-201 
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Table 1.  Examples of functional groups used in conjugation reactions. 

Reaction Nucleophile Electrophile Product 

Reductive animation 

   

Oxime formation 

Hydrazone formation 

Carbodiimide coupling 

Reactive (NHS) ester 

Thioalkylation 

Thiol addition 

Disulfide exchange 

Thiol-ene 

CuAAC 

 

The most direct conjugation method is through reductive animation of the open 

chain aldehyde from the reducing end of the carbohydrate with protein amino groups.  

This has been particularly useful due to the high abundance of surface lysines.  

However, reductive animation is slow and inefficient, requiring large excesses of 

carbohydrate and long reaction times for completion.202  The loss of conformation of the 

reducing saccharide is also a drawback, especially in small oligomers, since it may be 

important for epitope recognition.203, 204  For these reasons, aglycone linkers with more 
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reactive functional groups are usually installed at the reducing end of carbohydrates 

during synthesis.  The functionality of the aglycone is often decided before synthesis 

although linkers are often able to be modified late in the synthesis to allow for a broad 

selection of conjugation techniques.  Aldehydes, amines, carboxylic acids, thiols and 

azides are commonly used functional groups in conjugation reactions (Table 1). 

Ideal conjugation reactions are highly selective, simple orthogonal reactions 

that do not yield side products and are highly efficient under mild conditions.205  One of 

the most selective and efficient reactions used for chemical conjugation is the Cu(I) 

catalyzed azide-alkyne cycloaddition (CuAAC) reaction between an azide and alkyne to 

form a 1,2,3,-triazole.206  Since it was introduced in 2002, CuAAC chemistry has been 

extensively used in medicinal chemistry for conjugation reactions with overwhelming 

success.207  Thiols have also demonstrated click-like reaction efficiencies with reactive 

alkenes under free-radical conditions.208  Thiols are also versatile nucleophiles and have 

been reacted preferentially with haloacetyls, maleimides and other free thiols.  

Carboxylic acids activated as N-Hydroxysuccinimide (NHS) esters react preferentially 

with amines and are frequently used for conjugation to proteins.  NHS esters bearing an 

orthogonal reactive group can also be used to functionalize the surface amines of 

proteins for reaction with complementary functionalized carbohydrates.  

Heterobifunctional crosslinkers function in this way, containing two or more reactive 

centers capable of chemically attaching specific functional groups (Figure 7).  A variety 

of bifunctional linkers are commercially available for reaction between many functional 

group combinations. 
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Figure 7.  An example of a heterobifunctional linker.  The N-(δ-maleimidopentanoyloxy) succinimide ester 
cross linker contains a thiol-reactive maleimide group on one end and an amine-reactive NHS ester on the 
opposite end. 

The spacer arm of the linker is an important consideration for glycoconjugate 

vaccine design.  Ideally the spacer should be immunologically silent to maintain the 

antibody response focused on the carbohydrate hapten and avoid epitope suppression.  

Longer linkers can alleviate steric hindrance that might impede coupling between large 

molecules, but present a more accessible linker epitope to the immune system.  Rigid, 

constrained linkers in particular have been shown to elicit a significant amount of 

undesirable antibodies.  In the case of an Ley conjugate vaccine, a rigid cyclic maleimide 

linker produced a strong IgM and IgG response against the linker, while a more flexible 

alkyl maleimide linker helped direct the humoral response towards the carbohydrate 

hapten.209  In contrast to this observation, a rigid linker has been shown to generate 

higher IgM and IgG titers over a short flexible linker which only produced low levels of 

IgM and no detectable IgG Abs.210  Furthermore, while flexible linear linkers are shown 

be less immunogenic, linear linkers that incorporate unique functionalities such as the 

hydrazido or maleimido groups, have been revealed to create unwanted neoepitopes 

that diminish the amount and affinity of the humoral response to the carbohydrate 

hapten.211-213  Such discrepancies may be due to the relatively low antigenicity of 

carbohydrate haptens compared to that of the spacer.  In order to increase the 

immunogenic focus onto the hapten, the Bundle group has used a stereodiversified 

linker strategy, where a carbohydrate hapten is linked through a set of structurally 

distinct linkers.214  A small increase in antibody titres against a disaccharide antigen was 
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observed using this technique, suggesting that affinity maturation selects for B cells that 

better recognize the constant carbohydrate hapten portion of the glycoconjugate. 
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Part II: Human Immunodeficiency Virus Vaccine Design 

HIV and AIDs 

In 1981 an unusual pattern of disease began to emerge in the United States as 

Kaposi’s Sarcoma, a rare form of lung cancer, and opportunistic diseases such as 

pneumonia were increasing in the homosexual community.  Although many unfounded 

assumptions and theories were made during this time as to the cause of the disease;215-

217 it was eventually recognized that the underlying problem was a defective immune 

system.218  The depletion of CD4+ T-helper cells was known to be the cause of 

immunosuppression, with transmission of the disease thought to be spread by an 

unknown virus, as the routes of transmission were similar to that of hepatitis B virus. 218  

As study of the increasing numbers of immunocompromised individuals grew to include 

intravenous drug users,219 hemophiliacs,220 Haitians,221 females222, 223 and infants,224 

many names were given to the disease, with acquired immunodeficiency syndrome 

(AIDS) eventually being settled upon.218 

With reports of the AIDS epidemic increasing throughout the world, it wasn’t 

until 1983 that the human immunodeficiency virus (HIV) was first recognized as the 

cause of AIDS.225  Barré-Sinoussi and Montagnier received the Nobel Prize in Medicine in 

2008 for this discovery.  Since the discovery of HIV, there has been an estimated 60 

million people infected worldwide with 25 million who have since died from AIDS.226  

Although the current pandemic is believed to have silently started in the 1970’s, the 

earliest direct evidences of an HIV infection in humans have been found in a plasma 

sample from 1959227 and a lymph node biopsy from 1960.228  These virus samples have 

not only directly provided an early time frame for HIV infection in humans, but they 

have been used to facilitate molecular clock analyses of HIV to push back the origin of 

HIV in humans to between 1884 and 1924.229 

It has been generally accepted that HIV originated through viral zoonosis of 

simian immunodeficiency virus (SIV) to humans.230, 231  Phylogenetic analysis indicates 

that multiple interspecies transmission events from nonhuman primates have 

introduced two genetically distinct types of HIV to humans.232  HIV type 1 (HIV-1) has 

been concluded to have originated from chimpanzees (SIVCPZ) of west-central Africa233 
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and HIV type 2 (HIV-2) to have originated from sooty mangabeys (SIVSM) in western 

Africa.234  Both types of HIV cause clinically indistinguishable AIDS and are transmitted 

through blood, sexual contact, and from mother to child.  HIV-2, however, is less 

virulent and the progression to AIDS is much slower than that of HIV-1.235 

HIV infection can be classified into four progressive stages towards AIDS.236  

Primary HIV infection is the first stage, where infected individuals experience flu-like 

symptoms or no symptoms at all.  During this stage, HIV is abundant in the peripheral 

blood and the adaptive immune system begins to respond to the virus by producing HIV-

specific antibodies (Abs), a process known as seroconversion.  The first stage typically 

lasts a few weeks, which is then followed by the asymptomatic stage.  An infected 

individual can look and feel healthy for many years while in the asymptomatic stage, 

although they may complain of swollen glands due to the shift of the virus from the 

blood to the lymph nodes.  Eventually, the immune system becomes overrun by HIV as 

the virus gradually mutates and becomes more pathogenic and the body fails to keep up 

with replacing lost CD4+ T cells.  In this third stage, the symptomatic stage, 

opportunistic infections emerge and retroviral therapy would begin.  When CD4+ cell 

counts within the blood drop to less than 200/µL, the infected individual enters the last 

stage which is known as AIDS where severe opportunistic infections and cancers tend to 

prevail. 

HIV Molecular Epidemiology 

HIV-1 and HIV-2 are further divided into genetically distinct lineages arising from 

individual zoonotic transmission events throughout the last century (Figure 8).  HIV-1 is 

split into groups M (main), N (non-M, non-O), O (outlier) and P and HIV-2 into epidemic 

groups A and B and non-epidemic groups C-G.235, 237  The contribution of each viral group 

to the current pandemic varies considerably.  HIV-1 group M is the oldest HIV lineage in 

humans and accounts for more than 90 percent of HIV-1 infections globally; the 

remaining infections arise from HIV-1 groups N, O, P and HIV-2, which are all primarily 

restricted to Africa. 226  The predominant HIV-1 group M virus has since diversified 

within the human population to give rise to nine genetically distinct subtypes (A-D, F-H, 

J and K), as well as at least 48 hybrid viruses known as circulating recombinant forms 

(CRFs).238 
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Figure 8. HIV-1 and HIV-2 groups and subtypes.  Groups arise from individual cross-over events of SIV 
from nonhuman primates to humans while the Group M subtypes arise from mutations of the virus 
within humans. 

The group M subtypes and CRFs have distinct global distribution patterns 

(Figure 9).238  In particular, subtype A is predominant in central/east Africa and the 

former Soviet Union.  Subtype B is the main genetic variant in the Americas, Europe and 

Australia.  Subtype C is predominant in Africa and eastern Asia.  Much of our 

understanding of HIV-1 disease progression and derives from studies in the developed 

world where HIV infection is almost exclusively subtype B.  The HIV-1 subtypes differ 

phenotypically which may lead to variances in pathogenicity,239 such as differences in 

the progression to AIDS240, 241, mode of transmission242, and plasma viral load.242, 243  For 

instance, there is a general trend that subtype D is associated with faster progression to 

AIDS than subtype A in populations with both circulating viruses.240, 244-246  Studies of 

phenotypic variance between subtypes are difficult though, as localized populations 

infected with two or more HIV-1 subtypes are predominantly located in resource-poor 

parts of the world (Figure 9).  In addition, the increasing availability of retroviral 

treatment makes such studies less ethically feasible. 
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Figure 9. Global distribution of HIV-1 group M subtypes and recombinants from 2004 to 2007.  The 
relative areas of the pie charts represent the relative number of people living with HIV in each area of the 
world. Reprinted from Trends in Molecular Medicine, 18, 182-192, ©2012 with permission from Elsevier. 

HIV and AIDs are predominantly managed by highly active antiretroviral therapy 

(HAART), which has transformed AIDS from an inevitable fatal condition to a chronic, 

manageable disease.  HAART decreases the viral load and allows for the rebuilding and 

maintaining of the immune system; however it does not eradicate the virus and requires 

strict life-long adherence to the antiviral regimen.  The antiretroviral drugs are directed 

against the viral reverse transcriptase, protease, integrase and fusion protein (gp41) as 

well as the cellular coreceptor, CCR5, used for viral entry.  The HAART regimen pairs up 

two reverse transcriptase inhibitors with one or two of the other inhibitors, which 

defends against resistance by suppressing HIV replication as much as possible.  When to 

start treatment has been a subject of debate as drug toxicity, pill burden and risk of 

developing drug-resistant HIV have dissuaded early starts, pushing treatment back until 

the onset of AIDS when CD4+ cells fall below 200 cells/µL.  However, recent studies have 

been gathering beneficial evidence for initiating treatment before the CD4+ cell count 

declines to below 350/µL.247  Alternative treatments to small molecule antiviral drugs 
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are also being explored, such as monoclonal antibody therapies248 and lectins that target 

the glycosylated envelope of HIV-1.249 

HIV Life Cycle 

HIV is a lentivirus, a genus of viruses within the Retroviridae family that is 

characterized by its long incubation period.  Like all retroviruses, HIV carries its genetic 

material as RNA which must be duplicated within the host cell to produce a DNA copy of 

its genome.  The DNA replicant of the viral genome is incorporated into the host’s DNA 

and the virus thereafter replicates as part of the host cell’s genome.  Unlike most 

retroviruses which rely on the disassembly of the nuclear envelope during mitosis to 

gain entry to the nucleus,250 lentiviruses are unique in that they are able to infect non-

dividing cells.251-253  It is HIV’s ability to infect cells that are arrested in the cell cycle that 

may account for its very high replication rate observed in HIV-infected individuals.254, 255 

HIV begins its life cycle by gaining entry into the target macrophage or CD4+ T 

cell through the high-affinity binding of the viral surface glycoprotein gp120 to the CD4 

receptor (Figure 10, step 1).256, 257  This binding interaction induces a conformational 

change in gp120 to expose a secondary binding domain for the target chemokine 

receptor CCR5 or CXCR4.258-261  This triggers further conformational changes which 

ultimately lead to the fusion of the viral and host cell membranes and entry of the viral 

capsid into the cytoplasm (Figure 10, step 2).262, 263  Viral phenotypes are designated by 

their coreceptor specificity: R5 for CCR5-using viruses, X4 for CXCR4-using viruses and 

R5X4 for dual-tropic viruses or viral populations that use both coreceptors.264  Over 90% 

of primary HIV infection occurs with R5 virus while X4 viruses emerge during the late 

stage of infection,265-267 presumably through mutation.268  It is unclear whether the 

evolution towards CXCR4 use is the cause or the consequence of disease progression,269 

but it is noted that strains that use CXCR4 earlier and more frequently in infection 

progress more rapidly to AIDS.244, 270 
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Figure 10.  HIV life cycle.  1. The Env protein on the surface of the virus binds to CD4 of the host cell and 
undergoes a conformational change, allowing for binding to the secondary receptor, CCR5 or CXCR4.  2. 
The viral envelope fuses with the cell membrane and the viral RNA genome and proteins enter the 
cytoplasm.  3. HIV reverse transcriptase produces a complementary double-stranded DNA copy the viral 
RNA.  4. HIV integrase allows the viral DNA to integrate into the hosts genome as a provirus.  5. Provirus 
is transcribed to viral RNA, and viral proteins are translated.  6. Viral RNA and proteins assemble into viral 
particles and the virus buds out of the cell. 

Once in the cytoplasm the viral capsid is disassembled, releasing the single-

stranded positive-sense RNA (ss(+)RNA) genome and various viral proteins such as 

reverse transcriptase, integrase, protease and regulatory proteins (Figure 10, step 3).  

The reverse transcriptase liberates the RNA genome from the attached viral proteins 

and copies it into a complementary DNA (cDNA) molecule.  This process is extremely 

error-prone,271 resulting in mutations that can cause drug resistance and allow escape 

from the host immune response.  The reverse transcriptase also acts as a ribonuclease 

and DNA polymerase, degrading the viral RNA and creating a sense DNA from the 

antisense cDNA.  The newly formed double stranded viral DNA is transported to the 

nucleus where it is integrated into the host chromosomal DNA using the viral enzyme, 

integrase (Figure 10, step 4).272 
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The integrated viral DNA lies dormant in the latent stage of HIV infection.  

Transcription of the provirus relies on cellular transcription factors, such as NF-κB, that 

are upregulated when the host cell becomes activated.273  The transcribed mRNA is 

spliced and exported from the nucleus to the cytoplasm where they are translated into 

the regulatory proteins Tat and Rev.274  Tat vastly increases the efficiency of viral 

transcription and Rev binds to full length viral mRNAs and enables the export of the 

unspliced and singly spliced RNA from the nucleus (Figure 10, step 5).275-277  The full 

length mRNA encodes the entire viral genome, allowing for the translation of the Env 

and Gag proteins.  The Env glycoprotein complex makes up the viral envelope and the 

Gag proteins play numerous roles in the assembly, maturation and release of the viral 

particles.278, 279  The viral proteins congregate at the plasma membrane where the virus 

is assembled and released through budding (Figure 10, step 6).278, 280-282  A mature viral 

particle will consist of ~10 Env proteins embedded in the viral envelop which is derived 

from the host plasma membrane.283  The viral envelope surrounds the spherical viral 

matrix, which further encases the viral capsid that contains two copies of the viral ssRNA 

and multiple copies of viral enzymes. 

HIV can infect new host cells through either a cell-free route or through cell-to-

cell contact.284  Cell-free viral dispersal enables host-to-host transmission and infection 

of distant tissues but exposes the free virions to various biophysical, kinetic and 

immunological barriers.285  Direct infection of neighbouring cells through points of cell-

to-cell contact, known as virological synapses,286-289 is much more efficient and avoids 

many extracellular obstacles to infection.290  Cell-to-cell infection, as well as viral 

latency, has been used to explain why HIV is able to continue ongoing replication in 

patients receiving antiretroviral therapy.291  It has also been recently shown that while 

naturally occurring antibodies can neutralize free viruses and block their transmission to 

uninfected cells, these same antibodies are dramatically less potent inhibitors of cell-to-

cell transmission.292  Thus, the design of an HIV vaccine to establish a standing arsenal of 

neutralizing antibodies is therefore paramount to sterilize and abort an impending 

infection before the complexities of cell-to-cell transmission can arise.  
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Structural Biology of HIV Env Glycoproteins 

HIV-1 vaccine development has revolved around the elicitation of broadly 

neutralizing antibodies against the only exposed viral epitope, the envelope 

glycoprotein Env.293  The Env spike is a complex of two non-covalently associated trimers 

of glycoproteins gp120 and gp41 that protrudes from the viral surface.283, 294-296  

Antibodies directed towards Env are vital for interrupting virus-receptor binding and 

fusion events, thus making Env the ideal target for neutralization.297  The structural 

biology of HIV-1 proteins has been extensively studied in an effort to develop HIV-1 

therapeutics and vaccines.298 

Env is translated as the polyprotein precursor gp160 in the ER of the host cell.  

During transcription gp160 is extensively modified by N-linked glycosylation with minor 

O-linked glycosylation.299, 300  Monomeric gp160 oligomerizes in the ER to form a trimer 

which is thought to be a required step to facilitate the subsequent trafficking to the 

Golgi complex.301, 302  As gp160 progresses through the Golgi, the high-mannose 

oligosaccharide side chains gained in the ER are processed and gp160 is proteolytically 

cleaved by cellular furin to yield the mature gp120 and gp41 Env subunits.303  Both 

subunits remain associated through noncovalent interactions, with the mature Env spike 

consisting of three heavily glycosylated gp120 subunits resting on three gp41 

transmembrane stalks.304-306  Proteolytic processing of gp160 is essential for the 

fusogenic activity of Env.307  The mature gp120/gp41 complex is then trafficked from the 

Golgi to the plasma membrane surface via the secretory pathway.308 

gp120 

A number of structures of gp120 have been solved by X-ray crystallography.  The 

solved structures have so far been limited to the gp120 ‘core’, from which the surface 

glycans and variable regions are removed to reduce the conformational flexibility and 

heterogeneity that inhibit crystallization.  The majority of these core structures are in 

complex with CD4,260, 309-312 neutralizing antibodies313-316 and small molecule ligands.317-

320  These studies have provided a wealth of information on the mechanism of gp120 

interactions with other molecules and its inherent conformational plasticity. 
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Comparison of gp120 gene sequences from multiple HIV-1 isolates revealed 

extensive nucleotide substitutions and deletions/insertions concentrated within five 

hypervariable regions (Figure 11A, B).321, 322  These variable regions, labeled V1 through 

V5, also correspond to antigenic sites of gp120.323  The overall envelope structure is 

highly conserved outside of the variable regions.  HIV-1 gp120 contains 18 cysteine 

residues which form disulfide bridges that are crucial to the formation of Env tertiary 

structure.299  Several of these disulfide bonds are responsible for delimiting the V1-V4 

regions, forming variable loops (Figure 11B).  The exposed surface of gp120 contains 20-

35 N-linked glycosylation sites that mask the protein surface from immune 

recognition,324 contribute to protein folding,325 and help virions bind to the host 

surface.326  Approximately half of the molecular mass of gp120 is attributed to N-linked 

glycans,327 making it one of the most heavily glycosylated proteins known. 

 

Figure 11.  Diagrams of the structure of the gp120.  A| Diagram of the sequence elements of gp120 and 
the core structure used to obtain crystal structures.  B| Schematic layout of gp120.299, 323  The 
glycosylation sites containing high-mannose type or hybrid type oligosaccharide structures are indicated 
by the branched structures.328  The carbohydrates involved in Ab 2G12 binding are shown in purple.  The 
bridging sheet is colored in green.  Contact residues for CD4 are colored in yellow, based on crystal 
structure analyses.260, 329  C| The CD4-bound conformation of gp120, using the same color scheme as in B 
(PDB: 3TGQ).  The outer domain is portrayed in grey and the inner domain in gold.  The gp41 interacting 
site, the β-sandwich, is colored in pink.  The V1-V3 loops were truncated to obtain a crystal structure. 

The five loop regions play major roles in infectivity, transmission and resistance 

to neutralization.  The V1/V2 loop is the most variable in loop length, ranging from 50 to 

90 amino acids.  Increases in length and variation in glycosylation pattern of the V1/V2 
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loop have been correlated with disease progression and neutralization resistance.330-339  

These changes allow for the masking of neutralization-sensitive epitopes such as the 

conserved CD4 binding site, coreceptor binding site and bridging sheet.331, 332, 337, 340-355  

The protective effect imparted by lengthier V1/V2 loops appears to also diminish 

infectivity as circulating viruses with shorter V1/V2 loops and fewer glycosylations are 

preferentially transmitted or have a selective advantage in early infection,356-359 

suggesting that increases in V1/V2 length and glycosylation arise from immunological 

pressure at the cost of decreasing virulence.  The V1/V2 region is not functionally 

essential to HIV-1, as viruses with the V1/V2 region removed are still able to 

replicate.340, 342, 349, 360-364 

The third variable region, V3, of gp120 is an ~35 amino acid loop that binds the 

coreceptor CCR5 or CXCR4,365, 366 triggering fusion of the Env complex with the host 

cell.367  The V3 loop is consistent in length but is highly variable in sequence and 

frequently glycosylated.  Mutations within the V3 loop facilitate escape from V3-

directed neutralizing antibodies,368, 369 and are responsible for the evolved switching of 

coreceptor specificity.370-373  The V3 loop masks potential antigenic sites on gp120,374 

and its own antigenic sites are masked by glycans and neighbouring V1/V2 loops.355, 375, 

376  The V3 loop is conformationally flexible, adopting a conformation close to the gp120 

core in the CD4-unbound state, and protruding out towards the target cell membrane to 

form the coreceptor binding site upon CD4 binding (Figure 12).377  The V3 loop, along 

with the V1/V2 loop, do not play a direct role in CD4 binding, as gp120 variants with 

these regions deleted still bind CD4 with high affinity.360, 378  Various analogies have been 

made between the secondary structure of V3 and the natural chemokine ligands of the 

transmembrane coreceptors CCR5 and CXCR4,323, 379 although the semblance has been 

debatable.380  The most unabated common structural feature is the overall net positive 

charge,365, 366, 376, 381-384 which interact with GAGs and the negatively charged extracellular 

surface of the coreceptors.385-387 



Part II: Human Immunodeficiency Virus Vaccine Design 

37 

CHAPTER 1 

 

Figure 12.  Model of the induced conformational change of gp120 upon binding CD4.  Upon CD4 binding, 
the V3 loop becomes more exposed to interact with the coreceptor CCR5 or CXCR4. 377, 388 

The V4 and V5 loops vary heavily in length and glycosylation.  Their function has 

not been clearly identified as they do not appear to interfere with either CD4 binding or 

with any other known biological function of gp120.368, 389, 390  V4 has been postulated to 

exist solely to facilitate viral escape as a hypervariable component of the glycan 

shield.391-393  The V5 region functions similarly, although its close proximity to the CD4-

binding site (Figure 13) appears to influence gp120-CD4 binding, viral fusion and escape 

from CD4-binding Abs.377, 393-396  Significant increases in the net positive charge of the V5 

loop were also found in the HIV variants from individuals with late disease,339 suggesting 

the possible formation of an alternative site for coreceptor binding. 

The core of gp120 is relatively conserved when compared to the five variable 

regions.329, 397-399  The core is organized into an inner domain that interacts with 

neighbouring gp120 in the Env trimeric structure and gp41, and an outer domain that 

protrudes from the Env spike and carries the bulk of the glycosylation sites.260  

Crystallographic and biochemical studies have revealed large conformational changes in 

the gp120 core induced by CD4 binding.  To date, crystallographic information of the 

prestructured, unbound form of trimeric gp120 has been elusive.  However, the crystal 

structure of the unliganded form of a gp120SIV monomer has been solved, revealing a 

structurally invariant outer domain with a markedly different conformation and 

arrangement of the inner domain and bridging sheet domains compared to CD4-bound 

gp120HIV monomeric structures (Figure 13).400  Longstanding dogma held that CD4 
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binding induces the formation of a large internal cavity on gp120 formed by the inner, 

outer, and bridging sheet domains (Figure 11C, Figure 13).304, 401, 402  The bridging sheet 

domain is a four-stranded antiparallel β-sheet composed of the β2/β3 strands from the 

inner domain and β20/β21 strands from the outer domain.  This doctrine has been 

challenged as recent crystal structures of unliganded gp120 revealed that gp120 can 

spontaneously adopt the CD4-bound conformation when not restricted by the presence 

of the V1, V2, and V3 loops.319  Molecular dynamics simulations reveal strong 

interactions between the V3 loop with the β2/β3 strands, preventing the formation of 

the bridging sheet.403  Thus, the CD4-bound conformation of gp120 represents a ground 

state for the core, with the variable loops and quaternary interactions restraining the 

unliganded conformation of gp120 from snapping into the CD4-bound conformation.319  

This has interesting implications to the neutralization capabilities of naturally occurring 

Abs, as recognition of epitopes on such a spring-loaded, unliganded conformation of 

gp120 could spontaneously induce a conformation change that could distort the 

recognized epitope, dislodging the bound antibody from gp120. 

 

Figure 13.  The crystal structure of gp120SIV in an unliganded conformation (PDB: 2BF1) and gp120HIV 
bound to CD4 in the CD4-induced conformation (PDB: 2B4C).  The variable V1, V2 loops, as well as the N- 
and C-terminal segments, have been truncated in both structures, as well as the V3 loop for gp120SIV.  The 
inner domain (light gold) undergoes extensive conformational rearrangement upon CD4 binding. 
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gp41 

Fusion of the viral envelope with the plasma membrane of the host cell is 

mediated by the Env transmembrane glycoprotein gp41.  Gp41 is comprised of six 

distinct functional domains: the fusion peptide, N-terminal heptad repeat (HR1), 

disulfide-bonded bridging loop, C-terminal heptad repeat (HR2), membrane-proximal 

external region (MPER) and the transmembrane domain (Figure 14).294  The fusion 

peptide is a hydrophobic region as the N-terminal that inserts into the host cell 

membrane and is required for fusion.404, 405  Both HR regions exist as α-helixes composed 

of repeating sequences of hydrophobic amino acids (heptad repeat) which allow for the 

formation of the coiled coil structural motif of gp41.  The disulfide-bridging loop 

functions as the hinge between the two HRs and may play a role in lipid merging.406  The 

MPER is an α-helical extension of HR2 that is highly conserved and plays a crucial role in 

the fusion of the viral and cellular membranes.407-409  The C-terminal region of the 

ectodomain contains 3-4 closely spaced, highly conserved N-linked glycosylation sites 

that are not necessary for viral fusion and replication,410, 411 but are shown to mask the 

exposed MPER and neighbouring regions from antibody recognition.411, 412 

 

Figure 14.  Model of virus-mediated membrane fusion, based on studies of the influenza virus 
hemagglutinin and HIV gp41 crystal structures.295, 413  Adapted from The Journal of Biological Chemistry, 
2012, 288, 234-246 with permission. 

The function of gp41 is thought to be analogous to the fusion proteins of other 

enveloped viruses such as influenza hemagglutinin (HA), Ebola GP2 and paramyxovirus F 

protein.414-416  The structure of the gp41 trimer exists in three conformations: the 
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prefusion conformation, prehairpin intermediate, and the postfusion conformation.  The 

structure of the gp41 ectodomain (extracellular domain) has been determined by NMR 

spectroscopy and X-ray crystallography, but only in the postfusion conformation (Figure 

15).294, 295, 417, 418  The metastable prefusion and prehairpin intermediate conformations 

have eluded crystallographers and so the gp41 fusion mechanism has been largely 

inferred from influenza HA fusion as outlined in Figure 14.419  The initial prefusion 

conformation of gp41 is held in a high energy state through its interactions with gp120.  

Conformational changes within the gp120 trimer, induced by coreceptor binding, 

weaken interactions between gp120 and gp41, allowing the N-terminal HR1 region to 

fully extend and insert the fusion peptide into the target membrane. 256, 294, 295  This 

extended conformation of gp41 is referred to as the prehairpin intermediate.256, 419  

Subsequent folding back of the HR2 region onto the fully extend HR1 coiled coil creates 

an extremely thermostable six-helix bundle,294, 295, 414, 420 which brings the viral 

membrane and cellular membrane together to promote fusion.  The energy required for 

viral-cell membrane fusion derives from the sequential transitions that gp41 undergo, 

from the high-energy unliganded prefusion state to the low-energy six-helix bundle.415, 

421 

 

Figure 15.  NMR structure of trimeric SIV gp41 ectodomain in the postfusion six-helix bundle 
conformation (PDB: 2EZR). 417  The bridging loop is colored in grey, HR1 in blue and HR2 in gold.  A| 
Secondary structure illustrating the coiled coil structural motif.  B| Space filling model of the HR1 trimer 
illustrating the the binding for the HR2 side chains.  C| Top down view of the six-helix bundle. 
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Env Quaternary Structure 

Obtaining a crystal structure of the complete Env spike has been problematic, 

owing to the heavy glycosylation, structural plasticity and metastable nature of the Env 

trimer.  X-ray crystallography has shed much light on the structures of the monomeric 

gp120 core in the CD4-bound state and the ectodomain of gp41 trimers in the 

postfusion six-helix bundle.  There is much value in understanding the assembly of the 

Env trimer in its natural unliganded state, as this represents the major target for most 

neutralizing antibodies.  Cryo-electron tomography (cryoET) has stepped up to fill the 

void of structural information, allowing for the visualization of the Env spike in both its 

liganded and unliganded conformation.283, 422-428  With this technique, multiple cryo-

electron microscope images are obtained of the Env spike from different angles and 

added together to reconstruct the 3-dimensional morphology (Figure 16).429  Most 

structural models of Env obtained from cryoET have been at 20-30 Å resolution which 

has been too low to reveal the organization of gp120 and gp41.  Recently, a cryo-

electron microscopy (cryoEM) model of the unliganded, membrane-bound HIV-1 Env 

trimer has been obtained at 11 Å resolution (Figure 17),428 providing insight into the 

architectural organization of the gp120 and gp41 subunits. 

 

Figure 16.  Principle of tomography.  Left| Projections of the specimen were recorded from different 
directions by tilting the specimen holder.  Right| The 3-dimensional reconstruction of the specimen can 
deduced from the 2-dimensional projections.  Reprinted from Annual Review of Biochemistry, 2005, 74, 
833-865 with permission. 

The Env trimer has an overall tetrahedral shape with a pronounced interior void 

as seen in Figure 17.  Although it is not possible to distinguish secondary structures, the 

orientation of the subunits is apparent.  The monomers of gp41 are associated as a 

coiled coil in the viral membrane and then dissociate to branch out to form three lobes 
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consisting of each gp120 subunit.  Narrow interprotomer contact points at the base of 

the membrane suggest further interactions between the gp41 ectodomains.  The 

interdomain cavity that is observed in the crystal structure of gp120 is also a prominent 

structural feature in the cryoEM map, providing a reference point for fitting the crystal 

structure of the HIV-1 gp120 core into the cryoEM map (Figure 17B).  The size and shape 

of the gp120 crystal structure segments in the restructured Env model corresponds well 

with the inner and outer domain segments of gp120 X-ray crystal structures.* 

 

Figure 17.  The 3-dimensional reconstruction of the HIV-1JR-FL Env structure at ~11 Å resolution.  The 
cytoplasmic tail was truncated to improve Env expression yields.  A| Env is shown as a solid surface 
viewed from a perspective parallel to the viral membrane.  The approximate boundaries of the 
transmembrane region and ectodomain are indicated.  B| Env is represented as a mesh with the CD4-
bound gp120 core crystal structure (PDB: 3JWD)312 modeled in one of the lobes.  The outer domain is 
shown in blue and the inner domain in gold.  The gp120 core is missing the V1, V2 and V3 variable 
regions.  Reprinted by permission from Macmillan Publishers Ltd: Nat Struct Mol Biol, 19, 893-899, 
©2012. 

The cryoEM reconstruction appears to be of sufficient quality to allow for the 

mapping of the segments of Env that make biological sense and are compatible with 

available structural information (Figure 18A, B).  The gp41 ectodomain can be partioned 

into two discrete segments, but lacks the detail to define the secondary structure of HR1 

and the fusion peptide in this prefusion conformation.  The gp120-gp140 interface is 

exclusive to the inner domain of gp120 which is consistent with the literature.312  The 

                                                            
* To date, only ligand-bound conformations of HIV-1 gp120 have been visualized by 
crystallography.  The cryoET structure was produced from the unliganded conformation of Env, 
and thus the ligand-bound gp120 core was best fitted with the inner and outer domain 
orientated independent of each other.  The rearranged fitting of the inner and outer domains 
support the observation that gp120 exists in different conformations in its unbound and CD4-
bound states. 
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V1/V2 and V3 loops, which are truncated in crystal structures of monomeric gp120, are 

shown here extending from the inner and outer domains towards a central triangular 

junction at the membrane-distal apex of the spike. (Figure 18D, E).  This arrangement 

explains how the V3 loop can simultaneously make intramolecular contact with the 

V1/V2 loop to supress bridging sheet formation,319, 403 and intermolecularly shield the 

V1/V2 loop of neighbering gp120 monomers from neutralization.355, 375 

 

Figure 18.  Mapping of the Env protomer.  A & B| The mapped segmentations of one Env protomer are 
shown as solid surfaces wrapped in the surface mesh, viewed from a perspective parallel to the viral 
membrane.  The CD4-binding site is represented by the dashed red circle.  C| The segmentation viewed 
from the perspective of the target cell.  D & E| The gp120 trimer-association domains of each protomer 
displayed as solid surfaces, illustrating their arrangement with respect to one another.  The approximate 
positions of the V1/V2 stem and V3 base of two protomers are labeled.  The central triangular junction is 
colored yellow.  Reprinted by permission from Macmillan Publishers Ltd: Nat Struct Mol Biol, 19, 893-899, 
©2012. 

The cryoEM map of Env reveals additional structural insights into the mechanics 

of the viral spike.  The prefusion conformation of gp41 in the unliganded Env trimer is 

very different than the low-energy state postfusion conformation.  In the unliganded 

Env structure, gp120 appears to clasp gp41, keeping the gp41 ectodomains away from 

each other, suppressing the formation of the stable six-helix bundle (Figure 18B).  Thus, 

with gp41 held in a metastable conformation by gp120, and gp120 preference to adopt 
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the downstream CD4-bound conformation,319, 403 the viral spike appears to be spring-

loaded for cell entry.  The open structure is also unusual among viral envelope 

glycoproteins,419 which minimizes the protein contacts between the subunits, allowing 

for easier conformational changes.  Formation of such an unstable quaternary structure 

could only occur during the assembly of the gp160 proprotein trimer complex early in 

the secretory pathway.307  Thus, proteolytic cleavage of gp160 into the gp120 and gp41 

subunits during the last step of Env processing serves to prime the delicate Env complex. 

The unusual topology of the viral spike also likely contributes to HIV-1 immune 

evasion and persistence.  The variable domains and the glycan shield mask much of the 

accessible outer surface, while the conserved CD4-binding site is positioned on the 

inward-facing side of the protomeric lobes (Figure 18B, C).  Such an orientation limits 

the accessibility of antibodies to these surfaces through steric hinderance by the 

adjacent protomer.  The tetrahedral shape also imposes an acute angle between the 

viral membrane and the Env spike, further limiting antibody binding by means of steric 

clash with the viral membrane.  Antibody binding to a metastable structure is also a 

challenge in itself, as binding-induced conformation changes could restructure the 

surface epitope to which the antibody is bound.  However, antibodies have been shown 

to neutralize HIV inducing the dissociation of gp120 from the envelope timer.430  This is 

thought to occur by inducing a conformational change in Env through antibody binding. 

History of HIV Glycoconjugate Vaccine Design 

Antigenic variation of HIV-1 is a major hurdle in the development of an effective 

broadly neutralizing HIV-1 vaccine.  The amino acid sequence can vary by 30% between 

individuals and as much as 10% within individuals.231  Thus a protective HIV-1 vaccine 

has to be able to elicit a response against a structure, or variety of structures that are 

present on all quasispecies of HIV-1.  The glycan shield of gp120 is attractive in this 

regard, as while the N-linked glycosylation sites are prone to mutagenesis, the 

enzymatic activities present in the host cell secretory pathway determines the glycan 

structures.  With carbohydrates accounting for half of the molecular weight of gp120 

and covering the majority of its surface area, they make for an attractive target for 

vaccine development. 
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Identification of conserved and accessible epitopes on HIV-1 Env has been an 

essential step in vaccine development.  Broadly neutralizing antibodies isolated from 

cells of chronically infected HIV-1 patients have provided important clues for rational 

immunogen design.  For some time, only a small number of broadly neutralizing 

antibodies have been isolated and characterized,323 consisting of antibodies 2F5, Z13e1 

and 4E10 that bind the MPER,431-434 antibody b12 that binds the CD4-binding site,435, 436 

and antibody 2G12 that binds the glycans of the outer domain of gp120. 328, 437-441  

Considerably more broad and potent antibodies have been recently isolated which 

include the VRC series antibodies (VRC01-03) that a target the CCD4-binding site,99, 227-229 

the MPER-specific antibody 10E8,442 and the glycan-dependent antibodies PG9, PG16 

and PGT series (PGT121-137 and PGT141-145).443-449 

 

Figure 19.  Structures of typical HIV-1 high-mannose oligosaccharides that were examined for their 
affinity to 2G12 by competitively inhibiting 2G12-binding to immobilized gp120 in an ELISA. 450 

The carbohydrates involved in 2G12 binding have been used as the basis of 

many microbial,441, 451-453 synthetic,440, 454-457 and recombinant glycoconjugate453, 458, 459 

vaccines against HIV-1.  Early mutagenesis and crystallography studies revealed that 

2G12 binds primarily Manα1→2Man moieties of oligomannose structures that are 

densely clustered around the N-glycosylation sites of N295, N332, N339, and N391.  The 

optimal oligomannose epitopes for 2G12 recognition have been deduced via 

competitive enzyme-linked immunosorbent assay (ELISA) experiments.440, 450, 460  It has 
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been observed that Man9GlcNAc was 74-fold and 210-fold more effective at inhibiting 

2G12 binding to immobilized gp120 than Man6GlcNAc and Man5GlcNAc 

oligosaccharides, illustrating the importance of the terminal Manα1→2Man linkages for 

2G12 recognition (Figure 19).450  The binding epitope of 2G12 has been further dissected 

by evaluating the relative inhibitory activities of synthetic oligomannosides in a similar 

competition ELISA (Figure 20).440  The Man4 structure, which mimics the D1 arm, and the 

Man5 structure, which mimics the D2 and D3 arms, displayed equivalent inhibitory 

activities as the native Man9GlcNAc2 structure.  The apparent affinity of the Man4 

structure for 2G12 and its simplistic synthesis have made it a particularly attractive 

immunogen in vaccine design. 
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Figure 20.  Oligomannose structures that were evaluated for their ability to inhibit binding to 2G12 to 
immobilized gp120 in an ELISA. 440  The relative inhibitory values at 2 mM are listed under the structures. 

Proper presentation of oligomannose structures in designed immunogens is 

thought to be crucial to elicit 2G12-like antibodies by vaccination.  On gp120 the glycans 

are densely clustered which provides a unique surface for antibody recognition.  The 

importance of glycan clustering to 2G12-binding is apparent from the mM binding 

affinities observed with individual synthetic oligomannosides and Man9GlcNAc2 

structures which pale in comparison to the nM binding affinity of 2G12 to gp120.440, 450  
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Many scaffolds have been utilized to cluster synthetic oligomannoses in order to 

recreate the glycan epitope of gp120, including BSA,454 cholic acid,461 dendrimers,462 

DNA,463 polyamidoamine,455 gold nanoparticles,464 galactose,465 cyclic peptides,466, 467 and 

virus particles.162  In all cases, clustering the glycans greatly increased affinity to 2G12 

compared to individual glycans, suggesting that the clustering of olgimannose structures 

is essential to mimicking the glycan shield of gp120.  Glycan clustering may also be 

essential to breaking self-tolerance, as while high-mannose oligosaccharides are self 

glycans that are native to the secretory pathway, they are not commonly presented on 

the surfaces of mammalian cells or found in serum, and have not been described in such 

densely packed formations as observed with gp120.468-470 

 

Figure 21.  Glycoconjugates used as immunogens in animal studies.  A| A cyclic peptide-based 
Man9GlcNAc2 divalent construct conjugated to OMPC.466  Contains between 2,000-3,000 mol of peptide 
per mol of carrier complex.  B| Galactose-scaffolded Man9GlcNAc2 tetravalent construct conjugated to 
KLH.465  Contains ~15% carbohydrate.  C|  The synthetic Man4 neoglycan conjugated to BSA.454  Contains 
14 Man4 oligomers per BSA.  D| Synthetic Man4 or Man9 conjugated to Qβ bacteriophage.162  Contains 
between 400-500 tetra- or nonasaccharide per viral particle.  Structural formulae symbols:  GlcNAc, 

 Man. 

Four synthetic glycoconjugates (Figure 21) have been evaluated in animal 

vaccination studies.  The full Man9GlcNAc2 structure has been used in two of the animal 

studies, either clustered on a cyclic peptide (Figure 21A) or on a galactose scaffold 
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(Figure 21B).  These frameworks were further conjugated to OMPC or KLH to enhance 

their immunogenicity.  The Man9GlcNAc2 cyclic peptide conjugate (Figure 21A) produced 

a moderate carbohydrate-specific response, although much of the antibody response 

was directed towards the linker structure.466  Moderate carbohydrate-specific antibody 

responses were observed with the galactose-scaffolded Man9GlcNAc2 construct (Figure 

21B),465 although in both cases the antibodies produced were poorly cross-reactive with 

recombinant Env.  These studies demonstrate the difficulty of producing an immune 

response to the Man9GlcNAc structure, even when clustered. 

Linear neoglycan Man4 and Man9 structures have also been used in 

glycoconjugate vaccines with BSA and/or Qβ bacteriophage (Figure 21C, D).  Both 

glycoconjugates were able to elicit high titres of anti-mannose antibodies, but displayed 

no cross-reactivity with Env.162, 454  Interestingly, the serum of rabbits immunized with 

these conjugates bound a variety of synthetic mannose structures, but did not bind any 

high-mannose structures that included the chitobiose core.  Furthermore, the anti-

glycan portion of the immune sera and 2G12 did not appear to interfere with each 

other’s binding to immobilized Qβ glycoconjugates in competition ELISAs, signifying that 

the serum antibodies recognize a different carbohydrate epitope than 2G12.  Taken 

together, these observations suggest that these high-mannose structures may be 

presented in a different conformation when chitobiose is present and that 2G12 glycan 

recognition is somewhat flexible, as long as it forms a clustered epitope of 

Manα1→2Man motifs. 

Phase III Vaccine Trials 

Despite the enormous effort that has gone into the development of an HIV 

vaccine, few have made it to clinical trials.  The HIV vaccines that have proceeded to 

clinical trials are predominantly subunit vaccines that contain individual parts of HIV, 

DNA vaccines that introduce viral genes into host cells for viral protein expression, and 

recombinant vector vaccines that use attenuated non-HIV viruses that carry copies of 

HIV genes.  While many of these vaccines have progressed through Phase I and II clinical 
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trials, so far only VaxGen’s AIDSVAX® vaccine has made it to Phase III testing.†  The early 

vaccine formula consisted of a mixture of recombinant gp120 from the MN strain of 

subtype B and either the subtype B strain GNE8 or subtype E strain A244.471, 472  The 

AIDSVAX® B/B formula was used in the North American and Netherlands Vax004 trial,473 

and the B/E formula in the Thailand Vax003 trial,474 tailored to the local epidemiology.  

In both trials no overall protection was observed despite the test subjects eliciting high 

titers of Env binding antibodies.475, 476 

A more recent efficacy trial has been completed in Thailand (RV144), which used 

a heterologous prime-boost immunization regimen477 where the subjects were first 

immunized with a recombinant canarypox vector that encoded the gp120, gag and 

protease genes of HIV-1 followed by booster immunizations with AIDSVAX B/E.478  The 

results of the RV144 revealed modest (26-31%) but statistically significant protection 

from HIV infection, making it the first demonstration that vaccination could protect 

humans from HIV-1 infection.  Follow-up studies of the RV144 trial have commenced, 

probing for details of the antibody response that evoked protection,476, 479 and 

examining the structure of the immunogens that produced the response.480  Analysis of 

plasma from RV144 participants revealed that the vaccine failed to induce broadly 

neutralizing antibodies, suggesting that the protective effect was achieved via non-

neutralizing‡ or weakly neutralizing antibodies.476  The MN and A244 strains of 

recombinant gp120 used in the RV144 and Vax003 trials exhibited extensive differences 

in glycoform, exhibiting the largest disparity in net charge due to sialic acid 

incorporation.480  These differences in glycosylation influenced the affinity of broadly 

neutralizing antibodies to the recombinant gp120.  With the glycosylation profile of 

gp120 playing such an important role in Env recognition, it is important to establish 

exactly what glycans are present on naturally occurring HIV-1 Env produced by their 

native cell targets. 

                                                            
† Phase I trials are conducted on small numbers of healthy adults to primarily evaluate the safety 
of the vaccine.  Phase II trials involve larger numbers of volunteers (50-500) to generate 
additional safety data as well as information for refining the dosage and immunization schedule.  
Phase III trials are conducted to assess vaccine efficacy. 
‡ While neutralizing antibodies bind Env in way that impedes viral entry, non-neutralizing 
antibodies are able to bind Env but do not interfere with entry into the target cell.  The roles of 
non-neutralizing antibodies in infection and disease progression are just beginning to be 
investigated.481-483 
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Glycans of the gp120 Glycan Shield 

The glycosylation profile of recombinant gp120, which is produced in a 

multitude of cells lines, has been defined for many strains of HIV.299, 480, 484-492  Common 

to all these analyses is the observation of high-mannose glycans and complex-type 

glycans that exist in discrete domains on the gp120 surface.484, 486, 492-494  There are at 

least 24 potential N-linked glycosylation sites on gp120 for any given Env,486, 493, 495-497 

and while it was once believed that all glycosylation sites were occupied, recent reports 

have indicated otherwise.489, 492  The number of unoccupied glycosylation sites, as well 

as the glycan type occupying each glycosylation site, has also been shown to differ 

between and within HIV-1 clades and subtypes.489  Furthermore, the glycosylation of 

recombinant gp120 has been shown to vary significantly when expressed in different 

cell lines,490, 491 as the structure, composition, and heterogeneity of the attached glycans 

depend on the cellular system used for their expression.496  These differences in 

glycoforms are known to influence immunogenicity and antibody recognition.480, 490, 491, 

493, 494  Despite the inconsistencies of glycosylation between cell lines, recombinant 

gp120 used in immunizations, such as in the Thailand phase III trials or in antibody 

detection assays, are typically produced in easy to maintain cell lines with high rates of 

protein synthesis, such as Chinese hamster ovary cells (CHO), human embryonic kidney 

cells (293T) and insect cells (Sf2), rather than in the natural host cells of HIV.498-502  This 

raises questions about the use of glycan structures elucidated from recombinant gp120 

derived from nonnative host cells as targets in synthetic glycoconjugate vaccines, as well 

as the reliability of ELISAs employing recombinant gp120 to assess antibody cross 

reactivity, both of which may partially explain the short comings of the HIV-1 vaccine 

attempts to date. 
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Figure 23.  MALDI-TOF MS analyses of the N-linked glycans ([M+Na]+ ions), released from: 
A| recombinant monomeric gp120JRCSF expressed in HEK 293T cells; B| gp120JRCSF isolated from 
pseudovirus generated by transfection of HEK 293T cells with plasmids expressing the virus backbone and 
functional envelope; C|gp120JRCSF isolated from replication competent viral particles generated by 
transfection of HEK 293T cells with a molecular clone plasmid; D,E and F| gp120 from three HIV-1 clades 
obtained by infection of human PBMCs.  Symbols used for the structural formulae:  Gal,  GlcNAc, 

 Man,  Fuc.  Adapted from PLoS ONE 2011, 6, e23521. 

The abundance of high-mannose glycans found on envelope-derived gp120 

represents a divergence from typical mammalian posttranslational glycan processing, 

where high-mannose glycans are nearly universally processed further to hybrid and 

complex-type glycans.  The primary reason for this divergence is thought to derive from 

steric factors that hinder glycosidase activity,486, 504 which is supported by the 

differences in glycosylation profiles between recombinant monomeric gp120 and virion-

associated gp120.  The early Man9GlcNAc2 glycan intermediate is processed by the ER 

and Golgi α-mannosidases to yield Man5GlcNAc2 (Figure 22).  This processing is 
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incomplete however, as the dense clustering of N-glycans hinders enzymatic access, 

giving rise to a Man6-9GlcNAc2 patch that is intrinsic to both monomeric and trimeric 

gp120 (Figure 24).  Virion-associated gp120 retains an additional Man5-9GlcNAc2 

population as a consequence of the additional steric factors from trimerization (Figure 

24).  Further downstream processing in the medial and trans-Golgi generate complex-

type glycans from Man5GlcNAc2, although a significant population of Man5GlcNAc2 

remains unprocessed, either due steric to constraints that restrict 

N-acetylglucosaminyltransferase (GnT1) access or by circumventing the medial-Golgi 

resident enzymes entirely. 

 

Figure 24.  Divergence of gp120 glycosylation from host cell glycosylation.  Following removal of terminal 
α-linked glucose residues in the ER, folded glycoproteins contain exclusively oligomannose glycans.  As 
glycoproteins transit through the ER and cis-Golgi, Manα1→2Man termini are removed by mannosidases 
to yield Man5GlcNAc2.  However, an oligomannose cluster intrinsic to both monomeric gp120 and 
oligomeric gp120 resists this glycan processing, leaving behind a patch of Man5-9GlcNAc2 that is 
recognized by antibody 2G12.438  Steric hindrance from trimerization further limits Manα1→2Man 
trimming leading to an addition trimer-associated population of Man5-9GlcNAc2.  The exposed 
Man5GlcNAc2 glycans are processed by GnT1 and subsequent enzymes as they pass through the medial 
and trans-Golgi to form complex-type glycans.  Adapted from PLoS ONE 2011, 6, e23521.  
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Part III: Scope of Project 

Preface 

Much effort has been expended on producing an effective HIV-1 vaccine 

glycoconjugate that protects against infection.  The traditional approach of 

glycoconjugate vaccine design, where a carbohydrate component of the target is 

conjugated to a carrier protein, has thus far failed to elicit neutralizing antibody 

responses against HIV-1.  The field of HIV-1 vaccine design has thus turned to rational, 

structure-based design strategies.506 

While the glycan shield is a relatively conserved feature of the HIV Env spike, 

targeting these glycans is innately problematic since carbohydrate antigens generally 

elicit weak immune responses with little class switching or establishment of B cell 

memory.  A number of reasons contribute to this limited response.  A lack of CD4+ T cell 

help for carbohydrate antigens requires the B cells to become activated through the 

poorly understood CD4-independent mechanisms.  The low affinity of carbohydrate-

protein interactions hinders B cell recognition and activation.  The carbohydrates on 

gp120 are also self-glycans, causing the immune system to be tolerant of these types of 

structures.  A rationally designed HIV-1 must consider these problems, which are 

discussed in the proceeding sections.  The approach taken in this work focused on three 

key areas: 

1) An immunogenic carrier that directs the immune response towards the 

carbohydrate antigen 

2) Display the appropriate immunogenic HIV-1 glycan structures 

3) Accurate mimicry of the gp120 glycan clusters  

The carbohydrate carrier plays the most important role in this design as its 

topology determines how the glycans are presented and interact with the immune 

system.  An effective carrier would also direct the immune response towards the weakly 

immunogenic self-glycans.  To this end, Professor Jamie K. Scott from Simon Fraser 

University approached us with the idea of with coating filamentous bacteriophage with 

gp120 glycans.  She has demonstrated that a phage carrier can better focus the antibody 

response towards a conjugated hapten than a traditional protein carrier such as 
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ovalbumin.507  She has also engineered a phage with increased amino functionalities on 

the major coat protein,507 establishing a repetitive landscape of conjugation points that 

could scaffold glycans to mimic the glycosylated surface of gp120.  Filamentous phage 

also have inherent immunological properties that make them ideal vaccine carriers, 

such as being self-adjuvanting,169 inducing class switching to IgG,164 and eliciting CD4+ T 

cell help to form immunological memory.508  Filamentous phage appear to be a 

superlative carrier for an HIV-1 glycoconjugate vaccine. 

Ff Phage Biology 

The F-specific filamentous (Ff) phage is an Inovirus, a genus of viruses within the 

Inoviradae family that form flexuous filamentous particles which infect 

enterobacteria.509  Infection with Ff phage is not lethal but does decrease the growth 

rate of the host cell.  The most thoroughly investigated of the Ff viruses are the M13, f1 

and fd phages, which infect F+ and Hfr strains of Escherichia coli via recognition of the 

F-pili on the cell surface.510, 511  These three bacteriophage are closely related, possessing 

98% sequence homology and identical morphology,512, 513 and can be thought of as 

mutants of the same virus. 

The phage structure is simplistic, consisting of single-stranded DNA genome 

packaged within a tubular capsid consisting of ~2700 copies of the major coat protein 

pVIII (Figure 25).514  The termini of the filament contain five copies of the paired minor 

coat proteins, pVII/pIX and pIII/pVI.515, 516  The coat proteins are small and hydrophobic 

with the exception of pIII which is large and mostly hydrophilic.  The ~6400 nucleotide 

genome is relatively small, composed of only 11 genes,517 and tolerates insertions into 

non-essential regions well.518  This has proven advantageous for numerous studies and 

applications such as phage display,519-522 where proteins and peptides are fused onto 

phage coat proteins to study protein-ligand interactions, DNA cloning and 

sequencing,523, 524 and in nanomaterial fabrication,525, 526 where 

semiconducting/magnetic nanowires have been constructed using M13 as a biological 

template. 
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Figure 25.  Ff phage structure.  A| The pIII coat protein on the end of the phage is responsible for binding 
to the F-pilus to enter the host cell.  The ‘opposite’ end, capped with pIX and pVII emerges from the host 
cell.  Adapted from W.W. Norton & Company, Microbiology: An Evolving Science, 2nd Ed, ©2010 with 
permission.  B| A filamentous phage particle as imaged from an electron microscope (TEM). 

The general stages of the Ff phage life cycle are: infection and entry, replication 

of the viral genome, and assembly and release of the progeny particles from the host 

(Figure 26).  Ff infection of E. coli starts by adsorption of the phage to the F-pilus via the 

N2 domain of the pIII coat protein causing the pilus to retract.527  The retracted pilus 

ushers the N1 domain of pIII into the periplasm where it interacts with the co-receptor 

TolA.528, 529  Conformational rearrangement of pIII exposes the C domain’s hydrophobic 

membrane anchor α-helix, leading to the uncoating of the virion and DNA entry into the 

host cell cytoplasm.530  The hydrophobic helix inserts into the cytoplasmic membrane 

allowing for the subsequent entry of phage DNA into the cytoplasm and integration of 

pVIII into the inner membrane. 
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Figure 26.  Ff phage life cycle.  A| The phage binds to the host F-pilus and TolA coreceptor via the coat 
protein pIII.  A hydrophobic portion of pIII inserts itself into the inner membrane leading to the 
distribution of coat proteins and release of its genome into the cytoplasm.  B| The single stranded DNA 
genome is replicated and translated with host enzymes to produce phage proteins.  New (+) strands of 
DNA are produced through rolling-circle replication and complexed with pV in preparation for packaging.  
C| The DNA-pV complex interacts with the pIV pore complex via its hairpin packaging signal and is exuded 
from the pore, replacing pV with the pVIII coat protein along the way.  Adapted from W.W. Norton & 
Company, Microbiology: An Evolving Science, 2nd Ed, ©2010 with permission. 

Following entry into the cytoplasm, the single-stranded DNA genome (+) strand 

serves as a template to synthesize the (-) DNA strand, yielding a double-stranded circle 

known as the replicative form.  The replicative form DNA serves as a template for 

expression of phage genes and additional (+) strands for packaging into phage.  The 

phage proteins that are involved in replication remain in the cytoplasm whereas all 

other proteins are targeted to the cytoplasmic membrane (Figure 26B).531, 532  New (+) 

strands are duplicated through rolling-circle replication, requiring pII to cleave the (+) 

strand to allow host cell DNA polymerase to replicate new (+) strands.533  The newly 
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synthesized (+) strands are used as templates for (-) strand replication to increase the 

copy number of (+) strand DNA early in infection, whereas late in infection these 

positive strands are coated with pV which collapses the DNA into a rod for phage 

assembly. 

The progeny ssDNA, coated with pV, contains an exposed packaging signal, a 

hairpin loop, that is recognized by pI, pII and pIX in the cytoplasmic membrane.534  A 

phage assembly complex forms around a pore composed of pIV that extends through all 

layers of the cellular envelope (Figure 26C).535  Positive charges within the pore help 

draw in the negatively charged DNA and pV is replaced by major coat protein pVIII as 

the virion is extruded from the pore.  When the DNA is completely coated with pVII, the 

minor coat proteins pIII and pVI are added to the virion end and the virion is released. 

Filamentous Phage as a Vaccine Carrier 

The major coat protein, pVIII, dominates the phage architecture with ~2700 

copies compared to 3-5 copies each of the minor coat proteins.  PVIII is an α-helical 

protein composed of 50 amino acids.  The helix possesses three distinct regions of 

polarity: the exposed N-terminal region amphipathic region, the central hydrophobic 

region that remains buried against the hydrophobic regions of neighbouring pVIII 

subunits, and the C-terminal region carries positively charged lysines that interact with 

the negatively charged DNA backbone within the center of the phage (Figure 27A, B).536, 

537  The pVIII subunits form an overlapping helical array around the DNA core (Figure 

27C).537  The completely assembled phage is ~60 Å in diameter and ~900 nm long, with 

the length of the phage dependent on the length of the genome.538 

The phage architecture is predominantly held together by hydrophobic 

interactions between the coat protein subunits.539, 540  This is illustrated by the virus’s 

sensitivity to detergents and organic solvents, especially chloroform.541, 542  Outside of 

lipophilic agents, Ff phages are exceptionally resilient, surviving prolonged incubation at 

75 °C, high salt concentrations, 8M urea, and a pH range between 2 to 11.5.510, 543, 544  

Purified phage are able to be stored indefinitely at moderate temperatures without 

losing infectivity.545  The Ff phages durability and resilience towards chemical 

manipulation536, 546-550 are favourable characteristics for a biological carrier to possess. 
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Figure 27.  The structure and assembly of the major coat protein pVIII of the f1.K phage (modified from 
PDB: 2C0W).  A| A surface model of pVIII where the hydrophobic regions are represented in yellow and 
the polar regions represented in blue.  B| A cartoon representation of the helical structure of pVIII.  The 
N-terminal amine and adjacent lysines are colored in red.  The C-terminus lysines are colored in purple.  
C| A section of the assembled phage modeled with a transparent surface to expose the pVIII subunits.  
The top view is of the phage along the fibre axis and the bottom view is perpendicular to this axis.  D| A 
surface model of the phage where the exposed terminal amine and lysines are colored in red.  E| The 
sequence of pVIII of f1.K.  The sequence of wt f1 phage was engineered to include the four-residue insert 
highlighted with the box.507  The N-terminal amine and lysines follow the same color scheme as in B and 
D. 

The f1.K phage carrier used in this project is an f1 phage that has been 

engineered by Jamie Scott’s lab to include an additional exposed lysine on the 

N-terminus (Figure 27E) for conjugation.507  The three exposed amines of each individual 

pVIII subunit form a cluster of conjugation sites on the phage surface (green circles, 

Figure 28A).  These clusters are situated 25-40 Å away from each other in a repeating 

diamond pattern around the phage.  The range of distances observed between the 

reactive amines on the f1.K capsid are comparable to the amine spacing observed on 

the Qβ icosahedral virus capsid scaffold used by M.G. Finn and D.R. Burton in their HIV-1 

glycoconjugate vaccine candidate (Figure 28B).162  However, a more evenly distributed 
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geometrical arrangement of amines is observed on f1.K, with less unadorned surface 

area.  Thus, as a glycoconjugate carrier, the f1.K capsid should be more occluded by 

carbohydrate than what is achievable with the Qβ scaffold, which is advantageous for 

mimicking the thoroughly shielded surface of gp120.  A tightly glycosylated surface also 

conceals protein epitopes of the f1.K capsid, allowing the immune response to focus on 

the carbohydrate hapten. 

 

Figure 28.  A modeled comparison of the surface amines of the f1.K and Qβ capsids.  A| A fragment of the 
f1.K capsid with the exposed amines colored in red, cyan and white.  Model adapted from PDB: 2C0W.  B| 
Qβ icosahedral virus capsid with the exposed amines colored in red, cyan, white and green.  Model 
adapted from PDB: 1QBE. 

The distances between glycan conjugation sites on the f1.K capsid are 

appropriate for interaction with 2G12.439  On gp120, even though the N-glycosylation 

sites frequently change in response to immunological pressure,368, 551, 552 an overall 

minimum density of glycans is maintained with an optimal distance of 20-40 Å between 

glycosylation sites.392  Modeling the f1.K capsid with a Man5 glycan attached to the 

surface exposed amines reveals a densely glycosylated surface that is comparable to the 

glycan shield of gp120 (Figure 29).  The diameter of the f1.K increases by ~40 Å with the 

attached glycans, becoming comparable in size to the ~160 Å diameter of the HIV-1 Env 

trimer.428  The f1.K filamentous phage is thus an exceptional mimic in both glycosylation 

density and size. 
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Figure 29.  A comparison of the glycan density of an f1.K glycoconjugate and gp120.  A| A model of a 
fragment of the f1.K capsid with a Man5 glycan conjugated to the three exposed amines of every pVIII 
subunit.  Glycans are shown in purple.  The model was constructed in pymol based on the PDB: 2C0W 
structure.  Glycan structures were constructed with the Glycam Biomolecule Builder.  B| The HIV-1 
envelop trimer is shown with the crystal structure of the b12-bound monomeric gp120 core310 fitted 
within a cryo-electron tomographic density map.423  Glycans are shown in purple, with the white glycan 
cluster representing the 2G12 binding epitope.  The CD4 binding site is shown in yellow. Image obtained 
from http://www.scrips.edu/news/press/images/burton_dennis/burton_image.jpg. 

Synthetic Glycan Antigens to Represent the gp120 Glycans 

The oligomannose glycans observed on the native virions are the most obvious 

target for a carbohydrate-based HIV-1 vaccine.503, 505  The excessive amount of high-

mannose glycans on gp120 is disproportionate to the glycans found on mammalian cells, 

which are mostly complex type, making them somewhat foreign to the human immune 

system and a good immunological target.  Recent evidence has correlated 

immunogenicity and the ability to elicit a wide breadth of neutralizing antibodies to 

epitopes composed of high-mannose glycans.493, 553  Additionally, mucosal transmission 

of HIV-1 is well known to be restricted to a small subset of viruses amongst the breadth 

of quasispecies present in the infected donor.336, 356, 554-556  These founder viruses have 

more high-mannose glycans compared to chronic viruses and are highly conserved, even 
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between clades.492  Thus, high-mannose glycan are ideal antigenic targets to prevent 

HIV-1 infection. 

The linear Man4 structure that mimics the D1 arm of Man9GlcNAc2 has been 

used in many glycoconjugates to assess the effectiveness of various scaffolds to 

effectively cluster oligomannose structures for 2G12 recognition.162, 454, 462, 467, 557  Even 

though it is not a natural occurring N-linked glycan, it binds 2G12 with affinities 

comparable to the naturally derived Man9GlcNAc2 glycan (Figure 20).440, 460  The Man4 

structure is therefore an ideal initial synthetic target to assess the potential of the 

filamentous phage carrier to mimic the glycan presentation of gp120.  For this project, 

the GlcNAc2 core is excluded due to the difficulty in synthesizing chitobiose.558, 559  To 

compensate for the loss of the chitobiose and to maintain the natural topology of the 

glycan, a short rigid linker was used in place of GlcNAc2, and the oligomannan connected 

to the linker via a β-linkage, as it would naturally occur.  This linker strategy is in contrast 

to the glycans linked via α-linkages to long flexible linkers that have been employed in 

previous HIV-1 glycoconjugates vaccines, which have failed to invoke crossreactivity.162, 

454  To facilitate a short linker strategy and provide the means for a highly reactive 

conjugation, the tetramannosyl thiol 1 (Figure 30) was envisioned.  The replacement of 

the anomeric alcohol with a thiol creates a reactive nucleophilic glycan that is useful in a 

number of linker strategies (TABLE 1) without the added length of a traditional aglycone 

spacer. 

 

Figure 30.  The target 1-thio mannosides for the HIV-1 vaccine. 

The Man5GlcNAc2 structure is also of particular interest due to the recent 

discovery of the PG9, PG16 and PGT128 which recognize glycan-dependent epitopes on 

gp120 that contain Man5GlcNAc2.443, 448, 449, 560  These glycan-dependent antibodies 
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appear to be common in early infection,561 supporting the use of their recognized 

glycans as target epitopes for immunization.  The Man5GlcNAc2 glycan is also a 

predominant in the glycoform of gp120 as revealed by mass spectroscopy (Figure 23).503, 

505  To date, the Man5GlcNAc2 has not been used as a hapten in an HIV-1 glycoconjugate 

vaccine in any published immunization studies.  For these combined reasons, the Man5 

structure 2 (Figure 30) was chosen as an additional synthetic target. 

Linker Strategy 

The linker strategy must be reactive and selective enough in order to facilitate 

the high degree of conjugation required to mimic the gp120 glycan shield.  High 

conjugation efficiency is also important to maintain low glycan equivalents in 

conjugation reaction since there are 8,000+ conjugation sites per phage.  A short, rigid 

heterobifunctional linker with reactivity towards amines and thiols was needed.  The 

amine reactive end would consist of an NHS ester, which is the standard strategy for 

conjugation to biological amines.  For the thiol reactive end, two chemistries were 

chosen.  The first being the haloacetyl displacement reaction, which was chosen 

because of its efficiency and selectivity for reaction with thiols.562  The shortest possible 

linker with these functionalities is N-succinimidyl iodoacetate (SIA) (Figure 31), which 

produces a linker arm of only two carbons long. 

 

Figure 31.  Two short amine and thiol reactive linkers. 

The second chemistry chosen was the thiol-ene click reaction.  The thiol-ene 

reaction is known for achieving quantitative yields, requiring small amounts of catalysts, 

and being very selective.208  It also has the added advantage that the alkene 

functionality is relatively inert compared to the activated iodoacetyl, which allows 

linker-conjugated phage to be stored for periods of time without degradation.  The 

linker with the smallest spacer that contains the NHS ester and alkene functionalities is 

N-(acryloyloxy)succinimide (Figure 31).  With both linkers, the exposed amines of the 

phage surface would be first reacted with the linker to produce the linker-functionalized 
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phage, which would then be reacted with the mannosyl thiols to produce the phage 

glycoconjugates (Scheme 1). 

 

Scheme 1.  An example of the coupling strategy using the SIA crosslinker and mannopyranosyl thiol 2. 

Concluding Remarks 

The project started out with the synthesis of the glycan targets without much 

concern about how exactly these conjugates would be characterized.  This project 

branched out along the way to investigate an additional interesting linker strategy 

opportunity, determine the exact sites on pVIII that were being conjugated, and 

included some in vivo vaccination strategies involving β-glucans.  In Chapter 2, the 

synthesis of the tetrasaccharide and pentassacharide glycans 1 and 2 are described.  

Since the degree of conjugation needed to be assessed accurately, and the common 

biological techniques used to quantify conjugation efficiency were not meticulous 

enough for this project, LC-UV-MS was explored as a quantification technique for this 
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project.  This work, along with the conjugation and purification of the phage conjugates, 

are described in Chapter 3.  Finally, the immunochemistry and animal immunization 

studies are discussed in Chapter 4.  
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CHAPTER 2: Synthesis of Oligo-Mannopyranosyl Thiol Analogues of 

the High-Mannose Oligosaccharides Found on HIV-1 gp120 

Part I: Synthetic Aspects of Carbohydrate Chemistry 

Introduction to Carbohydrate Chemistry 

The early days of carbohydrate chemistry were enormously challenging for 

synthetic chemists.   The roots of carbohydrate synthesis dates back to the late 1800s 

where the structures of sugars were first being deduced through labourous chemical 

analysis.  Emil Fischer joined the field of carbohydrate chemistry in 1884 and 

significantly advanced the knowledge of sugars, earning him the Nobel Prize in 

Chemistry in 1902.  He is most noted for his logical application of an elaborate chemical 

methodology to elucidate the relative configurations of (+)-glucose and other hexose 

and pentose sugars in 1891.1, 2  There was still uncertainty regarding his structural 

assignments however.  The absolute configuration of the sugars could not be 

determined at the chiral center furthest from the aldehyde (Figure 32A).  Consequently, 

Fischer made the arbitrary choice to pick the D-series structure for all the studied 

aldohexoses, and his choice was eventually shown to be correct by X-ray diffraction 

studies in 1951.3 

 

Figure 32.  Representations of glucose.  A| Fischer projections of acyclic D- and L-glucose.  B| Cyclic 
representations of α-D-glucose displayed as a Fischer projection, Haworth projection, and chair 
conformation of from left to right. 

The cyclic structure of sugars was another problem that was difficult to 

establish, as most work was done on the assumption of acyclic aldose structures.   The 

first correctly proposed cyclic structure was by Tollens in 1883, who suggested a cyclic 

furanose ring for glucose, levulose and sucrose to explain the unusually low reactivity of 
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the sugar aldehyde.4  The findings of two forms of D-glucose in methylation5 and 

acylation6, 7 reactions, as well as the observed mutarotation8 of two isolated forms of 

crystalline D-glucose was explainable by the existence of a ring structure with an 

anomerizable hemiacetal carbon, although the specifics of such a structure remained 

unclear.  It wasn’t until 1926 that Haworth and others corrected the structure of glucose 

to a six-membered cyclic hemiacetal and introduced the three-dimensional Haworth 

projection to replace the dated cyclic Fischer projections (Figure 32B).9, 10  The Haworth 

projection was later updated to the present-day chair conformational drawing of sugar 

rings by Reeves in 1950.11  Part of the Haworth legacy survives, as his suggestion that 

monosaccharides containing a tetrahydropyran system be termed pyranoses, and those 

with a tetrahydrofuran system furanoses, is still used today as an integral part of sugar 

nomenclature.12 

As complex oligosaccharides and polysaccharides of biological relevance were 

being discovered throughout the twentieth century,13 the rudimentary chemical 

methods used to elucidate and synthesize carbohydrates required extensive and 

challenging experimental techniques.  Improvements in instrumental methods such as 

HPLC,14 mass spectrometry (MS)15, 16 and NMR spectroscopy17 in the 1970’s made 

possible the swift structural characterization of larger oligosaccharides.  Advances in 

carbohydrate synthesis also started to emerge during this time, marked by the synthesis 

of the complex trisaccharide A and B blood group determinants by Raymond Lemieux 

and co-workers in 1975.18-21  This was accomplished through development of reliable 

methodologies for the stereospecific control of glycosidic linkage formation, and the 

structural analysis of both the protected intermediates and final synthetic targets by 

NMR spectroscopy.  For the first time, the synthesis of oligosaccharides of sufficient 

complexity was achieved, opening the way for other laboratories to join in the effort.  In 

the last two decades reliable techniques for the synthesis of complex glycans have 

advanced dramatically and with the exception of large oligomers (greater than 

octasaccharide lengths) synthesis of medium sized oligosaccharides are considered fairly 

routine. 

An efficient synthesis of oligosaccharide targets requires control of the 

regioselective and steroselective outcomes of reactions.  Simple monosaccharides have 
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multiple hydroxyl groups available for reaction, and are commonly differentially 

protected to control the number of available hydroxyls for further manipulation.  

Protecting groups play an essential role in carbohydrate synthesis and an efficient 

synthetic strategy often relies on utilizing a minimal amount of high-yielding protecting 

group manipulations that have compatible chemistries.  Fortunately, a wide range of 

protecting groups are available that offer a multitude of installation and cleavage 

conditions.22  The primary goal of protecting groups within carbohydrate synthesis is to 

restrict the number of reactive hydroxyls to allow for the regioselective reaction with a 

glycosyl donor.  Glycosidic bond formation must not only be regioselective, but 

stereoselective as well.  Many types of glycosyl donors and glycosylation strategies have 

been developed for this important class of reactions, and which are described in the 

following section.  

Glycoside Formation 

Glycosidic bond formation requires a glycosyl donor with an activated anomeric 

carbon, and a glycosyl acceptor with usually a single exposed hydroxyl group.  The 

breadth of glycosyl donors has grown dramatically since the first glycosylations 

performed by Michael23 and Fischer24 at the end of the nineteenth century.  Michael’s 

glycosylation proceeded through the nucleophilic displacement of an anomeric halide 

with a phenolate (Figure 33A).  Soon after, Fischer reported the glycosylation of simple, 

aliphatic alcohols with unprotected monosaccharides under harsh acidic conditions 

(Figure 33B).  The anomeric mixture of furanosides and pyranosides obtained from the 

Fischer glycosylation underscores the complexity of the glycosylation process.  The first 

controlled, general glycosylation procedure was reported in 1901 by Koenigs and Knorr 

who demonstrated the activation of glycosyl halides by heavy metal halophiles (Figure 

33C).  The milder reaction conditions allowed for the synthesis of more complex 

oligosaccharide products.  Today there are many reactive donor types to choose from 

that react under a wide range of mild activating conditions.  At present, the majority of 

oligosaccharide synthesis rely on trichloroacetimidate,25 thioglycoside26 and glycosyl 

sulfoxides27 donors. 
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Figure 33.  Early glycosylation reactions performed by Michael (A), Fischer (B) and Koenigs-Knorr (C). 

Glycosylation reactions are inherently complex and the mechanism is not 

completely understood which can lead to unpredictable reaction outcomes.28  In the 

Michael and Koenigs-Knorr glycosylations, the reaction proceeds through a concerted 

SN2 mechanism (Figure 34A), leading to a predictable inversion in stereochemistry.  

Most modern donors proceed through more of a unimolecular SN1 route (Figure 34B) 

which yields less predictable stereochemistry unless steps are taken to control the 

mechanism of formation.  A ‘pure’ SN1 glycosylation mechanism proceeds through the 

assisted departure of the anomeric leaving group by use of an appropriate promoter, 

which results in the formation of the oxocarbenium ion.**  The formation of the 

oxocarbenium ion is the rate limiting step and is typically irreversible.  Nucleophilic 

attack by the glycosyl acceptor forms the new glycosidic linkage.  The mechanism in 

which modern donors react more accurately falls at the border between SN1 and SN2 

mechanisms.28, 29  This is because the oxocarbenium ion is never completely free as 

other reactive species are present in the reaction mixture, such as the counter ion of the 

promoter, the leaving group, neighbouring protecting groups and even the solvent.  

These additional interactions can significantly influence the stereoselective outcome of 

the glycosidic bond formation, some of which will be discussed in the subsequent 

sections.30 

                                                            
**  Provided that the O2 substituents are non-participating. 
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Figure 34.  Reaction at the anomeric center.  A| A nucleophilic alcohol displaces the leaving group (LG) in 
the SN2 reaction mechanism.  B| The SN1 reaction mechanism starts with the promoter (PR) assisted 
departure of the anomeric LG resulting in the formation of an oxocarbenium cation.  Nucleophilic attack 
on the top face will result in a β-linked product and an α-linked product from the bottom face.  P: 
protecting group. 

The Anomeric Effect 

The anomeric effect was first observed by Edward31 in 1955 and later defined by 

Lemieux32, 33 as the preference of large electronegative constituents at C-1 of the 

pyranose ring to adopt an axial orientation.  This appears to be counterintuitive as 

axially orientated substituents on cyclohexyl rings result in unfavourable 1,3-diaxial 

steric interactions (Figure 35A).  Equatorially orientated substituents avoid such steric 

interactions and thus should be more energetically favourable.  However, the ring 

oxygen within the pyranose ring provides additional thermodynamic stabilization to 

neighbouring axial substituents through the anomeric effect.  The origins of the 

anomeric effect are thought to be controlled by two factors: an unfavourable dipole 

alignment between the ring oxygen and electronegative anomeric substituent when 

orientated in an equatorial configuration (Figure 35B), and the hyperconjugation of the 

axially orientated lone-pair electrons of the ring oxygen interacting with the periplanar 

anti-bonding σ* orbital of an axial orientated substituent (Figure 35C).  In the absence of 

nonparticipating factors in the reaction mixture, α-glycoside formation will be 

predominantly favored due to the anomeric effect. 
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Figure 35.  The origins of the anomeric effect.  A| Axial orientated substituents on a six membered ring 
produce unfavourable 1,3-diaxial interactions which are alleviated in the equatorial orientation.  B| 
Equatorial orientated substituents produce unfavourable dipole-dipole interactions with the ring oxygen 
lone pair.  C| The axial anomer is stabilized through the delocalization of the axial lone pair electrons of 
the ring oxygen into the anti-bonding molecular orbital of the glycosidic linkage.  This is not possible with 
the equatorial anomer. 

Neighbouring Group Participation 

As syntheses utilizing the Koenigs-Knorr glycosylation became more common, 

research groups started to notice that an acetate protecting group at C-2 seemed to 

effect the stereochemical outcome and byproduct formation of glycosylation 

reactions.29, 34  It was observed that basic or neutral glycosylations conditions could 

produce 1,2-orthoester byproducts, but only if the anomeric halogen and adjacent 

acetyl group were trans to each other.  In addition to orthoester formation, 1,2-trans 

glycosyl donors could produce glycosylation products that retain their anomeric 

stereochemistry.  To account for these observations, Isbell first proposed in 1940 that 

the nucleophile could attack the anomeric carbon of the intermediate acetoxonium ion 

intermediate of the orthoester reaction rather than the carbonyl carbon of the acetyl 

group (Figure 36).34  Under acidic conditions, orthoester formation is in equilibrium with 

the acetoxonium intermediate which drives the reaction to form the 1,2-trans glycoside.  

Isabell’s findings were later substantiated through Winstein’s kinetic studies on 

neighbouring group participation which concluded that the unassisted departure of a 

leaving group to produce a free oxocarbenium intermediate would require much more 

energy than a concerted nucleophilic displacement via intramolecular participation.35, 36  

Since most modern donors utilize leaving groups that more completely dissociate from 

the anomeric centre, neighbouring acyl groups will preferentially react with the free 

oxocarbenium ion regardless of the initial anomeric configuration.  Thus, neighbouring 

group participation provides a reliable protocol for 1,2-trans glycosidic linkage 

formation. 
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Figure 36.  Biomolecular mechanism of the Koenigs-Knorr glycosylation of a 1,2-trans glycosyl donor.  In 
the first step, the anomeric bromide complexes with the silver salt making it more susceptible to 
nucleophilic attack.  An extramolecular nucleophile, such as methanol, can displace the bromide to yield a 
1,2-cis product.  The bromide can also be displaced by an intramolecular orthoester reaction with the 
neighbouring ester group on C-2 to produce an acetoxonium ion.  An extramolecular nucleophile can 
either attack at the acetyl carbon or the anomeric carbon to produce an orthoester or 1,2-trans product, 
respectively. 

Synthesis of Mannosyl Thiols 

Since glycosyl thiols (also known as 1-thiosugars) are exploited extensively in 

this thesis, the following section deals at length with this topic. 

Glycosyl thiols are beginning to see more use in the synthesis of 

thiooligosaccharides and S-glycoconjugates.37-43  This is in part due to the resistance to 

enzymatic and chemical hydrolysis of glycosidic linkages that are formed through a 

sulfur atom, rather than the natural oxygen atom.40, 44-48  An S-glycosidic linkage is also a 

good conformational mimic of a natural O-linkage, although an increase in flexibility 

about the anomeric linkage has been described.49-53  Owing to these properties, S-

glycosides have been employed as biomimics of natural O-glycosides for biological 

applications, such as vaccine design,54 where metabolic stability can prolong the life of 

the glycan in vivo, leading to an enhancement of biological activity.  Outside of 

exploiting thiols for their stable glycosidic linkages, the high reactivity of thiols and their 

relative rarity in most biomolecules makes glycosyl thiols ideal for controlled 

glycoconjugation reactions. 

A synthetic scheme involving a thiol group requires special considerations in 

order to avoid problems associated with their high reactivity; problems that are only 
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partially tamed though protection.  Thiols are much more acidic (pKa 10-11) than 

alcohols (pKa 15-16), and thiolate anions are softer and consequently more nucleophilic 

than alkoxides.  Thiols are also easily oxidized to disulfides, even from exposure to 

atmospheric oxygen, which can be straightforwardly reversed through reductive means.  

Thiols protected as thioethers are still susceptible to oxidation to sulfoxides and 

sulfones, and reduction back to a thioether is difficult and impractical.  Oxidative 

conditions should thus be avoided in a thiol-containing synthetic scheme, as well as 

reductive conditions if a disulfide is part of the synthetic strategy.  Degassing solvents to 

remove atmospheric oxygen and performing reaction under an inert gas may be 

required to avoid oxidation. 

Glycosyl thiols are commonly made through the reaction of a glycosyl halide 

with a moderately stable thiol such as a thioacetate,55, 56 thiourea57, 58 or thiocyanate 

(Figure 37).59, 60  They can also be synthesized conventionally from normal glycosyl 

donors and the corresponding thiol acceptor.  The S-acetate, S-alkyl thiouronium salt 

and S-cyanate groups that offer only temporary thiol protection due to their limited 

stabilities are often reprotected as a more stable thioether or disulfide when carried 

throughout longer syntheses.  The stereochemistry of an anomeric thiol is retained 

during the reprotection as glycosyl thiols undergo a rate of mutarotation that is much 

slower than that of anomeric hydroxyls.38, 61  Thus, the desired anomeric configuration 

of a glycosyl thiol must be considered when the anomeric thiol is first installed.  Pure 

β-glycosyl thiols are usually straightforward to obtain by treatment of α-glycosyl halides 

with the corresponding thiol in an SN2 manner. α-Glycosyl thiols can be synthesized 

similarly by the displacement of β-glycosyl halides or the stereospecific ring opening of 

1,6-anhydrosugars.55, 56, 62, 63  Neighbouring group participation can potentially override 

the displacement reaction of glycosyl halides, yielding glycosyl thiols that retain their 

original stereochemistry.  trans-Mannosyl bromides treated with thiourea or potassium 

thiocyanate give mainly the α-mannosyl product through an SN1 mechanism involving 

the attack of the sulfur nucleophile on the α-face of the intermediate isocarbenium ion 

(Figure 37A,B).64  The same reaction with potassium thioacetate produces 

predominantly the β-product (Figure 37C).56, 65  This discrepancy may be due to the 
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higher nucleophilicity of the thioate which would more readily displace the anomeric 

halide. 

 

Figure 37.  Three methods used to install an anomeric thiol.  A|and B| Reaction of a glycosyl halide with 
potassium thiocyanate or thiourea produces predominantly the α-anomer.  C| Reaction with potassium 
thioacetate produces primarily the β-anomer. 

The protecting groups commonly used for hydroxyl protection are impractical 

for thiol protection due to sulfur’s weak hold on most protecting groups.  Silyl and 

alkyl/aryl/acyl protecting groups are held much more loosely by sulfur than oxygen 

(Table 2), eliminating silyl and ester protecting groups from practical application.  Alkyl 

and aryl protecting groups, which can be difficult to remove from protected hydroxyls, 

find use in thiol protection.  Popular S-protecting groups include the xanthenyl (Xan),66 

triphenylmethyl (Tr)67 and benzyl (Bn) groups.  These groups are commonly used in 

peptide synthesis and are not always compatible with carbohydrate synthesis.  Xan 

installation requires strongly acidic conditions which may be incompatible with other 

protecting groups.  The mild removal conditions (1% trifluoroacetic acid) for Xan also 

pose a problem as they mimic glycosylation conditions, limiting their potential to a 

temporary protecting group.68  Trityl group installation can be troublesome and low 

yielding, and it is also removed by moderately acidic conditions.69  S-benzyl groups are 

very stable to many conditions and easy to install, however they differ from O-benzyl 

removal in that hydrogenation cannot be utilized as the free thiol that is generated 

would poison the palladium catalyst.  Removal is thus limited to dissolving metal 

reduction,70, 71 treatment with hydrofluoric acid72 or electrolysis.73 
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Table 2.  Average bond energies and lengths of sulfur and oxygen with silicon and carbon. 74, 75 

Bond Bond Strength 
(kcal/mol) 

Bond Length 
(pm) 

O-Si 108 163 

S-Si 70 200 

O-C 86 143 

S-C 65 182 

 

Thiols can also be protected as disulfides at the expense of being unable to 

utilize reducing conditions for protecting group manipulation.  Symmetrical disulfides 

can be formed by treating a thiol with an oxidizing reagent to form a disulfide with 

itself.76  When a glycosyl thiol is protected this way, further manipulations of the 

carbohydrate may suffer in yield as each subsequent reaction would have to occur on 

both sides of the disulfide to be complete; a 75% yield for a manipulation on a 

saccharide could become a 50% yield when two saccharides are part of the same 

molecule.  Problems may also arise as steric bulk increases with the cumulative addition 

of sizable protecting groups and additional sugars with subsequent glycosylations.  The 

use of unsymmetrical disulfides can avoid these problems by utilizing small thiols to 

form the disulfide bond.  An excess of protecting thiol must be used when forming the 

disulfide through oxidative means.  Unsymmetrical disulfides can also be formed in a 

more direct and controlled manner by performing a thiol-disulfide exchange with the 

protecting thiol in its disulfide form,77 utilizing azodicarboxylate transfer reagents,77 or 

performing a thiol-disulfide exchange on glycosyl methanethiosulfonates (Figure 38).78  

Disulfide derivatives are relatively resistant to acids and bases, with decreasing stability 

in the following order: RSStBu > RSSiPr > RSSEt.  The StBu also has the advantage of 

being resistant to unwanted thiol-didulfide exchange,79 although there have been 

reported difficulties with reducing an StBu disulfide, possibly due to its stability and 

steric bulk.80 
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Figure 38.  Common methods of forming unsymmetrical disulfides. 

Disulfides are typically broken by thio-disulfide exchange or treatment with 

reducing agents.  Thiol-disulfide exchange occurs through the SN2 attack of a disulfide 

bond by a free thiol, forming a new disulfide and free thiol.81  The reaction is reversible 

and can potentially lead to a multiple of products (Figure 39).  The equilibrium of the 

exchange is under control of steric factors and the relative nucleophilicities of the thiols 

generated during the exchange.  In general, bulky and nucleophilic thiols form disulfides 

that are resistant to exchange.  Dithiothreitol (DTT) and 2-mercaptoethanol are 

frequently used to reduce disulfides.  DTT is especially useful, because once oxidized, it 

forms a stable six-membered ring with an internal disulfide bond, eliminating unwanted 

thiol-disulfide exchange.82  Any general reducing agent can be used to reduce a 

disulfide; however phosphines are commonly used as they preferentially reduce 

disulfides in most cases.83  There have also been reports of desulfurization and complex 

mixtures being formed during reduction with phosphines,80, 84 although these are 

exceptions to the general rule. 

 

Figure 39.  The complexities of thiol-disulfide exchange.  
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Part II: Synthesis of Mannosyl Thiol Analogues 

Retrosynthetic Analysis 

The synthesis of the tetra- and penta-mannopyranosyl thiol analogues 1 and 2 

pose two synthetic challenges:  1) the installation and protection of the β-anomeric thiol 

and 2) protection of a glycosyl acceptor for creating 3,6-branched mannosides.  Both the 

tetrasaccharide 1 and pentasaccharide 2 share common structural features that can be 

broken down into the monosaccharide building blocks A, B and C (Scheme 2).  Since the 

thiol protection strategy will dictate the allowed protecting group chemistry, and limit 

the synthetic routes to 3,6-branched mannosides, the chemistry of the anomeric-thiol 

building block A was to be established first. 

 

Scheme 2.  Retrosynthesis of tetrasaccharide 1 and pentasaccharide 2.  P: global protecting group,R: 
temporary anomeric protecting group, R’ and R’’: temporary orthogonal protecting groups, R’’’: thiol 
protecting group, LG: donor leaving group. 

The most reliable method to produce a β-mannosyl thiol is through the SN2 

reaction of α-D-mannopyranosyl bromide with thioacetate.55, 56  Mannosyl bromides are 

commonly created through the reaction of peracetylated mannose with HBr in acetic 

acid.  These conditions should be avoided late in the synthesis in order to maintain the 

integrity of the protecting groups and glycosidic linkages.  A late-stage conversion of 
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larger oligosaccharides to glycosyl halides can be achieved using mild Vilsmeier-Haack 

reagents as long as the hemiacetal group can be accessed.85, 86  While this reaction is 

high yielding there is uncertainty that the subsequent nucleophilic attack of thioacetate 

would proceed smoothly on a larger and more complex mannoside.  In an effort to 

eliminate uncertainty late in the synthetic scheme, the early installation of the anomeric 

thiol was chosen here despite the restrictions thiols place on the synthesis.  The 

temporary S-acetate group will be selectively removed and the thiol protected as an 

unsymmetrical tert-butyl disulfide, which was the protecting group most tolerant to 

protecting group manipulations and glycosylation conditions when evaluated with other 

anomeric thiol protecting groups by Liang and coworkers.79 

There have been many approaches to the synthesis of 3,6-branched 

mannosides,56, 80, 87-108 driven particularly by the interest in synthesizing the N-linked 

glycans found on gp120.  Both retrons A and C share this branching pattern, though the 

prior installation of the anomeric disulfide eliminates protection strategies that utilize 

1,2-acetals80, 100, 101, 109 or glycals.92, 98, 110  The presence of the disulfide also eliminates 

the regioselective opening of 4,6-benzylidene acetals with reducing agents, which is a 

useful strategy for O4 and O6 protection.108, 111, 112  Elaborate protection strategies that 

would be difficult to adapt were not considered, such as the tethered cyclo-

glycosylation of Lopez and coworkers.96  A protection strategy with permanent 

protecting groups at O2 and O4 and orthogonal temporary protecting groups on O3 and 

O6 would allow for retron A to be used in the synthesis of both tetrasaccharide 1 and 

pentasacharide 2.  Methods to produce 3,6-branched mannosides that are compatible 

with an anomeric disulfide are discussed below. 

Ogawa was one of the first chemists to synthesize the high-mannose core 

structures of N-glycans, utilizing the regioselective enhancement of hydroxyl 

nucleophilicity through stannylidene chemistry.87, 88  Treating an unprotected sugar with 

bistrialkyltin oxide forms a trialkylstannyl ether intermediate, increasing the 

nucleophilicity of primary oxygen atoms and equatorial oxygen atoms that are 

coordinated to adjacent axial oxygens atoms on the ring.113, 114  In the case of mannose, 

treatment of the stannyl ether intermediates with alkyl or acyl halides preferentially 

forms 3,6-di-O-protected products.  This method is typically used to temporarily protect 
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the 3,6-hydoxyls, allowing for easy protection of the 2,4-hydroxyls and subsequent 

removal of the temporary protecting groups for 3,6-O-glycosylation (Scheme 3).91, 99, 104, 

115  Glycosyl halides can also be reacted with stannyl ethers to directly form 3,6-

branched mannosides.87  While these reaction schemes allow for convenient access to 

3,6-branched mannosides, it is reportedly sluggish and low yielding (~30%) and has the 

additional downside of working with toxic alkyltin reagents that are sometimes difficult 

to remove from final products.87, 88, 108, 113 

 

Scheme 3.  Utilizing stannylidene chemistry for temporary 3,6-di-O-protection to allow for the installation 
of more permanent 2,4-di-O-protection. 

Another approach to achieve 2,4-di-O-protection is through the regioselective 

opening of benzylidene acetals.56, 90, 103, 106  Treatment of 2,3:4,6-di-O-

alkyoxybenzylidene-mannopyranosides with acid opens the 2,3-orthobenzoate 

regiospecifically to the 2-O-acyl derivative, whereas the 4,6-orthobenzoate produces a 

mixture of 4-O- and 6-O-acyl derivatives (Scheme 4).  This reaction was performed by 

the Bundle group on a somewhat similar 1-thio-β-mannopyranoside successfully, with 

no purification of the orthorester intermediate.56  This reaction suffers similarly in yield 

as in the previously mentioned stannylidene method of obtaining 2,4-di-O-protected 

mannosides. 

 

Scheme 4.  Regioselective opening on benzylidene acetals to achieve 2,4-di-O-protection of mannose. 

Multiple, higher yielding regioselective protection methods have been 

developed to access the 2,4-di-O-protection pattern.95, 107, 116  These methods rely on the 

increased reactivity of the primary 6-OH and equatorial 3-OH to achieve regioselective 

3,6-di-O-protection without the use of toxic tin reagents.  Large protecting groups can 
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increase regioselectivity, preferring reaction of the least hindered primary 6-OH, which 

helps constrain reaction of the neighbouring 4-OH.  The preference of the 3-OH over the 

2-OH is largely driven by the steric hindrance of the axial 2-OH and bulkier protecting 

groups will be more selective for the 3-OH.  Trityl and bulky silyl groups have seen much 

success in this protection strategy,95, 108, 116, 117 and smaller groups like benzoates 

affording lesser regioselectivity.94  Kong and coworkers have reported an elegant one-

pot procedure to create 3,6-differentially protected mannosides in moderate yields.95, 

117  In this protocol, allyl α-D-mannopyranoside is subjected to sequential addition of 

trityl chloride, tert-butyldimethylchlorosilane (TBDMSCl) and benzoyl chloride (BzCl) 

(Scheme 5).  One column separation gave allyl 2,4-di-O-benzoyl-3-O-tert-

butyldimethylsilyl-6-O-trityl-α-D-mannopyranoside in 79% yield.  Such a synthon can be 

easily transformed into a free 3-, 6- or 3,6-di-O-acceptor by the selective or 

simultaneous removal of the trityl and silyl groups.  The versatility and high yield of 

Kong’s method makes it attractive for syntheses that comprise multiple core type 

structures. 

 

Scheme 5.  Kong’s one-pot method to produce a 3,6-differentially protected mannoside. 117 

The empirical rules that substantiate the regioselective 3,6-di-O-protection can 

also be applied to glycosylations on unprotected sugars, eliminating the need for a 

conventional multistep protection scheme.  The regioselective outcome of 

glycosylations on minimally protected acceptors is still difficult to predict or to 

extrapolate trends as the donor chemistry, protecting groups, activating conditions, and 

anomeric configuration of the acceptor can all influence the reaction outcome.118, 119  

Purification is also problematic as the byproducts with unwanted linkages may have 

similar retention times in flash chromatography.  The glycosylation of mannose tetrols 

produces a mixture of 4,6-linked, 3,6-linked and 2,6-linked trimannosides that is able to 

be purified after the destruction of the 2,6-linked and 4,6-linked trisaccharides via 

periodate oxidation or following additional protection.89, 102  The yields using tetrol 

acceptors are quite low (17-33%), which demonstrates a lack of selectivity between the 
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2-, 3- and 4-hydroxyls.  The selectivity can be significantly enhanced on acceptors where 

the 2-OH is locked as an orthoester, which is incompatible with a previously installed 

anomeric disulfide.97 

Of all these methods to produce the 3,6-branched mannosides, Kong’s one-pot 

synthesis appears the most practical (Scheme 5), allowing for the efficient protection of 

both retrons A and C.  This methodology accommodates 3,6-differential protection 

which enables retron A to be useful in the synthesis of both tetrasaccharide 1 and 

pentasaccharide 2.  Thus retrons A and C can be further refined to the building blocks 3 

and 4, respectively (Scheme 6). 

 

Scheme 6.  Retrosynthetic elaboration of building blocks A and C to the synthetic targets 3 and 4. 

The order in which trisaccharide 1 and pentasaccharide 2 are assembled also 

warrants consideration.  Tetrasaccharide 1 can be assembled in a step-wise linear 

fashion starting from the reducing terminus or through the addition of a trimannose 

Manα1-2Manα1-2Man donor to retron A.  The later reaction has a reported lower yield 

and would require the synthesis of additional building blocks, leaving the iterative 

elongation more attractive.93, 104  Pentasaccharide 2 can be built via a 3,6-branched 

trimannoside donor and 1,3-linked disaccharide acceptor (Scheme 2, Retron D and E, 

respectively). While larger donors can lead to low glycosylation yields, syntheses using 

donors similar to donor D have proceeded in >65% yield. 92, 117  Since glycosyl disulfides 

can be activated under similar conditions as thioglycosides, this discourages their use in 

this synthesis and trichloroacetimidates donors shall be used instead. 

The elongation of the α-1,2-linked branches of 1 and 2 is a straightforward 

process guided by neighbouring group participation.  The ester on the 2-OH should be 

removable after glycosylation to allow for the continued elongation of the D1 arm of 

tetrasaccharide 1.  Retron 5 (Scheme 7) has a well precedented synthetic 
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methodology120 and allows for the selective removal of the 2-O-acetate in the presence 

of benzoates with HCl in methanol.121, 122  Removal of the acetate may become less 

selective as the number of competing benzoates grows with each glycosylation, 

although this is not seen in the literature.117  This could be avoided by the use of benzyl 

ethers which are inert to these conditions, but benzyl removal has limited compatibility 

with disulfides as previously discussed.123  Thus, the donor building block 5 was chosen 

as the global mannosyl donor. 

 

Scheme 7.  Retrosynthetic elaboration of the donor building block B to imidate 5. 

Synthesis of Mannosyl Donor Building Block 5 

The known mannose donor 5124 building block was synthesized using classical 

carbohydrate methodology.  Synthesis started with the peracetylation of D-mannose, 

followed by reaction with HBr in acetic acid to form the mannosyl bromide 7 (Scheme 

8).125  Subsequent treatment of 7 with 2,6-lutidine produced the crystalline mannose 

the known 3,4,6-tri-O-acetyl-1,2,-O-(1-methoxylethylidene)-β-D-mannopyranose 8.126   

 

Scheme 8.  Synthesis of triacetyl mannose orthoester 8. 

The acetates of the orthoester 8 were removed by ammonolysis and replaced 

with benzoates to yield the tribenzoate 10 (Scheme 9).  The 1,2-orthoester was 

stereoselectively opened with 90% TFA to produce the reducing sugar 11 as the only 

product.127  Hemiacetal 11 was treated with trichloroacetonitrile to form imidate donor 

5.25, 117 
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Scheme 9.  Synthesis of mannose donor building block 5. 

Purification of glycosyl imidates via silica chromatography is usually performed 

with trace amounts of TEA added to the solvent system in order to neutralize the slight 

acidity of silica gel which would otherwise activate and degrade the imidate on the 

column.  Surprisingly, the mannosyl imidate 5 quantitatively degraded to the free 

hydroxyl intermediate 11 when purified with TEA.  Purification on silica without TEA 

yielded the imidate 5 without any degradation.  The electron-withdrawing effects of the 

benzoyl and acetyl esters could reduce the electron density of the imidate, producing 

the two-fold effect of reducing the nucleophilicity of the imidate nitrogen, and 

increasing the acidity of the imidate hydrogen.  This would explain the stability of the 

imidate 5 towards silica gel and the reversion to the free hydroxyl intermediate 11 

under basic conditions (Scheme 10).  The stability of donor 5 is further exemplified by its 

observed lack of degradation after storage at room temperature over a three month 

period.  The disarming effect of electron withdrawing groups on glycosyl donors is well 

documented and even exploited in selectively activated glycosylation reactions involving 

multiple donors.128, 129 
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Scheme 10.  The disarming effects of the ester protecting groups reduce the susceptibility of donor 5 
towards acidic activation and trichloroacetamide formation (A) while increasing its susceptibility to basic 
degradation and reversion to trichloroacetonitrile (B). 

Synthesis of 3,6-Dihydroxy Mannoside Building Block 4 

The 3,6-dihydroxy mannoside building block 4117 was synthesized by following 

the one-pot method of Kong and coworkers (Scheme 5).  The allyl α-D-mannopyranoside 

12130 was prepared using the Fischer glycosylation of D-mannopyranose in allyl alcohol 

utilizing a H2SO4-silica catalyst (Scheme 11).131  Immobilization of sulfuric acid on silica 

gel allows for the easy removal of the acid catalyst which is problematic with strong 

mineral acids typically used in the Fischer glycosylation.   

 

Scheme 11.  Synthesis of allyl mannopyraonside 12. 

Mannoside 12 was then sequentially treated with TrCl and TBDMSCl to 

regioselectively protect O6 and O3, respectively, followed by BzCl to protect the 

remaining 2- and 4-hydroxyls (Scheme 12).  Despite faithfully following Kong’s one-pot 

procedure, tetrol 12 gave a mixture of the fully benzoylated product 13 and a 2-O-

monobenzoylated product.  Removal of the pyridinium salts and reagents via a quick 

chromatographic purification and repeating the benzoylation produced the 2,4-O-

dibenzoylated product 13 in 64% overall yield.  A parallel one-pot synthesis was also 

performed where TrCl was replaced with TBDPSCl to investigate any change in reactivity 

of the recalcitrant 4-OH towards benzoylation.  The outcome was the same, and the 

stalled 4-O-benzoylation could again be recuperated by first cleaning up the reaction 

mixture before performing the benzoylation, to produce the TBDPS analogue 14 in 75% 
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yield.  Overall, it was better to purify the reaction intermediate before the addition of 

BzCl to remove the excess pyridinium salts to ensure a successful benzoylation. 
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Scheme 12.  Attempted one-pot synthesis of the 2,4-di-O-benzoylated intermediates 13 and 14. 

The 2,4-benzoylated product 13 was easier to work with than its TBPDS 

counterpart 14, as it is a solid that was easily recrystallized in hexanes, whereas product 

14 was a syrup that was difficult to purify. 

The 3,6-dihydroxy mannoside acceptor 4 was obtained through the 

simultaneous deprotection of the trityl and/or silyl groups of 13 and 14, but again 

requiring deviation from Kong’s methodology (Scheme 13).  When 13 was treated with 

90% TFA (aq), acceptor 4 was obtained in situ, but then was quantitatively converted to 

a 6-O-trityl product upon concentration.  This is caused by the trityl cation reacting with 

the 6-OH as the acid is removed during concentration.  The re-tritylation was 

circumvented by the addition of the cation scavenger Et3SiH to the reaction mixture,132 

to yield 4 in 75% yield.  In essence, the inclusion or omittance of Et3SiH in the 

deprotection of 4 can provide access to a 3,6-OH or 3-OH acceptor, respectively.  The 

two silyl protecting groups of 14 were removed with treatment by HF/pyridine (70% HF 

w/w) overnight to produce 4 in 89% yield.  It was observed that the TBDPS group could 

be selectively removed if the concentration of HF was kept below ~3mM, imparting a 

route to a 6-OH acceptor.  Thus, the 2,4-dibenzoyl intermediates 13 and 14 offer 

alternative routes to the selectively deprotected 3-OH or 6-OH analogues in addition to 

the 3,6-di-OH analogue 4. 
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Scheme 13.  Synthesis of 3,6-dihydroxy building block 4. 

Synthesis of Mannosyl Disulfide Building Block 3 

The anomeric disulfide was first installed utilizing the azodicarboxylate transfer 

reagent 15, which is useful for producing unsymmetrical disulfides under mild 

conditions with good yields.77, 133  Diisopropyl-N-(tert-butylsulfanyl)hydrazodicarboxylate 

15 was prepared by the reaction of DIAD and 2-methyl-2-propanethiol in DCM (Scheme 

14).  The reaction proceeded slowly at room temperature and was only nominally 

increased upon gentle heating (azodicarboxylates may explode upon heating), requiring 

a week to go to completion.  The reduced reaction rate is certainly due to the steric bulk 

of both the tert-butyl and isopropyl groups, as literature reactions between smaller 

thiols and the less sterically hindered DEAD reagent go to completion with 2-24 hours.133 

 

Scheme 14.  Preparation of diisopropyl-N-(tert-butylsulfanyl)hydrazodicarboxylate 15. 

The 1-thio-β-mannopyranoside derivative 1655, 56 was prepared by the 

nucleophilic displacement of the anomeric α-bromide of the peracetylated 

mannopyranosyl bromide 7 with sodium thioacetate (Scheme 15).  The reaction 

proceeded smoothly with a 60% isolated yield on a 65g scale after crude purification via 

flash chromatography and a final purification by recrystallization.  The small amount of 

α-anomer that formed was difficult to remove via chromatography but was entirely 
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separable upon recrystallization.  The β-anomer crystallizes as a white solid while the 

α-anomer is remains in solution, forming a colorless syrup upon concentration. 

 

Scheme 15.  Synthesis of mercapto-tert-butyl 1-thio-mannoside 17. 

The anomeric S-acetate of 16 was removed and reprotected as a tert-butyl 

disulfide by treatment with DEA and reagent 15 in one-pot to produce intermediate 17 

in 66% yield as a colorless syrup.  Little α-anomer was observed, owing to anomeric 

thiol’s resistance to mutarotation.38, 61  A diisopropyl hydrazodicarboxylate byproduct 

was difficult to remove via chromatography, but could be separated from the product 

by recrystallization, although not completely.  Removal of the acetates under Zemplén 

conditions generated a 64:100 α/β mixture of the deprotected monosaccharide 18.  The 

observed anomerization during methanolysis was quite surprising.  While anomeric 

disulfides are not new, most are synthesized using glucose or α-mannose analogues and 

have reported high yields after having undergone methanolysis, with no note of 

anomerization.77, 134-136  The two anomeric products were not easily separable via either 

chromatography or recrystallization and were carried through to the next steps as a 

mixture with the hope that separation of a protected intermediate may be more 

feasible. 

 

Scheme 16.  Deacetylation of mannosides 17. 

The stereochemistry of the two anomers of 18 was determined via multiple 

standard NMR experiments.  The anomeric configuration for mannopyranosides is more 

difficult than for gluco or galactopyranosides where the proton 3J1,2 coupling constant is 

almost always indicative of α or β configuration.  For mannopyranosides, 3J1,2 gives 

values of ~0-2 Hz for either anomer since the H1-H2 dihedral angle is ~60° in either 

case.137  However, in 1H NMR the chemical shift of H3 and H5 is often indicative of 

anomeric configuration, as an axial orientated heteroatom at C1 is able electrostatically 
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deshield H3 and H5, creating a downfield shift.  Chemical shift of the anomeric H1 can 

also reveal insight towards its orientation, as diamagnetic anisotropy of the C-C and C-O 

bonds within the ring deshield equatorial orientated hydrogens relative to axial 

orientated hydrogens.138, 139  The intra-ring NOE cross signals between H1 and H3/5 is 

also helpful in determining the anomeric configuration.  Lastly, one-bond 1JC1,H1 

heteronuclear coupling constants with values above 165 Hz are largely indicative of an 

axially orientated glycosidic bond, and values below are indicative of a equatorial 

glycosidic bond.140  It is important to note that all these NMR elucidations provide 

general guidelines for determining anomeric configuration and the entire data set 

should be viewed as whole, as perturbations to ring conformation and complex 

intramolecular interactions can produce misleading results.  Sufficient NMR data will be 

noted for synthetic targets where confirming the anomeric configuration(s) is 

important, such as after glycosylation reactions. 

 

Scheme 17.  Structures of reagents explored to increase tritylation yield.  A| Formation of 4-
dimethylamino-N-triphenylmethylpyridinium chloride reagent.141  B| Structure of 1-butyl-3-
methylimidazolium tetrafluoroborate [bmim]BF4. 

The anomeric mixture of disulfide 18 was carried through a similar protection 

scheme as used for the synthesis of the building block 4 (Scheme 12).  The pseudo one-

pot protection method was abandoned as the potential to separate the two anomers 

needed to be investigated after each protection step.  Reaction of 18 with TrCl was 

sluggish with unreliable yields around 50%.  Other methods for the preparation of trityl 

ethers were explored.  Tritylation reaction times and yield have been reported to be 

improved using the electrophilic salt 4-dimethylamino-N-triphenylmethylpyridinium 

chloride (Tr-DMAP),141 prepared from TrCl and DMAP (Scheme 17A).142, 143  Reaction of 

18 with the TR-DMAP displayed little improvement to yield.  The imidazolium-based 

ionic liquid [bmim]BF4 (Scheme 17B) was evaluated as a solvent for the tritylation of 18, 

as it has been recently shown to increase the yields and rate of formation of trityl ethers 

with an FeCl3 catalyst.144  The catalytic effect of the ionic liquid purported to be due to 
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the stabilization of the trityl cation formed in the reaction of the TrCl with FeCl3.  

Reaction in [bmim]BF4 gave poor yields, conceivably due to the poor observed solubility 

of 18 (Scheme 18).  Since this reaction was performed, the solubility of various 

carbohydrates in ionic liquids have been reviewed,145 revealing a trend of poor solubility 

for deprotected monosaccharides in ionic liquids with BF4 anions. 

 

Scheme 18.  Comparison of conditions explored to increase the yield of trityl ether formation of mannosyl 
disulfide 19. 

Ultimately, it was found that the best yield of 19 was achieved in 81% using 

freshly recrystallized TrCl, 146 although this yield was difficult to reproduce.  Under all 

explored conditions it proved impossible to drive the reaction to completion and 

unconverted disulfide starting material 18 would be completely recovered.  In sharp 

contrast, the O-allyl mannoside 12 was tritylated quantitatively without the need for 

recrystallized TrCl (Scheme 12).  Tritylation did not aid the separation of the α- and β-

anomers and 19 was carried onto the next step as an anomeric mixture. 

Intermediate 19 was regioselectively silyated using TDSCl in pyridine to afford 

the 3-O-TDS product 20 in 92% yield (Scheme 19).  The mixture of anomers was not 

much more practical to separate after silylation and subjected to benzoylation as an 

α,β-mixture.  When 20 was reacted with BzCl in pyridine for 24 hours, a mixture of the 

β-2-O-benzoyl 21, α-2-O-benzoyl 22 and α-2,4-di-O-benzoyl 23 products was formed 

(Scheme 19).  The absence of a β-4-O-benzoylation product (3) was surprising as the α-

anomer was able to be benzoylated at this position.  With all the functionalities of 

compound 20 are identical except for the anomeric configuration, it must be the 

orientation of the anomeric center itself that is influencing the reactivity of O4.  It is 

known that the 4-OH is the least reactive hydroxyl on the carbohydrate ring, which is 

further compounded in intermediate 20 by the flanking bulky trityl and silyl groups on 

O6 and O3.  The anomeric tert-butyl disulfide is bulky itself, and in a β-configuration it 
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could sterically restrict the orientation of the neighbouring 2-O-benzoate to occupy 

space around O3, which in turn would force the bulky 3-O-silyl group to the unoccupied 

area surrounding the 4-OH.  In essence, the β-disulfide could sterically buttress the 

neighbouring protecting groups all the way around the sugar ring to shut down 

reactivity at the 4-OH, which is relieved in an α-configuration. 

 

Scheme 19.  Silylation and benzoylation of intermediate 19 to produce the 3,6-differentially protected 
building block 3. 

The fully benzoylated β-anomer of 20 was eventually achieved by refluxing 20 

with BzCl in pyridine for 5 days, although the reaction did not go to completion.  A 

catalytic amount of 1-methylimidazole was indispensable, having been previously found 

to aid acylation reactions of sterically hindered alcohols.147  The di-O-benzoylated β-

product 3 was difficult to separate from α-anomer 23.  While it would have been 

technically feasible to separate the incomplete benzoylation β-product 21 from the fully 

benzoylated α-product 23, and then benzoylate 21 using the optimized conditions to 

cleanly produce the desired 2,4-di-O-benzoyl building block 3, this entire benzoylation 

procedure is largely impractical. 

Acetates were explored as an alternative protecting group to benzoates, as they 

are sterically smaller and may be able to more efficiently protect the difficult 4-hydroxyl.  

Intermediate 20 was fully acetylated upon treatment with acetic anhydride in pyridine 

over 20 hours (Scheme 20).  The α,β-anomers of product 24 could only be partially 

separated by chromatography to afford a 1:10 α/β ratio, as residual α-anomer was 

exceedingly difficult to remove.  There was concern that removal of the trityl or silyl 

group could lead to migration of the acetates, but the ease of installation of the 

acetates prompted further investigation.  Unfortunately, these concerns were 

warranted as the common fluoride-based desilylation reagents HF-pyridine, TBAF, TBA-T 
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and Selectfluor all produced complex mixtures (Scheme 20).  Removal of the trityl group 

under acidic conditions produced the same result.  NMR analysis of the crude isolates 

after chromatography confirmed the migration of acetates.  Benzoylation therefore 

remains the protecting group of choice due to its resistance to migration. 
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Scheme 20.  Synthesis and investigation of the acetylated analogue of building block 3. 

At this point, the protection strategy of anomeric disulfide 18 was reevaluated 

to improve three problematic areas: 

• Poorly yielding incomplete tritylation of 18 

• Reduced reactivity of 4-OH towards benzoylation due to bulky 3-O-silyl protection 

• Difficulty isolating the β-anomer following the protection steps 

A new protection strategy was therefore explored, starting with the substitution of 

the trityl group for the selective protection of 6-OH with the bulky silyl TBDPS group, as 

studied in the synthesis of building block 4 (Scheme 12).  It was found that TBDPSCl 

would fully react with 18, producing the 6-O-TBDPS product with a 94% yield for the 

α,β-mixture (Scheme 21).  It was noted during chromatographic purification that two 

forms of product would collect at the top of the test tube fractions as the solvent 

evaporated – a white powdery solid and a translucent waxy solid.  Recrystallization of 

the pooled fractions with a heptane:EtOAc system allowed for the separation of the α- 

and β-anomers.  The β-product 25 recrystallized as a white powder in 71% recovery 

from the β-portion of starting material 18, while the α-product remained in the mother 

liquour.  The TBDPS group solved both the low yielding 6-OH protection and the α,β-

separation problems. 
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Scheme 21.  Regioselective protection of intermediate 18. 

A smaller protecting group for the selective protection of the 3-OH was next 

explored.  The protecting group requires significant bulk in order to be selective for the 

3-OH, but should be less bulky than TDS in order to facilitate 4-OH benzoylation without 

being sterically shut down.  The pivaloyl (Piv) and Fmoc protecting groups both have the 

medium steric bulk and were evaluated for the regioselectivity when reacted with triol 

25.  Both Piv and Fmoc produced complex mixtures upon reaction with 25, as indicated 

by TLC, and were not isolated. 

 

Scheme 22.  Regioselective glycosylation of triol 25 to produce disaccharide 26. 

As a last resort, 25 was glycosylated using donor 5 to see if there was any 

regioselectivity with the glycosylation (Scheme 22).  Preliminary glycosylations revealed 

a preference for glycosidic bond formation on the 3-OH of the donor (Table 3, entry 1), 

confirmed by the heteronuclear coupling between C-1b and H-3a.  Various glycosylation 

conditions were explored and a few trends were noted.  The glycosylation was very 

selective for the 3-OH with only trace amounts of the 2-O-linked and 4-O-linked being 

recovered.  The acceptor starting material 25 was recovered under all explored 

conditions, even when up to two equivalents of donor 5 were used (Table 3, entry 3 & 

4).  In these cases, the donor was found to react with the excess trichloroacetamide in 

the reaction mixture, forming an N-linked trichloroacetamide.  This may explain why the 

glycosylation cannot be forced to completion with additional donor, as the 

tricholoracetamide byproduct competes with the acceptor for glycosylation and as the 

reaction proceeds, the free trichloroacetamide becomes more abundant than the 

acceptor.  There appeared to be a temperature dependence for the formation of the N-
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linked trichloroacetamide as more was formed at room temperature than at -20 °C, as 

monitored by TLC (Table 3, entries 3 & 4).  Unreacted donor could also be found at 

lower temperatures, which is not surprising as the stability of this dis-armed donor has 

already been encountered.  The inverse glycosylation procedure,148 where the donor is 

slowly added to a premixed solution of acceptor and activator, provided the best yield 

(Table 3, entry 6). 

Table 3.  Glycosylation conditions explored for the coupling of donor 5 and acceptor 25. 

Entry Method Donor:Acceptor
Ratio Activator Temp % Yield 

26 

1 Standard 1:2 TMSOTf rt 62% 

2 Standard 1:1.5a TMSOTf 0 °C 52% 

3 Inverse 1.5:1b BF3OEt2 rt ~43%c 

4 Inverse 1.5:1b BF3OEt2 -20 °C ~43%c 

5 Standard 1:1 BF3OEt2 rt 67% 

6 Inverse 1:1 BF3OEt2 0 °C 83% 
a 0.5 equiv. donor 5 added after 1.5 hours 
b 0.5 equiv. donor added after 3 hours 
c Entries 3 and 4 combined for purification 

Disaccharide 26 can be utilized in the synthesis of both tetrasaccharide 1 and 

pentasaccharide 2.  Following the protection of the remaining hydroxyls of 26, the 2’-O-

acetate selectively removed to form the acceptor for the synthesis of tetrasaccharide 1.  

If the TBDPS group is removed instead of the acetate, the donor intermediate for the 

synthesis of the pentasaccharide 2 would be formed. 

Synthesis of Tetrasaccharide 32 

The assembly of the tetrasaccharide was envisioned to involve an iterative 2-O-

glycosylation strategy using donor 5, where the participating 2-O-acetate group of the 

donor would be selectively removed after glycosylation to create a selectively protected 

acceptor for the next glycosylation.  The initial acceptor 29 was created from the 

previously synthesized α-1,3 linked disaccharide 26 (Scheme 23).  The silyl group was 

removed with HF in pyridine to produce the triol 27 in 81% yield.  Perbenzoylation 

required an excess of BzCl (~35 equiv.) at a concentration of 10% v/v to drive the 
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benzoylation of the unreactive 4-OH.  The 2’’-O-acetate of 28 was selectively removed 

by methanolic HCl, prepared by the addition of acetyl chloride to dry methanol.121  The 

reaction was monitored by TLC and the conditions adjusted to minimize the 

accumulation of low Rf debenzoylation side-products.  A concentration of 6% AcCl in 

methanol/DCM at -10 °C was found to be ideal to maintain the selective removal of 

acetates in good yield (78%), although the reaction time was significantly increased to 

170 hours.  Starting material 28 was largely recoverable from the small amounts of 2-O- 

and 4-O-glycosylation products. 

 

Scheme 23.  Synthesis of the disaccharide acceptor 29. 

The protected tetrasaccharide 32 was synthesized as outlined in Scheme 24.  

Glycosylation of 2’’-OH disaccharide 29 by donor 5 was performed with TMSOTf 

activation in CH2Cl2 at room temperature to produce the desired trisaccharide 30 in 

excellent 95% yield.  The α-mannopyrannosyl stereochemistry of the terminal mannose 

was confirmed by the 1JC1,H coupling of 171 Hz.  The selective deacetylation of 30 with 

HCl/MeOH, as described above, proceeded sluggishly to yield trisaccharide 31 in only 

48% after 300 hours.  While the deacetylation could have been optimized by exploring 

higher temperatures with careful monitoring for debenzoylation side-products, 

minimizing the degradation of the valuable trisaccharide was the overall goal and was 

achieved.  Very little debenzoylation occurred and nearly quantitative yield of unreacted 

starting material was recovered.  The trisaccharide acceptor 31 was glycosylated by 

donor 5 to produce the protected target tetrasaccharide 32 in 91% yield.  The 1JC-1’’’,H-1‘’’ 

coupling of 175 Hz confirmed the α-mannosylation. 
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Scheme 24.  Synthesis of protected tetrasaccharide analogue 32. 

Optimization of the deacetylation conditions was deemed impractical and was 

not attempted.  Debenzoylation becomes more of a problem with larger oligomers, as 

there are simply more benzoates that could be removed.  A comparison of various 

literature methods to remove acetates in the presence of benzoates suggests that the 

method of choice is HCl/MeOH.  Notably, Nikolaev and coworkers used methanolic HCl 

in their synthesis of similar Manα1→2Man oligomers and were able to achieve selective 

deacetylation of a benzoylated di- and trisaccharide in 82% and 85% yield, although 

reaction times and temperature were not reported.124  Other chemoselective reagents 

have been used to remove O-acetates in the presence of O-benzoates, such as HBF4
149 

or magnesium methoxide150 in methanol, and could be explored in the future. 

Synthesis of Pentasaccharide 38 

Pentasaccharide 38 was synthesized utilizing a 3 + 2 glycosylation strategy.  The 

disaccharide acceptor 34 was prepared as outlined in Scheme 25.  Disaccharide 26 was 

perbenzoylated, aided by a catalytic amount of 1-methylimidazole to facilitate 4-O-

benzyolation.  The benzoylated product 33 was desilylated by treatment with HF in 

pyridine to produce the 6-OH disaccharide acceptor 34 in 93% yield. 
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Scheme 25.  Synthesis of acceptor disaccharide 34. 

The trisaccharide donor 37 was prepared coupling diol 4 with imidate 5 using 

TMSOTf as catalyst to give trisaccharide 35117 in 93% yield (Scheme 26).  The newly 

formed α-1,3 and α-1,6 glycosidic linkages were confirmed by the 1JC1,H1 heteronuclear 

coupling constants of 171 and 175 Hz and position of the linkages by the 3JH1,C3 and 3JH1,C6 

correlations.  Deallylation of 35 with PdCl2 and NaOAc in aqueous acetic acid151 

produced a mixture of α- and β-hemiacetal 36 and a 2-oxopropyl side-product.  The 

formation of a Wacker ketone byproduct during anomeric deallylation has been 

previously reported.152-154  The hemiacetal and side-product were difficult to separate 

from each other via chromatography and were carried onto the next step for 

separation.  Reaction of 36 with trichloracetonitrile furnished the trisaccharide donor 37 

in 52% yield from 35. In comparison, Kong and coworkers reported an 85% combined 

yield for these two steps when performed on a nearly identical trisaccharide. 117 
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Scheme 26.  Synthesis of 3,6-branched trisaccharide donor 37. 

The pentasaccharide 38 was obtained by the glycosylation of 34 with 37 in 93% 

yield (Scheme 27).  The α-mannopyranoside stereochemistry of the newly formed 

linkage was confirmed by the heteronuclear 1JC1,H1 coupling constant of 175 Hz. 

 

Scheme 27.  Glycosylation of disaccharide 34 to form the pentasaccharide target 38. 

Deprotection of Tetrasaccharide 32 and Pentasaccharide 38 

Two steps are required for the deprotection of 32 and 38: deacylation and 

disulfide reduction.  The order of the deprotection steps was evaluated on 

monosaccharides 17 and 18 in preparation for the deprotection of oligomers 32 and 38.  
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In order to avoid mutarotation and preserve the β-stereochemistry it was reasoned that 

the cleavage of the disulfide would benefit from being performed after 

transesterification.  Thus, various reducing conditions were investigated on the 

deacylated monosaccharide 18 as listed in Table 4. 

 
Table 4.  Conditions investigated for the disulfide reduction of 18 to form the free thiol 39. 

Entry Solvent Reagent Equiv. Temp Time Notes 

1 H2O MESNA 10 rt 24 hrs Incomplete rxn 

2 H2O 2-mercaptoethanol 200 rt 85 hrs No rxn 

3 H2O TCEP 2 rt 1 hr Incomplete rxn 

4 H2O TCEP 8.5 rt 1 hr Complete rxn 

5 H2O pH 7.5a TCEP 2 rt 1 hr Complete rxn 

6 DMF TCEP 2 rt 1 hr Incomplete rxn 

7 H2O TCEP 2 90 °C 15 min Complete rxn 

8 H2O pH 7.5a TCEP-gel 2 rt 1 hr Incomplete rxn 

9 H2O TMP 4 rt 27 hrs Incomplete rxn 

10 H2O pH 7.5a TMP 8 rt 1 hr Complete rxn 
a 0.1 M NaHPO4 pH 7.50 buffered solution 

 The most ideal conditions for disulfide reduction were achieved with 8 

equivalents of trimethylphosphine (TMP) in pH 7.5 aqueous buffer as monitored by TLC 

and mass spectrometry (Table 4, Entry 10).  Sodium 2-sulfanylethanesulfonate (MESNA) 

and 2-mercaptoethanol gave incomplete or no reaction (Entries 1 & 2).  The bulk of the 

optimization was performed using tris(2-carboxyethyl)phosphine (TCEP) which revealed 

the preference for basic conditions (Entries 3 & 5) and the need for 8 or more 

equivalents of reducing agent at room temperature (Entries 3 &  4).  Removing TCEP 

from product 29 was problematic, and an agarose-immobilized TCEP reagent, which 

facilitates the removal of the reducing agent, was found to be too costly to use in the 

excess required to reduce disulfide bonds on scales greater than µg amounts.  TMP 
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performed as well as TCEP under the optimized conditions and was easier to remove 

under vacuum due to its high volatility.†† 

Although indicated pure by TLC during reaction, the anomeric thiol 39 degraded 

upon concentration and lyophilization and gave off a strong hydrogen sulfide smell.  It 

has been observed in the literature that desulfurization can occur during reduction of 

disulfide bonds with phosphines, especially at higher pH.155  Neutralizing the reaction 

with AcOH before lyophilization decreased degradation, but did not eliminate it.  The 

attempted chromatographic purification of the unprotected monosaccharide 39 failed 

at removing all TMPO, as revealed by NMR, and did not stop the degradation of the 

product.  We conclude that the excess of TMP or TMPO causes decomposition of 

deprotected 1-thio-mannoses, presumably through desulfurization. 

 

Scheme 28.  Reduction and deacetylation of 17 to produce 1-thio-β-mannopyranose 39. 

Reversing the deprotection steps eliminated degradation problems and the 

anomeric stereochemistry remained intact throughout both procedures (Scheme 28).  

The reducing agent was easily removed from the acetylated 1-thio-mannose 

intermediate via chromatography.  We therefore used this deprotection methodology 

for tetrasaccharide 32 and pentasaccharide 38. 

Tetrasaccharide 32 was cleanly converted to free thiol 40 using the described 

methodology with the complete preservation of the β-stereochemistry (Scheme 29).  

The subsequent Zemplén deacylation was performed in deuterated solvents in order to 

monitor the reaction progress via 1H NMR.  Anomerization was observed and and the 

formation of the unwanted α-anomer was found to be more dependant on time than 

pH, whereas the deacylation was more dependant on pH than reaction time.  Thus, the 

formation of the α-anomer could be kept to the minimum by increasing the amount of 

base.  The 2-O-benzoate was extremely resistant to treatment with methoxide, even at 

1 M concentrations.  The troublesome benzoate was removed by further reaction of the 

                                                            
†† Trimethylphosphine has a boiling point of 38-39 °C and a vapor pressure of 49.9 kPa @ 20 °C. 
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worked up mono-benzoylated (or monobenzoylated?) intermediate with 1 M NaOD to 

produce the fully deprotected tetrasaccharide in 70% yield as a 1:3 α/β anomeric 

mixture.  The mixture could be cleanly separated via HPLC to produce tetrasaccharide 1 

as the beta-anomer, as verified by anomeric 1JC1,H1 heteronuclear coupling constant of 

153 Hz. 
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Scheme 29.  Deprotection of tetrasaccharide 32 to yield the target tetrasaccharide 1. 

Pentasaccharide 38 was deprotected analogously to tetrassacharide 32 as 

outlined in Scheme 30.  Treatement with TMP produced the free thiol 41 in quantitative 

yield.  The acyl protecting groups were removed with deuterated methoxide and 

hydroxide to produce the fully deprotected pentasaccharide in 63% yield with a 1:3 α/β 

ratio.  The β-anomer was acquiesced via HPLC and pentasaccharide 2 verified by the 

anomeric 1JC1,H1 heteronuclear coupling constant of 158Hz. 
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Scheme 30.  Deprotection of pentasaccharide 38 to yield the target pentasaccharide 2. 

Synthesis of Azidomethyl 1-Thio-Mannopyranosides 

During deprotection of disulfide 17 (Scheme 28), trace amounts of 

dichloromethane were added during optimization in an attempt to enhance solubility of 

the sugar, leading to the unexpected formation of chloromethyl 1-thiol-

mannopyranoside 42.  There is literature precedence for the nucleophilic attack of 

1-thio-mannopyranoses on dichloromethane.156  The resultant chloromethyl 

thioglycosides are of intrinsic interest since they open the door to alternative 

conjugation strategies.  In particular, displacement by azide introduces the option to 

conjugate the oligosaccharide via the highly efficient azide-alkyne ‘click’ reaction.157  The 

small azidomethyl aglycone is also compatible with the originally specified linker 

strategy which required a short linker in order to better mimic the structure of natural 

glycoconjugates. 
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Scheme 31.  Formation of the azidomethyl monosaccharide 44. 

Conversion of the disulfide to the azidomethyl analogues was first performed on 

monosaccharide 17 as outlined in Scheme 31.  Selective cleavage of the S-acetate with 

DBU using dichloromethane as the solvent produced chloromethyl mannoside 42 in 77% 

yield.  The product was stable enough that it could be purified by recrystallization in 

hexanes:EtOAc.  The methylene-linked dimer was not observed.  Displacement of the 

chloride with sodium azide in aqueous acetone afforded the azidomethyl mannoside 43 

in 75% yield after recrystallization.  Subsequent deacetylation produced mannoside 44 

in quantitative yield. 
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Scheme 32.  Formation of azidomethyl tetrasaccharide 47. 

The azidomethyl analogue of tetrassacharide 1 was synthesized in a similar 

fashion (Scheme 32).  Tetrasaccharide 31 was reacted with dichloromethane in the 

presence of DBU to produce the chloromethyl mannoside 45.  Unlike the chloromethyl 

monosaccharide 42, the chloromethyl tetrasaccharide displayed limited stability and the 

thioether became exceptionally susceptible to oxidation.  A rudimentary 

chromatographic purification followed by the immediate reaction the chloromethyl 

tetrassacharide 45 with sodium azide yielded the azidomethyl product 47 in 77% yield 

for the two steps.  Deacetylation yielded the deprotected tetrasaccharide 48 in 71% 

yield. 

The azidomethyl pentasaccharide equivalent was produced using the same 

procedure as with tetrasaccharide 46 (Scheme 33).  Reaction of 1-thio-pentasaccharide 

41 with dichloromethane produced the chloromethyl pentasaccharide 48 which was 

immediately reacted with sodium azide to create the azidomethyl derivative 49.  

Zemplén saponification produced the deprotected pentasaccharide 50 in 71% yield. 
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Scheme 33.  Formation of azidomethyl pentasaccharide 50.  
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CHAPTER 3: Conjugation of the Oligo-Mannose Analogues to 

Filamentous Phage and their Characterization 

Part I: Refining Conjugation Methodology 

Preface 

Chemical conjugation of ligands to phage conveys additional challenges when 

compared to ligand conjugations to proteins.  Conjugation methodology must consider 

that the phage is composed of both protein and DNA, which together form the phage 

quaternary structure- a structure that is held together entirely through non-covalent 

interactions.  In the following sections, purification and characterization techniques are 

discussed with respect to phage conjugation, followed by the optimization of 

conjugation reactions with phage. 

Purification of Filamentous Phage 

Traditionally, double precipitation with polyethylene glycol (PEG) has been a 

standard technique for purifying filamentous phage,1 though contaminants can still 

remain in these phage preparations.2  Further purification can be achieved by CsCl 

density-gradient ultracentrifugation,3, 4 although contaminant endotoxin from the E. coli 

culture may still remain bound to the phage.  These purification techniques are 

laborious and result in significant loss of phage, making them unsuitable for purification 

between conjugations.5  Size exclusion chromatography has been used more recently as 

a quick and trivial purification technique for filamentous phage,2, 6 making it an 

attractive choice for this project.  Exploratory purifications of a phage/bromophenol 

blue mixture using Zeba™ Spin Desalting columns with a 40 kDa MW cutoff yielded a 

near quantitative removal of dye from the phage solution. 

It was unknown if the Zeba™ size exclusion columns would remove endotoxin.  

Endotoxin can be problematic in vaccinations due to the strong immune responses it 

produces in animals and humans.7, 8  Endotoxin is lipopolysaccharide (LPS) which is an 

integral component of the outer membrane of gram-negative bacteria.  As a PAMP, LPS 

is recognized by PRRs such as LPS binding protein, CD14 and TLR-4,9, 10 resulting in the 
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production of pro-inflammatory cytokines that can provoke systemic inflammation 

leading to septic shock.11  LPS can be conveniently removed from filamentous phage by 

treatment with polymixin B.12  Polymixin B is positively charge cyclic peptide that can 

bind and inactivate endotoxin.13  Interestingly, in a herpes simplex virus (HSV) vaccine 

study employing a filamentous phage display vaccine it was noted that phage 

preparations that had been subjected to polymixin B treatment generated considerably 

lower antibody levels.12  While residual LPS bound to the phage could produce a 

beneficial adjuvant effect, the benefit is outweighed by the potential for serious adverse 

effects.14 

The Zeba™ column was compared with a gel-immobilized polymixin B 

(Detoxi-Gel™) column for endotoxin removal and recovery of phage.  Phage purified by 

CsCl density-gradient ultracentrifugation were run through each column, with an ~80% 

recovery of phage from both columns.  The eluted phage were analyzed by SDS-PAGE 

for the presence of exogenous proteins by over-exposing the gel with silver stain (Figure 

40).  The CsCl density gradient and Zeba™ column purified phage displayed additional 

banding between the pIII and pVIII bands in comparison to the Detoxi-Gel™ column 

purified phage.  The removal of these bands by polymixin B suggests that these are 

phage-bound endotoxin, and that size exclusion purification is insufficient to remove 

endotoxin. 

 

Figure 40.  SDS-PAGE of f1.K phage purified by CsCl, Zeba™ Spin Desalting column or Detoxi-Gel™ 
endotoxin removing column.  2x1010 phage loaded per lane. 
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Quantifying Conjugations to Filamentous Phage 

It is important to this project to have an accurate assessment of both the linker 

addition and the oligosaccharide conjugate addition in order to optimize the 

conjugation reactions and establish the glycan density.  The degree of conjugation of the 

phage can be determined by either analyzing the whole phage conjugate or the 

individual pVIII subunits.  It is undoubtedly more practical to think of protein 

concentration in terms of phage concentration, as the concentration of phage can be 

reliably measured by absorbance measurement or analysis of the phage DNA 

concentration by gel electrophoresis.3  Quantifying the glycan concentration of a phage 

glycoconjugate is much more challenging, as the many techniques used to quantify the 

degree of conjugation of glycoconjugates15 are either unsuitable for phage or lack the 

precision desired for this project, as discussed below. 

Whole phage glycoconjugates can be analyzed by colorimetric assays or by 

relying on a detectable tag to extrapolate the conjugation efficiency.  There are 

colorimetric assays for both protein and carbohydrate, such as the Bradford assay or 

phenol-sulfuric acid assay.  The reactions or dyes used in protein assays are dependent 

on the amino acid composition of the protein and modifications made to the protein, 

such as glycan addition, often distort the results of these assays.16  Colorimetric glycan 

assays would encounter interference from the 2-deoxyribose of the phage DNA, 

requiring the careful use of phage standards to compensate for this background 

interference. 

An easily detectable molecular label that possesses the same linker chemistry as 

the glycan can also be used to estimate the conjugation efficiency.17, 18  This technique 

was used to determine the number of attached glycans to a Qβ viral particle scaffold, 

using an easily quantifiable selenium tag with an azide linker to simulate the glycan-

azide in the CuAAC conjugation.19-21  This is at best an estimate, as the authors even cite 

“an experimental error of 10% is typical for independent reactions under identical 

conditions”, which is in itself, only an estimate. 

Denatured phage conjugates can also be analyzed by gel electrophoresis.  The 

pVIII coat protein can be separated and visualized by SDS-PAGE.  If the differentially 
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conjugated pVIII subunits differ enough in mass and charge to separate on the gel, the 

different bands could be quantified by densitometry.  It is unlikely though that the 

differing pVIII+linker species would be resolvable by SDS-PAGE, as a phage conjugate 

using a larger linker was shown to be unresolvable from wt pVIII by Scott and coworkers 

in a previous study.22  The addition of a small linker adds negligible mass to the pVIII 

coat protein making it unlikely to resolve any shift in the conjugated protein bands.  The 

addition of a glycan to a protein also causes the protein to move through the gel 

unpredictably, as the carbohydrate component does not bind SDS, reducing the net 

charge-to-mass ratio and slowing its migration.23  If the pVIII+glycan bands were 

reasonably separable, quantifying the bands would become problematic, as the protein 

stains used for gel densitometry rely on non-specific binding with the protein, or 

interact with specific features, such as the charged amino acid side chains.  Since the 

linker addition modifies the positively charged lysine, and the addition of the glycan 

adds a large polar structural feature to the protein surface, staining of the conjugated 

pVIII species would give inaccurate readings of band density regardless of the stain 

used. 

Western blots are an alternative approach to detecting glycoconjugates through 

the use of labeled ligands, such as antibody or ConA.  For Western blotting to be useful 

for quantifying variable degrees of conjugation, the conjugations should not disturb the 

binding epitope of the detecting ligand, or interfere with ligand binding in general.  

Quantifying protein from the densitometry results of Western blots has also been 

questioned, and carries an unknown degree of accuracy.24  High-mannose glycoproteins 

have been quantified by directly probing electrophoresis gels with labeled ConA, 

without the need to transfer protein from the gel to nitrocellulose for Western 

blotting.25-27  The accuracy of this method is uncertain, as it is not well utilized for glycan 

quantification, and would still require accurate protein quantification to determine the 

degree of glycan conjugation. 

Mass spectrometry, particularly MALDI-TOF MS,28 has become a popular 

technique to quantitatively analyze biomolecules,29-44 despite concurrent reports of the 

non-quantitative nature of this method.30, 34, 38, 40, 44-49  The main problem of quantifying 

compounds with MALDI is the reproducibility of the spectrum from shot to shot and 
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sample to sample.  This is generally remedied by using internal standards of known 

quantity,30, 34 which ideally should be composed of the sample itself,28, 44 which is not 

helpful in this study. 

Ion suppression also impedes the quantitative performance of all MS.50  This 

refers to how a matrix influences the ionization of solute, making it less likely to ionize, 

and subsequently be detected.  In general, high polarity compounds are more 

susceptible to ion suppression.51  The positive mode ionization efficiency of 

glycoproteins is also inherently lower than their protein counterparts.44, 52-54  Negative 

ion analysis of glycoproteins generally produces weak ion signals but is started to be 

explored in glycopeptide analysis.55  The low ionization efficiency is due in part to the 

removal of the charged site where the glycan is attached, and the overall negative 

character of the glycan.  Thus, a sample containing a multitude of pVIII glycoconjugates 

would certainly experience the effects of ion suppression and be unquantifiable due to 

the variable ionization efficiency of each pVIII glycoconjugate. 

To avoid the nuances of ion suppression effects and the inherent variable 

ionization efficiencies of glycoconjugate, a reverse phase liquid chromatography-UV-

mass spectrometry (LC-UV-MS) technique was explored to quantify the glycan loading of 

the phage.  In this system, the differentially conjugated pVIII coat proteins would be 

separated by reverse phase liquid chromatography, quantified by their UV absorbance, 

and then identified by mass in the mass spectrometer in positive ion mode(Figure 41).  

The carbohydrates of the pVIII glycoconjugates do not absorb UV light in the spectral 

regions used to quantify proteins.‡‡  The additional amide bond formed from the linker 

addition with the amines of the protein may slightly increase the absorption at 210 nm 

with each conjugation.  This should have a negligible effect on absorbance though, as 

the addition of 1-3 amide bonds is insignificant in comparison to the number of amide 

bonds already present in pVIII. 

                                                            
‡‡  Peptide bonds absorb at a wavelength of 210 nm, although this is dependent on both the 
individual amino acid56, 57 and the peptide bond conformation.58  Tryptophan and tyrosine absorb 
strongly at 280 nm. 
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Figure 41.  Diagram of the LC-UV-ESI-MS system. 

While exploring the feasibility of using LC/MS for phage analysis, it was found 

that whole phage preparations could be loaded onto the LC column without the need to 

first denature the phage quaternary structure.  The pVIII coat protein only elutes from 

the column once 38% mobile phase B has been reached.  The extreme hydrophobic 

nature of pVIII lead to the accumulation of phage or phage protein in the C8 OPTI-PAK 

precolumn, which was apparent from the stepwise buildup of column backpressure in 

the system with every injection.  Replacement of the C8 precolum with a 0.2 µm frit 

filter solved the pressure increase problem and made the separation and analysis 

possible. 

 

Figure 42.  The LC-UV chromatogram of the pVIII coat protein of f1.K phage.  The deconvoluted masses of 
the pVIII subunits representing both peaks are displayed, along with their theoretical masses. 
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Two Ff phage were to be used in the conjugation studies.  The first was f1.K, 

which was engineered to have an additional lysine residue near the N-terminus of pVIII 

for chemical conjugation, for a total of three N-terminus amines.59  The second phage 

was f88-4 (f88), which only carried two N-terminus amines for conjugation.  The initial 

analysis of phage also revealed that 8% of pVIII from both phage is acetylated (Figure 

42).  Lysine and N-terminal acetylation are common post-translational modifications.60, 

61  In the context of this project, acetylation removes a potential conjugation site from 

the pVIII surface. 

Perhaps more revealing from this discovery was the good separation that could 

be achieved between pVIII species that differed by a single small amino acid 

modification.  In practice, this was indeed the case, as multiple pVIII linker conjugates 

from a single phage sample could be separated, even resolving glycoconjugates that 

adorn a site of acetylation or oxidation (Figure 43).  Multiple conjugates of pVIII that 

possessed the same degree of conjugation, as determined by their mass, were also 

eluting from the column independently. These differences in retention time are likely a 

result of the conjugations occupying different sites on pVIII, and are explored in a 

subsequent section of this thesis.  The level of detail revealed by our LC-UV-MS system 

made it the clear choice to monitor our conjugations. 

 

Figure 43.  An example LC-UV chromatogram of f1.K phage conjugated with 100 equivalents of linker 54.  
Each absorbance represents a pVIII conjugate or a cluster of pVIII conjugates.  The label of each peak 
reflects the number of linkers (L) attached to pVIII, as well as any additional acetates (Ac) or oxidation 
(ox). 
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Optimization of Linker Additions 

With the method for quantifying the degree of conjugation chosen, the optimal 

conditions for the linker additions and glycoconjugation were determined next.  In 

addition to the original SIA and N-(acryloyloxy)succinimide 51 crosslinkers for the 

haloacetyl and thiol-ene crosslinking strategies, an alkyne functionalized crosslinker was 

needed to conjugate the azidomethyl 1-thio-mannosides.  There was an initial concern 

that the short linkers would become sterically inaccessible on the phage surface as the 

glycoconjugation reaction proceeded and the glycan density increased.  In preparation 

for this potential problem, five crosslinkers were investigated: the alkene-functionalized 

crosslinkers 51 and N-(4-pentenyloxy)succinimide 52, the alkyne functionalized 

crosslinkers N-(2-propynyloxy)succinimide 53 and N-(4-pentynyloxy)succinimide 54, and 

SIA.  Since the only commercially available crosslinker of these five was SIA, the other 

four were synthesized according to Scheme 34. 

 

Scheme 34.  The crosslinkers evaluated in the phage conjugation studies. 

In brief, the alkene-functionalized crosslinkers were prepared by the 

nucleophilic displacement of acryloyl chloride or 4-pentenoyl chloride with N-

hydroxysuccinimide to yield crosslinkers 51 and 52 in 76% and 91% yield.  The acid 
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chlorides of the alkyne precursors were not commercially available, so the carboxylic 

acid precursors were used instead.  Propiolic acid or 4-pentynoic acid was activated with 

N,N’-dicyclohexylcarbodiimide and displaced with N-hydroxysuccinimide to yield 

crosslinkers 53 and 54 in 60% and 72% yield.  All four crosslinkers were purified via 

recrystallization in EtOAc:Hexanes except for 53, which required additional 

chromatographic purification using fluorous silica gel. 

Reaction between NHS esters and primary amines are ideally performed 

between physiologic to slightly alkaline conditions (pH 7-9).62  Higher pH ranges can lead 

to unwanted side reactions of the iodoacetate or NHS ester with other amino acids, 

such as the imidazolyl side chain nitrogens of histadine, the thioether of methionine, 

and the oxygen of serine.62, 63  Thus a neutral pH would be preferred if possible.  The 

initial linker additions performed investigated the effects of pH and time on the degree 

of conjugation, as well as determined the optimal linker equivalents for the reaction. 

The 2-yne crosslinker 53 and SIA were reacted with f1.K phage at pH 7.0 or pH 

8.3 for either 3 or 20 hours (Table 5).  The degree of conjugation was determined by 

manually integrating the UV trace at 210 nm to determine the relative abundance of 

each pVIII+conjugate species.  Unsurprisingly, a higher pH correlated with an increased 

degree in conjugation.  Increasing the reaction time appeared to be only beneficial to 

the linker additions performed at pH 7.0, as no significant increase in conjugation was 

observed with pH 8.3 reactions longer than 3 hours.  Both linkers were able to achieve 

high degrees of conjugation, averaging between 2.5-3 linkers per pVIII under optimal 

conditions.  The detection of f1.K pVIII with four, and even five, linkers was quite 

surprising, and suggests that either some of the C-terminal amines were slightly solvent 

exposed or that the small size of the crosslinkers allow them to penetrate the viral 

capsid to access the C-terminal amines.  Differences in lipophilicity between these two 

crosslinkers may account for the ability of the short alkynyl crosslinker to produce 4-5 

linked pVIII species. 
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Table 5.  The effects of pH and reaction time on the loading of the 2-alkynyl linker on f1.K phage.  The 
pVIII conjugates were categorized based on how many linkers (L) each pVIII possessed.  f1.K has three 
surface exposed N-terminus amines. 

Linker Linker 
Equiv. pH 

Rxn 
Time 

(hours) 

Degree of Conjugation of pVIII (%) Average 
Linker/ 

pVIII No L 1 L 2 L 3 L 4 L 5 L 

2-yne 100 7.0 3 - 2 46 47 5 0.2 2.56 

2-yne 100 7.0 20 - 0.5 35 54 10 0.5 2.75 

2-yne 100 8.3 3 - - 18 58 24 1 3.09 

2-yne 100 8.3 20 - - 14 59 26 2 3.15 

SIA 100 7.0 3 8 6 52 30 5 - 2.18 

SIA 100 7.0 20 - 4 57 34 5 - 2.41 

SIA 100 8.3 3 - - 48 43 8 - 2.57 

SIA 100 8.3 20 - 0.6 52 43 5 - 2.52 

The optimal equivalents for the linker additions were routinely found to be 

around 100 equivalents per amine for both f1.K and f88 phage, as less crosslinker would 

result in unconjugated pVIII species (Table 6).  More linker equivalents commonly lead 

to precipitation in the reaction tube and lower recovery of the phage after purification.  

This may be a consequence of the increased organic solvent needed to solubilize the 

water-insoluble crosslinkers. 

Table 6.  The effects of linker equivalents on the degree of conjugation using the 4-alkynyl crosslinker 54 
and f88 phage.  The pVIII conjugates were categorized based on how many linkers (L) each pVIII 
possessed.  f88 has two surface exposed amines. 

Linker Linker 
Equiv. pH Time 

(mins)
Degree of Conjugation (%) Linker/ 

pVIII No L 1L 2L 3L 

4-yne 20 8.3 3 9 77 14 - 1.05 

4-yne 40 8.3 3 3 77 19 1 1.18 

4-yne 100 8.3 3 0.5 70 27 2 1.30 

With the crosslinker chemistry optimized, the five linkers were evaluated for 

how thoroughly they could coat the f1.K and f88-4 phage (Table 7).  All crosslinkers 

obtained a high degree of conjugation, with the 2-yne crosslinker 53 producing the 

highest loading for both phage with 3.09 and 1.66 linkers per pVIIIf1.K and pVIIIf88.  

Neither phage were able to achieve full loading of their N-terminus conjugation sites, as 
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indicated by the persistence of the 2-linker pVIIIf1.K and 1-linker pVIIIf88-4 conjugates.  

Performing a second round of linker additions on previously conjugated phage 

preparations did not enhance the degree of conjugation significantly.  The common 

N-terminal amine of both phage may be sterically occluded or have limited surface 

exposure. 

Table 7.  Linker addition results of f1.K and f88 phage.  The phage were reacted with 100 equivalents of 
linker at pH 8.3 for three hours. 

Phage Linker 
Degree of Conjugation of pVIII (%) Average 

Linker/ 
pVIII No L 1L 2L 3L 4L 5L 

f1.K 2-ene - - 33 50 16 - 2.80 

f1.K 4-ene - 4 59 30 6 - 2.36 

f1.K 2-yne - - 17 58 24 1 3.09 

f1.K 4-yne - 1 49 41 9 - 2.58 

f1.K SIA - - 43 48 9 - 2.66 

f88 2-ene - 45 32 11 - - 1.42 

f88 4-ene 1 49 43 7 - - 1.56 

f88 2-yne - 23 55 11 - - 1.66 

f88 4-yne - 61 34 5 - - 1.44 

f88 SIA 3 59 34 3 - - 1.36 

Determining the Sites of pVIII Conjugation 

The unexpected occupancy of conjugation sites beyond the three N-terminus 

amines of f1.K and the two N-terminus amines of f88 prompted an investigation of the 

crosslinker attachment sites by tandem mass spectrometry (MS/MS).  This is a mass 

spectrometry technique where sequence information about a peptide can be obtained 

by isolating the desired molecular ion, fragmenting it, and detecting the fragment ions 

produced.  Using MS/MS, fragments of pVIII carrying linker modifications can be 

identified and the sites modified by linker assigned. 
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Figure 44.  Nomenclature of fragment ions from MS/MS of a peptide.  The a, b and c fragments retain the 
N-terminus and the x, y and z fragments retain the C-terminus.  The subscript number is the residue 
number relative to the terminus that the fragment contains.  

The peptide fragments are named according to whether the fragment contains 

the N- or C-terminus, the type of bond that is cleaved, and the cleavage position along 

the peptide chain (Figure 44).  If the charge is located on the N-terminus fragment, the 

ion is classified as either a, b or c, depending on the bond that was cleaved.  Likewise, if 

the charge is located on the C-terminus, the ion type is either x, y or z.  A subscript 

number is used to indicate the residue number relative to the terminus that the 

fragment contains.  In this experiment, a low energy collision-induced dissociation (CID) 

method causes fragmentation of the peptide bond, generating mostly b and y ions. 

 

Figure 45.  The LC-UV chromatogram of f1.K-(4-yne) linker conjugate.  The number of linkers (L) attached 
to each pVIII conjugate are denoted by the black text.  The peaks analyzed by MS/MS are numbered 1-5 
in blue text. 

The f1.K-(4-yne) linker conjugate was chosen for MS/MS analysis because of the 

good separation of the pVIII+(4-yne) conjugates by LC (Figure 45).  Each of the five peaks 

shown in Figure 45 were collected in separate vials and were analyzed by ESI-MS/MS 

through direct infusion.  This allowed for the analysis of peaks correlating to pVIII 

conjugates of the same mass, but of different retention time.  MS/MS analysis of the 
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the lysine (K) amines or N-terminal amine (NH2), are shown in red.  Unused sites of conjugation are 
highlighted in pink on the pVIII sequence. 

The remaining two peaks, 4 and 5, correspond to two different pVIII+4L species.  

The fragment ions of these pVIII conjugates were similar, displaying a  fully conjugated 

N-terminus with the remaining conjugation on a C-terminus lysine.  The difference in 

retention time of these two pVIII+4L species is thus likely due to a disparity in which 

C-terminus lysine is conjugated.  A complete list of the detected fragment ions and the 

deconvoluted mass spectra are presented in Appendix A2. 

 

Figure 47.  A selection of the fragment ions obtained from the MS/MS analysis are displayed over the 
pVIIIf1.K sequence for the conjugates of peaks 4 and 5 (Figure 45).  The expected masses that include linker 
(L) are denoted by the +1L or +2L notation appended to the fragment label.  Occupied sites of 
conjugation, either the lysine (K) amine or N-terminal amine (NH2), are shown in red.  Unused sites of 
conjugation are highlighted in pink on the pVIII sequence. 

The MS/MS study provides information about the relative reactivity and/or 

accessibility of the pVIII amines.  The N-terminal and K5 lysine are conjugated in all 

species of pVIII, which is likely due to their accessibility.  The K12 lysine of f1.K is 

sufficiently resistant to conjugation that a C-terminus lysine could experience 

conjugation before K12, as evidenced by the existence of peak 3 in Figure 46.  Subjecting 

f1.K phage to multiple rounds of linker addition in succession has little effect on 
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diminishing the pVIII+2L signal, which further exemplifies the resistance of the K12 

lysine to conjugation. 

Resistance to the complete loading of the N-terminus amines is also observed in 

the f88 linker additions, where linker loading falters beyond 1.5 conjugates per pVIII 

(Table 7), despite having two, supposedly exposed, N-terminus amines (Figure 48B).  

The UV chromatogram of f88-(4-yne) reveals three pVIII+2L species (Figure 48A).  The 

N-terminal amine is likely the most surface accessible and is presumed to be universally 

conjugated, as seen with f1.K.  It is also assumed that the K8 lysine of at least one of the 

pVIII+2L peaks is occupied, leaving the other two pVIII+2L species with differently 

occupied C-terminus amines.  It would thus appear that the K8 lysine is about as likely to 

be occupied as the buried C-terminal amines, by comparison of the similar absorbance 

area of the pVIII+2L peaks in the UV chromatogram.  The K8 lysine of pVIIIf88 is the 

equivalent to the K12 lysine of pVIIIf1.K (Figure 48B), which both display hindered 

reactivity presumably due to limitations in its accessibility.  This is consistent with 

previous MS/MS studies of M13 phage conjugations with NHS esters.64 

 

Figure 48.  The LC-UV chromatogram of f88-(4-yne) and a comparison of the pVIII sequence of f1.K and 
f88.  A| LC-UV trace of f88 phage conjugated with 4-yne crosslinker 54.  Each absorbance peak is labeled 
on the chromatogram to indicate the number of linker (L) conjugations on pVIII.  B| The pVIII sequence of 
f1.K and f88-4 are compared.  The N-terminal amine and lysines are colored pink.  The boxed AKAS 
sequence was engineered into the f1.K phage by site directed mutagenesis.59 

Optimization of Glycoconjugation Reactions 

The efficiency of the glycoconjugation reactions were next explored, using the 

five f1.K linker conjugates and the mannopyranosyl thiol 39 and azidomethyl 1-thio-

mannopyranoside 44 (Figure 50).  These conjugate additions were evaluated in the 
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same way as the linker additions, using LC-UV-ESI-MS (Figure 41).  Good separation of 

the monosaccharide conjugates by LC was observed (Figure 49), allowing for an accurate 

quantification of relative abundance of the differentially conjugated pVIII subunits. 

 

Figure 49.  LC-UV-ESI-MS analysis of f1.K-SIA-Mono glycoconjugate.  A| The UV chromatogram of the f1.K-
SIA monosaccharide conjugate, with each peak labeled with the number of linkers (L) and 
monosaccharide glycans (M) that were present on the pVIII protein.  Conjugates containing an acetate 
(Ac) and an intramolecular crosslink (xlink) are also labeled.  B| Deconvoluted mass spectrum of the f1.K 
glycoconjugate containing 2 SIA linkers and 2 monosaccharides (2L2M). 

Conjugations using the alkenyl linked phage were performed either through a 

radical thiol-ene reaction or an anionic thiol Michael addition (Figure 50).65  Mannosyl 

thiol 39 was reacted directly with the electron-deficient alkene of f1.K-(2-ene) as a thiol 

Michael addition, which has been shown not to require a catalyst.66  The f1.K-(4-ene) 

conjugate, possessing an electron-deficient alkene, was reacted with 39 and the 

photoinitiator 2,2-azobis(2-methylpropionamidine) dihydrochloride (AIBA) under UV 

light. 

Two protocols were evaluated for the copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) of the f1.K-(2-yne) and f1.K–(4-yne) with azidomethyl mannoside 

44 (Figure 50).  The first protocol was followed as described by M.G. Finn for the CuAAC 
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coupling of glycans to Qβ capsid.67  This method involves the production of the catalytic 

Cu+ ions through the in situ reduction of Cu2+ with sodium ascorbate.  Since biological 

samples are sensitive to both copper and sodium ascorbate,68-71 aminoguanidine and 

tris(3-hydroxypropyltriazolylmethyl)amine (THPTA)§§ were employed to protect the 

protein.  Aminoguanidine is used to intercept the byproducts of ascorbate oxidation 

that can covalently modify or crosslink proteins.67  THPTA serves the dual purpose of 

chelating the Cu+ ion to preserve its catalytic +1 oxidation state, and to sacrificially 

intercept radicals and peroxides derived from Cu/O2/ascorbate reactions that can 

oxidize or cleave proteins.67  The second protocol produces Cu+ ions through the 

reduction of Cu2+ with copper powder and utilizes bathophenantroline as a Cu+ ligand 

and catalyst.72  The reaction solution was degassed with nitrogen prior to the addition of 

reagents. 

 

Figure 50.  Reaction scheme for the initial monosaccharide conjugations to f1.K phage.  A| Mannosyl thiol 
39, azidomethyl 1-thio-mannoside 44 and tris(carboxyethyl)phosphine ligand 55 used in the conjugations.  
B| The conjugation reactions of the f1.K linker conjugates with monosaccharide. 

                                                            
§§ Synthesized according to the procedure of Finn and coworkers.67 
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The final conjugation was performed with the haloacetyl-derivatized f1.K-SIA 

phage and mannosyl thiol 39.  To avoid generating free iodine through photolysis, which 

has the potential to react with tyrosine, histadine and tryptophan residues,62 this 

conjugation was performed in the dark. 

The results of the monosaccharide conjugations are displayed in Table 8.  The 

most efficient crosslinker overall was the SIA linker, achieving an average conjugation 

density of 2.50 monosaccharides per pVIIIf1.K, with 94% of the linkers conjugated.  Trace 

amounts of intramolecular crosslinked pVIII were detected for the SIA crosslinked 

conjugates, which is likely a result of a lysine-bound iodoacetate reacting with a 

neighbouring lysine on the same pVIII subunit.  No UV or MS signal was detected for any 

intermolecular crosslinked pVIII species. 

Table 8.  Conjugations of mannose monosaccharides to f1.K phage.  14% and 16% of pVIII conjugates of 
entries 1 and 2 did not display any monosaccharide. 

Entry Linker 
Degree of Conjugation of pVIII (%) Average 

Mono/ 
pVIII 

Conj.
Effic.
(%)a 1L1M 2L1M 2L2M 3L1M 3L2M 3L3M 4L2M 4L3M 4L4M 

1 2-ene - 2 25 0.4 38 15 8 8 - 2.13 76 

2 4-ene - - 13 - 9 45 7 9 - 2.20 94 

3 2-yne 5 2 48 - 19 20 1 6 - 2.21 67 

4 4-yne - 19 15 14 34 15 4 - - 1.84 71 

5 SIA 2 - 47 - 3 42 - 2 4 2.50 94 
a Conjugation efficiency calculated by dividing the average number of glycans per pVIII by the average 
number of linkers per pVIII (Table 7). 

High glycan loading using the f1.K conjugate was able to be achieved with as 

little as a 5 equivalents of monosaccharide per SIA linker, although 25 equivalents were 

routinely used.  By comparison, it was difficult to obtain complete reaction with the thiol 

Michael addition and CuAAC reactions using 100 equivalents of monosaccharide (Table 

8, Entries 1, 3 & 4).  Both thiol-ene and CuAAC reactions were difficult to reproduce, as 

incomplete conjugations or no conjugation were common.  This may be due to the 

incomplete removal of unreacted linker from the linker addition during size-exclusion 

chromatography.  Dissolved oxygen in the reaction mixtures could also have been a 

source of poor reproducibility, as it can oxidize the catalytic Cu+ in the CuAAC and the 

mannosyl thiols in the thiol-ene reaction. 
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Protein degradation was also visible in the mass spectra after the radical 

initiated thio-ene conjugation and the CuAAC conjugation reactions.  The thiol-ene 

conjugation (Table 8, Entry 2) produced the most degradation, which is expected of a 

biological sample subjected to a radical reaction.  The degraded pVIII subunits produced 

many overlapping mass peaks that made deconvolution of the extracted mass spectra 

difficult.  The LC separation of the degraded pVIII conjugates was also poor, which 

reduced the accuracy of integrating the UV absorbance to quantify the 

incomprehensible mass species.  The CuAAC reactions displayed manageable 

degradation products.  More degradation was seen using the bathophenantroline aided 

CuAAC reaction, although this conjugation proceeded faster and yielded a greater 

degree of conjugation than the THPTA aided reaction.  
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Part II: Preparation of Glycoconjugates for Vaccination 

Tetra- and Pentasaccharide Glycoconjugations 

A selection of tetra- and pentasaccharide f1.K phage glycoconjugates were 

produced to be analyzed for their ability to bind 2G12 and ConA.  The most promising 

conjugates were to be used in animal immunization studies.  The thiol-ene conjugation 

strategies were excluded due to protein degradation and low yield.  The CuAAC and 

iodoacetyl conjugation reactions were performed using the optimized conditions from 

monosaccharide conjugations, using the ascorbate/Cu2+ catalytic methodology for the 

CuAAC reaction.  In order to ensure a high degree of conjugation for the CuAAC 

conjugation, the reaction was performed twice in succession, with an intervening 

purification step.  The reactive equivalents of tetra- and pentassacharides per linker 

were reduced to 5:1 for the CuAAC conjugation and 10:1 for the thiol-iodoacetyl 

conjugation.  F88-SIA was also utilized as a carrier in order to assess the effects of lesser 

glycan density in the binding studies.  An additional f1.K-SIA conjugation was performed 

using a 1:1 mixture of tetra- and pentasaccharide in order to evaluate the effects of 

glycan heterogeneity in the binding studies. 

The tetra- and pentasaccharide conjugates were much less resolvable by LC 

than the monosaccharide conjugates (Figure 51).  The retention times of the pVIIIf1.K 

pentasaccharide conjugates carrying two linkers and two glycans (2L2P) and three 

linkers and three glycans (3L3P) were too similar to resolve (Figure 51A).  The 

tetrasaccharide equivalents of these conjugates were partially resolvable (Figure 51B).  

This spectral overlap imposed limitations to the fastidious quantification of the relative 

number of pVIII species for both f1.K and f88 glycoconjugates.  To deal with overlapping 

absorbances, the area of any given UV absorbance corresponding to two pVIII species 

was assumed to be the product of equal contribution from both pVIII species.  This 

assumption was made from the observation that for any given absorbance peak 

composed of two pVIII species, the ion count for both species was roughly equal (Figure 

51C), which provides an approximation of the relative abundance of each species.  Using 

this estimation, the UV chromatograms provide an informative overview of the relative 

abundances of each pVIII conjugate.  Overlap of the pVIIIf88 conjugates was not as 
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problematic as there are fewer linker-glycan combinations and pVIIIf88 carries fewer 

glycans. 

 

Figure 51.  LC-UV chromatograms of the f1.K-SIA-Penta and f1.K-SIA-Tetra conjugates, and a 
representative deconvoluted mass chromatogram.  A| The LC-UV chromatogram of f1.K-SIA-Penta 
conjugate, with peaks labeled by the number of linkers (L) and pentasaccharide (P) associated with the 
corresponding pVIII conjugate.  Acetates (Ac) and intramolecular crosslinkers (xlink) are also noted.  B| 
The LC-UV chromatogram of f1.K-SIA-Tetra conjugate with peaks labeled synonymously to the previous 
chromatogram.  C| Deconvoluted mass spectrum of the coeluting f1.K glycoconjugates containing 2 
linkers/2 pentasaccharides (2L2P) and 3 linkers/3 pentasaccharides (3L3P). 

The results of the tetra- and pentasaccharide conjugations with f1.K and f88 

phage are shown in Table 9.  The remaining conjugations obtained efficiencies of 70% or 

greater.  Overall, the pentasaccharide conjugates displayed a lower average glycan 

density per pVIII than their tetrasaccharide equivalents, suggesting that the additional 
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steric mass of the pentasaccharide influences the reaction outcome.  The phage 

conjugates as a whole provide a good range of glycan density for comparison in the 

ligand binding studies. 

Table 9.  Glycoconjugation results of f1.K and f88 phage linker conjugates with tetra- and 
pentasaccharide. 

Phage-
Linker 

Conjugate 

Reactive 
Sugar 

Degree of Conjugation of pVIII (%) Average 
Glycan/ 

pVIII 

Conj. 
Effic. 
(%)a 1 

Glycan 
1-2

Glycans 
2

Glycans 
2-3

Glycans 
3

Glycans 

f1.K-(2-yne) 44 (P) 14 - 9 29 57 2.16 70 

f1.K-(2-yne) 41 (T) - - 28 21 50 2.56 83 

f1.K-(4-yne) 44 (P) - - 26 63 11 2.17 84 

f1.K-(4-yne) 41 (T) - 6 48 - 46 2.43 94 

f1.K-SIA 2 (P) - - 9 85 - 2.31 89 

f1.K-SIA 1 (T) - - 46 - 54 2.54 95 

f1.K-SIA 2+1 (P+T) - 26 11 61 2 2.20 83 

f88-SIA 2 (P) 36 60 - - - 1.26 93 

f88-SIA 1 (T) 77 23 - - - 1.16 85 
a Conjugation efficiency calculated by dividing the average number of glycans per pVIII by the average 
number of linkers per pVIII (Table 7). 

β-Glucan Conjugations 

Two additional phage glycoconjugates incorporating β-glucan were also 

produced.  β-glucans stimulate the innate immune response through interaction with 

PRRs, such dectin-1, displayed on neutrophils, macrophages and dendritic cells.73  The 

benefits of including β-glucans in vaccine design are just beginning to be appreciated as 

evidence mounts that β-glucans increase the robustness of the antibody response, 

recruit T cell help, and regulate the T cell response.74-76  

To integrate β-glucan into the phage conjugates, f1.K phage was reacted with 

SIA and 4-alkynyl crosslinker 54 in a 95:5 ratio (Table 10).  The SIA linker would be used 

to conjugate the tetra- and pentamannosyl thiols 1 and 2, and the 54 used to conjugate 

an azide-functionalized β-glucan.  This ratio would theoretically coat the phage with a 
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density of one site for every 24.4 Å in length of phage.***  Analysis of the linker addition 

via LC-UV-MS revealed that the alkyne linker was present in small quantities on all 

species of pVIII+SIA, although the quantity of heterogeneously linked pVIII could not be 

verified due to spectral overlap on the UV chromatogram. 

Table 10.  Degree of conjugation of the heterogenous linker addition of SIA and 4-alkynyl crosslinker 54 to 
f1.K phage.  The number of SIA linkers conjugated to pVIII were used to classify the conjugate species.  
Linker 54 was present in a small amount on each pVIII-SIA conjugate species. 

Phage Linker 
Degree of Conjugation of pVIII (%) Average 

SIA/ 
pVIII 1L 2L 3L 4L 

f1.K SIA/(4-yne) 
(95:5) 0.6 56 38 5 2.47 

The azido-β-glucan 56 was prepared using previously reductively aminated 

laminarin derived from a commercially available laminarin source.  Laminarin is a 

polysaccharide composed of repeating β(1→3)-glucans with intermittent 

β(1→6)-glucans in an approximate 3:1 ratio.  The primary amine of 56 was converted to 

an azide by reaction with five equivalents of the diazo transfer reagent, imidazole-1-

sulfonyl azide hydrochloride (Scheme 35).77  After 48 hours, the azide product was 

precipitated in ethanol and the supernatant removed.  Removal of the azide transfer 

reagent was verified by 1H NMR.  The successful transfer of the azide to laminarin was 

confirmed by the presence of an infrared absorbance band at 2017.31 cm-1. 

 

Scheme 35.  Preparation of the azide-functionalized β-glucan 56. 

The heterogeneously linked f1.K-SIA/(4-yne) phage was first conjugated with 

either tetra- or pentasaccharide 1 or 2 using the conjugation conditions previously 

described (Table 11).  After column purification, the phage were reacted under CuAAC 

conditions with ~20 equivalents of azido-beta-glucan 56 per alkyne group.  LC-UV-MS 

analysis of the β-glucan-conjugated phage revealed the disappearance of the 54-linked 
                                                            
*** On f1.K phage, every 110 Å length of phage has 90 exposed amines. 
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pVIII species.  Since the conjugation of the large β-glucan structures to the pVIII carrier 

would greatly suppress ionization, pVIII conjugates carrying β-glucan would be 

undetectable by MS.  Therefore the disappearance of the alkyne linker was used as a 

confirmation that the CuAAC conjugation was successful. 

Table 11.  Results of the f1.K conjugation to tetrasaccharide, pentasaccharide and β-glucan 56. 

Phage-Linker 
Conjugate 

Reactive 
Sugar 

Degree of Conjugation of pVIII (%) Average 
Glycan/ 

pVIII 

Conj. 
Effic. 
(%)a 1

Glycan 
1-2

Glycans
2

Glycans
2-3

Glycans
3

Glycans

f1.K-SIA/(4-yne) 2 (P) 8b - 4b 87b - 2.34 95 

f1.K-SIA/(4-yne) 1 (T) - 4b 44 - 51b 2.47 100 

f1.K-SIA/(4-yne)-P 56 10 - 4 86 - 2.33 94 

f1.K-SIA/(4-yne)-T 56 - 4b 42 - 54 2.52 102 
a Conjugation efficiency calculated by dividing the average number of glycans per pVIII by the average 
number of SIA linkers per pVIII (Table 10). 
b pVIII bearing 4-alkynyl crosslinker 54 was observed in these fractions. 

Analysis of Phage Integrity 

While LC-MS is remarkable for determining the composition of the phage coat 

protein, this analytical technique reveals little detail about the rest of the phage.  It was 

observed that phage completely lost viability after 30 minutes of exposure to the high 

concentrations of crosslinkers used in this study.  The loss of viability could be due to a 

number of factors such as the destruction of the genome, an inability to gain entry into 

the host cell due to pIII modification, or even degradation of the phage quaternary 

structure. 

The DNA of select phage conjugates were analyzed by gel electrophoresis, as 

shown in Figure 52.  Overall, the linker additions appear to leave the genome intact 

(lanes 4, 7 and 13), but the glycoconjugate additions utilizing the thiol-ene chemistry 

caused significant degradation (lanes 5, 6, 8 and 9).  In contrast, the phage subjected to 

the SIA conjugation chemistry appear to have suffered little or no DNA damage (lanes 

11, 12, 14, 15).  Even though a wt phage was not included on the bottom half of the gel 

for comparison, the consistency of the banding from all SIA-linked phage suggest that 

SIA linker chemistry had little effect on the genome. 
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Figure 52.  Agarose gel electrophoresis analysis of phage DNA on a 0.8% agarose gel in 4x GBB buffer.78  
Gel electrophoresis performed by Kevin A. Henry at Simon Fraser University. 

Analysis of the phage conjugates by SDS-PAGE revealed a distribution of pVIII 

species congruent to what was observed by LC-MS (Figure 53).  Addition of linker to the 

coat protein appears to broaden the protein bands, as observed in lanes 3 and 6.  The 

small band seen above pVIII in these lanes could be pVIII dimers formed by the Michael 

addition between an amine and alkene linker of adjacent pVIII subunits of the phage.  

The pVIII conjugates displaying two or three glycans were the most abundant as 

revealed by LC-MS, which correlates well with the banding pattern seen in lanes 4, 5, 7 

and 8 (Figure 53).  The bands in the lanes containing the pentasaccharide 

glycoconjugates are also slightly higher than the tetrasaccharide, as would be expected. 
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Figure 53.  Analysis of phage protein using a modified SDS-PAGE system.79  SDS-PAGE performed by Kevin 
A. Henry at Simon Fraser University. 

The quaternary structure was examined using transmission electron microscopy 

(Figure 54).  The conjugated phage were verified as being intact, with relatively little 

fragmentation observed.  Even the phage subjected to the radical thiol-ene reaction 

conditions exhibited little structural degradation (Figure 54B) despite possessing a highly 

fragmented genome as revealed by gel electrophoresis (Figure 52, lane 6). 
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Figure 54.  Transmission electron micrographs of f1.K phage particles.  A| f1.K-53 phage conjugate 
observed at 340,000-fold magnification.  B| f1.K-(2-yne)-Tetra phage glycoconjugate observed at 180,000-
fold magnification.  The samples were negatively stained with 2% phosphotungstic acid and viewed with 
a Philips/FEI (Morgagni) Transmission Electron Microscope.  
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CHAPTER 4: Immunization Studies 

Part I: Binding Studies of Phage Glycoconjugates 

Preparation of Ubiquitin and BSA Glycoconjugates 

In order to determine glycan specific antibody titres a heterologous protein was 

required to display the tetra- and pentasaccharide antigens.  A different Ff phage would 

have been an ideal carrier to display glycans in a similar fashion to f1.K and f88, but 

antibodies raised against phage have shown significant cross-reactivity with other phage 

variants.1  Thus, ubiquitin and BSA were selected as glycan carriers for immunological 

assays.  Ubiquitin was chosen in part because it was similar in molecular weight to 

pVIII,††† which falls within the resolvable mass range of the LC-MS system, allowing for 

the same conjugation analysis as the phage.  Ubiquitin also has up to seven free amines 

available for conjugation, allowing for a relatively dense clustering of glycans.  Glycan 

clusters may be important for detecting glycan-specific serum antibodies that were 

generated from the densely coated phage glycoconjugates.  BSA glycoconjugates were 

also prepared in case the relatively low molecular weight ubiquitin conjugates turned 

out to be unsuitable for ELISAs. 

Ubiquitin glycoconjugates were prepared following the same procedure 

described for the phage conjugations, using the SIA crosslinker.  The equivalents of SIA 

per amine were reduced to a 4:1 ratio in order to avoid the formation of insoluble 

protein precipitate and low recovery.  Conjugate addition with either tetra- or 

pentasaccharide 1 and 2 produced the ubiquitin glycoconjugates Ub-(SIA)-Penta and Ub-

(SIA)-Tetra with a loading of 5.01 and 4.72 glycans per ubiquitin.  BSA glycoconjugates 

were prepared similarly using the 2-alkynyl crosslinker 54 and tetra- and 

pentasaccharides 47 and 50.  The degree of conjugation of the resulting BSA-(2-yne)-

Penta and BSA-(2-yne)-Tetra conjugates were estimated by MALDI-MS, yielding an 

average of 42-43 glycans per BSA.  

As a side note, the ubiquitin glycoconjugates are a good example of how glycans 

diminish the ionization efficiency of glycosylated proteins.  The UV chromatogram and 

                                                            
††† The MW of pVIII is 5592.9 Da.  Ubiquitin has a MW of 8559.6 Da. 
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total ion chromatogram for each glycoconjugate species displayed different relative 

abundances for the ubiquitin conjugates as glycan loading increased (Figure 55).  The ion 

count for the ubiquitin species bearing no glycans or 1 glycan was similar to the ion 

count for the 6-glycan species of ubiquitin (Figure 55A).  The UV chromatogram 

indicated a much higher abundance of the 6-glycan ubiquitin conjugate (Figure 55B), 

which is a more accurate representation of the ubiquitin glycoconjugate distribution. 

 

Figure 55.  LC-UV and LC-MS chromatograms obtained from Ub-SIA-Tetra.  A|  Total ion chromatogram of 
Ub-SIA-Tetra.  B| The UV chromatogram of Ub-SIA-Tetra.  The absorbance peaks are labbeled 
corresponding to the number of tetrasaccharides (T) conjugated to ubiquitin. 

Ubiquitin Glycoconjugate Binding Studies 

Ub-SIA-Penta and Ub-SIA-Tetra were evaluated for their ability to bind 

concanavalin A (ConA) and the glycan-specific, broadly neutralizing anti-HIV antibody 

2G12 by indirect ELISA.  ConA is a lectin extracted from the jack-bean, Canavalia 

eniformis, that binds specifically to terminal α-D-mannosyl and α-D-glucosyl sugars.2, 3  

2G12 binds terminal Manα1→2Man-linked sugars with nanomolar affinity.4  Together, 

these mannose-specific binding proteins were used to verify the presence of the 

attached oligomannose ligands. 
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Figure 56.  ELISA results of labeled ConA titrated against ubiquitin glycoconjugates and gp120. 

The results of an ELISA in which ConA is titrated against immobilized Ub-SIA-

Penta and Ub-SIA-Tetra are shown in Figure 56.  The pentasaccharide conjugate has a 

~25-fold higher relative avidity for ConA than to the tetrasaccharide conjugate.  This is 

understandable since the pentasaccharide hapten has three terminal α-D-mannose 

moities versus the one of the tetrasaccharide hapten.  Interestingly, the apparent avidity 

of ConA for Ub-SIA-Tetra was similar to that for gp120IIIB, suggesting a similar displayed 

density of terminal α-mannose moieties.  Since native gp120 is reported to be covered 

in high-mannose glycans that resemble the pentasaccahride structure, this observation 

was unexpected, but may be related to the recombinant origin of gp120 used in our 

ELISAs.  As previously discussed, recombinantly produced gp120 displays a greater 

proportion of complex type glycans, which would reduce the amount of exposed 

terminal mannose residues, and thus possess fewer binding sites for ConA.  The 

recombinant gp120IIIB protein used in our studies, which is expressed in CHO cells, has 

been shown to contain 13 complex glycans and 11 high-mannose/hybrid glycans.5, 6 

Titration of 2G12 against the ubiquitin glycoconjugates revealed a higher 

relative avidity for the tetrasaccahride conjugate than the pentasaccharide conjugate 

(Figure 57).  This disparity can again be attributed to differences in the hapten structure, 

as the pentasaccharide does not contain any Manα1→2Man–linked moieties that are a 
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recognition epitope of 2G12.  The relative avidity of 2G12 for Ub-SIA-Tetra is an order of 

magnitude lower than that for gp120IIIB, which is likely due to inferior clustering of the 

tetrasaccahride glycan on the ubiquitin surface.  The 2G12 titration curve for gp120IIIB is 

identical to that reported in the literature.7 

 

Figure 57.  ELISA results of antibody 2G12 titrated against ubiquitin glycoconjugates and gp120. 

The combination of these ELISAs suggest that the SIA glycoconjugates will 

suffice as screening antigens for glycan-specific antibodies produced by immunization of 

mice.  An ideal screening antigen would incorporate an antigenically different carrier 

that presents the synthetic glycans in a similar density to that of the phage 

glyconjugates used for immunization, but no such carrier was available at the time. 

Phage Glycoconjugate Binding Studies 

The phage conjugates bearing tetra- and pentasaccharide haptens were 

evaluated by ELISA for binding to ConA and 2G12 binding.  Much like with the ubiquitin 

glycoconjugates, ConA displayed an increased affinity for the pentasaccharide 

conjugates over the tetrasaccharide conjugates (Figure 58).  Likewise, 2G12 displayed a 

higher affinity for phage bearing the tetrasaccharide hapten over the pentasaccharide 

hapten (Figure 58).  In comparison to gp120IIIB, 2G12 bound the two f1.K-Tetra 

conjugates utilizing the 2-alkynyl and SIA linkers with a 3-fold lower concentration for 
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50% binding.  Such a comparison may not be so meaningful as it has been observed in 

the literature that 2G12 binds gp120 of strains JR-FL and JR-CSF in the 0.015 µg/mL (0.1 

nM) range for 50% binding.8, 9  The glycoform of gp120 is well documented to be both 

strain and expression system dependent, and these variations in glycoform can impact 

2G12 binding.10, 11 

 

Figure 58.  ELISA results of ConA titrated against the phage tetra- and pentasaccharide glycoconjugates. 

The lower binding affinity of the f1.K-(4-yne)-Tetra conjugate for 2G12 in 

comparison to the f1.K-(2-yne)-Tetra and f1.K-SIA-Tetra conjugates may be attributed to 

differences in conjugation density or linker length.  Both the SIA and 2-alkynyl-linked 

phage conjugates achieved a loading of ~2.55 glycans per pVIII subunits, whereas the 4 

alkynyl-phage conjugate averaged 2.43 glycans per pVIII subunit.  The 4-alkynyl linker is 

much longer than the SIA linker, and adds an additional two carbons to the spacer chain 

in comparison to the 2-alkynyl chain.  This may increase its flexibility in a way that 

detracts from the more structurally rigid presentation of the natural glycans.  These 

slight variations in linker length and glycan density may account for the decreased 

interaction with 2G12, but they are so minimal that any derived correlation should be 

taken lightly.  A more significant correlation can be made between the f1.K-SIA-Tetra 
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and f88-SIA-Tetra conjugates, where the glycan loading of the f88 phage conjugate is 

less than half that of the f1.K phage conjugate (2.54 vs 1.16 glycans/pVIII), causing a 

~10-fold decrease in avidity for 2G12.  The heterogeneously conjugated phage, f1.K-SIA-

Penta/Tetra, displayed decreased interaction with 2G12, likely owing to the decreased 

population of the tetrasaccharide hapten on this conjugate. 

 

Figure 59.  ELISA results of antibody 2G12 titrated against the phage tetra- and pentasaccharide 
glycoconjugates. 

These results highlight the importance of glycan density in correctly mimicking 

the gp120 surface.  Thus, f1.K was chosen as the carrier for its aptitude for glycan 

clustering.  The SIA linker chemistry was chosen for its reliability and its minimalistic 

linker length.  Both the tetrasaccharide and pentasaccharide haptens were intended to 

be used in mouse immunization studies.  Even though 2G12 did not bind the 

pentasaccharide hapten, the Man5 pentasaccharide is a predominant glycan of native 

gp120 and may be successful in generating crossreactive antibodies that recognize 

gp120.  The effects of β-glucans on the immunological outcome of the immunizations 

were also to be explored.  
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Part II: Mouse Immunizations 

Four phage conjugates were used to immunize groups of five mice.  Two 

conjugates were prepared from the Man5 pentasaccharide, f1.K-SIA-Penta and the 

related conjugate f1.K-SIA(2-yne)-Penta/βglucan with attached β-glucan for dendritic 

cell targeting.  Two related conjugates were derived from the Man4 tetrasaccharide, 

f1.K-SIA-Tetra and e f1.K-SIA(2-yne)-Tetra/βglucan. 

ELISA Titrations of Mouse Sera‡‡‡ 

Mice were immunized four times and following the final injection of vaccine, 

sera were collected and the experiment was terminated.  The sera of individual mice 

were titrated against Ub-SIA-Penta and Ub-SIA-Tetra coated ELISA plates.  Mice 

receiving the f1.K-SIA-Penta vaccines responded most effectively to the conjugate 

lacking β-glucan.  Only one of five mice receiving the conjugate that was intended to 

target dendritic cells through conjugation with β-glucans gave a strong titre (Figure 

60A).  The antibody response to both tetrasaccharide conjugates was uniformly low with 

the majority of end point titres greater than 1:1,000 (Figure 60B). To ensure that the 

observations of tetrasaccharide conjugates was not an artifact of poor Ub-SIA-Tetra 

adsorption the ELISA plate, the presence of the ubiquitin was verified by performing a 

BCA assay in a mock ELISA experiment following the washing steps to establish protein 

concentration. 

                                                            
‡‡‡ ELISA work was performed by Mrs. Joanna Sadowska. 
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Figure 60.  Titration of immune sera against ubiquitin glycoconjugates.  A| Serum from mice immunized 
with f1.K-SIA-Tetra and f1.K-SIA/(4-yne)-Tetra/βglucan titrated against Ub-SIA-Tetra.  B| Serum from 
mice immunized with f1.K-SIA-Penta and f1.K-SIA/(4-yne)-Penta/βglucan titrated against Ub-SIA-Penta.  
Each colored symbol corresponds to the final-bleed immune sera from individual mice.  Data from two 
repeated ELISAs were averaged and the standard deviation indicated by the error bars. 

In total, only 5 out of 20 immunized mice displayed a reasonable titres that 

exceed 1:1000 against the carbohydrate haptens, and the strongest response was 
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consistently observed for the pentasaccharide, without β-glucan help.  These results 

were verified with ELISAs where the plates were coated with the BSA-(2-yne)-Penta and 

BSA-(2-yne)-Tetra conjugates (Figure 61A, B), ruling out any irregularities from using 

ubiquitin as a carrier. 

 

 

Figure 61.  Titration of immune sera against BSA glycoconjugates.  A| Sera from f1.K-SIA-Penta and f1.K-
SIA/(4-yne)-Penta/βglucan immunized mice titred against Ub-(2-yne)-Penta.  B| Sera from f1.K-SIA-Tetra 
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and f1.K-SIA/(4-yne)-Tetra/βglucan immunized mice titrated against BSA-(2-yne)-Tetra.  Each colored 
symbol corresponds to the final-bleed immune sera from an individual mouse. 

The ability of anti-mannose serum antibodies to bind to the glycans of gp120 

was assessed with recombinant gp120IIIB (Figure 62).  No significant titres were 

observed.  In all cases the sera failed to titre above 1:1,000, a dilution our lab regards as 

the threshold for significant anti-hapten responses.  This is striking as high titres of anti-

mannose antibodies for the f1.K-SIA-Penta immunized mice were produced. 
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Figure 62.  Sera analysis for crossreactive anti-gp120 antibodies.  A| Sera from f1.K-SIA-Penta and f1.K-
SIA/(4-yne)-Penta/βglucan immunized mice titrated against gp120IIIB.  B| Sera from f1.K-SIA-Tetra and 
f1.K-SIA/(4-yne)-Tetra/βglucan immunized mice titrated against gp120IIIB.  Each symbol corresponds to 
the final-bleed immune sera from an individual mouse.  Prebleeds are averaged for each set of mice. 
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It was noted that abscesses formed at the sites of injection on all the mice.  This 

is likely a reaction to the residual LPS bound to the phage.  Abscess formation is an 

inflammatory response that encapsulates foreign material to contain the spread of 

infection.  This also prevents immune cells from interacting with the pathogen within 

the capsule structure of the abscess, which could explain why such low antibody titres 

were observed for the majority of the immunizations. 

In order to address the impact of abscess formation on the anti-mannose 

antibody response, six mice were immunized with surplus phage conjugate from the 

first immunization that were treated with polymixin B-immobilized resin to remove 

residual LPS.  The β-glucan conjugates were excluded from this side study.  The 

vaccination regime was shorter, consisting of only three immunizations before sera 

collection and termination.  Only half of the mice developed abscesses during the 

course of the immunization experiment.  The sera of individual mice were titrated 

against Ub-SIA-Penta and Ub-SIA-Tetra coated ELISA plates (Figure 63).  One out of three 

mice receiving the f1.K-SIA-Penta and f1.K-Tetra vaccines produced a significant anti-

mannose response.  The titres of these responses were lower than the responses 

observed from the first immunization, which may be due to the lack of the LPS providing 

an adjuvant effect, or the shortened immunization regimen. 
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Figure 63.  Sera analysis of mice immunized with phage conjugates treated with polymixin B.  A| Sera 
from polymixin B treated f1.K-SIA-Penta and  immunized mice titred against Ub-(2-yne)-Penta.  B| Sera 
from polymixin B treated f1.K-SIA-Tetra immunized mice titrated against BSA-(2-yne)-Tetra.  Each symbol 
corresponds to the final-bleed immune sera from an individual mouse. 
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Concluding remarks 

The f1.K carrier is one of the best glycan clustering scaffolds used to mimic 

gp120 thus far.  The f1.K-SIA-Tetra conjugate displayed an apparent 20-fold§§§ stronger 

affinity for 2G12 than the Qβ icosahedral virus glycoconjugate (QβK16M-Man4) created 

by M.G. Finn and coworkers.9  This increase in binding avidity is likely due to the greater 

clustering density of oligomannose that was achieved with the f1.K carrier.  The 

repetitive display of the oligomannose structures on f1.K should have been ideal to 

evoke a strong B cell response, which is a known characteristic of virus particles.12, 13  

However, only 5 out of 20 mice produced a significant antibody response against the 

glycan hapten in our first immunization studies (Figure 60).  Four of the high titres 

towards glycan were produced from the f1.K-SIA-Penta conjugate, and the other high 

titre against the f1.K-SIA/(4yne)-Penta/βglucan conjugate.  The anti-mannose titres 

obtained from the tetrasaccahride conjugates paled in comparison to their 

pentasaccharide counterparts.  This may be due to a number of reasons, such as the 

pentasaccharide providing a more structurally distinct recognition epitope due to its 

relative complexity, or a more densely covered glycan surface was more achievable with 

the pentasaccharide due to its inherently more bulky biantennary structure.  Glycan-

specific responses have been raised against the Man4 structure in two other HIV-1 

glycoconjugate vaccines, but these were performed in rabbits.9, 14  Literature data as far 

back as the 1960s has documented strong antibody responses to small oligosaccharide 

haptens in rabbits and goats.15  By comparison, there are many reports of poor murine 

responses to these types of conjugates.15 

The inconsistency of the anti-mannose response may be due to the formation of 

abscesses sequestering the vaccine from the grasp of the adaptive immune system.  The 

dense covering of the phage surface with high-mannose structures could also 

potentially mask the virus from the immune system, much like the glycan shield of HIV-

1.  The high-mannose structures are also recognized by the innate immune system, such 

as the mannose receptor C-type 1 and DC-SIGN found on macrophages and dendritic 

cells, or the aptly named serum protein, mannose-binding protein (MBP).16  These 

                                                            
§§§ Half-max binding level of 2G12 titrations against: QβK16M-Man4: 10 nM (1.5 µg/mL).9  f1.K-
SIA-Tetra: 0.8 µg/mL (0.5 nM) (Figure 59).  Units converted using a MW of 150 kDa for 2G12. 
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mannose-binding agents have been known to accelerate the clearance of proteins 

carrying high-mannose glycan from the blood stream.17, 18  There is the possibility that 

the oligomannose phage conjugates used in our immunizations are interacting with the 

innate immune system in an unexpected way, and are being cleared from the mouse 

before a sizable immune response could be mounted. 

Lastly, the β-glucan did not increase the glycan-specific portion of the antibody 

response, as indicated by the poor binding to the ubiquitin and BSA conjugates (Figure 

60, 7).  It could be inferred that the presence of the β-glucan had a suppressive effect on 

the glycan antibody response, although our data set is too small, and the sera binding 

results are too inconsistent to draw any firm conclusions.  Such a suppressive effect 

could occur by confusing the innate immune system as to which type of pathogen it is 

dealing with.  β-glucans, which are a component of fungal cell walls, interact with 

antigen presenting cells, particularly dendritic cells, through the PRR dectin-1.  Virus 

particles also interact with dendritic cells through PRRs, as well as endotoxin derived 

from E.coli, which is residually bound to the phage conjugates.  The mode of activation 

through the specific PRR can produce different types of immune responses.19, 20 
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CHAPTER 5 

CHAPTER 5: Closing Remarks and Future Directions 

The research presented in this thesis describes the efforts to create and 

characterize a mimic of the glycan shield of gp120 utilizing a filamentous phage carrier.  

The aim was to create a glycoconjugate vaccine that would elicit antibodies with the 

potential to crossreact with gp120, therein providing protection against HIV-1 infection.  

While the immunization studies failed in this regard, many worthwhile discoveries were 

made throughout the project, and questions to be answered. 

The synthesis of the mannosyl thiols was initially exasperating due to the 

unpredictable anomerization, steric size and synthetic limitations imposed by the 

anomeric disulfide, but were easy to deal with once accustomed to its behavior.  The 

Kong methodology followed for much of the synthesis was unsuitable for the production 

of 3,6-differentially protected β-mannosides, and even questionable for the production 

of the originally reported α-mannosides.  In hindsight, it is envisioned that a variety of 

oligomannose structures could be synthesized utilizing just two building blocks (Scheme 

36). Replacing the 2-O-acetate of donor 5 with a temporary Fmoc protecting group 

would eliminate the need for the lengthy and problematic selective deacetylation for 2-

O-glycosylation.  Triol 25, which was the root building block of the entire synthesis, 

could also be used as a donor as glycosyl disulfides can be reasonably activated with 

dimethylthiosulfonium triflate.1  A 3,6-branched trisaccharide based off of 25 could 

replace the allyl trimannoside 35, which was difficult to convert to the corresponding 

trichloroimidate donor 37.  The anomeric disulfide may also be easily switched to an 

alternative aglycone with differing reactivity, allowing for selective activation of the 

desired glycosyl disulfide in a glycosylation reaction mixture. 
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Scheme 36.  A concise oligomannose synthetic scheme 

The f1.K phage was an ideal carrier for this project, essentially acting as well 

defined, simplistic polymer that can be easily characterized by analyzing its individual 

components by LC-UV-MS.  Abscess formation during the course of the immunization 

studies may have detracted from the development of an effective immune response and 

is a serious limitation if a phage glycoconjugate is to be used in humans.  The cause of 

abscess formations is likely due to an inflammatory response against residual endotoxin 

from the E.coli.  Because of the adverse effects to endotoxin in humans, polysaccharide 

vaccines are recommended to contain less than 2 ng/mL endotoxin.2  Removing the 

endotoxin would also remove its adjuvant effects, which may account for the lower 

antibody titres observed for the mice immunized with the polymixin B-treated phage 

conjugates.  A potential, safer alternative adjuvant to LPS could be β-glucan.  Although 

studying the effects of β-glucan on vaccination outcome was not the main objective of 

this immunization study, the inclusion of β-glucan appeared to reduce glycan-specific 

antibody titres.  Further study dedicated to examining the effects of β-glucan density on 

polymixin treated phage glycoconjugates vaccines on the magnitude and diversity of the 

antibody response. 

The Man5 pentasaccharide elicited a much higher antibody response than the 

Man4 tetrasaccharide.  The Man4 structure is not an ideal structure to use for 

immunization, as while it may bind 2G12 with high affinity, the purpose of a glycan 

hapten is to raise antibodies against it that will recognize the pathogen it was derived 

from.  The Man4 structure is not naturally occurring in the N-linked glycosylation 

pathway, and is not a realistic to expect to derive a protective response from it.  It 
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would be worth exploring the other high-mannose glycans found on native trimeric 

gp120, particularly Man6-7, in HIV-1 vaccine preparations.  Glycoconjugates displaying 

multiple HIV-1 high-mannan oligomers may be beneficial for mimicking the glycan 

microheterogeneity found on HIV-1. 

Phage glycoconjugates utilizing both the Man4 and Man5 glycans failed to 

produce antibodies that could recognize gp120.  The lack of observed cross reactivity 

may be due to the more processed glycan profile of the recombinant, CHO-derived 

gp120 used in the ELISAs.  A more appropriate capture antigen would be HIV-1 itself, or 

pseudovirus, although our lab lacks the facilities, training and cell lines to work with 

these agents.  An appropriate native envelope standard is needed for HIV-1 research. 

The lack of cross reactivity may also be due to the glycans being presented to 

the immune system in an irrelevant conformation.  In order to elicit broadly neutralizing 

antibodies that recognize the glycan shield, like 2G12, the glycans should be 

appropriately orientated, or perhaps limited in conformation, by clustering them in a 

way that mimics the surface of gp120.  The chitobiose core may be essential for 

establishing the initial glycan epitope for which high-mannose specificity is acquired by 

the humoral response; however, the exact glycan epitope requirements for recognition 

may not be as stringent as the epitope requirements to raise anti-mannan antibodies in 

the first place. 

It has been shown through a combination of NMR spectroscopy, molecular 

modeling, and X-ray crystallography that while high-mannose glycan structures display a 

high degree of linkage torsional angles, the overall topology of the glycan is relatively 

conserved.3, 4  High-mannose glycans are often stabilized to assume highly ordered 

structures through extensive protein-carbohydrate interactions and both intra- and 

intermolecular carbohydrate-carbohydrate interactions.5  These localized interactions 

often uniquely influence the conformation of the glycan, which makes mimicking the 

glycan shield difficult as the conformation of the densely packed glycans of HIV-1 gp120 

is still unknown.  Mutational deletions of glycans surrounding the 2G12 epitope have 

been shown to modestly reduce 2G12 binding,6, 7 supporting the need to not only 

cluster, but accurately orientate the glycans of gp120 in order to be able to elicit cross-

reactive antibodies.  
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CHAPTER 6: Experimental 

Methods 

General Chemical Synthesis 

All chemical reagents were of analytical grade and used as obtained from Sigma-

Aldrich unless otherwise specified.  Solvents used for water sensitive reactions were 

collected from a PURESOLV solvent purification or were distilled under an inert 

atmosphere.  Unless otherwise noted, all reactions were carried out at room 

temperature and water sensitive reactions were performed under a positive pressure of 

argon.  Solvents were removed under reduced pressure between 20-40 °C with a rotary 

evaporator unless otherwise indicated.  Molecular sieves (4 Å) were stored in an oven at 

500 °C and were cooled in vacuo prior to use.  Analytical thin layer chromatography 

(TLC) was conducted on silica gel 60-F254 (Merck).  TLC plates were visualized under UV 

light and an anisaldehyde stain composed of 4% H2SO4, 1.2% AcOH and 0.4% 

p-anisaldehyde in ethanol, followed by heating.  Amberlite® IR 120 resin (strongly acidic 

H+ form) was used where H+ resin is indicated. 

Chromatography of Synthetic Compounds 

Medium pressure chromatography was conducted using silica gel (230-400 

mesh, Silicycle, Montreal) or FluoroFlash® silica gel (40 µm, Fluorous Technologies 

Incorporated) with flow rates between 5-10 mL/min.  Following deprotection, final 

compounds were purified by HPLC conducted on a Waters Delta 600 system using a 

Waters 2996 Photodiode Array detector.  Separations were performed on a TOSOH 

TSKgel Amide-80 column with a matched TSKgel Amide-80 column guard using a 

gradient of water and acetonitrile. 

Analytical Procedures 

NMR experiments were recorded on Varian INOVA 500 or 600 MHz 

spectrometers, or on Varian VNMRS 500 or 700 MHz spectrometers equipped with 

cryogenic probes.  The 600 and 700 MHz spectrometers utilize inverse probes 

(1H{13C/15N}) allowing for 1200:1 and 7000:1 1H sensitivity, respectively.  13C NMR was 
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recorded at approximately 125 MHz.  1H and 13C NMR chemical shifts, reported in δ 

(ppm), were referenced to internal residual protonated solvent signals or to external 

acetone (0.1% ext. acetone @ 2.225 ppm) in the case of D2O.  1H and 13C NMR 

assignments were made with the assistance of COSY, HSQC, HMBC and TOCSY where 

required.  Values of 2JH,H and 3JH,H for carbohydrate resonances of defined multiplicity are 

indicated in Hz.  1H and 13C NMR chemical shifts are reported to a 100th and 10th of a 

ppm, except in the case where additional resolution is required to distinguish closely 

resonating signals. 

Electrospray ionization mass spectra were recorded on a Micromass Zabspec 

TOF mass spectrometer by the analytical services facility at the University of Alberta 

Department of Chemistry.  For high resolution mass determination, spectra were 

obtained by voltage scan over a narrow range at a resolution of approximately 104. 

Optical rotations were determined with a Perkin-Elmer model 241 polarimeter 

at 22±2 °C using the sodium D-line and are reported in units of degree·mL·g-1·dm-1.  

Concentrations (c) are reported in mg/mL. 

Elemental analysis was performed by the analytical services facility at the 

University of Alberta Department of Chemistry. 

Transmission Electron Microscopy of Filamentous Phage 

A 1×109 phage/µL solution of phage in PBS buffer was incubated on a carbon 

grid for 60 seconds at room temperature and then stained with 2% phosphotungstic 

acid for 30 seconds.  A Philips/FEI (Morgagni) Transmission Electron Microscope with 

CCD camera was used to take the phage micrographs, with the assistance of the 

University of Alberta Department of Biological Sciences Microscopy Service Unit. 

Phage Conjugation Protocol 

Linker addition 

To a 100 µL solution of 20 mM borate buffer (mM EDTA, pH 8.3) containing ~40 

µg phage protein (1.6×1012 phage for f88 and f1.K) was added a solution of crosslinker in 

2 µL organic solvent.  100 equivalents of crosslinker per reactive amine was used.  
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Acetonitrile was used to dissolve all linker except SIA, which produced better results 

using DMSO as the linker solvent.  The reaction was rotated at room temperature in the 

dark for 3 hours.  Purified by size exclusion chromatography. 

Purification of Phage via Size Exclusion Chromatography 

Remove of small molecules from phage preparations was accomplished using 

Zeba™ spin desalting columns (40K MW cutoff) according to the manufacturer’s 

guidelines.  In brief, a 0.5 mL column was washed three times with water and 100 µL of 

phage solution loaded onto the resin.  A stacker volume of 15 µL was added and the 

column centrifuged at 1,500 x g for 2 minutes.  The elute phage sample was collected.  

Equilibrating the column with water will lead to the removal of the buffer solution of the 

phage sample. 

Thiol Michael Conjugation 

To a solution 100 µL solution of ~69 µg phage-linker conjugate (2.6×1012 phage 

for f88 and f1.K) was added 40 µL of 200 mM phosphate pH 8.0 buffer (final conc. 

46 mM) and 25-100 equivalents of mannosyl thiol per available linker.  The reaction was 

rotated at room temperature for 2 days and purified by size exclusion chromatography. 

Thiol-ene conjugation 

To a solution 125 µL solution of ~44 µg phage-linker conjugate (1.7×1012 phage 

for f88 and f1.K) was added 30 µL of 100 mM acetate pH 4.0 buffer (final conc. 24 mM) 

and 25-100 equivalents of mannosyl thiol per available linker and 0.32 mg (1.2 nmol) 

AIBA.  The reaction was performed in a sealed quartz vial and irradiated with a medium-

pressure 125 W Hg-lamp for 3 hours or until the reaction was complete.  Purified by size 

exclusion chromatography. 

CuAAC Conjugation: Conditions A 

Protocol for the CuAAC coupling followed as described by M.G.Finn.1  In brief, to 

a solution 100 µL solution of ~40 µg phage-linker conjugate (1.6×1012 phage for f88 and 

f1.K) was added 35 µL of 200 mM phosphate pH 7.2 (final conc. 46 mM), 0.8 µL of 20 

mM CuSO4, 5-100 equivalents of azidomethyl 1-thio-mannoside per available linker, 1.9 
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µL of 50 mM THPTA ligand, 7.8 µL of 100 mM aminoguanidine and 7.8 µL of 100mM 

sodium ascorbate.  The reaction was rotated at room temperature for 3 hours and 

purified by size exclusion chromatography. 

CuAAC Conjugation: Conditions B 

To a 110 µL solution of ~44 µg phage-linker conjugate (1.7×1012 phage for f88 

and f1.K) was added 33 µL of 200 mM TrisHCl pH 8.0 buffer (final conc. 46 mM) and 

5-100 equivalents of azidomethyl 1-thio-mannoside per available linker.  The solution 

was bubbled with argon for 30 minutes and then 3.3 µL of bathophenantroline/Cu+ 

catalyst added.  Reaction mixture rotated at room temperature for 3 hours and purified 

using size exclusion chromatography. 

Bathophenantroline/Cu+ catalyst: 10 mg of CuSO4·5H2O and 64.4 mg of 

bathophenantroline sulfonate were dissolved in1 mL of 0.2 M TrisHCl, pH 8.0.  ~50 mg 

of copper powder is added.  Solution must be stored under agron.  Formation of a dark 

green color indicates the successful reduction of Cu2+ to Cu+. 

SIA Conjugation 

To a 590 µL solution of ~416 µg phage-linker conjugate (1.7×1013 phage for f88 

and f1.K) was added 120 µL of 200 mM phosphate pH 8.0 buffer (final conc. 34 mM) and 

5-25 equivalents of mannosyl thiol per available linker. Reaction mixture rotated at 

room temperature for 3 hours and purified using size exclusion chromatography. 

Phage Quantification 

Phage particles in solution were determined by the spectral absorbance at 269 

nm using the following relationship formula:2 

virions/mL ൌ ሺܣଶ଺ଽ െ ଷଶ଴ሻܣ ൉ 6 ൈ 10ଵ଺# of bases/virion  

f1.K phage genome is 6419 bp, and the f88-4 genome is 9234 bp. 

Protein Conjugation Protocol 
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BSA that has been previously treated with iodoacetate to block the free 

crysteine, or ubiquitin from bovine erythrocytes were used in this protocol.  To a 

solution of 1 mg of protein in 1mL of 50 mM borate pH 8.3 buffer with 5mM EDTA was 

added 0.5 mg of crosslinker.  Reaction mixture rotated at room temperature for 3 hours 

and purified using Zeba™ size exclusion columns (7K MW cutoff).  Glycoconjugations 

were performed identically to the phage glycoconjugations with the exception of using 

only 1-5 equivalents of glycan per linker. 

LC-UV-MS protocol 

RP-HPLC-UV-MS was performed using an Agilent 1200 SL HPLC System with a 

ProSwift® RP-4H Analytical column (1×250 mm) (Dionex, USA), thermostated at 60°C, 

with a buffer gradient system composed 0.1% formic acid in water as mobile phase A 

and 0.1% formic acid in acetonitrile as mobile phase B. Gradients were optimized 

separately for the linker labeled proteins and glycoconjugates. 

For the separation of protein-linker and protein-linker-monosaccharide analytes 

an aliquot of 5 µL equivalent to an amount of 2×10-10 phage was loaded onto the column 

at a flow rate of 0.20 mLmin-1 and an initial buffer composition of 98% mobile phase A 

and 2% mobile phase B.  After injection, the column was washed using the initial loading 

conditions for 10 minutes to effectively remove salts.  Elution of the protein-linker and 

protein-linker-monosaccharide analytes was done by using a linear gradient from 2% to 

30% mobile phase B over a period of 5 minutes, 30% to 50% mobile phase B over a 

period of 25 minutes, 50% to 95% mobile phase B over a period of 5 minutes, held at 

95% mobile phase B for 5 minutes to remove all analytes from the column and 95% to 

2% mobile phase B over a period of 5 minutes. 

For the separation of protein-linker-tetra and pentasaccharide analytes an 

aliquot of 5 µL equivalent to an amount of 2×10-10 phage was loaded onto the column at 

a flow rate of 0.25 mLmin-1 and an initial buffer composition of 90% mobile phase A and 

10% mobile phase B.  Elution of the protein-linker-polysaccharide analytes was done by 

using a linear gradient from 10% to 30% mobile phase B over a period of 2 minutes, 30% 

to 35% mobile phase B over a period of 3 minutes, 35% to 42% mobile phase B over a 

period of 25 minutes, 43% to 60% mobile phase B over a period of 5 minutes, 60% to 
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85% mobile phase B over a period of 3 minutes and 85% to 10% mobile phase B over a 

period of 5 minutes. 

UV absorbance was monitored at 210, 214, 254 and 280 nm.  Mass spectra were 

acquired in positive mode of ionization using an Agilent 6220 Accurate-Mass TOF 

HPLC/MS system (Santa Clara, CA, USA) equipped with a dual sprayer electrospray 

ionization source with the second sprayer providing a reference mass solution.  Mass 

spectrometric conditions were drying gas 9 L/min at 300°C, nebulizer 30 psi, mass range 

100-3000 Da, acquisition rate of ~1.03  spectra/sec, fragmentor 175 V, skimmer 63 V, 

capillary 3200 V, instrument state 4 GHz High Resolution.  Mass correction was 

performed for every individual spectrum using peaks at m/z 121.0509 and 922.0098 

from the reference solution. Data acquisition was performed using the Mass Hunter 

software package (ver. B.02.01.) Analysis of the HPLC-UV-MS data was done using the 

Agilent Mass Hunter Qualitative Analysis software (ver. B.04.01). 

ESI-MSMS Protocol 

ESI-MSMS was performed by direct infusion of the fractions collected after 

HPLC-UV (described above) using a q-TOF Premier mass spectrometer (Waters, Milford, 

MA).  Infusion was performed using a syringe pump running at a flow rate of 500 nLmin-

1.  Mass spectra were acquired in positive mode of ionization using the following 

conditions: source temperature 100°C, capillary voltage 3.6 kV, cone voltage 35.0, 

desolvation temperature 180 °C, nanoflow gass pressure 0 Bar. Data acquisition was 

performed between 100 Da and 2000 Da with the collision energy varied manually 

between 18 eV and 38 eV, using the Mass Lynx software package (V4.1).  Deconvolution 

of the MSMS data was done using the MaxEnt3 algorithm in the Mass Lynx software 

package (V4.1) followed by manual interpretation of the results. 

BCA Assay 

BCA assay performed according to the Pierce®BCA Protein Assay (cat 23235). 

Phenol-Sulfuric Acid Assay 

To a 2 mL sample of glycoconjugate was added 0.05 mL of 80% phenol and 5 mL 

of H2SO4.  Samples were left to react for 10 minutes and then cooled to room 
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temperature.  Absorbance readings at 490 nm were compared to a standard curve to 

determine the concentration of carbohydrates in solution. 

Immunization Regimes 

24 mice immunized with phage conjugates 

Eight week old C57BL/6 female mice were purchased from Charles River 

Laboratories International Inc..  Five sets of 5 mice received f1.K-(SIA), f1.K-(SIA)-Penta, 

f1.K-(SIA)-Tetra, f1.K-(SIA/4-yne)-Penta/βG or f1.K-(4-yne)-Tetra/βG.  Mice were 

immunized 4 times with a solution of PBS containing phage via 125 µL subcutaneous and 

125 µL intraperitoneal injections.  Injection solutions per mouse (250 µL) contained 10 

µg of phage protein (4×1011 virions for f1.K and f88 phage).  Calculations of phage 

protein are based on the amount of pVIII per virion, which is determined by the genome 

size (1 pVIII protein for every 2.3-2.4 nucleotides in the phage genome).3  Phage 

glycoconjugates contained and 3-4 µg of conjugated glycan per mouse injection, based 

on a conjugate loading of 2.5 glycans per pVIII.  Immunizations were performed on 

weeks 0, 3, 6 and 9, and blood was collected saphenous veins at weeks 0, 4, and 7.  The 

final bleed and euthanasia were performed at week 11. 

6 mice immunized with phage conjugates with endotoxin removed 

Three mice received f1.K-(SIA)-Penta and three mice received f1.K-(SIA)-Tetra.  

The same protocol was used as in the immunization of the 24 mice with phage 

conjugates, with the following exceptions:  The phage conjugates were ran through 

Detoxi-Gel™ to remove endotoxin before preparing the injection solutions.  

Immunizations were performed on weeks 0, 1 and 3.  The final bleed and euthanasia 

were performed at week 4. 

Enzyme Linked Immunosorbent Assay Titrations 

Solutions of phage or glycoconjugate were used to coat plates.  Maxisorp 96-

well plates (Nunc) were incubated overnight at 4 °C with 100 µL per well of one of the 

following: phage conjugate in PBS (1.3-1.5×1010 virions per well); 5 µg/mL BSA 

conjugate; 5 µg/mL ubiquitin conjugate; 0.1 µg/mL HIV-1IIIB gp120 recombinant viral 

protein (produced in CHO cells, NIH AIDS Reagent Program Cat No: 11784); 0.5 µg/mL 
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HIV-1SF162 gp140 recombinant trimer protein (produced in HEK 293F cells, NIH AIDS 

Reagent Program Cat No: 12026) in PBS.  The plates were washed (Molecular Devices 

Skan Washer 400) 5 times with PBS containing 0.05% Tween-20 (PBST).  For titrations 

performed with phage coated plates, a 3% solution of BSA in PBS was used to block 

plates by incubating for 30 min at toom temperature, for all else blocking was 

performed with 1% BSA in PBS for 40 min at room temperature.  The plates were then 

washed 5 times with PBST and serially √10 dilutions of either 2G12 antibody (produced 

in CHO cells, NIH AIDS Reagent Program Cat No: 1476), biotinylated ConA or murine sera 

(diluted with PBST to 1:100) were allowed to bind antigen for 2 hours at room 

temperature.  The plate was washed 5 times with PBST and 100 µL/well of enzyme 

conjugate was added as follows: 

2G12: goat anti-human IgG conjugated to horseradish peroxidase (HRP) 

(Kirkegaard & Perry Laboratories, 1:5000 dilution in PBST) 

Murine sera: goat anti-mouse IgG antibody conjugated to HRP (Kirkegaard & 

Perry Laboratories, 1:2000 dilution in PBST)  

Biotinylated ConA: streptavidin-HRP conjugate diluted to 1:20,000 

Plates were incubated for 40 minutes before washing 5 times with PBST and addition of 

a 1:1 mixture of 3,3’,5,5’-tetramethylbenzidine (0.4 g/L) and 0.002% H2O2 solution 

(Kirkegaard & Perry Laboratories, 100 µL).  After 15 minutes the reaction was stopped 

by addition 100 µL of 1M phosphoric acid.  Absorbance was read at 450 nm (Molecular 

Devices Spectra Max 190 plate reader). 
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Compounds 

 

1 

α-D-Mannopyranosyl-(1→2)-α-D-mannopyranosyl-(1→2)-α-D-mannopyranosyl-(1→3)-

1-thio-β-D-mannopyranose (1) 

Tetrasaccharide 40 (13.2 mg, 6.7 µmol) was dissolved in deuterated sodium hydroxide 

(1 mL, 0.5 M) and the reaction monitored by 1H NMR.  After 2 hours, the reaction was 

neutralized with H+ resin, filtered, and concentrated under reduced pressure.  The 

reaction was dissolved in H2O and lyophilized to remove methyl benzoate.  The crude 

powder was dissolved in deuterated sodium hydroxide (1 mL, 1M) to remove the 

tenacious 2-O-Bz.  After 2 hours, the reaction was neutralized with H+ resin, filtered and 

lyophilized.  Purification of the crude yellow product via HPLC to yield 1 (3.2 mg, 4.7 

µmol, 70%) as a white powder; 1H NMR (700 MHz, D2O): δ 5.34 (br. s., 1H, H-1), 5.30 (s, 

1H, H-1), 5.05 (s, 1H, H-1), 4.99 (s, 1H, H-1a), 4.11 (br. s., 1H, H-2), 4.08 (br. s., 1H, H-2), 

4.07 (br. s., 1H, H-2), 3.26-4.04 (m, 20H), 3.37-3.44 (m, 1H, H-5a); Coupled HSQC (700 

MHz, D2O): δ 103.1/5.05 (JC1/H1 172 Hz), 101.7/5.30 (JC1/H1 173 Hz), 101.5/5.33 (JC1/H1 174 

Hz), 82.5/5.00 (JC1a/H1a 153 Hz); Anal. calc for C24H42O20S: HR ESIMS [M+Na]+: 705.1882, 

found: 705.1881. 
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2 

α-D-mannopyranosyl-(1→6)-[α-D-mannopyranosyl-(1→3)]-α-D-mannopyranosyl-

(1→6)-[α-D-mannopyranosyl-(1→3)]-1-thio-β-D-mannopyranoside (50) 

Pentasaccharide 41 (54.6 mg, 22.6 µmol) was dissolved in deuterated sodium hydroxide 

(1 mL, 0.5 M) and the reaction monitored by 1H NMR.  After 2 hours, the reaction was 

neutralized with H+ resin, filtered, and concentrated under reduced pressure.  The 

reaction was dissolved in H2O and lyophilized to remove methyl benzoate.  The crude 

powder was dissolved in deuterated sodium hydroxide (1 mL, 1M) to remove the 

tenacious 2-O-Bz.  After 2 hours, the reaction was neutralized with H+ resin, filtered and 

lyophilized.  Purification of the crude yellow product via HPLC to yield 2 (12.1 mg, 

14.2 µmol, 63%) as a white powder; 1H NMR (700 MHz, D2O): δ 5.15 (s, 1H, H-1), 5.10 (s, 

1H, H-1), 5.00 (s, 1H, H-1a), 4.92 (d, 1H, J1,2 1.5 Hz, H-1), 4.87 (d, 1H, J1,2 1.5 Hz, H-1), 4.16 

(dd, 1H, J2,3 3.2 Hz, J1,2 1.8 Hz, H-2), 3.64-4.10 (m, 29H); Coupled HSQC (700 MHz, D2O): 

δ 103.3/5.10 (JC1/H1 172 Hz), 103.0/5.15 (JC1/H1 171 Hz), 100.4/4.87 (JC1/H1 172 Hz), 

101.1/4.92 (JC1/H1 172 Hz), 92.1/5.00 (JC1a/H1a 158 Hz); Anal. calc for C30H52O25S: HR ESIMS 

[M+Na]+: 867.2411, found: 867.2411. 

 

 

3 ( including 21, 22 and 23) 

Mercapto-tert-butyl 2,4-di-O-benzoyl-3-O-tert-butyldimethylsilyl-1-thio-6-O-

triphenylmethyl-β-D-mannopyranoside (3) 
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To a solution of diol 20 (0.32 g, 0.48 mmol) in pyridine (5 mL) was added benzoyl 

chloride (0.14 mL, 1.21 mmol) and 1-methylimidazole (1 drop).  The reaction was heated 

to 60 °C for 120 hours, cooled and diluted with EtOAc.  The reaction mixture was 

washed with sat. NaHCO3, H2O and brine.  The organic was dried over Na2SO4 and 

concentrated under reduced pressure.  Purification of the crude product by 

chromatography (toluene) produced product 3 and 23 as an in separable mixture (0.37 

g, 0.38 mmol, 80%).  Intermediates 21 and 22 were also recovered. 

(3) Mercapto-tert-butyl 2,4-di-O-benzoyl-3-O-tert-butyldimethylsilyl-1-thio-6-O-

triphenylmethyl-β-D-mannopyranoside Rf 0.65 (toluene); 1H NMR (500 MHz, CDCl3): δ 

8.16 (m, 2H, ArH), 7.79 (m, 2H, ArH), 7.58 (m, 1H, ArH), 7.54 (m, 1H, ArH), 7.40-7.45 (m, 

8H, ArH), 7.38 (m, 2H, ArH) 7.14 (m, 6H, ArH), 7.09 (m, 3H, ArH), 5.84 (d, 1H, J2,3 2.8 Hz, 

H-2), 5.62 (dd, 1H, J3,4 ≈ J4,5 8.8 Hz, H-4), 4.81 (s, 1H, H-1), 4.03 (dd, 1H, J2,3 3.1 Hz, J3,4 9.1 

Hz, H-3), 3.73 (m, 1H, H-5), 3.30 (dd, 2H, H-6), 1.32 (spt, 1H, J 7.1 Hz, CH(CH3)2), 0.55 (m, 

6H, C(CH3)2), 0.54 (m, 6H, CH(CH3)2), 0.16 (s, 3H, SiCH3), -0.15 (s, 3H, SiCH3); 13C NMR 

(126 MHz, CDCl3): δ 165.8 (C=O), 164.7 (C=O), 143.7 (Ar), 130.1 (Ar), 130.0 (Ar), 128.7 

(Ar), 128.4 (Ar), 127.9 (Ar), 127.6 (Ar), 127.3 (Ar), 93.1 (C-1), 86.1 (CPh3) 78.9 (C-5), 73.9 

(C-2), 72.5 (C-3), 69.7 (C-4), 63.1 (C-6), 47.6 (SC(CH3)3), 33.8 (CH(CH3)2), 30.1 (SC(CH3)3), 

24.6 (SiCH(CH3)2), 19.9 (CH(CH3)2), 19.7 (SiC(CH3)2), 18.3 (SiC(CH3)2), -2.5 (SiCH3), -3.0 

(SiCH3); Anal. calc for C51H60O7S2Si: HR ESIMS [M+Na]+: 899.3442, found: 899.3443. 

 (21) Mercapto-tert-butyl 2-O-benzoyl-3-O-tert-butyldimethylsilyl-1-thio-6-O-

triphenylmethyl-β-D-mannopyranoside Rf 0.32 (toluene); 1H NMR (500 MHz, CDCl3): δ 

8.11 (m, 2H, ArH), 7.52-7.60 (m, 7H, ArH), 7.43 (m, 2H, ArH), 7.31-7.37 (m, 6H, ArH), 

7.24-7.30 (m, 3H, ArH), 5.75 (d, 1H, J1,2 2.9 Hz, H-2), 4.71 (s, 1H, H-1), 3.97 (dd, 1H, J3,4 ≈ 

J4,5 8.7 Hz, H-4), 3.72 (dd, 1H, J2,3 3.2 Hz, J3,4 9.1 Hz, H-3), 3.56-3.63 (m, 1H, H-6), 3.44 (m, 

1H, H-5), 3.42 (m, 1H, H-6), 1.96 (br. s, 1H, 4-OH), 1.51 (spt, 1H, J 6.8 Hz, CH(CH3)2), 1.37 

(s, 9H, C(CH3)3), 0.75 (s, 3H, C(CH3)2), 0.74 (d, 3H, J 7.0 Hz, CH(CH3)2), 0.74 (d, 3H, J 7.0 Hz, 

C(CH3)2), 0.72 (m, 6H, CH(CH3)2), 0.21 (s, 3H, SiCH3), 0.14 (s, 3H, SiCH3). 

(22) Mercapto-tert-butyl 2-O-benzoyl-3-O-tert-butyldimethylsilyl-1-thio-6-O-

triphenylmethyl-α-D-mannopyranoside Rf 0.47 (toluene); 1H NMR (500 MHz, CDCl3): δ 

8.07 (m, 2H, ArH), 7.58 (m, 1H, ArH), 7.52 (m, 6H, ArH), 7.38-7.48 (m, 2H, ArH), 7.22-7.31 

(m, 9H, ArH), 5.53 (dd, 1H, J1,2 3.1 Hz, J2,3 1.8 Hz, H-2), 5.36 (d, 1H, J1,2 1.5 Hz, H-1), 4.10 

(ddd, 1H, J3,4 ≈J4,5 9.3 Hz, J4,OH 2.7 Hz, H-4), 4.02 (m, 1H, H-5), 3.99 (m, 1H, H-3), 3.53 (dd, 
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1H, Jgem 10.3 Hz, J5,6 2.9 Hz, H-6), 3.40 (dd, 1H, Jgem 10.1 Hz, J5,6 3.8 Hz, H-6), 1.95 (d, 1H, 

J4,OH 2.7, 4-OH), 1.52 (spt, 1H, J 6.8 Hz, CH(CH3)2), 1.38 (s, 9H, C(CH3)3), 0.76 (s, 3H, 

C(CH3)2), 0.74 (s, 3H, C(CH3)2), 0.74 (d, 6H, J 6.4, CH(CH3)2), 0.15 (s, 6H, Si(CH3)2). 

(23) Mercapto-tert-butyl 2,4-di-O-benzoyl-3-O-tert-butyldimethylsilyl-1-thio-6-O-

triphenylmethyl-α-D-mannopyranoside Rf 0.68 (toluene); 1H NMR (500 MHz, CDCl3): δ 

8.18 (d, 2H, Jortho 8.4 Hz, ArH), 7.87 (d, 2H, Jortho 7.1 Hz, ArH), 7.61 (t, 1H, Jortho 7.5 Hz, 

ArH), 7.57 (t, 1H, Jortho 7.5 Hz, ArH), 7.49 (t, 2H, Jortho 7.7 Hz, ArH), 7.38-7.45 (m, 8H, ArH), 

7.10-7.15 (m, 6H, ArH), 7.06 (m, 3H, ArH), 5.81 (dd, 1H, J3,4 ≈ J4,5 9.7 Hz, H-4), 5.63 (dd, 

1H, J2,3 2.9 Hz, J1,2 2.0 Hz, H-2), 5.45 (d, 1H, J1,2 1.6 Hz, H-1), 4.31 (m, 1H, H-5), 4.29 (m, 

1H, H-3), 3.33 (dd, 1H, Jgem 10.4 Hz, J5,6 2.2 Hz, H-6), 3.22 (dd, 1H, Jgem 10.4 Hz, J5,6 4.4 Hz, 

H-6), 1.38 (spt, 1H, J 7.1 Hz, CH(CH3)2), 0.62 (m, 6H, C(CH3)2), 0.59 (m, 6H, CH(CH3)2), 0.11 

(s, 3H, SiCH3), -0.11 (s, 3H, SiCH). 

 

 

4 

Allyl 2,4-di-O-benzoyl-α-D-mannopyranoside (4) 

Procedure 1: Monosaccharide 13 (0.144 g, 0.18 mmol) was dissolved in 90% TFA (1 mL) 

and triethylsilane (60 µL, 0.38 mmol) was added.  After 30 minutes, the reaction was 

concentrated under reduced pressure.  Purification of the crude colorless syrup by 

chromatography (7:3 hexanes/EtOAc) yielded 4 (59 µg, 0.13 mmol, 75%) as a white 

powder. 

Procedure 2: Monosaccharide 14 (0.96 g, 1.23 mmol) was dissolved in pyridine (1.5 mL) 

and hydrogen fluoride in pyridine (0.15 mL, 70% HF) was added.  After 1.5 hours, mass 

spec analysis revealed that the TBDPS was selectively removed.  An additional 0.15 mL 

of hydrogen fluoride solution was added and the reaction left overnight.  The reaction 

mixture was neutralized with a solution of CaCO3 suspended in concentrated NaHCO3, 

and filtered through Celite.  The elute solution was diluted with CH2Cl2 and washed with 
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NaHCO3, H2O and brine.  The organic layer was dried over Na2SO4 and concentrated 

under reduced pressure.  Purification of the crude product by chromatography (7:2 

hexanes/EtOAc) yielded 4 (0.47 g, 1.1 mmol, 89 %) as a white powder.  Spectral data 

agrees with literature values;4 ሾαሿୈଶହ -34 (c 5.1, CHCl3);1H NMR (498 MHz, CDCl3): δ 8.06-

8.13 (m, 3H, ArH), 7.58-7.64 (m, 2H, ArH), 7.48 (m, 3H, ArH), 5.96 (ddt, 1H, Jtrans 16.8 Hz, 

Jcis 11.0 Hz, 2×J 5.6 Hz, Hb), 5.52 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-4), 5.44 (dd, 1H, J2,3 3.2 Hz, 

J1,2 1.6 Hz, H-2), 5.36 (dq, 1H, Jtrans 17.2 Hz, Jgem ≈ 2×4J 1.3 Hz, Ha), 5.27 (dg, 1H, Jcis 10.3 

Hz, Jgem ≈ 2×4J 1.2 Hz, Hc), 5.12 (d, 1H, J1,2 0.7 Hz, H-1), 4.47 (dd, 1H, J3,4 9.7 Hz, J2,3 3.3 Hz, 

H-3), 4.26 (ddt, 1H, Jgem 12.9 Hz, 3J 5.2 Hz, 2×4J 1.3 Hz, Hd), 4.10 (ddt, 1H, Jgem 12.9 Hz, 3J 

6.0 Hz, 2×4J 1.4 Hz, Hd), 3.99 (ddd, 1H, J4,5 9.9 Hz, J5,6 3.7 Hz, J5,6 2.6 Hz, H-5), 3.82 (dd, 

1H, Jgem 12.1 Hz, J5,6 1.3 Hz, H-6), 3.75 (dd, 1H, Jgem 12.5 Hz, J5,6 4.0 Hz, H-6); Anal. calc for 

C23H24O8: HR ESIMS [M+Na]+: 451.1363, found: 451.1358; Elem. Anal: C, 64.48; H, 5.65; 

found: C, 64.82; H, 5.65. 

 

 

13 

Allyl 2,4-di-O-benzoyl-3-O-tert-butyldimethylsilyl-6-O-triphenylmethyl-α-D-

mannopyranoside (13) 

A solution of tetrol 12 (0.95 g, 4.33 mmol), trityl chloride (1.51 g, 5.42 mmol) and 

pyridine (7.5 mL) was heated to 80 °C for 48 hours.  The reaction mixture was then 

cooled to 0 °C (ice-water bath) and TBDMSCl (0.72 g, 4.77 mmol) added in portions over 

3 hours.  24 hours later, the reaction was diluted with CH2Cl2 and washed with sat. 

NaHCO3, H2O, and brine.  The organic layer was dried over Na2SO4 and concentrated 

under reduced pressure.  The resulting orange syrup was pushed through a plug of silica 

to remove the residual salts, yielding the intermediate 2,4-diol as a white solid  The 

crude intermediate was dissolved in pyridine (8 mL) and benzoyl chloride (1.36 mL, 11.7 

mmol) added.  After 24 hours, the reaction mixture was diluted with CH2Cl2 and washed 
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with sat. NaHCO3, H2O, and brine.  The organic layer was dried over Na2SO4 and 

concentrated under reduced pressure.  Purification of the crude product by 

chromatography (9.7:0.3 toluene/EtOAc) followed by recrystallization (hexanes) yielded 

14 (2.46 g, 3.15 mmol, 73%) as a white crystalline solid. Spectral data agrees with 

literature values;4 ሾαሿୈଶହ -28 (c 6.1, CHCl3); 1H NMR (500 MHz, CDCl3): δ 8.15 (m, 2H, 

ArH), 7.83 (m, 2H, ArH), 7.52-7.62 (m, 2H, ArH), 7.47 (m, 2H, ArH), 7.35-7.43 (m, 8H, 

ArH), 7.13 (m, 6H, ArH), 7.06 (m, 3H, ArH), 6.03 (ddt, 1H, Jtrans 16.8 Hz, Jcis 11.0 Hz, 2×J 5.7 

Hz, Hb), 5.62 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4), 5.38 (dd, 1H, J2,3 3.3 Hz, J1,2 1.7 Hz, H-2), 5.38 

(ddt, 1H, Jtrans 17.2 Hz, Jgem ≈2×4J 1.4 Hz, Ha), 5.28 (ddt, 1H, Jcis 10.5 Hz, Jgem ≈ 2×4J 1.3 Hz, 

Hc), 5.06 (d, 1H, J1,2 0.9 Hz, H-1), 4.35 (ddt, 1H, Jgem 13.1 Hz, 3J 5.1 Hz, 2×4J 1.3 Hz, Hd), 

4.33 (dd, 2H, J3,4 9.0 Hz, J2,3 3.3 Hz, H-3), 4.16 (ddt, 1H, Jgem 13.0 Hz, 3J 6.2 Hz, 2×4J 1.3 Hz, 

Hd), 4.04 (ddd, 1H, J4,5 10.1 Hz, J5,6 5.3 Hz, J5,6 2.4 Hz, H-5), 3.27 (dd, 1H, Jgem 10.5 Hz, J5,6 

5.3 Hz, H-6), 3.24 (dd, 1H, Jgem 10.5 Hz, J5,6 2.4 Hz, H-6), 0.61 (s, 9H, C(CH3)3), 0.02 (s, 3H, 

SiCH3), -0.18 (s, 3H, SiCH3); Anal. calc for C48H52O8Si: HR ESIMS [M+Na]+: 807.3324, 

found: 807.3318; Elem. Anal: C, 73.44; H, 6.68; found: C, 73.17; H, 6.78. 

 

 

14 

Allyl 2,4-di-O-benzoyl-3-O-tert-butyldimethylsilyl-6-O-tert-butyldiphenylsilyl-1-thio-β-

D-mannopyranoside (24) 

A solution of tetrol 12 (0.95 g, 4.33 mmol), TBDPSCl (1.25 mL, 5.51 mmol) and pyridine 

(7.5 mL) was heated to 80 °C for 48 hours.  The reaction mixture was then cooled to 0 °C 

(ice-water bath) and TBDMSCl (0.72 g, 4.77 mmol) added in portions over 3 hours.  24 

hours later, the reaction was diluted with CH2Cl2 and washed with sat. NaHCO3, H2O, and 

brine.  The organic layer was dried over Na2SO4 and concentrated under reduced 

pressure.  The resulting orange syrup was pushed through a plug of silica to remove the 

residual salts, yielding the intermediate 2,4-diol as a clear syrup.  The crude 
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intermediate was dissolved in pyridine (8 mL) and benzoyl chloride (1.36 mL, 11.7 mmol) 

added.  After 24 hours, the reaction mixture was diluted with CH2Cl2 and washed with 

sat. NaHCO3, H2O, and brine.  The organic layer was dried over Na2SO4 and concentrated 

under reduced pressure.  Purification of the crude product by chromatography (9.7:0.3 

hexanes/EtOAc) yielded 14 (2.46 g, 3.15 mmol, 73%) as a clear, colorless solid; ሾαሿୈଶହ -16 

(c 15.0, CHCl3); 1H NMR (600 MHz, CDCl3): δ 8.11-8.15 (m, 2H, ArH), 7.97-8.00 (m, 2H, 

ArH), 7.64-7.67 (m, 2H, ArH), 7.55-7.62 (m, 4H, ArH), 7.42-7.47 (m, 4H, ArH), 7.17-7.37 

(m, 6H, ArH), 5.98 (ddt, 1H, Jtrans 16.8 Hz, Jcis 11.1 Hz, 2×3J 5.5 Hz, Hb), 5.72 (dd, 1H, J3,4 ≈ 

J4,5 9.8 Hz, H-4), 5.39 (dd, 1H, J2,3 3.3 Hz, J1,2 1.8 Hz, H-2), 5.34 (ddt, 1H, Jgem 17.2 Hz, Jgem ≈ 

2×4J 1.4 Hz, Ha), 5.26 (ddt, 1H, Jcis 10.4 Hz, Jgem ≈ 2×4J 1.3 Hz, Hc), 5.04 (d, 1H, J1,2 1.2 Hz, 

H-1), 4.38 (dd, 1H, J3,4 9.4 Hz, J2,3 3.4 Hz, H-3), 4.29 (ddt, 1H, Jgem 13.0 Hz, 3J 5.2 Hz, 2×4J 

1.2 Hz, Hd), 4.10 (ddt, 1H, Jgem 13.1 Hz, 3J 6.2 Hz, 2×4J 1.3 Hz, Hd), 3.99 (ddd, 1H, J4,5 10.1 

Hz, J5,6 5.2 Hz, J5,6 1.8 Hz, H-5), 3.85 (dd, 1H, Jgem 11.5 Hz, J5,6 5.3 Hz, H-6), 3.77 (dd, 1H, 

Jgem 11.4 Hz, J5,6 2.0 Hz, H-6), 1.03 (s, 9H, SC(CH3)3), 0.63 (s, 9H, SiC(CH3)3), 0.04 (s, 3H, 

SiCH3), -0.14 (s, 3H, SiCH3); 13C NMR (126 MHz, CDCl3): δ 166.1 (C=O), 165.1 (C=O), 135.7 

(Ar), 135.6 (Ar), 133.7 (CH=CH2), 133.3 (Ar), 133.2 (Ar), 133.1 (Ar), 132.9 (Ar), 130.1 (Ar), 

130.0 (Ar), 129.9 (Ar), 129.8 (Ar), 129.5 (Ar), 128.4 (Ar), 128.3 (Ar), 127.5 (Ar), 127.5 (Ar), 

117.8 (CH=CH2), 96.8 (C-1), 72.9 (C-2), 71.8 (C-5), 69.7 (C-4), 69.2 (C-3), 68.3 

(CH2CH=CH2), 63.1 (C-6), 26.7 (SC(CH3)3), 25.3 (SiC(CH3)3), 19.2 (SC(CH3)3), 17.6 

(SiC(CH3)3); Anal. calc for C45H56O8Si2: HR ESIMS [M+Na]+: 803.3406, found: 803.3414; 

Elem. Anal: C, 69.20; H, 7.23; found: C, 69.35; H, 7.13. 

 

 

15 

Diisopropyl-N-(tert-butylsulfanyl)hydrazodicarboxylate (15) 

To a solution of 2-methyl-2-propanethiol (5.5 mL, 48.8 mmol) in CH2Cl2 (150 mL) was 

added diisopropyl azodicarboxylate (10.2 mL, 49.2 mmol) dropwise.  The reaction 
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orange mixture gradually turned yellow over the course of the reaction.  After 1 week, 

the reaction mixture was concentrated under reduced pressure and the yellow syrup 

purified by chromatography (8:2 hexanes/EtOAc) to yield 15 (13.6 g, 46.3 mmol, 94%) as 

a colorless syrup.  ሾαሿୈଶହ -0.1 (c 16.0 in CHCl3); 1H NMR (700 MHz, CDCl3): δ 7.19-7.35 (br. 

d., 1H, NH), 4.90 (spt, 1H, J 6.2 Hz, CH(CH3)2), 4.86 (spt, 1H, J 6.1 Hz, CH(CH3)2), 1.27 (br. 

s., 9H, C(CH3)3), 1.21 (d, 3H, J 6.4 Hz, C(CH3)2), 1.19 (d, 3H, J 6.3 Hz, C(CH3)2); 13C NMR 

(126 MHz, CDCl3): δ 157.3 (C=O), 155.3 (C=O), 72.2 (OCH(CH3)2), 70.0 (OCH(CH3)2), 49.9 

(SC(CH3)3), 28.8 (SC(CH3)3), 22.0 (OCH(CH3)2), 21.8 (OCH(CH3)2); Anal. calc for 

C12H24N2O4S: HR ESIMS [M+Na]+: 315.1349, found: 315.1349; Elem. Anal: C, 49.29; H, 

8.27; N, 9.58; S, 10.97; found: C, 48.69; H, 7.61; N, 9.21; S, 10.56 

 

 

17 

Mecapto-tert-butyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-mannopyranoside (17) 

Monosaccharide 16 (17.9 g, 44.1 mmol) was added to a solution of 15 (13.6 g, 

46.3 mmol) in CH2Cl2 (300 mL) and cooled to 0 °C.  Diethylamine (4.8 mL, 46 mmol) was 

added to the reaction mixture.  After 96 hours, reaction was diluted with CH2Cl2 and 

washed with sat. NH4Cl, sat. NaHCO3, H2O, and brine.  The organic was dried over 

Na2SO4 and concentrated under reduced pressure.  Purification of the crude product 

required two rounds of chromatographic purification (6:4 hexanes EtOAc, then 9:1 

CH2Cl2/EtOAc).  The bulk of the diisopropyl hydrazodicarboxylate byproduct can be 

removed through recrystallization (hexanes/EtOAc), yielding 17 (13.1 g, 29.0 mmol, 

66%) as a colorless syrup in a 1:22 α/β ratio, containing trace diisopropyl 

hydrazodicarboxylate; ሾαሿୈଶହ 31 (c 24.3, CHCl3); 1H NMR (700 MHz, CDCl3): δ 5.62 (br. d, 

1H, J2,3 2.6 Hz, H-2), 5.20 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-4), 5.03 (dd, 1H, J3,4 10.1 Hz, J2,3 3.5 

Hz, H-3), 4.65 (d, 1H, J1,2 0.9 Hz, H-1), 4.25 (dd, 1H, Jgem 12.3 Hz, J5,6 6.1 Hz, H-6), 4.14 (dd, 

1H, Jgem 12.3 Hz, J5,6 2.3 Hz, H-6), 3.67 (ddd, 1H, J4,5 9.9 Hz, J5,6 6.2 Hz, J5,6 2.3 Hz, H-5), 

2.19 (s, 3H, CH3(C=O)), 2.07 (s, 3H, CH3(C=O)), 2.03 (s, 3H, CH3(C=O)), 1.97 (s, 3H, 

CH3(C=O)), 1.34 (s, 9H, C(CH3)3); 13C NMR (176 MHz, CDCl3): δ 170.6 (C=O), 170.0 (C=O), 
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170.0 (C=O), 169.6 (C=O), 92.1 (C-1), 76.9 (C-5), 71.7 (C-3), 70.5 (C-2), 65.6 (C-4), 62.8 (C-

6), 47.8 (C(CH3)3), 29.9 (C(CH3)3), 20.7 (CH3(C=O)), 20.7 (CH3(C=O)), 20.6 (CH3(C=O)), 20.5 

(CH3(C=O)); Anal. calc for C18H28O9S2: HR ESIMS [M+Na]+: 475.1067, found: 475.1065; 

Elem. Anal: C, 47.77; H, 6.24; S, 14.17; found: C, 47.98; H, 6.21; S, 13.80. 

 

 

18 

Mecapto-tert-butyl 1-thio-D-mannopyranoside (18) 

Monosaccharide 17 (10.68 g, 23.6 mmol) was suspended in methanol (110 mL) and 1 M 

sodium methoxide (0.2 mL) was added.  After 4 hours, reaction was neutralized with H+ 

resin, filtered, and concentrated under reduced pressure.  Purification of the crude 

product by recrystallization (hexanes/EtOAc) yielded 18 (6.13 g, 21.5 mmol, 91%) in a 

64:100 α/β mixture as a white powder.  β-anomer: 1H NMR (600 MHz, CD3OD): δ 4.59 

(d, 1H, J1,2 1.1 Hz, H-1), 4.05 (dd, 1H, J2,3 3.4 Hz, J1,2 1.0 Hz, H-2), 3.85 (dd, 1H, Jgem 11.9 

Hz, J5,6 2.4 Hz, H-6), 3.74 (dd, 1H, Jgem 11.7 Hz, J5,6 5.5 Hz, H-6), 3.61 (dd, 1H, J3,4 ≈ J4,5 9.5 

Hz, H-4), 3.45 (dd, 1H, J3,4 9.5, J2,3 3.3 Hz, H-3), 3.22 (ddd, 1H, J4,5 9.7 Hz, J5,6 5.1 Hz, J5,6 2.4 

Hz, H-5), 1.36 (s, 9H, C(CH3)3); 13C NMR (126 MHz, CD3OD): δ 94.4 (C-1), 81.4 (H-5), 74.7 

(C-3), 72.4 (C-2), 66.5 (C-4), 61.3 (C-6), 46.6 (SC(CH3)3), 28.9 (SC(CH3)3); α-anomer: 1H 

NMR (600 MHz, CD3OD): δ 5.10 (d, 1H, J1,2 1.8 Hz, H-1), 4.10 (dd, 1H, J2,3 3.1 Hz, J1,2 1.8 

Hz, H-2), 3.80-3.83 (m, 1H, H-6), 3.75-3.79 (m, 1H, H-6), 3.73-3.76 (m, 1H, H-5), 3.72 (dd, 

1H, J3,4 ≈ J4,5 9.7 Hz, H-4), 3.66 (m, 1H, H-3), 1.36 (s, 9H, C(CH3)3); Anal. calc for 

C10H20O5S2: HR ESIMS [M+Na]+: 307.0644, found: 307.0641; Elem. Anal: C, 42.23; H, 7.09; 

S, 22.55; found: C, 42.07; H, 7.05; S, 22.54. 
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Mecapto-tert-butyl 1-thio-6-O-triphenylmethyl-β-D-mannopyranoside (19) 

Tetrol 18 (0.34 g, 1.2 mmol) and TrCl (0.32 g, 1.5 mmol) were dissolved in pyridine 

(10 mL) and stirred at room temperature.  After 68 hours, solid NaHCO3 was added and 

the reaction stirred until bubbling ceased.  The reaction mixture was diluted with EtOAc 

and washed with 1 M NaHCO3, H2O, and brine.  The organic was dried over Na2SO4 and 

concentrated under reduced pressure.  Purification of the crude product by 

chromatography (6:4 CH2Cl2/EtOAc) yielded 19 (0.50 g, 0.96 mmol, 81%) in a 64:100 α/β 

mixture as a white powder; 

β-anomer: Rf 0.48 (1:9 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.42-7.46 (m, 6H, 

ArH), 7.29-7.34 (m, 6H, ArH), 7.23-7.28 (m, 3H, ArH), 4.54 (d, 1H, J1,2 0.9 Hz, H-1), 4.20 

(m, 1H, H-2), 3.77 (ddd, 1H, J3,4 ≈ J4,5 9.2 Hz, J4,OH 2.0 Hz, H-4), 3.55 (ddd, 1H, J3,4 9.1 Hz, 

J2,3 5.8 Hz, J3,OH 3.6 Hz, H-3), 3.48 (dd, 1H, Jgem 9.7 Hz, J5,6 4.9 Hz, H-6), 3.43 (dd, 1H, Jgem 

9.9 Hz, J5,6 5.1 Hz, H-6), 3.37 (ddd, 1H, J4,5 ≈ J5,6 10.1, J5,6 4.9, H-5), 2.84 (d, 1H, J4,OH 2.0 Hz, 

4-OH), 2.61 (d, 1H, J3,OH 6.2 Hz, 3-OH), 2.47 (d, 1H, J2,OH 4.4 Hz, 2-OH), 1.34 (s, 9H, 

C(CH3)3); 13C NMR (126 MHz, CDCl3): δ 143.4 (Ar), 128.6 (Ar), 128.0 (Ar), 127.3 (Ar), 92.6 

(C-1), 87.4 (CPh3), 78.2 (C-5), 74.8 (C-3), 71.5 (C-2), 70.2 (C-4), 64.6 (C-6), 47.7 (SC(CH3)3), 

30.0 (SC(CH3)3); Coupled HSQC (500 MHz, CDCl3): δ 92.6/4.54 (JC1/H1 158 Hz, C-1); Anal. 

calc for C29H34O5S2: HR ESIMS [M+Na]+: 549.1740, found: 549.1739; Elem. Anal: C, 66.13; 

H, 6.51; S, 12.18; found: C, 66.00; H, 6.22; S, 12.07. 

α-anomer: Rf 0.52 (1:9 hexanes/EtOAc); 1H NMR (600 MHz, CDCl3): δ 7.43-7.47 (m, 6H, 

ArH), 7.30-7.34 (m, 6H, ArH), 7.24-7.27 (m, 3H, ArH), 5.17 (d, 1H, J1,2 1.7 Hz, H-1), 4.21 

(br. s., 1H, H-2), 3.97 (m, 1H, H-5), 3.83 (m, 1H, H-4), 3.77 (m, 1H, H-3), 3.49 (dd, 1H, Jgem 

9.9 Hz, J5,6 4.4 Hz, H-6), 3.40 (dd, 1H, Jgem 9.8 Hz, J5,6 5.8 Hz, H-6), 2.83 (d, 1H, J4,OH 2.1 Hz, 

4-OH), 2.60 (d, 1H, J3,OH 3.4 Hz, 3-OH), 2.46-2.48 (d, 1H, J2,OH 3.6 Hz, 2-OH), 1.34 (s, 9H, 

C(CH3)3); 13C NMR (126 MHz, CDCl3): δ 128.6 (Ar), 128.0 (Ar), 127.3 (Ar), 92.5 (C-1), 87.4 

(CPh3), 71.6, 71.55, 71.50, 70.7 (C-2, C-3, C-4, C-5), 64.8 (C-6), 47.8 (SC(CH3)3), 30.0 

(SC(CH3)3); Coupled HSQC (500 MHz, CDCl3): δ 92.5/5.17 (JC1/H1 171 Hz, C-1); 
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20 

Mecapto-tert-butyl 3-O-thexyldimethylsilyl-1-thio-6-O-triphenylmethyl-β-D-

mannopyranoside (20) 

Triol 19 (0.15 g, 0.28 mmol) was dissolved in a solution of imidazole (38 mg, 0.56 mmol) 

and DMF (3 mL).  A solution of TDSCl (64 µL, 0.33 mmol) in DMF (1 mL) was added 

dropwise to the reaction mixture over 1 hour.  After 24 hours, the reaction was diluted 

with EtOAc and washed with 1 M NaHCO3, H2O, and brine.  The organic was dried over 

Na2SO4 and concentrated under reduced pressure.  Purification of the crude yellow 

product by chromatography (7:3 hexanes/EtOAc) yielded 20 (0.17 g, 0.26 mmol, 92%) in 

a 64:100 α/β mixture as a white powder; 

β-anomer: Rf 0.53 (8:2 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.43-7.47 (m, 6H, 

ArH), 7.28-7.33 (m, 6H, ArH), 7.22-7.26 (m, 3H, ArH), 4.52 (dd, 1H, J1,2 ≈ 4J1,OH 1.5 Hz, H-

1), 4.03 (ddd, 1H, J2,3 3.6 Hz, J1,2 1.6 Hz, J2,OH 1.5 Hz, H-2), 3.66 (ddd, 1H, J3,4 ≈ J4,5 9.2 Hz, 

J4,OH 2.6 Hz, H-4), 3.57 (dd, 1H, J3,4 8.7 Hz, J2,3 3.6 Hz, H-3), 3.41-3.44 (m, 2H, H-6), 3.37 

(m, 1H, H-5), 2.60 (dd, 1H, 4J1,OH ≈ J2,OH 1.6 Hz, 2-OH), 2.30 (d, 1H, J4,OH 2.7, 4-OH), 1.64 

(spt., 1H, J 7.1 Hz, CH(CH3)2), 1.35 (s, 9H, C(CH3)3), 0.90 (d, 3H, J 6.8, CH(CH3)2), 0.89 (d, 

3H, J 6.8 Hz, CH(CH3)3), 0.86 (s, 6H, C(CH3)2), 0.18 (s, 3H, SiCH3), 0.17 (s, 3H, SiCH3); 13C 

NMR (126 MHz, CDCl3): δ 146.9 (Ar), 143.7 (Ar), 143.6 (Ar), 128.7 (Ar), 127.9 (Ar), 127.3 

(Ar), 127.1 (Ar), 93.5 (C-1), 82.0 (CPh3), 78.6 (C-5), 76.0 (C-2), 72.7 (C-3), 69.6 (C-4), 64.9 

(C-6), 47.5 (SC(CH3)3), 34.2 (CH(CH3)2), 30.1 (C(CH3)3), 25.0 (SiC(CH3)2), 20.5 (CH(CH3)2), 

20.1 (CH(CH3)2), 18.7 (SiC(CH3)2), 18.5 (SiC(CH3)2), -2.5 (SiCH3), -2.7 (SiCH3); Anal. calc for 

C37H52O5S2Si: HR ESIMS [M+Na]+: 691.2918, found: 691.2923; 

α-anomer: Rf 0.50 (8:2 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.41-7.52 (m, 6H, 

ArH), 7.27-7.33 (m, 3H, ArH), 7.21-7.28 (m, 3H, ArH), 5.24 (d, 1H, J1,2 1.3 Hz, H-1), 4.03 

(ddd, 1H, J2,3 3.3 Hz, J1,2 1.3 Hz, H-2), 3.97 (ddd, 1H, J5,6 9.4 Hz, J4,5 ≈ J5,6 4.6 Hz, H-5), 3.83 

(dd, 1H, J3,4 8.8 Hz, J2,3 3.3 Hz, H-3), 3.73 (ddd, 1H, J4,5 9.2 Hz, J3,4 ≈ J4,OH 2.6 Hz, H-4), 3.40 

(br. d, 2H, J 4.6 Hz, H-6), 2.67 (d, 1H, J1,2 1.3 Hz, 2-OH), 2.20 (d, 1H, J4,OH 2.9 Hz, 4-OH), 

1.65 (spt, 1H, J 7.3 Hz, CH(CH3)2), 1.37 (m, 6H, C(CH3)3), 0.90 (d, 3H, J 6.8 Hz, CH(CH3)2), 

0.89 (d, 3H, J 6.8 Hz, CH(CH3)2), 0.87 (s, 6H, C(CH3)2), 0.18 (br. s., 6H, Si(CH3)2); 
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24 

Mecapto-tert-butyl 2,4-di-O-acetyl-3-O-thexyldimethylsilyl-1-thio-6-O-

triphenylmethyl-β-D-mannopyranoside (24) 

Crude diol 20 (0.21g, ~0.32 mmol) was added to a solution of acetic anhydride (1 mL, 

10.6 mmol) in pyridine (3 mL).  After 24 hours, the reaction mixture was diluted with 

CH2Cl2 and washed with 1 M NaHCO3, H2O, and brine.  The organic was dried over 

Na2SO4 and concentrated under reduced pressure.  Purification of crude product by 

chromatography (9:1 hexanes/EtOAc) yielded 24 (0.19g, 0.25 mmol, ~83%) in a 1:10 α/β 

mixture as a white powder; 

β-anomer: Rf 0.63 (7:3 hexanes/EtOAc); 1H NMR (600 MHz, CDCl3): δ 7.46 (m, 6H, ArH), 

7.26-7.33 (m, 6H, ArH), 7.21-7.26 (m, 3H, ArH), 5.52 (d, 1H, J1,2 2.9 Hz, H-2), 5.00 (dd, 1H, 

J3,4 ≈ J4,5 9.7 Hz, H-4), 4.63 (s, 1H, H-1), 3.75 (dd, 1H, J3,4 9.3 Hz, J2,3 3.5 Hz, H-3), 3.53 

(ddd, 1H, J4,5 9.9 Hz, J5,6 6.0 Hz, J5,6 2.4 Hz, H-5), 3.28 (dd, 1H, Jgem 10.4 Hz, J5,6 5.9 Hz, H-

6), 3.08 (dd, 1H, Jgem 10.5 Hz, J5,6 2.3 Hz, H-6), 2.15 (s, 3H, CH3(C=O)), 1.74 (s, 3H, 

CH3(C=O)), 1.53 (spt, 1H, J 7.3 Hz, CH(CH3)2), 1.40 (s, 9H, C(CH3)3), 0.80 (s, 6H, CH(CH3)2), 

0.75 (s, 6H, C(CH3)2), 0.15 (s, 3H, SiCH3), 0.05 (s, 3H, SiCH3); 13C NMR (126 MHz, CDCl3): δ 

170.0 (C=O), 169.2 (C=O), 143.8 (Ar), 128.8 (Ar), 127.9 (Ar), 127.7 (Ar), 127.3 (Ar), 127.0 

(Ar), 92.6 (C-1), 86.8 (CPh3), 78.8 (C-5), 73.0 (C-2), 71.9 (C-3), 69.2 (C-4), 63.7 (C-6), 47.6 

(SC(CH3)3), 34.0 (CH(CH3)2), 30.1 (C(CH3)3), 24.7 (SiC(CH3)2), 20.9 (CH(CH3)2), 20.8 

(CH(CH3)2), 20.2 (CH3(C=O)), 19.9 (CH3(C=O)), 18.5 (SiC(CH3)2), 18.4 (SiC(CH3)2), -2.6 

(SiCH3), -3.1 (SiCH3); Anal. calc for C41H56O7S2Si: HR ESIMS [M+Na]+: 775.3129, found: 

775.3128; Elem. Anal: C, 65.39; H, 7.50; S, 8.52; found: C, 65.13; H, 7.46; S, 8.74. 

α-anomer: Rf 0.65 (7:3 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.47 (m, 6H, ArH), 

7.27-7.32 (m, 6H, ArH), 7.20-7.26 (m, 3H, ArH), 5.31-5.34 (m, 1H, H-2), 5.21 (d, 1H, J1,2 

1.5 Hz, H-1), 5.16 (dd, 1H, J3,4 ≈ J4,5 9.7 Hz, H-4), 4.11 (m, 1H, H-5), 4.03 (dd, 1H, J3,4 9.3 

Hz, J2,3 3.3 Hz, H-3), 3.20 (dd, 1H, J5,6 5.5 Hz, Jgem 10.4 Hz, H-6), 3.14 (dd, 1H, Jgem 10.4 Hz, 

J5,6 2.4 Hz, H-6), 2.13 (s, 3H, CH3(C=O)), 2.05 (s, 1H, CH3(C=O)), 1.88 (spt, 1H, J 7.3 Hz, 
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CH(CH3)2), 1.41 (s, 9H, C(CH3)3), 0.81 (d, 6H, J 1.3, CH(CH3)2), 0.76 (m, 6H, C(CH3)2), 0.13 

(s, 3H, SiCH3), 0.07 (s, 3H, SiCH3) 

 

 

25 

Mecapto-tert-butyl 6-O-tert-butyldiphenylsilyl-1-thio-β-D-mannopyranoside (25) 

Tetrol 18 (2.38 g, 8.4 mmol) was dissolved in pyridine (40 mL) and TBDPSCl (2.4 mL, 9.4 

mmol) was slowly added.  After 48 hours, the reaction was diluted with toluene and 

extracted with 1 M NaHCO3, H2O, and brine.  The organic layer was dried over Na2SO4 

and concentrated under reduced pressure.  Purification of the crude product by 

chromatography (6:3 CH2Cl2/EtOAc) followed by recrystallization (heptane/EtOAc) 

yielded 25 (1.86g, 3.57 mmol, 71%) a white crystalline solid; ሾαሿୈଶହ -35 (c 6.2, CH2Cl2); 1H 

NMR (498 MHz, CDCl3): δ 7.65-7.70 (m, 4H, ArH), 7.37-7.47 (m, 6H, ArH), 4.53 (s, 1H, H-

1), 4.20 (dd, 1H, J2,3 ≈ J2,OH 3.8 Hz, H-2), 3.96 (dd, 1H, Jgem 10.8 Hz, J5,6 4.8 Hz, H-6), 3.92 

(dd, 1H, Jgem 10.8 Hz, J5,6 5.8 Hz, H-6), 3.87 (ddd, 2H, J3,4 ≈ J4,5 9.2 Hz, J4,OH 1.6 Hz, H-4), 

3.58 (ddd, 1H, J3,4 9.3 Hz, J3,OH 6.2 Hz, J2,3 3.3 Hz, H-3), 3.36 (dt, 2H, J4,5 9.7 Hz, J5,6 5.0 Hz, 

H-5), 3.09 (d, 2H, J4,OH 1.8 Hz, 4-OH), 2.58 (d, 2H, J3,OH 6.4 Hz, 3-OH), 2.38 (d, 2H, J2,OH 4.8 

Hz, 2-OH), 1.30 (s, 9H, SC(CH3)3), 1.06 (s, 9H, SiC(CH3)3); 13C NMR (126 MHz, CDCl3): δ 

135.6 (Ar), 135.6 (Ar), 132.6 (Ar), 132.5 (Ar), 130.0 (Ar), 127.9 (Ar), 92.3 (C-1), 78.7 (C-5), 

74.9 (C-3), 71.4 (C-2), 70.3 (C-4), 65.1 (C-6), 47.7 (SC(CH3)3), 29.9 (SC(CH3)3), 26.8 

(SiC(CH3)3), 19.2 (SiC(CH3)3); Coupled HSQC (500 MHz, CDCl3): δ 92.3/4.53 (JC1/H1 158 Hz, 

C-1); Anal. calc for C26H38O5S2Si: HR ESIMS [M+Na]+: 545.1822, found: 545.1818; Elem. 

Anal: C, 59.73; H, 7.33; S, 12.27; found: C, 59.12; H, 7.24; S, 12.34. 
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26 

Mecapto-tert-butyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)-6-O-

tert-butyldiphenylsilyl-1-thio-β-D-mannopyranoside (26) 

Acceptor 25 (0.32 g, 0.61 mmol) was dissolved in a solution of CH2Cl2 (8 mL) containing 

molecular sieves, cooled to 0 °C, and BF3·OEt2 (12 µL, 96 µmol) added.  A solution of 

donor 5 (0.42g, 0.61 mmol) in CH2Cl2 (5 mL) was added dropwise over 30 minutes to the 

acceptor solution.  After 1 hour, the reaction was quenched with 3 drops of TEA and 

concentrated under reduced pressure.  Purification of the crude product by 

chromatography (9:1 toluene/EtOAc) yielded 26 (0.53 g, 0.51 mmol, 83%) as a white 

powder; ሾαሿୈଶହ 25 (c 2.0, CHCl3); 1H NMR (500 MHz, CDCl3): δ 8.01-8.05 (m, 2H, ArH), 

7.95-7.99 (m, 2H, ArH), 7.87-7.91 (m, 2H, ArH), 7.70 (m, 4H, ArH), 7.33-7.56 (m, 15H, 

ArH), 5.90 (dd, 1H, J3,4 ≈ J4,5 10.1 Hz, H-4b), 5.82 (dd, 1H, J3,4 10.7 Hz, J2,3 3.7 Hz, H-3b), 

5.62 (dd, 1H, J2,3 3.2 Hz, J1,2 1.9 Hz, H-2b), 5.34 (d, 1H, J1,2 1.6 Hz, H-1b), 4.63 (ddd, 1H, J4,5 

9.8 Hz, J5,6 5.6 Hz, J5,6 3.1 Hz, H-5b), 4.59 (dd, 1H, Jgem 11.9 Hz, J5,6 2.9 Hz, H-6b), 4.53 (dd, 

1H, Jgem 11.7 Hz, J5,6 5.7 Hz, H-6b), 4.47 (s, 1H, H-1a), 4.36 (dd, 1H, J2,OH 5.4 Hz, J2,3 3.4 Hz, 

H-2a), 4.12 (ddd, 1H, J3,4 ≈ J4,5 9.2 Hz, J4,OH 2.6 Hz, H-4a), 3.94 (d, 2H, Jgem ≈ J5,6 4.8 Hz, H-

6a), 3.67 (dd, 1H, J3,4 9.2 Hz, J2,3 3.2 Hz, H-3a), 3.34 (ddd, 1H, J4,5 9.3 Hz, 2×J5,6 4.6 Hz, H-

5a), 2.90 (d, 1H, J4,OH 2.6 Hz, 4-OH), 2.50 (d, 1H, J2,OH 5.5 Hz, 2-OH), 2.14 (s, 3H, CH3(C=O)), 

1.29 (s, 9H, SC(CH3)3), 1.08 (s, 9H, SiC(CH3)3); 13C NMR (126 MHz, CDCl3): δ 169.8 (C=O), 

166.3 (C=O), 165.6 (C=O), 165.6 (C=O), 135.7 (Ar), 135.6 (Ar), 133.5 (Ar), 133.3 (Ar), 

133.2 (Ar), 132.9 (Ar), 132.7 (Ar), 129.9 (Ar), 129.8 (Ar), 129.7 (Ar), 129.1 (Ar), 128.9 (Ar), 

128.5 (Ar), 128.4 (Ar), 127.9 (Ar), 99.3 (C-1b), 92.7 (C-1a), 82.9(C-3a), 79.5 (C-5a), 71.7 (C-

2a), 69.9, 69.8 (C-2b, C-3b), 69.4 (C-5b), 68.2 (C-4a), 67.2 (C-4b), 64.7 (C-6a), 63.7 (C-6b), 

47.6 (SC(CH3)3), 30.0 (SC(CH3)3), 26.9 (SiC(CH3)3), 20.8 (CH3(C=O)), 19.3 (SiC(CH3)3); 

Coupled HSQC (500 MHz, CDCl3): δ 99.3/5.34 (JC1/H1 177 Hz, C-1b), 92.7/4.47 (JC1/H1 157 

Hz, C-1a); Anal. calc for C55H62O14S2Si: HR ESIMS [M+Na]+: 1061.3246, found: 1061.3242; 

Elem. Anal: C, 63.56; H, 6.01; S, 6.17; found: C, 63.56; H, 6.29; S, 6.17. 
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27 

Mecapto-tert-butyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)-1-thio-

β-D-mannopyranoside (27) 

Disaccharide 26 (0.21 g, 0.17 mmol) was dissolved in a pyridine (0.25 mL) and hydrogen 

fluoride in pyridine (25 µL, 70% HF) added.  The reaction was performed in a 

polypropylene flask.  After 45 minutes, a suspension of CaCO3 in 1 M NaHCO3 (0.5 mL) 

was added and the reaction mixture stirred for 30 minutes.  The slurry was filtered 

through a pad of Celite and the eluted solution concentrated under reduced pressure.  

Purification of the crude product by chromatography (9:1 toluene/EtOAc) yielded 34 

(0.16 g, 0.16 mmol, 93%) as a white solid; ሾαሿୈଶହ 42 (c 11.8, CHCl3); 1H NMR (500 MHz, 

CDCl3): δ 8.01-8.05 (m, 2H, ArH), 7.89-7.93 (m, 2H, ArH), 7.76-7.81 (m, 2H, ArH), 7.51-

7.56 (m, 1H, ArH), 7.38-7.48 (m, 3H, ArH), 7.27-7.35 (m, 3H, ArH), 7.09-7.15 (m, 2H, 

ArH), 5.95 (dd, 1H, J3,4 10.0 Hz, J2,3 3.3 Hz, H-3b), 5.92 (dd, 1H, J3,4 ≈ J4,5 9.5 Hz, H-4b), 5.64 

(dd, 1H, J2,3 2.4 Hz, J1,2 1.8 Hz, H-2b), 5.45 (d, 1H, J1,2 1.6 Hz, H-1b), 4.76 (ddd, 1H, J4,5 8.9 

Hz, J5,6 5.5 Hz, J5,6 3.1 Hz, H-5b), 4.65 (br. s, 1H, 4-OHa), 4.56 (dd, 1H, Jgem 12.1 Hz, J5,6 3.1 

Hz, H-6b), 4.52 (s, 1H, H-1a), 4.52 (dd, 1H, Jgem 12.3 Hz, J5,6 5.5 Hz, H-6b), 4.39 (dd, 1H, J2,3 

5.9 Hz, J2,OH 3.3 Hz, H-2a), 4.30 (m, 1H, H-4a), 4.16 (m, 1H, 3-OHa), 3.98 (m, 2H, H-6a), 3.74 

(dd, 1H, J3,4 9.3 Hz, J2,3 3.3 Hz, H-3a), 3.61 (br. s, 1H, 6-OHa), 3.31 (ddd, 1H, J4,5 ≈ J5,6 9.7, 

J5,6 2.6 Hz, H-5a), 2.11 (s, 3H, CH3(C=O)), 1.30 (s, 9H, C(CH3)3); 13C NMR (126 MHz, CDCl3): 

δ 170.3 (C=O), 166.5 (C=O), 166.3 (C=O), 165.6 (C=O), 133.6 (Ar), 133.3 (Ar), 133.2 (Ar), 

129.8 (Ar), 129.7 (Ar), 129.7 (Ar), 129.6 (Ar), 128.8 (Ar), 128.7 (Ar), 128.6 (Ar), 128.5 (Ar), 

128.3 (Ar), 99.2 (C-1b), 93.2 (C-1a), 82.7 (C-3a), 80.5 (C-5a), 72.4(C-2a), 70.3, 70.1 (C-2b, C-

3b), 69.4 (C-5b), 66.9 (C-4b), 65.4 (C4a), 63.7 (C-6b), 61.2 (C-6a), 47.5 (C(CH3)3), 30.0 

(C(CH3)3), 20.8 (CH3(C=O)); Anal. calc for C39H44O14S2: HR ESIMS [M+Na]+: 823.2065, 

found: 823.2053; Elem. Anal: C, 58.49 H, 5.54; S, 8.01; found: C, 57.97 H, 5.87; S, 7.75. 
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28 

Mecapto-tert-butyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)-2,4,6-

tri-O-benzoyl-1-thio-β-D-mannopyranoside (28) 

Triol 27 (0.48 g, 0.60 mmol) was dissolved in pyridine (2.5 mL) and cooled to 0 °C (ice-

water bath).  Benzoyl chloride (2.5 mL, 21.6 mmol) was added in portions and after 1 

hour the reaction was removed from the ice bath.  After 24 hours total reaction time, 

the reaction mixture was diluted with toluene and washed with 1 M NaOH, H2O, and 

brine.  The organic layer was dried over Na2SO4 and concentrated under reduced 

pressure.  Purification of the crude product by chromatography (9:1 toluene/EtOAc) 

yielded 28 (0.53 g, 0.47 mmol, 87%) as a white powder; ሾαሿୈଶହ -39 (c 3.9, CHCl3); 1H NMR 

(600 MHz, CDCl3): δ 7.25-8.26 (m, 30H, Ar), 6.04 (dd, 1H, J1,2 3.5 Hz, J 1.0 Hz, H-2a), 5.82 

(dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4a), 5.79 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4b), 5.53 (dd, 1H, J3,4 9.7 

Hz, J2,3 3.4 Hz, H-3b), 5.09 (dd, 1H, J2,3 3.4 Hz, J1,2 2.0 Hz, H-2b), 5.07 (d, 1H, J1,2 1.9 Hz, H-

1b), 4.80 (d, 1H, J1,2 1.2 Hz, H-1a), 4.80 (ddd, 1H, J4,5 9.8 Hz, J5,6 4.7 Hz, J5,6 2.8 Hz, H-5b), 

4.68 (dd, 1H, Jgem 12.3 Hz, J5,6 2.5 Hz, H-6b), 4.68 (dd, 1H, Jgem 12.1 Hz, J5,6 2.5 Hz, H-6a), 

4.53 (dd, 1H, Jgem 12.2 Hz, J5,6 4.6 Hz, H-6b), 4.47 (dd, 1H, Jgem 12.2 Hz, J5,6 5.3 Hz, H-6a), 

4.33 (dd, 1H, J3,4 9.8 Hz, J2,3 3.5 Hz, H-3a), 3.99 (ddd, 1H, J4,5 10.0 Hz, J5,6 5.3 Hz, J5,6 2.9 Hz, 

H-5a), 1.78 (s, 3H, CH3(C=O)), 1.32 (s, 9H, C(CH3)3); 13C NMR (126 MHz, CDCl3): δ 166.6 

(C=O), 166.5 (C=O), 166.4 (C=O), 165.5 (C=O), 164.9 (C=O), 133.79 (Ar), 133.77 (Ar), 

133.70 (Ar), 133.66 (Ar), 133.60 (Ar), 133.50 (Ar), 133.34 (Ar), 133.32 (Ar), 133.26 (Ar), 

133.22 (Ar), 133.21 (Ar), 130.63 (Ar), 133.61 (Ar), 130.5 (Ar), 130.18 (Ar), 130.10 (Ar), 

130.08 (Ar), 130.06 (Ar), 129.99 (Ar), 129.95 (Ar), 129.2 (Ar) 128.8 (Ar) 128.61 (Ar), 127.8 

(Ar), 99.4 (H-1b), 92.6 (H-1a), 77.3 (H-3a), 76.9 (H-5a), 72.9 (H-2a), 69.9 (H-5b), 69.5 (H-2b), 

69.27 (H-3b), 69.21 (H-4a), 67.2 (H-4b), 63.52 (H-6a), 63.4 (H-6b), 48.0 (C(CH3)3), 30.1 

(C(CH3)3), 20.4 (CH3(C=O)); Anal. calc for C60H56O17S2: HR ESIMS [M+Na]+: 1135.2851, 

found: 1135.2847; Elem. Anal: C, 64.74 H, 5.07; S, 5.76; found: C, 62.62 H, 5.02; S, 5.49. 
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29 

Mecapto-tert-butyl 3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)-2,4,6-tri-O-

benzoyl-1-thio-β-D-mannopyranoside (29) 

Trisaccharide 28 (0.36 g, 0.32 mmol) was dissolved in CH2Cl2 (1.5 mL) and MeOH 

(2.5 mL) and cooled to -10 °C (HAAKE Fisons chiller).  A solution of acetyl chloride 

(0.25 mL, 2.9 mmol) in MeOH (1 mL) was added dropwise.  The reaction was stirred 

at -10 °C for 170 hours, and quenched with 1 M NaHCO3.  The reaction mixture was 

extracted three times with EtOAc and the combined organic layer concentrated under 

reduced pressure.  Purification of crude product by chromatography (9.4:0.6 

toluene/EtOAc) yielded 29 (0.27 g, 0.25 mmol, 78%) as a white powder; ሾαሿୈଶହ -27 (c 3.0, 

CHCl3); 1H NMR (500 MHz, CDCl3): δ 7.28-8.27 (m, 30H, Ar), 6.05 (dd, 1H, J2,OH 3.4, J1,2 1.0 

Hz, H-2a), 5.85 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4b), 5.80 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4a), 5.43 

(dd, 1H, J3,4 9.5 Hz, J2,3 3.1 Hz, H-3b), 5.11 (d, 1H, J1,2 1.8 Hz, H-1b), 4.87 (ddd, 1H, J4,5 9.9 

Hz, J5,6 4.6 Hz, J5,6 2.8 Hz, H-5b), 4.82 (d, 1H, J1,2 1.1 Hz, H-1a), 4.66 (dd, 1H, Jgem 12.2 Hz, 

J5,6 2.7 Hz, H-6b), 4.66 (dd, 2H, Jgem 12.2 Hz, J5,6 2.8 Hz, H-6a), 4.56 (dd, 1H, Jgem 12.3 Hz, 

J5,6 4.8 Hz, H-6b), 4.47 (dd, 4H, Jgem 12.3 Hz, J5,6 5.3 Hz, H-6a), 4.38 (dd, 1H, J3,4 9.8 Hz, J2,3 

3.4 Hz, H-3a), 4.00 (m, 1H, H-5a), 3.95 (m, 1H, H-2b), 1.92 (d, 1H, J2,OH 4.2 Hz, 2-OH), 1.32 

(s, 9H, C(CH3)3); 13C NMR (126 MHz, CDCl3): δ 166.3 (C=O), 166.2 (C=O), 166.0 (C=O), 

165.5 (C=O), 165.1 (C=O), 164.8 (C=O), 133.7 (Ar), 133.5 (Ar), 133.3 (Ar), 133.1 (Ar), 

133.1 (Ar), 133.0 (Ar), 130.3 (Ar), 129.9 (Ar), 129.8 (Ar), 129.8 (Ar), 129.7 (Ar), 129.4 (Ar), 

129.3 (Ar), 129.2 (Ar), 128.7 (Ar), 128.6 (Ar), 128.5 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 

101.3 (C-1b), 92.3 (C-1a), 77.2 (C-5a), 76.6 (C-3a), 72.8 (C-2a), 71.8 (C-3b), 69.6 (C-5b), 69.3 

(C-4a), 69.1 (C-2b), 66.8 (C-4b), 63.4 (C-6b), 63.3 (C-6a), 47.8 (C(CH3)3), 30.0 (C(CH3)3); Anal. 

calc for C56H54O16S2: HR ESIMS [M+Na]+: 1093.2745, found: 1093.2742. 
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30 

Mecapto-tert-butyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→2)-3,4,6-

tri-O-benzoyl-α-D-mannopyranosyl-(1→3)-2,4,6-tri-O-benzoyl-1-thio-β-D-

mannopyranoside (30) 

Donor 5 (0.22 g, 0.33 mmol) and disaccharide acceptor 29 (0.27 g, 0.25 mol) were 

dissolved in dry CH2Cl2 (8 mL), activated molecular sieves added, and TMSOTf (4.6 µL, 

25 µmol) was added at room temperature.  After 1 hours the reaction was quenched 

with a drop of TEA and the reaction mixture concentrated under reduced pressure.  The 

resulting slurry was purified by chromatography (6:4 heptane/EtOAc) to yield 30 (0.38 g, 

0.24 mmol, 95%) as a white powder; ሾαሿୈଶହ -53 (c 6.0, CHCl3); 1H NMR (498 MHz, CDCl3): 

δ 7.29-8.25 (m, 45H, Ar), 5.93 (dd, 1H, J2,3 3.5 Hz, J1,2 0.7 Hz, H-2a), 5.88 (dd, 1H, J3,4 ≈ J4,5 

10.0 Hz, H-4b), 5.71 (dd, 1H, J3,4 9.9 Hz, J2,3 3.3 Hz, H-3c), 5.64 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-

4a), 5.61 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, H-4c), 5.51 (dd, 1H, J3,4 9.9 Hz, J2,3 3.3 Hz, H-3b), 5.33 (d, 

1H, J1,2 1.5 Hz, H-1b), 5.28 (dd, 1H, J2,3 3.1 Hz, J1,2 2.2 Hz, H-2c), 4.87 (ddd, 1H, J4,5 9.8 Hz, 

J5,6 5.0 Hz, J5,6 2.7 Hz, H-5b), 4.71 (dd, 1H, Jgem 12.4 Hz, J5,6 5.2 Hz, H-6b), 4.61 (dd, 1H, Jgem 

12.3 Hz, J5,6 2.9 Hz, H-6b), 4.57 (d, 1H, J1,2 0.9 Hz, H-1a), 4.55 (dd, 1H, Jgem 12.1 Hz, J5,6 2.9 

Hz, H-6a), 4.37 (m, 1H, H-5c), 4.35 (m, 1H, H-6a), 4.34 (m, 1H, H-6c), 4.21 (d, 1H, J1,2 1.8 

Hz, H-1c), 4.12 (m, 1H, H-6c), 3.87 (dd, 1H, J2,3 3.4 Hz, J1,2 1.9 Hz, H-2b), 3.83 (dd, 1H, J3,4 

9.6 Hz, J2,3 3.4 Hz, H-3a), 3.51 (ddd, 1H, J4,5 10.0 Hz, J5,6 5.3 Hz, J5,6 3.2 Hz, H-5a), 1.95 (s, 

3H, CH3(C=O)), 1.34 (s, 9H, C(CH3)3); 13C NMR (126 MHz, CDCl3): δ 169.1 (C=O), 166.30 

(C=O), 166.29 (C=O), 166.25 (C=O), 165.9 (C=O), 166.30 (C=O), 166.28 (C=O), 166.26 

(C=O), 166.24 (C=O), 165.15 (C=O), 133.8 (Ar), 133.79 (Ar), 133.78 (Ar), 133.27 (Ar), 

133.26 (Ar), 133.24 (Ar), 133.0 (Ar), 132.78 (Ar), 132.73 (Ar), 130.63 (Ar), 130.61 (Ar), 

130.56 (Ar), 130.26 (Ar), 130.23 (Ar), 130.14 (Ar), 130.11 (Ar), 130.10 (Ar), 130.09 (Ar), 

130.08 (Ar), 130.01 (Ar), 129.61 (Ar), 129.60 (Ar), 129.58 (Ar), 129.57 (Ar), 129.4 (Ar), 

129.3 (Ar), 128.85 (Ar), 128.83 (Ar), 128.56 (Ar), 128.55 (Ar), 128.54 (Ar), 128.3 (Ar), 
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102.8 (C-1b), 99.7 (C-1c), 92.5 (C-1a), 78.8(C-2b), 77.4 (C-3a), 76.6 (C-5a), 73.0 (C-2a), 70.0 

(C-5c), 69.8 (C-3b), 69.78 (C-3c), 69.74 (C-2c), 69.6 (C-5b), 67.5 (C-4b), 5.65 (C-4a), 5.62 (C-

4c), 64.53 (C-6b), 63.80 (C-6c), 63.5 (C-6a), 48.0 (C(CH3)3), 30.3 (C(CH3)3), 20.7 (CH3(C=O)); 

Coupled HSQC (700 MHz, D2O): δ 102.8/5.33 (JC1/H1 174 Hz, C-1b), 99.7/4.21 (JC1/H1 

171 Hz, C-1c), 92.5/4.57 (JC1/H1 158 Hz, C-1a); Anal. calc for C87H78O25S2: HR ESIMS 

[M+Na]+: 1609.4160, found: 1609.4160; Elem. Anal: C, 65.82 H, 4.95; S, 4.04; found: C, 

65.51; H, 5.13; S, 3.92. 

 

 

31 

Mecapto-tert-butyl 3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→2)-3,4,6-tri-O-

benzoyl-α-D-mannopyranosyl-(1→3)-2,4,6-tri-O-benzoyl-1-thio-β-D-mannopyranoside 

(31) 

Trisaccharide 30 (0.24 g, 0.15 mmol) was dissolved in CH2Cl2 (1 mL) and MeOH (1 mL) 

and cooled to -10 °C (HAAKE Fisons chiller).  A solution of acetyl chloride (0.15 mL, 2.1 

mmol) in MeOH (0.85 mL) was added dropwise.  The reaction was stirred at -10 °C for 

2 weeks, and quenched with 1 M NaHCO3.  The reaction mixture was extracted three 

times with EtOAc and the combined organic layer concentrated under reduced pressure.  

Purification of crude product by chromatography (9.5:0.5 toluene/EtOAc) yielded 31 

(0.11 g, 71 mmol, 48%) as a white powder; ሾαሿୈଶହ -63 (c 10.4, CHCl3); 1H NMR (700 MHz, 

CDCl3): δ 7.30-8.26 (m, 45H, Ar), 5.94 (dd, 1H, J2,3 3.4, J1,2 0.9 Hz, H-2a), 5.88 (dd, 1H, J3,4 ≈ 

J4,5 10.0 Hz, H-4b), 5.67 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, H-4a), 5.65 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4c), 

5.58 (dd, 1H, J3,4 9.9 Hz, J2,3 3.1 Hz, H-3c), 5.46 (dd, 1H, J3,4 9.9 Hz, J2,3 3.4 Hz, H-3b), 5.36 

(d, 1H, J1,2 1.5 Hz, H-1b), 4.86 (ddd, 1H, Jgem 10.0 Hz, J5,6 4.8 Hz, J5,6 2.8 Hz, H-5b), 4.69 (dd, 

1H, Jgem 12.4 Hz, J5,6 4.9 Hz, H-6b), 4.62 (dd, 1H, Jgem 12.3 Hz, J5,6 2.5 Hz, H-6b), 4.59 (d, 1H, 

J1,2 1.0 Hz, H-1a), 4.57 (dd, 1H, Jgem 12.2 Hz, J5,6 3.0 Hz, H-6a), 4.39 (dd, 1H, Jgem 12.2 Hz, 
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J5,6 5.2 Hz, H-6a), 4.36 (m, 1H, H-5c), 4.34 (m, 1H, H-6c), 4.18 (d, 1H, J1,2 1.4 Hz, H-1c), 4.12 

(m, 1H, H-6c), 4.09 (m, 1H, H-2c), 3.90 (dd, 1H, J2,3 2.8 Hz, J1,2 1.4 Hz, H-2b), 3.85 (dd, 1H, 

J3,4 9.7 Hz, J2,3 3.3 Hz, H-3a), 3.56 (ddd, 1H, J4,5 9.8 Hz, J5,6 5.2 Hz, J5,6 3.1 Hz, H-5a), 1.65 (d, 

1H, J2,OH 4.8 Hz, 2-OH), 1.35 (s, 9H, C(CH3)3); 13C NMR (126 MHz, CDCl3): δ 166.5 (C=O), 

166.1 (C=O), 166.0 (C=O), 165.9 (C=O), 165.8 (C=O), 165.3 (C=O), 165.1 (C=O), 165.0 

(C=O), 164.9 (C=O), 133.8 (Ar), 133.5 (Ar), 133.4 (Ar), 133.4 (Ar), 133.3 (Ar), 133.2 (Ar), 

133.1 (Ar), 133.0 (Ar), 133.0 (Ar), 130.3 (Ar), 130.2 (Ar), 130.1 (Ar), 130.0 (Ar), 130.0 (Ar), 

130.0 (Ar), 129.9 (Ar), 129.9 (Ar), 129.8 (Ar), 129.7 (Ar), 129.7 (Ar), 129.3 (Ar), 129.3 (Ar), 

129.3 (Ar), 129.1 (Ar), 128.9 (Ar), 128.8 (Ar), 128.7 (Ar), 128.7 (Ar), 128.6 (Ar), 128.5 (Ar), 

128.4 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.2 (Ar), 101.7 (C-1c), 100.1 (C-1b), 92.2 

(C-1a), 78.5 (C-2b), 77.4 (C-3a), 76.4 (C-5a), 72.9 (C-2a), 72.1 (C-3c), 70.0 (C-3b), 69.7 (C-5c), 

69.4 (C-5b), 69.1 (C-2c), 68.9 (C-4a), 67.2 (C-4b), 66.6 (C-4c), 64.1 (C-6b), 63.7 (C-6a), 63.3 

(C-6c), 47.8 (C(CH3)3), 30.1 (C(CH3)3); Anal. calc for C85H76O24S2: HR ESIMS [M+Na]+: 

1567.4060, found: 1567.4042. 

 

 

32 

Mecapto-tert-butyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→2)-3,4,6-

tri-O-benzoyl-α-D-mannopyranosyl-(1→2)-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-

(1→3)-2,4,6-tri-O-benzoyl-1-thio-β-D-mannopyranoside (32) 

Donor 5 (45 mg, 66 µmol) and trisaccharide acceptor 31 (79 mg, 51 µmol) were 

dissolved in dry CH2Cl2 (0.6 mL), activated molecular sieves added, and the reaction 

mixture cooled to 0 °C (ice water bath).  TMSOTf (1 µL, 5.5 µmol) was added and after 

1.5 hours the reaction was quenched with a drop of TEA.  The reaction mixture was 

concentrated under reduced pressure and the resulting slurry purified by 
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chromatography (7:3 heptane/EtOAc) to yield 32 (95 mg, 46 µmol, 91%) as a white 

crystalline solid; ሾαሿୈଶହ -32 (c 43.2, Benzene); 1H NMR (600 MHz, CDCl3): δ 7.09-8.32 (m, 

60H, Ar), 5.99 (d, 1H, J1,2 3.3 Hz, H-2a), 5.89 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, H-4b), 5.80 (dd, 1H, 

J3,4 10.1 Hz, J2,3 2.9 Hz, H-3c), 5.76 (dd, 1H, J3,4 10.0 Hz, J2,3 3.4 Hz, H-3d), 5.74 (dd, 1H, J3,4 

≈ J4,5 7.5 Hz, H-4c), 5.71 (dd, 1H, J3,4 ≈ J4,5 9.7 Hz, H-4a), 5.68 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-

4d), 5.63 (dd, 1H, J2,3 3.2 Hz, J1,2 1.9 Hz, H-2d), 5.47 (dd, 1H, J3,4 9.9 Hz, J2,3 3.4 Hz, H-3b), 

5.37 (d, 1H, J1,2 1.2 Hz, H-1b), 4.89 (ddd, 1H, J4,5 10.0 Hz, J5,6 4.7 Hz, J5,6 2.6 Hz, H-5b), 4.86 

(d, 1H, J1,2 1.3 Hz, H-1d), 4.71 (dd, 1H, Jgem 12.1 Hz, J5,6 5.0 Hz, H-6b), 4.62 (s, 1H, H-1a), 

4.62 (br. s., 1H, H-1c), 4.63 (dd, 1H, Jgem 12.3 Hz, J5,6 2.6 Hz, H-6b), 4.58 (dd, 1H, Jgem 12.2 

Hz, J5,6 2.9 Hz, H-6a), 4.40 (dd, 1H, Jgem 12.2 Hz, J5,6 5.2 Hz, H-6a), 4.33 (ddd, 1H, J4,5 9.9 Hz, 

J5,6 6.0 Hz, J5,6 2.0 Hz, H-5c), 4.26 (d, 1H, J2,3 1.8 Hz, H-2c), 4.24 (dd, 1H, Jgem 12.1 Hz, J5,6 

6.0 Hz, H-6c), 4.13 (br. d, 1H, Jgem 12.2 Hz, H-6c), 4.02 (m, 1H, H-5d), 4.00 (dd, 1H, J3,4 10.4 

Hz, J2,3 3.3 Hz, H-3a), 3.98 (dd, 1H, Jgem 12.6 Hz, J5,6 3.8 Hz, H-6d), 3.93 (dd, 1H, Jgem 12.3 

Hz, J5,6 3.5 Hz, H-6d), 3.90 (br. s., 1H, H-2b), 3.53 (ddd, 1H, J4,5 9.6 Hz, J5,6 5.0 Hz, J5,6 3.3 

Hz, H-5a), 2.00 (s, 3H, CH3(C=O)), 1.36 (s, 9H, C(CH3)3); 13C NMR (126 MHz, CDCl3): δ 169.0 

(C=O), 166.5 (C=O), 166.1 (C=O), 166.1 (C=O), 165.9 (C=O), 165.7 (C=O), 165.7 (C=O), 

165.4 (C=O), 165.2 (C=O), 165.2 (C=O), 165.1 (C=O), 165.0 (C=O), 164.6 (C=O), 134.1 (Ar), 

133.6 (Ar), 133.4 (Ar), 133.3 (Ar), 133.2 (Ar), 133.1 (Ar), 133.1 (Ar), 133.0 (Ar), 132.8 (Ar), 

130.4 (Ar), 130.3 (Ar), 130.0 (Ar), 130.0 (Ar), 130.0 (Ar), 129.8 (Ar), 129.8 (Ar), 129.7 (Ar), 

129.7 (Ar), 129.7 (Ar), 129.4 (Ar), 129.4 (Ar), 129.3 (Ar), 129.3 (Ar), 128.9 (Ar), 128.9 (Ar), 

128.7 (Ar), 128.7 (Ar), 128.6 (Ar), 128.5 (Ar), 128.5 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 

128.2 (Ar), 100.8 (C-1c), 100.0 (C-1b), 99.3 (C-1d), 92.3 (C-1a), 78.2 (C-2b), 76.6 (C-3a), 76.5 

(C-5a), 75.1 (C-2c), 72.8 (C-2a), 71.0 (C-3c), 69.9 (C-5c), 69.8 (C-3b), 69.5 (C-2d), 69.4 (C-5b), 

69.3 (C-3d), 69.3 (C-5d), 68.9 (C-4a), 67.6 (C-4d), 67.4 (C-4b), 66.8 (C-4c), 64.2 (C-6a), 64.0 

(C-6c), 63.3 (C-6a), 63.1 (C-6d), 47.8 (C(CH3)3), 30.1 (C(CH3)3), 20.6 (CH3(C=O)); Coupled 

HSQC (600 MHz, CDCl3): δ 100.8/4.62 (JC1/H1 171 Hz, C-1c), 100.0/5.37 (JC1/H1 175 Hz, C-

1b), 99.2/4.86 (JC1/H1 175 Hz, C-1d), 92.2/4.62 (JC1/H1 156 Hz, C-1a); Anal. calc for 

C114H100O33S2: HR ESIMS [M+Na]+: 2083.5480, found: 2083.5457; 
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33 

Mercapto-tert-butyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)-2,4-di-

O-benzoyl-6-O-tert-butyldiphenylsilyl-1-thio-β-D-mannopyranose (33) 

Disaccharide 26 (0.75 g, 0.72 mmol) was dissolved in a solution of pyridine (0.75 mL), 

benzoyl chloride (0.25 mL, 2.16 mmol) and 1-methylimidazole (1 drop).  After 48 hours, 

the reaction was diluted with CH2Cl2 and washed with 1 M NaOH, H2O and brine.  The 

organic layer was dried over Na2SO4 and concentrated under reduced pressure.  

Purification of the crude product by chromatography (9.7:0.3 toluene/EtOAc) yielded 33 

(0.69g, 0.52 mmol, 72%) as a white solid; ሾαሿୈଶହ -40 (c 8.1, CHCl3); 1H NMR (600 MHz, 

CDCl3): δ 7.16-8.30 (m, 35H, ArH), 6.05 (d, 1H, J2,3 3.0 Hz, H-2a), 5.90 (dd, 1H, J3,4 ≈ J4,5 9.9 

Hz, H-4a), 5.80 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4b), 5.55 (dd, 1H, J3,4 9.7 Hz, J2,3 3.3 Hz, H-3b), 

5.12 (dd, 1H, J2,3 3.0 Hz, J1,2 2.1 Hz, H-2b), 5.01 (d, 1H, J1,2 1.4 Hz, H-1b), 4.81 (m, 1H, H-5b), 

4.79 (s, 1H, H-1a), 4.69 (dd, 1H, Jgem 12.2 Hz, J5,6 2.4 Hz, H-6b), 4.52 (dd, 1H, Jgem 12.2 Hz, 

J5,6 4.4 Hz, H-6b), 4.28 (dd, 1H, J3,4 9.9 Hz, J2,3 3.4 Hz, H-3a), 3.86 (m, 2H, H-6a), 3.68 (ddd, 

1H, J4,5 9.9 Hz, 2×J5,6 2.9 Hz, H-5a), 1.79 (s, 3H, CH3(C=O)), 1.36 (s, 9H, SC(CH3)3), 1.08 (s, 

9H, SiC(CH3)3); 13C NMR (151 MHz, CDCl3): δ 168.7 (C=O), 166.2 (C=O), 166.2 (C=O), 

165.4 (C=O), 164.7 (C=O), 164.5 (C=O), 135.8 (Ar), 135.6 (Ar), 133.4 (Ar), 133.3 (Ar), 

133.1 (Ar), 133.1 (Ar), 133.0 (Ar), 132.8 (Ar), 130.4 (Ar), 130.0 (Ar), 129.9 (Ar), 129.7 (Ar), 

129.5 (Ar), 129.5 (Ar), 129.4 (Ar), 129.3 (Ar), 129.2 (Ar), 129.1 (Ar), 128.6 (Ar), 128.5 (Ar), 

128.4 (Ar), 128.3 (Ar), 128.2 (Ar), 127.6 (Ar), 127.5 (Ar), 99.1 (C-1b), 92.4 (C-1a), 79.7 (C-

5a), 77.5 (C-3a), 72.7 (C-2a), 69.6, 69.5, 68.9, 68.4 (C-4a, C-2b,C-3b, C-5b), 67.0 (C-4b), 63.1 

(H-6b), 62.6 (H-6a), 47.7 (SC(CH3)3), 30.0 (SC(CH3)3), 26.7 (SiC(CH3)3), 20.3 (CH3(C=O)), 19.2 

(SiC(CH3)3); Anal. calc for C69H70O16S2Si: HR ESIMS [M+Na]+: 1269.3767, found: 

1269.3765; Elem. Anal: C, 66.43 H, 5.66; S, 5.14; found: C, 66.10; H, 5.61; S, 5.09. 
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34 

Mercapto-tert-butyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)-2,4-di-

O-benzoyl-1-thio-β-D-mannopyranose (34) 

Disaccharide 33 (0.21 g, 0.17 mmol) was dissolved in a pyridine (0.25 mL) and hydrogen 

fluoride in pyridine (25 µL, 70% HF) added.  The reaction was performed in a 

polypropylene flask.  After 45 minutes, a suspension of CaCO3 in sat. NaHCO3 (0.5 mL) 

was added and the reaction mixture stirred for 30 minutes.  The slurry was filtered 

through a pad of Celite and the eluted solution concentrated under reduced pressure.  

Purification of the crude product by chromatography (9:1 toluene/EtOAc) yielded 34 

(0.16 g, 0.16 mmol, 93%) as a white solid; ሾαሿୈଶହ -63 (c 7.2, CHCl3); 1H NMR (600 MHz, 

CDCl3): δ 7.25-8.28 (m, 25H, ArH), 6.05 (d, 1H, J2,3 3.2 Hz, H-2a), 5.82 (dd, 1H, J3,4 ≈ J4,5 9.8 

Hz, H-4b), 5.58 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4a), 5.50 (dd, 1H, J3,4 9.6 Hz, J2,3 3.3 Hz, H-3b), 

5.13 (d, 1H, J1,2 1.5 Hz, H-1b), 5.09 (dd, 1H, J2,3 2.9 Hz, J1,2 2.1 Hz, H-2b), 4.80 (s, 1H, H-1a), 

4.77 (ddd, 1H, J4,5 9.9 Hz, J5,6 4.1 Hz, J5,6 3.0 Hz, H-5b), 4.70 (dd, 1H, Jgem 12.2 Hz, J5,6 2.5 

Hz, H-6b), 4.53 (dd, 1H, Jgem 12.2 Hz, J5,6 4.4 Hz, H-6b), 4.36 (dd, 1H, J3,4 9.7 Hz, J2,3 3.5 Hz, 

H-3a), 3.84 (ddd, 1H, Jgem 12.7 Hz, J5,6 9.5 Hz, J5,6 2.1 Hz, H-6a), 3.78 (dd, 1H, J5,6 12.8 Hz, 

J5,6 4.9 Hz, H-6a), 3.64 (ddd, 1H, J4,5 9.9 Hz, J5,6 4.7 Hz, J5,6 2.3 Hz, H-5a), 2.62 (dd, 1H, Jgem 

9.4 Hz, J5,6 5.0 Hz, 6-OH), 1.80 (s, 3H, CH3(C=O)), 1.38 (s, 9H, SC(CH3)3); 13C NMR (151 

MHz, CDCl3): δ 168.8 (C=O), 166.2 (C=O), 166.1 (C=O), 166.0 (C=O), 165.4 (C=O), 164.6 

(C=O), 133.7 (Ar), 133.6 (Ar), 133.4 (Ar), 133.1 (Ar), 132.9 (Ar), 130.3 (Ar), 129.9 (Ar), 

129.7 (Ar), 129.5 (Ar), 129.3 (Ar), 129.1 (Ar), 129.0 (Ar), 128.7 (Ar), 128.5 (Ar), 128.5 (Ar), 

128.4 (Ar), 128.2 (Ar), 99.2 (C-1b), 92.0 (C-1a), 79.5 (C-5a), 76.9 (C-3a), 72.5 (C-2a), 69.7, 

69.4, 69.1, 68.9 (C-4a, C-2b,C-3b, C-5b), 66.8 (C-4b), 63.1 (H-6b), 61.7 (H-6a), 47.8 

(SC(CH3)3), 29.9 (SC(CH3)3), 20.2 (CH3(C=O)O); Anal. calc for C53H52O16S2: HR ESIMS 

[M+Na]+: 1031.2589, found: 1031.2591; Elem. Anal: C, 63.08; H, 5.19; S, 6.36; found: C, 

63.07; H, 5.25; S, 6.35. 
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35 

Allyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→6)-[2-O-acetyl-3,4,6-tri-

O-benzoyl-α-D-mannopyranosyl-(1→3)]-2,4-di-O-benzoyl-α-D-mannopyranoside (35) 

Donor 5 (1.55 g, 2.28 mmol) and acceptor 4 (0.47 g, 1.09mol) were dissolved in dry 

CH2Cl2 (18 mL), activated molecular sieves added, and the reaction mixture cooled to 0 

°C (ice water bath).  TMSOTf (14.5 µL, 73 µmol) was added and after 30 minutes the 

reaction was removed from the ice bath.  Additional TMSOTf (8 µL, 27 µmol) was added 

after 2 hours total reaction time and the reaction was quenched 30 minutes later with 

the addition of 3 drops of TEA.  The reaction mixture was concentrated under reduced 

pressure and the resulting slurry purified by chromatography (8:2 hexanes/EtOAc) to 

yield 35 (1.44g, 0.99 mol, 93%) as a white glassy solid;  Spectral data matches literature 

values;4 ሾαሿୈଶହ -5 (c 4.3, CHCl3); 1H NMR (600 MHz, CDCl3): δ 7.26-8.25 (m, 40H, ArH), 

5.95 (ddt, 1H, Jtrans 16.8 Hz, Jcis 10.7 Hz, 2×J 6.0 Hz, Hb), 5.91 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, H-

4c), 5.85 (dd, 1H, J3,4 10.3 Hz, J2,3 3.0 Hz, H-3c), 5.83 (dd, 1H, J3,4 ≈ J4,5 10.1 Hz, H-4a), 5.79 

(dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4b), 5.68 (dd, 1H, J2,3 3.4 Hz, J1,2 1.6 Hz, H-2a), 5.57 (dd, 1H, J3,4 

9.7 Hz, J2,3 3.3 Hz, H-3b), 5.50 (dd, 1H, J2,3 3.1 Hz, J1,2 1.8 Hz, H-2c), 5.43 (dq, 1H, Jtrans 17.2 

Hz, Jgem ≈ 2×4J 1.3 Hz, Ha), 5.30 (dq, 1H, Jcis 10.4 Hz, Jgem ≈ 2×4J 1.2 Hz, Hc), 5.18 (d, 1H, J1,2 

1.7 Hz, H-1b), 5.13 (s, 1H, H-1a), 5.12 (dd, 1H, J2,3 2.8 Hz, J1,2 2.1 Hz, H-2b), 4.97 (d, 1H, J1,2 

1.3 Hz, H-1c), 4.60 (dd, 1H, J3,4 9.7 Hz, J2,3 3.4 Hz, H-3a), 4.52 (dd, 1H, Jgem 12.1 Hz, J5,6 2.5 

Hz, H-6b), 4.49 (dd, 1H, Jgem 11.9 Hz, J5,6 2.5 Hz, H-6c), 4.45 (ddd, 1H, Jgem 9.9 Hz, J5,6 5.2 

Hz, J5,6 2.6 Hz, H-5c), 4.42 (ddd, 1H, Jgem 9.8 Hz, J5,6 4.3 Hz, J5,6 2.5 Hz, H-5b), 4.36 (dd, 1H, 

Jgem 12.0 Hz, J5,6 4.1 Hz, H-6b), 4.36 (dd, 1H, Jgem 11.9 Hz, J5,6 5.2 Hz, H-6c), 4.34 (ddt, 1H, 

Jgem 12.8 Hz, 3J 5.3 Hz, 2×4J 1.2 Hz, Hd), 4.27 (ddd, 1H, J4,5 9.9 Hz, J5,6 6.4 Hz, J5,6 1.8 Hz, H-

5a), 4.16 (ddt, 1H, Jgem 12.8 Hz, 3J 6.2 Hz, 2×4J 1.1 Hz, Hd), 4.10 (dd, 1H, Jgem 10.6 Hz, J5,6 

6.4 Hz, H-6a), 3.72 (dd, 1H, Jgem 10.6 Hz, J5,6 1.9 Hz, H-6a), 2.10 (s, 3H, CH3(C=O)), 1.88 (s, 
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3H, CH3(C=O)); 13C NMR (151 MHz, CDCl3): δ 169.7 (C=O), 169.0 (C=O), 166.1 (C=O), 

166.1 (C=O), 166.0 (C=O), 165.5 (C=O), 165.5 (C=O), 165.2 (C=O), 165.1 (C=O), 164.6 

(C=O), 133.5 (Ar), 133.4 (Ar), 133.4 (Ar), 133.2 (Ar), 133.1 (Ar), 133.1 (CH=CH2), 133.0 

(Ar), 132.9 (Ar), 132.9 (Ar), 130.1 (Ar), 129.9 (Ar), 129.9 (Ar), 129.9 (Ar), 129.8 (Ar), 129.8 

(Ar), 129.6 (Ar), 129.6 (Ar), 129.6 (Ar), 129.3 (Ar), 129.3 (Ar), 129.2 (Ar), 129.0 (Ar), 128.9 

(Ar), 128.9 (Ar), 128.8 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.2 (Ar), 118.7 (CH=CH2), 

99.5 (C-1b), 97.3 (C-1c), 96.5 (C-1a), 76.3 (C-3a), 72.0 (C-2a), 69.83, 69.78, 69.71, 69.7, 

69.6, 69.1, 68.8, 68.7, 68.6 (C-2b, C-2c, C-3b, C-3c, C-4a, C-5a, C-5b, C-5c, CH2CH=CH2), 66.9, 

66.8, 66.8 (C-4b, C-4c, C-6a), 63.1, 63.0 (C-6b, C-6c), 20.7 (CH3(C=O)), 20.4 (CH3(C=O)); 

Coupled HSQC (500 MHz, CDCl3): δ 99.7/5.18 (JC1/H1 171 Hz, C-1b), 97.6/4.97 (JC1/H1 175 

Hz, C-1c), 96.8/5.12 (JC1/H1 175 Hz, C-1a); Anal. calc for C87H72O26: HR ESIMS [M+Na]+: 

1483.4204, found: 1483.4169; 

 

 

36 

2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→6)-[2-O-acetyl-3,4,6-tri-O-

benzoyl-α-D-mannopyranosyl-(1→3)]-2,4-di-O-benzoyl-D-mannopyranose (36) 

Trisaccharide 35 (0.73g, 0.5 mmol) was dissolved in a solution of NaOAc (0.5 g, 6 mmol) 

in AcOH (6.65 mL) and H2O (0.35 mL).  PdCl2 (0.54 g, 3.0 mmol) was added and the 

reaction mixture stirred for 10 hours.  Palladium black precipitated from the solution 

over the course of the reaction.  The reaction mixture was poured into saturated 

NaHCO3 and the aqueous layer was extracted with EtOAc three times.  The combined 

organic phases were dried over Na2SO4 and concentrated under reduced pressure.  

Purification of the crude product by chromatography (8.5:1.5 toluene/EtOAc) yielded 

trisaccharide 36 as a white powder that was inseparable from a trisaccharide byproduct.  

Product 36 carried on to the next step without further separation. 
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37 

2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→6)-[2-O-acetyl-3,4,6-tri-O-

benzoyl-α-D-mannopyranosyl-(1→3)]-2,4-di-O-benzoyl-α-D-mannopyranosyl 

trichloroacetimidate (37) 

Trisaccharide 36 (~0.60 g), containing trisaccharide byproduct, was dissolved in a 

solution of trichloroacetonitrile (0.5 mL, 5.0 mmol) in CH2Cl2 (3 mL) and a drop of DBU 

added.  After 24 hours, the reaction mixture was diluted with toluene and concentrated 

under reduced pressure.  Purification of the crude syrup by chromatography (8:2 

toluene/EtOAc) yielded 37 (0.41 g, 0.26 mmol, 52% from 35) as a white foam; ሾαሿୈଶହ 6 (c 

8.1, CH2Cl2); 1H NMR (600 MHz, CDCl3): δ 9.00 (s, 1H, NH), 7.27-8.28 (m, 40H, ArH), 6.56 

(d, 1H, J 1.4 Hz, H-1a), 5.95 (dd, 1H, J3,4 ≈ J4,5 10.1 Hz, H-4a), 5.90 (dd, 1H, J3,4 ≈ J4,5 10.1 Hz 

H-4b), 5.87 (dd, 1H, J2,3 3.3 Hz, J1,2 2.0 Hz, H-2a), 5.84 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4c), 5.81 

(dd, 1H, J3,4 10.0 Hz, J2,3 3.3 Hz, H-3b), 5.59 (dd, 1H, J3,4 9.8 Hz, J2,3 3.3 Hz, H-3c), 5.46 (dd, 

1H, J2,3 3.2 Hz, J1,2 1.8 Hz, H-2b), 5.24 (d, 1H, J2,3 1.7 Hz, H-1c), 5.17 (dd, 1H, J2,3 2.9 Hz, J1,2 

2.3 Hz, H-2c), 4.95 (d, 1H, J1,2 1.4 Hz, H-1b), 4.65 (dd, 1H, J3,4 9.7 Hz, J2,3 3.4 Hz, H-3a), 4.42-

4.50 (m, 5H, H-5a, H-5b, H-5c, H-6b, H-6c), 4.38 (dd, 1H, Jgem 12.2 Hz, J5,6 3.2 Hz, H-6b), 4.36 

(dd, 1H, Jgem 12.4 Hz, J5,6 5.2 Hz, H-6c), 4.09 (dd, 1H, Jgem 10.9 Hz, J5,6 6.2 Hz, H-6a), 3.78 

(dd, 1H, Jgem 10.9 Hz, J5,6 1.9 Hz, H-6a), 2.10 (s, 3H, CH3(C=O)), 1.91 (s, 3H, CH3(C=O)); 13C 

NMR (151 MHz, CDCl3): δ 169.7 (C=O), 169.0 (C=O), 166.0 (2xC=O), 165.9 (C=O), 165.6 

(C=O), 165.4 (C=O), 165.2 (C=O), 165.0 (C=O), 164.7 (C=O), 159.5 (C=NH), 133.8 (Ar), 

133.6 (Ar), 133.3 (Ar), 133.3 (Ar), 133.1 (Ar), 133.0 (Ar), 133.0 (Ar), 132.9 (Ar), 130.2 (Ar), 

130.0 (Ar), 129.9 (Ar), 129.8 (Ar), 129.8 (Ar), 129.7 (Ar), 129.6 (Ar), 129.6 (Ar), 129.6 (Ar), 

129.4 (Ar), 129.3 (Ar), 129.2 (Ar), 128.9 (Ar), 128.9 (Ar), 128.8 (Ar), 128.7 (Ar), 128.5 (Ar), 

128.4 (Ar), 128.3 (Ar), 128.3 (Ar), 128.3 (Ar), 128.3 (Ar), 128.2 (Ar), 99.7 (C-1b), 97.2 (C-
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1c), 94.3 (C-1a), 90.7 (CCl3), 76.1 (C-3a), 72.2 (C-2a), 70.5, 69.8, 69.8, 69.7, 69.6, 69.1, 68.7, 

67.8 (C-2b, C-2c, C-3b, C-3c, C-4a, C-5a, C-5b, C-5c), 66.9, 66.6, 66.3 (C-4b, C-4c, C-6a), 63.0, 

62.7 (C-6b, C-6c), 20.7 (CH3(C=O)), 20.4 (CH3(C=O)); Anal. calc for C80H68O26NCl3: HR ESIMS 

[M+Na]+: 1586.2987, found: 1586.3012; Elem. Anal: C, 61.37; H, 4.38; N, 0.89; found: C, 

61.19; H, 4.54; N, 1.05. 

 

 

38 

Mecapto-tert-butyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→6)-[2-O-

acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)]-2,4-di-O-benzoyl-α-D-

mannopyranosyl-(1→6)-[2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)]-

2,4-di-O-benzoyl-1-thio-β-D-mannopyranoside (38) 

Trisaccharide donor 37 (84.6 mg, 54 µmol) and disaccharide acceptor 34 (53 mg, 

53 µmol) were dissolved in dry CH2Cl2 (0.7 mL), activated molecular sieves added, and 

the reaction mixture cooled to 0 °C (ice water bath).  TMSOTf (1 µL, 5.5 µmol) was 

added and after 30 minutes the reaction was quenched with a drop of TEA.  Reaction 

mixture was concentrated under reduced pressure and the resulting slurry purified by 

chromatography (9:1 toluene/EtOAc) to yield 38 (0.119 g, 49 µmol, 93%) as a white 

glassy solid; ሾαሿୈଶହ -10 (c 9.1, CHCl3); 1H NMR (700 MHz, CDCl3): δ 7.24-8.27 (m, 65H, 

ArH), 6.08 (dd, 1H, J2,3 3.5 Hz, J1,2 1.1 Hz, H-2a), 5.95 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-4c), 5.89 

(dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-4e), 5.84 (dd, 1H, J3,4 10.4 Hz, J2,3 3.1 Hz, H-3e), 5.83 (dd, 1H, 

J3,4 ≈ J4,5 9.6 Hz, H-4d), 5.82 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-4b), 5.79 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, 

H-4a), 5.76 (dd, 1H, J2,3 3.4 Hz, J1,2 1.6 Hz, H-2c), 5.59 (dd, 1H, J3,4 9.8 Hz, J2,3 3.3 Hz, H-3d), 

5.54 (dd, 1H, J3,4 9.6 Hz, J2,3 2.9 Hz, H-3b), 5.46 (dd, 1H, J2,3 3.1 Hz, J1,2 1.9 Hz, H-2e), 5.23 
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(d, 1H, J1,2 1.9 Hz, H-1d), 5.18 (dd, 1H, J2,3 3.1 Hz, J1,2 2.1 Hz, H-2d), 5.12 (d, 1H, J1,2 1.2 Hz, 

H-1c), 5.10(br. s, 1H, H-1b), 5.10 (dd, 1H, J2,3 3.3 Hz, J1,2 1.9 Hz, H-2b), 4.83 (d, 1H, J1,2 1.2 

Hz, H-1a), 4.80 (d, 1H, J1,2 1.8 Hz, H-1e), 4.80 (ddd, 1H, J4,5 9.6 Hz, J5,6 4.0 Hz, J5,6 3.0 Hz, H-

5b), 4.72 (dd, 1H, Jgem 12.2 Hz, J5,6 2.6 Hz, H-6b), 4.64 (dd, 1H, J3,4 9.7 Hz, J2,3 3.5 Hz, H-3c), 

4.52 (dd, 1H, Jgem 12.2 Hz, J5,6 4.4 Hz, H-6b), 4.51 (dd, 1H, Jgem 13.3 Hz, J5,6 4.0 Hz, H-6d), 

4.38 (dd, 1H, Jgem 11.9 Hz, J5,6 2.4 Hz, H-6e), 4.36 (dd, 1H, J3,4 10.0 Hz, J2,3 3.7 Hz, H-3a), 

4.34-4.37 (m, 2H, H-5d, H-6a), 4.35 (ddd, 1H, J4,5 9.5 Hz, J5,6 4.8 Hz, J5,6 2.9 Hz, H-5e), 4.28 

(dd, 1H, Jgem 11.8 Hz, J5,6 5.1 Hz, H-6e), 4.24 (ddd, 1H, J4,5 10.2 Hz, J5,6 5.1 Hz, J5,6 2.0 Hz, H-

5c), 4.18 (dd, 1H, Jgem 11.1 Hz, J5,6 6.1 Hz, H-6a), 4.01 (dd, 1H, Jgem 10.8 Hz, J5,6 5.2 Hz, H-

6c), 3.92 (ddd, 1H, J4,5 10.0 Hz, J5,6 6.2 Hz, J5,6 1.8 Hz, H-5a), 3.75 (dd, 1H, Jgem 11.1 Hz, J5,6 

1.6 Hz, H-6a), 3.49 (dd, 1H, Jgem 10.6 Hz, J5,6 1.9 Hz, H-6c), 2.10 (s, 3H, CH3(C=O)), 1.92 (s, 

3H, CH3(C=O)), 1.77 (s, 3H, CH3(C=O)), 1.38 (s, 9H, C(CH3)3); 13C NMR (176 MHz, CDCl3): δ 

169.5 (C=O), 168.9 (C=O), 168.7 (C=O), 166.2 (C=O), 166.2 (C=O), 166.1 (C=O), 166.0 

(C=O), 165.9 (C=O), 165.6 (C=O), 165.6 (C=O), 165.4 (C=O), 165.2 (2×C=O), 165.1 (C=O), 

164.6 (C=O), 164.6 (C=O), 133.5 (Ar), 133.4 (Ar), 133.3 (Ar), 133.1 (Ar), 133.1 (Ar), 133.0 

(Ar), 133.0 (Ar), 132.9 (Ar), 132.9 (Ar), 130.2 (Ar), 130.2 (Ar), 130.0 (Ar), 130.0 (Ar), 130.0 

(Ar), 129.9 (Ar), 129.8 (Ar), 129.8 (Ar), 129.7 (Ar), 129.7 (Ar), 129.7 (Ar), 129.6 (Ar), 129.5 

(Ar), 129.5 (Ar), 129.4 (Ar), 129.3 (Ar), 129.2 (Ar), 129.2 (Ar), 129.1 (Ar), 129.1 (Ar), 128.9 

(Ar), 128.9 (Ar), 128.7 (Ar), 128.6 (Ar), 128.5 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.3 

(Ar), 128.2 (Ar), 128.2 (Ar), 100.0 (C-1d), 99.3 (C-1b), 97.6 (C-1c), 97.3 (C-1e), 92.0 (C-1a), 

77.7, 77.4 (C-3c, C-5a), 77.4 (C-3a), 72.6 (C-2a), 71.9 (C-2c), 70.1, 69.67, 2×69.67, 69.5, 

2×69.4, 69.3, 69.0, 68.7, 68.6 (C-4a, C-2b, C-3b, C-5b, C-5c, C-2d, C-3d, C-5d, C-2e, C-3e, C-5e), 

67.9 (C-4c), 66.9 (C-4b), 66.74 (C-6a), 66.66 (C-4d, C-4e), 66.0 (C-6c), 63.1, 63.0, 62.8 (C-6b, 

C-6d, C-6e), 47.9 (C(CH3)3), 29.9 (C(CH3)3), 20.7 (CH3(C=O)), 20.4 (CH3(C=O)), 20.2 

(CH3(C=O)); Coupled HSQC (700 MHz, CDCl3): δ  100.0/5.23 (JC1/H1 174 Hz, C-1d), 

99.3/5.10 (JC1/H1 177 Hz, C-1b), 97.6/5.12 (JC1/H1 175 Hz, C-1c), 97.3/4.80 (JC1/H1 175 Hz, C-

1e), 92.0/4.83 (JC1/H1 157 Hz, C-1a); Anal. calc for C131H118O41S: HR ESIMS [M+Na]+: 

2433.6482, found: 2433.6434. 
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39 

β-D-mannopyranosyl thiol (39) 

Monosaccharide 17 (25 mg, 55 µmol) was dissolved in a 1 M solution of 

trimethylphosphine in THF (0.64 mL, 0.64 mmol) and a 1 M solution of NaHCO3 (0.46 

mL, pH 9) added and stirred vigorously.  After 1.5 hours, the reaction mixture was 

neutralized with dilute AcOH and extracted with EtOAc three times and the organic 

layer concentrated under reduced pressure.  Phosphine impurities were removed by 

chromatographic purification (1:1 hexanes/EtOAc).  The free thiol intermediate was 

suspended in MeOH (0.5 mL) and a 1 M solution of sodium methoxide (55 µL) added.  

After 45 minutes, the resulting precipitate was collect by filtration and washed with ice 

cold methanol, yielding 39 (10.5 mg, 47 µmol, 85%) as a sodium salt.  Spectral data 

matched literature values;5 1H NMR (600 MHz, D2O): δ 4.97 (s, 6H, H-1), 3.82 (dd, 1H, J3,4 

12.1 Hz, J2,3 1.3 Hz, H-3), 3.61-3.68 (m, 3H, H-2, 2×H-6), 3.56 (dd, 1H, J3,4 ≈ J4,5 9.6 Hz, H-

4), 3.32 (m, 1H, H-5); 13C NMR (126 MHz, D2O): δ 83.1 (C-1), 81.1 (C-5), 76.0, 75.7 (C-2, C-

3), 67.7 (C-4), 62.4 (C-6); Coupled HSQC (600 MHz, D2O): δ 83.1/4.97 (JC1/H1 154 Hz, C-1); 

Anal. calc for C6H11O5SNa: HR ESIMS [M-Na]-: 195.0333, found: 195.0327; Elem. Anal: C, 

33.0.; H, 5.08; S, 14.70; found: C, 33.00; H, 5.95; S, 12.96. 

 

 

40 

2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→2)-3,4,6-tri-O-benzoyl-α-D-

mannopyranosyl-(1→2)-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)-2,4,6-tri-O-

benzoyl-1-thio-β-D-mannopyranose (40) 
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Tetrasaccharide 32 (21.5 mg, 10 µmol) was dissolved in a 1 M solution of 

trimethylphosphine in THF (1 mL, 1 mmol) and a 1 M solution of NaHCO3 (1 mL, pH 9) 

added and stirred vigourously.  After 1.5 hours, the reaction mixture was neutralized 

with dilute AcOH and extracted with EtOAc three times and the organic layer 

concentrated under reduced pressure.  Purification of the crude product by 

chromatography (1:1 heptane/EtOAc) yielded 40 (20.4 mg, 10 µmol, 99%) as a white 

powder; ሾαሿୈଶହ -45 (c 7.0, CHCl3); 1H NMR (700 MHz, CDCl3): δ 7.06-8.34 (m, 60H, Ar), 

5.84 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, H-4b), 5.81 (dd, 1H, J2,3 3.4 Hz, J1,2 0.9 Hz, H-2a), 5.79 (dd, 

1H, J3,4 10.2 Hz, J2,3 3.0 Hz, H-3c), 5.78 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, H-4a), 5.75 (dd, 1H, J3,4 9.9 

Hz, J2,3 3.4 Hz, H-3d), 5.75 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, H-4c), 5.67 (dd, 1H, J3,4 ≈ J4,5 10.1 Hz, H-

4d), 5.62 (dd, 1H, J2,3 3.3, J1,2 1.8 Hz, H-2d), 5.48 (dd, 1H, J3,4 9.8 Hz, J2,3 3.3 Hz, H-3b), 5.35 

(d, 1H, J1,2 1.5 Hz, H-1b), 4.92 (ddd, 1H, J4,5 10.1 Hz, J5,6 5.8 Hz, J5,6 2.6 Hz, H-5b), 4.86 (d, 

1H, J1,2 1.5 Hz, H-1d), 4.73 (dd, 1H, Jgem 12.2 Hz, J5,6 5.8 Hz, H-6b), 4.67 (dd, 1H, J1,S1 10.1 

Hz, J1,2 1.0 Hz, H-1a), 4.63 (s, 1H, H-1c), 4.61 (dd, 1H, Jgem 9.2 Hz, J5,6 2.6 Hz, H-6b), 4.59 

(dd, 1H, Jgem 12.2 Hz, J5,6 3.1 Hz, H-6a), 4.34 (dd, 1H, Jgem 12.3 Hz, J5,6 4.4 Hz, H-6a), 4.29 

(ddd, 1H, J4,5 9.8, J5,6 5.9 Hz, J5,6 2.2 Hz, H-5c), 4.25 (dd, 1H, J2,3 2.7, J1,2 2.1 Hz, H-2c), 4.20 

(dd, 1H, Jgem 12.1 Hz, J5,6 6.1 Hz, H-6c), 4.11 (br. d, 1H, Jgem 11.9 Hz, H-6c), 4.08 (dd, 1H, J3,4 

9.9 Hz, J2,3 3.3 Hz, H-3a), 4.02 (dt, 1H, J4,5 9.9 Hz, J5,6 4.0 Hz, H-5d), 3.96 (d, 2H, J5,6 3.2 Hz, 

H-6d), 3.88 (dd, 1H, J2,3 2.7 Hz, J1,2 1.5 Hz, H-2b), 3.57 (dt, 1H, J4,5 10.0 Hz, 2×J5,6 3.7 Hz, H-

5a), 2.59 (d, 1H, J1,S1 10.1 Hz, SH), 1.99 (s, 3H, CH3(C=O)O); 13C NMR (126 MHz, CDCl3): δ 

168.9 (C=O), 166.4 (C=O), 166.1 (C=O), 166.0 (C=O), 165.9 (C=O), 165.7 (C=O), 165.7 

(C=O), 165.4 (C=O), 165.3 (C=O), 165.1 (C=O), 165.1 (C=O), 165.0 (C=O), 164.7 (C=O), 

134.1 (Ar), 133.8 (Ar), 133.4 (Ar), 133.3 (Ar), 133.3 (Ar), 133.2 (Ar), 133.2 (Ar), 133.1 (Ar), 

133.1 (Ar), 133.0 (Ar), 133.0 (Ar), 132.9 (Ar), 132.9 (Ar), 132.8 (Ar), 130.3 (Ar), 130.3 (Ar), 

130.0 (Ar), 130.0 (Ar), 130.0 (Ar), 130.0 (Ar), 129.9 (Ar), 129.9 (Ar), 129.9 (Ar), 129.8 (Ar), 

129.8 (Ar), 129.7 (Ar), 129.7 (Ar), 129.7 (Ar), 129.4 (Ar), 129.4 (Ar), 129.3 (Ar), 129.3 (Ar), 

129.3 (Ar), 129.1 (Ar), 128.9 (Ar), 128.9 (Ar), 128.9 (Ar), 128.8 (Ar), 128.6 (Ar), 128.6 (Ar), 

128.5 (Ar), 128.5 (Ar), 128.4 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.3 (Ar), 128.2 (Ar), 

100.7 (C-1c), 100.0 (C-1b), 99.3 (C-1d), 78.1 (C-2b), 76.9 (C-1a), 76.7 (C-3a), 76.6 (C-5a), 75.1 

(C-2c), 74.1 (C-2a), 71.0 (C-3c), 69.9 (C-5c), 69.78 (C-3b), 69.74 (C-5b), 69.4 (C-2d), 69.3 (C-

3d), 69.3 (C-5d), 68.5 (C-4a), 67.6 (C-4d), 67.4 (C-4b), 66.7 (C-4c), 64.4 (C-6b), 63.9 (C-6c), 

63.07 (C-6a), 63.03 (C-6d), 20.6 (CH3C=O); Coupled HSQC (700 MHz, CDCl3): δ 100.7/4.63 
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(JC1/H1 175 Hz, C-1c), 99.98/5.35 (JC1/H1 178 Hz, C-1b), 99.3/4.85 (JC1/H1 176 Hz, C-1d), 

76.94/4.67 (JC1/H1 152 Hz, C-1a); Anal. calc for C110H92O33S: HR ESIMS [M+Na]+: 1995.5134, 

found: 1995.5105. 

 

 

41 

2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→6)-[2-O-acetyl-3,4,6-tri-O-

benzoyl-α-D-mannopyranosyl-(1→3)]-2,4-di-O-benzoyl-α-D-mannopyranosyl-(1→6)-

[2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)]-2,4-di-O-benzoyl-β-D-

mannopyranosyl thiol (41) 

Pentasaccharide 38 (20.5 mg, 8.5 µmol) was dissolved in a 1 M solution of 

trimethylphosphine in THF (1 mL, 1 mmol) and a 1 M solution of NaHCO3 (1 mL, pH 9) 

added and stirred vigourously.  After 30 minutes, the reaction mixture was neutralized 

with dilute AcOH and extracted with EtOAc three times and the organic layer 

concentrated under reduced pressure.  Purification of the crude product by 

chromatography (1:1 heptane/EtOAc) yielded 41 (19.7 mg, 8.5 µmol, 99%) as a white 

powder; 1H NMR (700 MHz, CDCl3): δ 7.26 (m, 65H, ArH), 5.87 (d, 1H, J2,3 2.4 Hz, H-2a), 

5.86 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-4e), 5.85 (dd, 1H, J3,4 ≈ J4,5 9.4 Hz, H-4a), 5.84 (dd, 1H, J3,4 

≈ J4,5 9.8 Hz, H-4d), 5.83 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-4c), 5.78 (dd, 1H, J3,4 10.1 Hz, J2,3 3.3 

Hz, H-3e), 5.73 (dd, 1H, J2,3 3.5 Hz, J1,2 1.7 Hz, H-2c), 5.74 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4b), 

5.57 (dd, 1H, J3,4 9.8 Hz, J2,3 3.2 Hz, H-3d), 5.51 (dd, 1H, J3,4 9.6 Hz, J2,3 3.4 Hz, H-3b), 5.35 

(dd, 1H, J2,3 3.3 Hz, J1,2 1.8 Hz, H-2e), 5.23 (d, 1H, J1,2 2.0 Hz, H-1d), 5.18 (dd, 1H, J2,3 3.3 Hz, 

J1,2 2.0 Hz, H-2d), 5.11 (d, 1H, J1,2 1.4 Hz, H-1c), 5.10 (dd, 1H, J2,3 3.4 Hz, J1,2 1.9 Hz, H-2b), 

5.05 (d, 1H, J1,2 2.0 Hz, H-1b), 4.88 (dd, 1H, J1,SH 10.4 Hz, J1,2 1.2 Hz, H-1a), 4.85 (ddd, 1H, 
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J4,5 10.0 Hz, J5,6 5.3 Hz, J5,6 2.5 Hz, H-5b), 4.71 (d, 1H, J1,2 1.8 Hz, H-1e), 4.65 (dd, 1H, Jgem 

11.4 Hz, J5,6 2.5 Hz, H-6b), 4.63 (dd, 1H, J3,4 9.9 Hz, J2,3 3.5 Hz, H-3c), 4.58 (dd, 1H, Jgem 12.2 

Hz, J5,6 5.3 Hz, H-6b), 4.53 (dd, 1H, Jgem 13.0 Hz, J5,6 3.5 Hz, H-6d), 4.40 (dd, 1H, Jgem 11.2 

Hz, J5,6 2.5 Hz, H-6e), 4.38 (dd, 1H, J3,4 9.9 Hz, J2,3 3.2 Hz, H-3a), 4.36 (ddd, 1H, J4,5 9.8 Hz, 

J5,6 5.3 Hz, J5,6 2.4 Hz, H-5e), 4.29-4.33 (m, 2H, H-5d, H-6d), 4.28 (dd, 1H, Jgem 11.8 Hz, J5,6 

5.2 Hz, H-6e), 4.20 (ddd, 1H, J4,5 10.2 Hz, J5,6 6.0 Hz, J5,6 2.0 Hz, H-5c), 4.15 (dd, 1H, Jgem 

11.2 Hz, J5,6 5.3 Hz, H-6a), 3.94 (dd, 1H, Jgem 10.4 Hz, J5,6 5.8 Hz, H-6c), 3.94 (ddd, 1H, J4,5 

9.9 Hz, J5,6 5.1 Hz, J5,6 1.7 Hz, H-5a), 3.79 (dd, 1H, Jgem 11.2 Hz, J5,6 1.9 Hz, H-6a), 3.37 (dd, 

1H, Jgem 10.5 Hz, J5,6 2.0 Hz, H-6c), 2.70 (d, 1H, J1,SH 10.4 Hz, SH), 2.07 (s, 3H, CH3(C=O)), 

1.95 (s, 3H, CH3(C=O)), 1.75 (s, 3H, CH3(C=O)); 13C NMR (126 MHz, CDCl3): δ 169.6 (C=O), 

169.0 (C=O), 168.6 (C=O), 166.3 (C=O), 166.2 (C=O), 166.1 (C=O), 166.0 (C=O), 166.0 

(C=O), 165.6 (C=O), 165.6 (C=O), 165.5 (C=O), 165.2 (C=O), 165.2 (C=O), 165.1 (C=O), 

164.6 (C=O), 164.6 (C=O), 133.7 (Ar), 133.5 (Ar), 133.5 (Ar), 133.4 (Ar), 133.2 (Ar), 133.1 

(Ar), 133.0 (Ar), 132.9 (Ar), 132.9 (Ar), 130.2 (Ar), 130.2 (Ar), 130.0 (Ar), 130.0 (Ar), 130.0 

(Ar), 129.9 (Ar), 129.8 (Ar), 129.8 (Ar), 129.7 (Ar), 129.7 (Ar), 129.7 (Ar), 129.6 (Ar), 129.6 

(Ar), 129.5 (Ar), 129.4 (Ar), 129.4 (Ar), 129.4 (Ar), 129.2 (Ar), 129.1 (Ar), 129.1 (Ar), 129.0 

(Ar), 128.9 (Ar), 128.9 (Ar), 128.8 (Ar), 128.7 (Ar), 128.5 (Ar), 128.5 (Ar), 128.4 (Ar), 128.4 

(Ar), 128.4 (Ar), 128.3 (Ar), 128.2 (Ar), 128.2 (Ar), 100.1 (C-1d), 99.3 (C-1b), 97.6 (C-1c), 

97.1 (C-1e), 77.9 (C-5a), 77.8 (C-3c), 77.7 (C-3a), 77.5 (C-1a), 74.2 (C-2a), 71.9 (C-2c), 70.0, 

69.8, 69.7, 69.68, 69.62, 69.4, 69.35, 69.31, 68.9, 68.8, 68.3, 68.1, 67.1, 66.7, 66.6, 66.5, 

66.2 (C-4a, C-6a, C-2b, C-3b, C-4b, C-5b, C-4c, C-5c, C-6c, C-2d, C-3d, C-4d, C-5d, C-2e, C-3e, C-

4e, C-5e), 63.3 (C-6b), 63.0 (C-6e), 62.8 (C-6d), 20.7 (CH3(C=O)), 20.5 (CH3(C=O)), 20.2 

(CH3(C=O)); Coupled HSQC (700 MHz, CDCl3): δ  100.1/5.23 (JC1/H1 175 Hz, C-1d), 

99.3/5.05 (JC1/H1 176 Hz, C-1b), 97.6/5.11 (JC1/H1 176 Hz, C-1c), 97.1/4.71 (JC1/H1 176 Hz, C-

1e), 77.9/4.88 (JC1/H1 163 Hz, C-1a); Anal. calc for C127H110O41S: HR ESIMS [M+Na]+: 

2345.6135, found: 2345.6132. 

 

 

42 
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Chloromethyl 2,3,4,6-tri-O-acetyl-1-thio-β-D-mannopyranoside (42) 

To a solution of compound 17 (0.218 g, 0.537 mmol) in CH2Cl2 (10 mL) was added DBU 

(96 µL, 0.642 mmol).  After 18 hours, reaction was diluted with toluene and 

concentrated under reduced pressure.  Purification of the crude yellow syrup by 

chromatography (1:1 hexanes/EtOAc) followed by recrystallization yielded 42 (0.17 g, 

0.414 mmol, 77%) as a white crystalline solid; m.p.: 133.83 °C; ሾαሿୈଶହ -158 (c 8.5, CHCl3); 
1H NMR (600 MHz, CDCl3): δ 5.54 (dd, 1H, J2,3 3.5 Hz, J1,2 0.8 Hz, H-2), 5.30 (dd, 1H, J3,4 ≈ 

J4,5 10.0 Hz, H-4), 5.14 (dd, 1H, J3,4 10.0 Hz, J2,3 3.5 Hz, H-3), 5.11 (d, 1H, J1,2 0.8 Hz, H-1), 

4.95 (d, 1H, Jgem 11.9 Hz, SCH2Cl), 4.67 (d, 1H, Jgem 11.9 Hz, SCH2Cl), 4.31 (dd, 1H, Jgem 12.3 

Hz, J5,6 5.8 Hz, H-6), 4.18 (dd, 1H, Jgem 12.3 Hz, J5,6 2.4 Hz, H-6), 3.78 (ddd, 1H, J4,5 10.0 Hz, 

J5,6 5.8 Hz, J5,6 2.4 Hz, H-5), 2.19 (s, 3H, CH3(C=O)), 2.10 (s, 3H, CH3(C=O)), 2.06 (s, 3H, 

CH3(C=O)), (s, 3H, CH3(C=O)); 13C NMR (151 MHz, CDCl3): δ 170.6 (C=O), 169.9 (2xC=O), 

169.6 (C=O), 79.7 (C-1), 76.9 (C-5), 71.8 (C-3), 69.7 (C-2), 65.7 (C-4), 62.5 (C-6), 45.9 

(SCH2Cl), 20.7 (C=O), 20.7 (C=O), 20.6 (C=O), 20.5 (C=O); Anal. calc for C15H21ClO9S: HR 

ESIMS [M+Na]+: 435.0487, found: 435.0480; Elem. Anal: C, 43.64; H, 5.13; S, 7.77; found: 

C, 43.67; H, 5.13; S, 7.84. 

 

 

43 

Azidomethyl 2,3,4,6-tri-O-acetyl-1-thio-β-D-mannopyranoside (43) 

Compound 42 (0.132 g, 0.32 mmol) was dissolved in a solution of 2:1 acetone/H2O 

(3 mL) and NaN3 (83 mg, 1.3 mmol) added.  After 24 hours at reflux, the reaction 

mixture was cooled and diluted with EtOAc, washed with H2O, then brine, and dried 

over Na2SO4.  The organic layer was concentrated under reduced pressure and the crude 

powder purified by chromatography (1:1 hexanes/EtOAc) follwed by recrystallization 

(EtOAc/heptane) to yield 43 (0.10 g, 0.24 mmol, 75%) as a white crystalline solid; m.p.: 

100.65 °C; ሾαሿୈଶହ -175 (c 6.5, CHCl3);1H NMR (500 MHz, CDCl3): δ 5.56 (dd, 1H, J 3.5 Hz, 

J1,2 1.1 Hz, H-1), 5.31 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-4), 5.13 (dd, 1H, J3,4 10.1 Hz, J2,3 3.5 Hz, 
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H-3), 5.02 (d, 1H, J1,2 1.1 Hz, H-1), 4.45 (d, 2H, Jgem 3.5 Hz, SCH2N3), 4.31 (dd, 1H, J4,5 12.4 

Hz, J5,6 6.0 Hz, H-6), 4.19 (dd, 1H, Jgem 12.3 Hz, J5,6 2.4 Hz, H-6), 3.77 (ddd, 1H, J4,5 10.1 Hz, 

J5,6 5.9 Hz, J5,6 2.6 Hz, H-5), 2.23 (s, 3H, CH3(C=O)), 2.11 (s, 3H, CH3(C=O)), 2.08 (s, 3H, 

CH3(C=O)), 2.02 (s, 3H, CH3(C=O)); 13C NMR (126 MHz, CDCl3): δ 170.6 (C=O), 170.0 

(C=O), 170.0 (C=O), 169.6 (C=O), 80.2 (C-1), 76.9 (C-5), 71.8 (C-3), 70.0 (C-2), 65.6 (C-4), 

62.6 (C-6), 51.9 (SCH2N3), 20.8 (CH3(C=O)), 20.7 (CH3(C=O)), 20.6 (CH3(C=O)), 20.6 

(CH3(C=O)); Anal. calc for C15H21N3O9S: HR ESIMS [M+Na]+: 442.0891, found: 442.0886; 

Elem. Anal: C, 42.96; H, 5.05; N, 10.02; S, 7.65; found: C, 43.08; H, 5.16; N, 10.16; S, 7.63. 

 

 

44 

Azidomethyl 1-thio-β-D-mannopyranoside (44) 

To a suspension of compound 43 (0.10 g, 0.24 mmol) in MeOH (3 mL) was added 

NaOMe (0.15 mL, 1 M).  After 10 mins, the reaction was neutralized with H+ resin, 

filtered, and concentrated under reduced pressure.  The resulting syrup was dissolved in 

H2O and lyophilized to produce 44 (63.9 mg, 0.25 mmol, quantitative yield) as a white 

powder; 1H NMR (600 MHz, D2O): δ 5.04 (s, 1H, H-1), 4.58 (d, 1H, Jgem 13.5 Hz, SCH2N3), 

4.50 (d, 1H, Jgem 13.2 Hz, SCH2N3), 4.07 (d, 1H, J2,3 3.1 Hz, H-2), 3.91 (dd, 1H, Jgem 12.3 Hz, 

J5,6 2.2 Hz, H-6), 3.73 (dd, 1H, Jgem 12.3 Hz, J5,6 6.0 Hz, H-6), 3.68 (dd, 1H, J3,4 9.7 Hz, J2,3 

3.5 Hz, H-3), 3.62 (dd, 1H, J3,4 ≈ J4,5 9.7 Hz, H-4), 3.43 (ddd, 1H, J4,5 9.6 Hz, J5,6 6.1 Hz, J5,6 

2.2 Hz, H-5); 13C NMR (126 MHz, D2O): δ 84.2 (C-1), 81.3 (C-5), 74.7 (C-3), 72.8 (C-2), 67.5 

(C-4), 62.0 (C-6), 53.1 (SCH2N3); Coupled HSQC (600 MHz, D2O): δ 84.2/5.04 (JC1/H1 156 

Hz, C-1); Anal. calc for C7H13N3O5S: HR ESIMS [M+Na]+: 274.0468, found: 274.0464; Elem. 

Anal: C, 33.46; H, 5.21; N, 16.72; S, 12.76; found: C, 33.52; H, 6.40; N, 16.14; S, 12.64. 
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45 

Chloromethyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→2)-3,4,6-tri-O-

benzoyl-α-D-mannopyranosyl-(1→2)-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)-

2,4,6-tri-O-benzoyl-1-thio-β-D-mannopyranoside (45) 

To a solution of tetrasaccharide 40 (20.4 mg, 10.3 µmol) in CH2Cl2 (5 mL) was added DBU 

(6 µL, 20 µmol).  After 2 hours, reaction was diluted with toluene and concentrated 

under reduced pressure.  Crude product 45 was sensitive to oxidation and unstable on 

silica gel and was used immediately for the next step; ሾαሿୈଶହ -70 (c 16.9, CHCl3); 1H NMR 

(700 MHz, CDCl3): δ 7.10-8.28 (m, 60H, Ar), 5.86 (d, 1H, J2,3 3.5 Hz, H-2a), 5.85 (dd, 1H, J3,4 

≈ J4,5 9.5 Hz, H-4b), 5.81 (dd, 1H, J3,4 10.1 Hz, J2,3 3.1 Hz, H-3c), 5.76 (dd, 1H, J3,4 10.1 Hz, 

J2,3 3.6 Hz, H-3d), 5.76 (dd, 1H, J3,4 ≈ J4,5 9.5 Hz, H-4a), 5.72 (dd, 1H, J3,4 ≈ J4,5 10.1 Hz, H-4c), 

5.68 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, H-4d), 5.63 (dd, 1H, J2,3 3.2 Hz, J1,2 1.9 Hz, H-2d), 5.44 (dd, 

1H, J3,4 9.9 Hz, J2,3 3.3 Hz, H-3b), 5.39 (s, 1H, H-1b), 5.05 (s, 1H, H-1a), 5.04 (d, 1H, Jgem 11.8 

Hz, SCH2Cl), 4.86 (s, 1H, H-1d), 4.77 (ddd, 1H, J4,5 9.8 Hz, J5,6 5.7 Hz, J5,6 2.6 Hz, H-5b), 4.72 

(dd, 1H, Jgem 12.2 Hz, J5,6 5.5 Hz, H-6b), 4.70 (d, 1H, Jgem 11.6 Hz, SCH2Cl), 4.59 (dd, 1H, Jgem 

12.0 Hz, J5,6 2.8 Hz, H-6a), 4.58 (dd, 1H, Jgem 12.0 Hz, J5,6 2.2 Hz, H-6b), 4.56 (s, 1H, H-1c), 

4.41 (m, 1H, H-5c), 4.40 (dd, 1H, Jgem 12.5 Hz, J5,6 5.7 Hz, H-6a), 4.37 (dd, 1H, Jgem 11.7 Hz, 

J5,6 6.8 Hz, H-6c), 4.26 (br. s., 1H, H-2c), 4.20 (br. d, 1H, Jgem 11.6 Hz, H-6c), 3.99 (dd, 1H, 

J3,4 9.3 Hz, J2,3 3.73 Hz, H-3a), 3.98 (m, 1H, H-5d), 3.95 (m, 1H, H-6d), 3.92 (s, 1H, H-2b), 

3.89 (m, 1H, H-6d), 3.50 (ddd, 1H, J4,5 9.6 Hz, J5,6 5.5 Hz, J5,6 3.0 Hz, H-5a), 1.99 (s, 3H, 

CH3(C=O)); 13C NMR (176 MHz, CDCl3): δ 168.9 (C=O), 166.4 (C=O), 166.0 (C=O), 165.9 

(C=O), 165.6 (C=O), 165.6 (C=O), 165.4 (C=O), 165.1 (C=O), 165.1 (C=O), 164.9 (C=O), 

164.6 (C=O), 134.2 (Ar), 133.6 (Ar), 133.4 (Ar), 133.3 (Ar), 133.2 (Ar), 133.2 (Ar), 133.1 

(Ar), 133.1 (Ar), 132.9 (Ar), 132.8 (Ar), 130.2 (Ar), 130.0 (Ar), 130.0 (Ar), 129.9 (Ar), 129.9 

(Ar), 129.8 (Ar), 129.7 (Ar), 129.7 (Ar), 129.6 (Ar), 129.6 (Ar), 129.4 (Ar), 129.4 (Ar), 129.2 



Compounds 

250 

CHAPTER 6 

(Ar), 129.2 (Ar), 129.2 (Ar), 129.1 (Ar), 128.9 (Ar), 128.8 (Ar), 128.8 (Ar), 128.7 (Ar), 128.7 

(Ar), 128.5 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.2 (Ar), 128.2 (Ar), 128.1 (Ar), 101.0 

(C-1c), 100.1 (C-1b), 99.2 (C-1d), 79.2 (C-1a), 78.5 (C-2b), 76.60 (C-3a), 76.55 (C-5a), 74.8 (C-

2c), 71.7 (C-2a), 71.0 (C-3c), 69.9 (C-5c), 69.7 (C-3b), 69.5 (C-5b), 69.4 (C-2d), 69.1 (C-3d), 

69.1 (C-4a), 68.8 (C-5d), 67.7 (C-4d), 67.3 (C-4b), 66.8 (C-4c), 64.3 (C-6b), 64.1 (C-6c), 63.0 

(C-6a), 63.0 (C-6d), 46.0 (SCH2Cl), 20.5 (CH3(C=O)); Anal. calc for C111H93ClO33S: HR ESIMS 

[M+Na]+: 2043.4901, found: 2043.4887. 

 

 

46 

Azidomethyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→2)-3,4,6-tri-O-

benzoyl-α-D-mannopyranosyl-(1→2)-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)-

2,4,6-tri-O-benzoyl-1-thio-β-D-mannopyranoside (46) 

Crude tetrasaccharide 45 (~10.3 µmol) was dissolved in acetone (3 mL) and 15 mg 

(0.23  mmol) of NaN3 added.  Reaction was heated to 60 °C and H2O was added 

dropwise until the solution became homogenous.  After 24 hours at 60 °C, the reaction 

mixture was cooled and diluted with EtOAc, washed with H2O, then brine, and dried 

over Na2SO4.  The organic layer was concentrated under reduced pressure and the crude 

yellow powder purified by chromatography (9.7:0.3 toluene/acetonitrile) to yield 49 

(16 mg, 7.89 µmol, 77% from 40) as a white solid; ሾαሿୈଶହ -70 (c 8.7, CHCl3); 1H NMR (700 

MHz, CDCl3): δ 7.09-8.29 (m, 60H, ArH), 5.88 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-4b), 5.86 (dd, 

1H, J2,3 3.5, J1,2 0.5 Hz, H-2a), 5.80 (dd, 1H, J3,4 10.2 Hz, J2,3 3.1 Hz, H-3c), 5.79 (dd, 1H, J3,4 ≈ 

J4,5 9.8 Hz, H-4a), 5.76 (dd, 1H, J3,4 10.1 Hz, J2,3 3.5 Hz, H-3d), 5.74 (dd, 1H, J3,4 ≈ J4,5 10.1 

Hz, H-4c), 5.68 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, H-4d), 5.62 (dd, 1H, J2,3 3.2 Hz, J1,2 1.8 Hz, H-2d), 

5.46 (dd, 1H, J3,4 9.8 Hz, J2,3 3.4 Hz, H-3b), 5.39 (d, 1H, J1,2 1.5 Hz, H-1b), 4.91 (d, 1H, J1,2 0.5 
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Hz, H-1a), 4.86 (d, 1H, J1,2 1.4 Hz, H-1d), 4.76 (ddd, 1H, J4,5 9.9 Hz, J5,6 4.9 Hz, J5,6 2.8 Hz, H-

5b), 4.69 (dd, 1H, Jgem 12.1 Hz, J5,6 4.9 Hz, H-6b), 4.62 (br. s, 1H, H-1c), 4.62 (dd, 1H, Jgem 

12.2 Hz, J5,6 3.0 Hz, H-6b), 4.61 (dd, 1H, Jgem 12.5 Hz, J5,6 2.8 Hz, H-6a), 4.50 (d, 1H, Jgem 

13.3 Hz, SCH2N3), 4.39 (dd, 1H, Jgem 12.2 Hz, J5,6 5.2 Hz, H-6a), 4.38 (d, 1H, Jgem 13.1 Hz, 

SCH2N3), 4.35 (ddd, 1H, J4,5 10.0 Hz, J5,6 6.3 Hz, J5,6 2.2 Hz, H-5c), 4.29 (dd, 1H, Jgem 12.0 

Hz, J5,6 6.2 Hz, H-6c), 4.26 (dd, 1H, J2,3 2.8 Hz, J1,2 1.9 Hz, H-2c), 4.17 (br. d, 1H, Jgem 11.8 

Hz, H-6c), 4.04 (dd, 1H, J3,4 9.8 Hz, J2,3 3.2 Hz, H-3a), 4.00 (dt, 1H, J4,5 9.9 Hz, 2×J5,6 4.1 Hz, 

H-5d), 3.95 (dd, 1H, Jgem 12.1 Hz, J5,6 4.3 Hz, H-6d), 3.92 (br. s., 1H, H-2b), 3.91 (dd, 1H, Jgem 

13.7 Hz, J5,6 3.2 Hz, H-6d), 3.57 (ddd, 1H, J4,5 9.8 Hz, J5,6 5.0 Hz, J5,6 3.2 Hz, H-5a), 2.00 (s, 

3H, CH3(C=O)); 13C NMR (125 MHz, CDCl3): δ 169.0 (C=O), 166.5 (C=O), 166.1 (C=O), 

166.0 (C=O), 166.0 (C=O), 165.7 (C=O), 165.4 (C=O), 165.1 (C=O), 165.0 (C=O), 164.7 

(C=O), 134.1 (Ar), 133.6 (Ar), 133.4 (Ar), 133.3 (Ar), 133.3 (Ar), 133.2 (Ar), 133.1 (Ar), 

133.0 (Ar), 132.8 (Ar), 130.3 (Ar), 130.0 (Ar), 130.0 (Ar), 130.0 (Ar), 129.9 (Ar), 129.7 (Ar), 

129.7 (Ar), 129.7 (Ar), 129.6 (Ar), 129.5 (Ar), 128.9 (Ar), 128.7 (Ar), 128.7 (Ar), 128.6 (Ar), 

128.5 (Ar), 128.5 (Ar), 128.5 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.3 (Ar), 128.2 (Ar), 

100.9 (C-1c), 100.2 (C-1b), 99.2 (C-1d), 80.0 (C-1a), 78.2 (C-2b), 77.2 (C-3a), 76.6 (C-5a), 75.0 

(C-2c), 72.0 (C-2a), 71.0 (C-3c), 69.9 (C-5c), 69.8 (C-3b), 69.5 (C-5b), 69.4 (C-2d), 69.2 (C-3d), 

69.2 (C-4a), 68.8 (C-5d), 67.7 (C-4d), 67.3 (C-4b), 66.9 (C-4c), 64.2 (C-6b), 64.0 (C-6c), 63.1 

(C-6a,C-6d), 51.8 (SCH2N3), 20.6 (CH3(C=O)); Coupled HSQC (700 MHz, CDCl3): 

δ 100.9/4.61 (JC1/H1 174 Hz, C-1c), 100.1/5.39 (JC1/H1 177 Hz, C-1b), 99.2/4.86 (JC1/H1 176 

Hz, C-1d), 80.0/4.91 (JC1/H1 156 Hz, C-1a); Anal. calc for C111H93N3O33S: HR ESIMS [M+Na]+: 

2050.5304, found: 2050.5232. 
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Azidomethyl α-D-mannopyranosyl-(1→2)-α-D-mannopyranosyl-(1→2)-α-D-

mannopyranosyl-(1→3)-1-thio-β-D-mannopyranoside (47) 

Tetrasaccharide 46 (14 mg, 6.9 µmol) was suspended in deuterated methanol (1 mL) 

and deuterated sodium methoxide (0.14 mL, 1 M) added.  Reaction was monitored by 
1H NMR.  After 20 hours, the reaction was neutralized with H+ resin and the solvent 

removed under reduced pressure.  The orange syrup was purified via HPLC to yield 47 

(4.3 mg, 5.83 µmol, 84%) as a white powder; ሾαሿୈଶହ -10 (c 5.1, H2O); 1H NMR (700 MHz, 

D2O): δ 5.37 (d, 1H, J1,2 1.5 Hz, H-1b), 5.31 (d, 1H, J1,2 1.5 Hz, H-1c), 5.06 (s, 1H, H-1a), 5.05 

(d, 1H, J1,2 1.5 Hz, H-1d), 4.59 (d, 1H, Jgem 13.3 Hz, SCH2N3), 4.52 (d, 1H, Jgem 13.4 Hz, 

SCH2N3), 4.23 (d, 1H, J2,3 3.1 Hz, H-2a), 4.11 (dd, 1H, J2,3 3.1 Hz, J1,2 1.9 Hz, H-2c), 4.09 (dd, 

1H, J2,3 3.2 Hz, J1,2 1.7 Hz, H-2b), 4.07 (dd, 1H, J2,3 3.3 Hz, J1,2 1.9 Hz, H-2d), 3.99 (dd, 1H, 

J3,4 9.6 Hz, J2,3 3.3 Hz, H-3b), 3.96 (dd, 1H, J3,4 9.3 Hz, J2,3 3.3 Hz, H-3c), 3.93 (dd, 1H, Jgem 

12.5 Hz, J5,6 2.2 Hz, H-6a), 3.90 (m, 1H, H-6b), 3.87 (m, 1H, H-6d), 3.86 (dd, 1H, Jgem 12.5 

Hz, J5,6 1.7 Hz, H-6c), 3.84 (dd, 1H, J3,4 9.5 Hz, J2,3 3.4 Hz, H-3d), 3.78 (dd, 1H, J3,4 9.7 Hz, J2,3 

3.2 Hz, H-3a), 3.77 (dd, 1H, Jgem 11.7 Hz, J5,6 6.0 Hz, H-6c), 3.74-3.78 (m, 2H, H-5b, H-6b), 

3.75 (m, 1H, H-6a), 3.75 (dd, 1H, J3,4 ≈ J4,5 9.4 Hz, H-4a), 3.73-3.79 (m, 2H, H-5d, H-6d), 3.73 

(m, 1H, H-5c), 3.70 (dd, 1H, J3,4 ≈ J4,5 9.4 Hz, H-4b), 3.70 (dd, 1H, J3,4 ≈ J4,5 9.4 Hz, H-4c), 

3.64 (dd, 1H, J3,4 ≈ J4,5 9.7 Hz, H-4d), 3.49 (ddd, 1H, J4,5 9.1 Hz, J5,6 6.0 Hz, J5,6 2.1 Hz, H-5a); 
13C NMR (126 MHz, D2O): δ 102.2 (C-1d), 100.7 (C-1c), 100.7 (C-1b), 83.2 (C-1a), 81.3 (C-

3a), 80.4 (C-5a), 78.6 (C-2b), 78.5 (C-2c), 73.4 (C-5b), 73.2 (C-5c), 73.2 (C-5+), 71.5 (C-2a), 

70.3 (C-3d), 70.1 (C-3b), 70.0 (C-3c), 70.0 (C-2d), 67.0 (C-4c), 66.9 (C-4+), 66.8 (C-4d), 65.9 

(C-4a), 61.1 (C-6d), 61.0 (C-6a, C-6b, C-6c), 52.2 (SCH2N3); Coupled HSQC (700 MHz, D2O): 

δ 102.3/5.05 (JC1/H1 172 Hz, C-1d), 100.70/5.30 (JC1/H1 173 Hz, C-1c), 100.66/5.36 (JC1/H1 

174 Hz, C-1b), 83.2/5.06 (JC1/H1 156 Hz, C-1a); Anal. calc for C25H43N3O20S: HR ESIMS 

[M+Na]+: 760.2053, found: 760.2045. 
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48 

Chloromethyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→6)-[2-O-acetyl-

3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)]-2,4-di-O-benzoyl-α-D-

mannopyranosyl-(1→6)-[2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)]-

2,4-di-O-benzoyl-1-thio-β-D-mannopyranoside (48) 

To a solution of pentasaccharide 41 (20 mg, 8.6 µmol) in CH2Cl2 (5 mL) was added DBU 

(3 µL, 20 µmol).  After 2.5 hours, reaction was diluted with toluene and concentrated 

under reduced pressure.  Crude product 48 was sensitive to oxidation and unstable on 

silica gel and was used immediately for the next step; 1H NMR (600 MHz, cdcl3): δ 7.26 

(s, 65H, Ar), 6.00 (dd, 1H, J2,3 3.5 Hz, J1,2 0.9 Hz, H-2a), 5.85 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, H-4e), 

5.85 (dd, 1H, J3,4 ≈ J4,5 9.6 Hz, H-4c), 5.83 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4a), 5.81 (dd, 1H, J3,4 ≈ 

J4,5 9.8 Hz, H-4b), 5.75 (dd, 1H, J3,4 9.9 Hz, J2,3 3.2 Hz, H-3e), 5.76 (dd, 1H, J3,4 ≈ J4,5 9.9 Hz, 

H-4d), 5.71 (dd, 1H, J2,3 3.5 Hz, J1,2 1.7 Hz, H-2c), 5.57 (dd, 1H, J3,4 9.7 Hz, J2,3 3.3 Hz, H-3b), 

5.49 (dd, 1H, J3,4 9.6 Hz, J2,3 3.4 Hz, H-3d), 5.36 (dd, 1H, J2,3 3.4 Hz, J1,2 1.7 Hz, H-2e), 5.32 

(d, 1H, J1,2 1.0 Hz, H-1a), 5.21 (d, 1H, J1,2 2.1 Hz, H-1b), 5.16 (dd, 1H, J2,3 3.3 Hz, J1,2 2.1 Hz, 

H-2b), 5.14 (d, 1H, J1,2 1.8 Hz, H-1c), 5.14 (d, 1H, Jgem 11.8 Hz, SCH2Cl), 5.10 (d, 1H, J1,2 2.1 

Hz, H-1d), 5.08 (dd, 1H, J2,3 3.4 Hz, J1,2 2.0 Hz, H-2d), 4.77 (d, 1H, J1,2 1.7 Hz, H-1e), 4.77 (d, 

1H, Jgem 11.8 Hz, SCH2Cl), 4.66 (ddd, 1H, J4,5 9.9 Hz, J5,6 4.8 Hz, J5,6 2.8 Hz, H-5d), 4.63 (dd, 

1H, Jgem 11.8 Hz, J5,6 2.9 Hz, H-6d), 4.62 (dd, 1H, J3,4 9.9 Hz, J2,3 3.2 Hz, H-3c), 4.50 (dd, 1H, 

Jgem 12.3 Hz, J5,6 3.1 Hz, H-6b), 4.49 (dd, 1H, Jgem 12.1 Hz, J5,6 4.2 Hz, H-6d), 4.45 (dd, 1H, 

J3,4 9.7 Hz, J2,3 3.4 Hz, H-3a), 4.38 (dd, 1H, Jgem 11.7 Hz, J5,6 2.5 Hz, H-6e), 4.33-4.36 (m, 1H, 

H-5e), 4.32-4.35 (m, 1H, H-6b), 4.30-4.34 (m, 1H, H-5b), 4.28 (dd, 1H, J4,5 11.7 Hz, J5,6 5.2 

Hz, H-6e), 4.22 (ddd, 1H, J4,5 10.2 Hz, J5,6 5.7 Hz, J5,6 2.9 Hz, H-5c), 4.17 (dd, 1H, Jgem 11.1 

Hz, J5,6 6.1 Hz, H-6a), 4.03 (ddd, 1H, J4,5 10.0 Hz, J5,6 6.3 Hz, J5,6 2.2 Hz, H-5a), 3.98 (dd, 1H, 
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Jgem 10.7 Hz, J5,6 5.4 Hz, H-6c), 3.79 (dd, 1H, Jgem 11.4 Hz, J5,6 2.2 Hz, H-6a), 3.50 (dd, 1H, 

Jgem 10.6 Hz, J5,6 2.8 Hz, H-6c), 2.09 (s, 3H, CH3(C=O)), 1.92 (s, 3H, CH3(C=O)), 1.76 (s, 3H, 

CH3(C=O)); 13C NMR (176 MHz, CDCl3): δ 169.5 (C=O), 168.9 (C=O), 168.7 (C=O), 166.1 

(C=O), 166.1 (C=O), 166.1 (C=O), 165.9 (C=O), 165.9 (C=O), 165.6 (C=O), 165.5 (C=O), 

165.3 (C=O), 165.2 (C=O), 165.2 (C=O), 165.1 (C=O), 164.6 (C=O), 164.5 (C=O), 133.6 (Ar), 

133.5 (Ar), 133.5 (Ar), 133.3 (Ar), 133.3 (Ar), 133.3 (Ar), 133.1 (Ar), 133.0 (Ar), 133.0 

(2×Ar), 132.9 (Ar), 132.9 (2×Ar), 130.1 (Ar), 130.1 (Ar), 130.0 (Ar), 130.0 (Ar), 129.9 (Ar), 

129.9 (Ar), 129.7 (Ar), 129.7 (Ar), 129.7 (Ar), 129.6 (Ar), 129.5 (Ar), 129.5 (Ar), 129.3 (Ar), 

129.3 (Ar), 129.3 (Ar), 129.1 (Ar), 129.0 (Ar), 129.0 (Ar), 128.9 (Ar), 128.9 (Ar), 128.9 (Ar), 

128.6 (Ar), 128.6 (Ar), 128.5 (Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.3 (Ar), 128.2 (Ar), 

128.2 (Ar), 128.1 (Ar), 100.0 (C-1d), 99.4 (C-1b), 97.4 (C-1c), 97.3 (C-1e), 80.5 (C-1a), 77.9 

(C-5a), 77.7 (C-3a), 77.1 (C-3b), 71.9, 71.9 (C-2a, C-2c), 69.9, 69.7, 69.59, 69.57, 69.51, 

2×69.3, 69.2, 68.9, 68.8, 68.6, 68.5 (C-4a, C-2b, C-3b, C-5b, C-4c. C-5c, C-2d, C-3d, C-5d, C-2e, 

C-3e, C-5e), 66.9 (C-6a), 66.8, 66.7, 66.6 (C-4b, C-4d, C-4e), 66.5 (C-6c), 63.2, 62.9, 62.8 (C-

6b, C-6d, C-6e), 46.4 (SCH2Cl), 20.7 (CH3(C=O)), 20.4 (CH3(C=O)), 20.2 (CH3(C=O)); Anal. 

calc for C128H111ClO41S: HR ESIMS [M+Na]+: 2393.5902, found: 2393.5850. 

 

 

49 

Azidomethyl 2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→6)-[2-O-acetyl-

3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)]-2,4-di-O-benzoyl-α-D-

mannopyranosyl-(1→6)-[2-O-acetyl-3,4,6-tri-O-benzoyl-α-D-mannopyranosyl-(1→3)]-

2,4-di-O-benzoyl-1-thio-β-D-mannopyranoside (49) 
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Crude pentasaccharide 48 (~8.6 µmol) was dissolved in acetone (2 mL) and 3 mg 

(46 µmol) of NaN3 added.  Reaction was heated to 60 °C and H2O was added dropwise 

until the solution became homogenous.  After 20 hours at 60 °C, the reaction mixture 

was cooled and diluted with EtOAc and washed wtih H2O, then brine, and dried over 

Na2SO4.  The organic layer was concentrated under reduced pressure and the crude 

yellow powder purified by chromatography (9.6:0.4 toluene/acetonitrile) to yield 49 

(12 mg, 7.15 µmol, 83% from 41) as a white solid; ሾαሿୈଶହ -49 (c 12.0 in CHCl3); 1H NMR 

(700 MHz, CDCl3): δ 7.21-8.21 (m, 65H, Ar), 5.97 (dd, 1H, J2,3 3.5 Hz, J1,2 0.9 Hz, H-2a), 

5.84 (dd, 1H, J3,4 ≈ J4,5 10.0 Hz, H-4c), 5.83 (dd, 1H, J3,4 ≈ J4,5 10.2 Hz, H-4e), 5.80 (dd, 1H, 

J3,4 ≈ J4,5 9.6 Hz, H-4b), 5.79 (dd, 1H, J3,4 ≈ J4,5 9.4 Hz, H-4a), 5.76 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, 

H-4d), 5.73 (dd, 1H, J3,4 10.1 Hz, J2,3 3.2 Hz, H-3e), 5.68 (dd, 1H, J2,3 3.4 Hz, J1,2 1.7 Hz, H-

2c), 5.55 (dd, 1H, J3,4 9.7 Hz, J2,3 3.3 Hz, H-3b), 5.47 (dd, 1H, J3,4 9.5 Hz, J2,3 3.4 Hz, H-3d), 

5.34 (dd, 1H, J2,3 3.2 Hz, J1,2 1.7 Hz, H-2e), 5.19 (d, 1H, J1,2 1.9 Hz, H-1b), 5.14 (d, 1H, J1,2 0.8 

Hz, H-1a), 5.14 (dd, 1H, J2,3 3.3 Hz, J1,2 1.9 Hz, H-2b), 5.11 (d, 1H, J1,2 1.4 Hz, H-1c), 5.08 (d, 

1H, J2,3 1.9 Hz, H-1d), 5.06 (dd, 1H, J2,3 3.4 Hz, J1,2 2.1 Hz, H-2d), 4.76 (d, 1H, J1,2 1.5 Hz, H-

1e), 4.66 (s, 1H, H-5d), 4.63-4.66 (m, 1H, H-6d), 4.58-4.61 (dd, 1H, J3,4 9.7 Hz, J2,3 3.4 Hz, H-

3c), 4.56 (d, 1H, Jgem 13.4 Hz, SCH2N3), 4.47-4.50 (m, 1H, H-6b), 4.47 (dd, 1H, Jgem 12.2 Hz, 

J5,6 4.5 Hz, H-6d), 4.43 (d, 1H, Jgem 13.4 Hz, SCH2N3), 4.38-4.41 (dd, 1H, J3,4 9.7 Hz, J2,3 3.5 

Hz, H-3a), 4.33-4.36 (m, 1H, H-6e), 4.32-4.34 (m, 1H, H-5e), 4.31-4.34 (m, 1H, H-6b), 4.29-

4.32 (m, 1H, H-5b), 4.24-4.27 (m, 1H, H-6e), 4.20 (ddd, 1H, J4,5 10.1 Hz, J5,6 5.4 Hz, J5,6 2.9 

Hz, H-5c), 4.14 (dd, 1H, Jgem 11.4 Hz, J5,6 6.3 Hz, H-6a), 3.97 (dd, 1H, Jgem 10.6 Hz, J5,6 5.4 

Hz, H-6c), 3.95 (ddd, 1H, J4,5 10.1 Hz, J5,6 6.3 Hz, J5,6 2.1 Hz, H-5a), 3.75 (dd, 1H, Jgem 11.3 

Hz, J5,6 1.8 Hz, H-6a), 3.49 (dd, 1H, Jgem 10.6 Hz, J5,6 2.8 Hz, H-6c), 2.07 (s, 3H, CH3(C=O)), 

1.91 (s, 3H, CH3(C=O)), 1.74 (s, 3H, CH3(C=O)); 13C NMR (176 MHz, CDCl3): δ 169.5 (C=O), 

169.0 (C=O), 168.7 (C=O), 166.2 (C=O), 166.1 (C=O), 166.1 (C=O), 166.0 (C=O), 165.9 

(C=O), 165.57 (C=O), 165.56 (C=O), 165.3 (C=O), 165.2 (C=O), 165.17 (C=O), 165.15 

(C=O), 164.61 (C=O), 164.55 (C=O), 133.6 (Ar), 133.5 (Ar), 133.5 (Ar), 133.3 (Ar), 133.3 

(Ar), 133.1 (Ar), 133.1 (Ar), 133.0 (Ar), 132.9 (Ar), 130.2 (Ar), 130.1 (Ar), 130.0 (Ar), 

129.93 (Ar), 129.90 (Ar), 129.8 (Ar), 129.71 (Ar), 129.67 (Ar), 129.6 (Ar), 129.5 (Ar), 129.5 

(Ar), 129.4 (Ar), 129.33 (Ar), 129.29 (Ar), 129.18 (Ar), 129.17 (Ar), 129.03 (Ar), 128.99 

(Ar), 128.98 (Ar), 128.92 (Ar), 128.89 (Ar), 128.67 (Ar), 128.65 (Ar), 128.5 (Ar), 128.46 

(Ar), 128.45 (Ar), 128.42 (Ar), 128.35 (Ar), 128.26 (Ar), 128.21 (Ar), 128.18 (Ar), 100.0 (C-
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1d), 99.4 (C-1b), 97.6 (C-1c), 97.3 (C-1e), 80.9 (C-1a), 77.9 (C-5a), 77.6 (C-3a), 77.0 (C-3c), 

72.2, 71.9 (C-2a, C-2c), 70.0, 69.7, 2×69.6, 69.6, 69.3, 69.34, 69.33, 69.0, 68.9, 68.6, 68.5 

(C-4a, C-2b, C-3b, C-5b, C-4c C-5c, C-2d, C-3d, C-5d, C-2e, C-3e, C-5e), 67.1 (C-6a), 66.9, 66.7, 

66.6 (C-4b, C-4d, C-4e), 66.5 (C-6c), 63.1, 63.0, 62.9 (C-6b, C-6d, C-6e), 51.9 (SCH2N3), 20.7 

(CH3(C=O)), 20.5 (CH3(C=O)), 20.2 (CH3(C=O)); Coupled HSQC (700 MHz, D2O): 

δ 100.0/5.08 (JC1/H1 175 Hz, C-1d), 99.4/5.19 (JC1/H1 176 Hz, C-1b), 97.6/5.11 (JC1/H1 175 Hz, 

C-1c), 97.3/4.76 (JC1/H1 176 Hz, C-1e), 80.9/5.14 (JC1/H1 155 Hz, C-1a); Anal. calc for 

C128H111N3O41S: HR ESIMS [M+Na]+: 2400.6306, found: 2400.6308. 

 

 

50 

Azidomethyl α-D-mannopyranosyl-(1→6)-[α-D-mannopyranosyl-(1→3)]-α-D-

mannopyranosyl-(1→6)-[α-D-mannopyranosyl-(1→3)]-1-thio-β-D-mannopyranoside 

(50) 

Pentasaccharide 49 (15 mg, 6.3 µmol) was suspended in deuterated methanol (1 mL) 

and deuterated sodium methoxide (0.14 mL, 1 M) added.  Reaction was monitored by 
1H NMR.  After 20 hours, the reaction was neutralized with H+ resin and the solvent 

removed under reduced pressure.  The yellow syrup was purified via HPLC to yield 50 

(4.0 mg, 4.45 µmol, 71%) as a white powder; 1H NMR (700 MHz, D2O): δ 5.15 (d, 1H, J1,2 

1.4 Hz, H-1d), 5.12 (d, 1H, J1,2 1.2 Hz, H-1b), 5.07 (s, 1H, H-1a), 4.91 (d, 1H, J1,2 1.3 Hz, H-

1e), 4.87 (d, 1H, J1,2 1.5 Hz, H-1c), 4.60 (d, 1H, Jgem 13.4 Hz, SCH2N3), 4.49 (d, 1H, Jgem 13.4 

Hz, SCH2N3), 4.27 (d, 1H, J2,3 3.5 Hz, H-2a), 4.16 (dd, 1H, J2,3 3.2 Hz, J1,2 1.9 Hz, H-2c), 4.09 

(dd, 1H, J2,3 3.4 Hz, J1,2 1.7 Hz, H-2b), 4.07 (dd, 1H, J2,3 3.4 Hz, J1,2 1.7 Hz, H-2d), 3.99 (dd, 

1H, J2,3 3.4 Hz, J1,2 1.7 Hz, H-2e), 3.97-4.00 (m, 1H, H-6c), 3.96 (dd, 1H, Jgem 11.3 Hz, J5,6 4.8 
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Hz, H-6a), 3.93 (dd, 1H, J3,4 9.5 Hz, J2,3 3.5 Hz, H-3c), 3.90 (s, 1H, H-6b), 3.89 (dd, 1H, J3,4 9.5 

Hz, J2,3 3.4 Hz, H-3b), 3.89 (m, 1H, H-3d), 3.91 (m, 1H, H-6c), 3.88-3.91 (m, 1H, H-6e), 3.89 

(m, 1H, H-5c), 3.87-3.89 (m, 1H, H-4c), 3.87 (dd, 1H, J3,4 ≈ J4,5 9.8 Hz, H-4a), 3.84 (dd, 1H, 

J3,4 9.2 Hz, J2,3 3.4 Hz, H-3e), 3.81 (dd, 1H, J3,4 9.9 Hz, J2,3 3.5 Hz, H-3a), 3.79 (br. s., 1H, H-

6a), 3.76 (dd, 1H, Jgem 12.4 Hz, J5,6 5.9 Hz, H-6e), 3.75-3.77 (m, 1H, H-6c), 3.75-3.80 (m, 2H, 

H-6d, H-6d), 3.68-3.71 (m, 1H, H-5e), 3.66-3.70 (m, 1H, H-5d), 3.68 (dd, 1H, J3,4 ≈ J4,5 9.9 

Hz, H-4d), 3.64-3.68 (m, 1H, H-4e), 3.65 (ddd, 1H, J4,5 9.9 Hz, J5,6 5.3 Hz, J5,6 1.9 Hz, H-5a); 
13C NMR (176 MHz, D2O): δ 103.3 (C-1b), 103.1 (C-1d), 100.4 (C-1c), 100.1 (C-1e), 84.7 (C-

1a), 82.4 (C-3a), 79.4 (C-3c), 79.2 (C-5a), 74.2, 74.1, 73.5, 72.3, 71.7, 71.4, 2×71.2, 70.9, 

70.85, 70.8, 70.3, 67.61, 2×67.56 (C-2a, C-2b, C-3b, C-4b, C-5b, C-2c, C-5c, C-2d, C-3d, C-4d, 

C-5d, C-2e, C-3e, C-4e, C-5e), 66.6 (C-4c), 66.5 (C-6a), 66.4 (C-4a), 66.1 (C-6c), 61.8, 2×61.8 

(C-6b. C-6d, C-6e), 53.3 (SCH2N3); Coupled HSQC (700 MHz, D2O): δ 103.3/5.12 (JC1/H1 176 

Hz, C-1b), 103.1/5.15 (JC1/H1 175 Hz, C-1d), 100.4/4.87 (JC1/H1 175 Hz, C-1c), 100.0/4.91 

(JC1/H1 174 Hz, C-1e), 84.7/5.07 (JC1/H1 157 Hz, C-1a); Anal. calc for C31H53N3O25S: HR ESIMS 

[M+Na]+: 922.2581, found: 922.2573. 

 

 

51 

N-(acryloyloxy)succinimide (51) 

Acryloyl chloride (1 mL, 11.8 mmol) was added dropwise to a solution of 

N-hydroxysuccinimide (1.36 g, 11.8 mmol), TEA (1.8 mL, 13.0 mmol) and CHCl3 (10 mL) 

at 0 °C (ice-water bath).  After 20 h, the reaction was diluted with CHCl3 and the organic 

layer washed with H2O, then brine, and dried over Na2SO4.  The organic layer was 

concentrated under reduced pressure.  The crude yellow crystals were passed through a 

short silica column and the eluted fractions recrystallized with hexanes/EtOAc to yield 

51 (1.52 g, 9.0 mmol, 76%) as a white crystalline solid; m.p.: 71.52 °C; 1H NMR (498 MHz, 

cdcl3): δ 6.70 (dd, 1H, Jtrans 17.2 Hz, Jgem 0.9 Hz, Ha), 6.32 (dd, 1H, Jtrans 17.4 Hz, Jcis 10.6 

Hz, Hb), 6.16 (dd, 1H, Jcis 10.6 Hz, Jgem 0.9 Hz, Hc), 2.86 (br. s., 4H, 2×CH2(C=O)); 13C NMR 
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(126 MHz, CDCl3): δ 169.0 (C=O), 161.1 (C=O), 136.2 (C=C), 123.0 (C=C), 25.6 (CH2C=O); 

Anal. calc for C7H7NO4: HR ESIMS [M+Na]+: 192.0267, found: 192.0264; Elem. Anal: C, 

49.71; H, 4.17; N, 8.28; found: C, 49.72; H, 4.08; N, 8.19. 

 

 

52 

N-(4-pentenyloxy)succinimide (52) 

4-Pentenoyl chloride (1 mL, 8.9 mmol) was added dropwise to a solution of 

N-hydroxysuccinimide (1.04 g, 8.9 mmol), TEA (1.36 mL, 9.9 mmol) and CHCl3 (10 mL) at 

0 °C (ice-water bath).  After 20 h, the reaction was diluted with CHCl3 and the organic 

layer washed with H2O, then brine, dried (Na2SO4) then concentrated under reduced 

pressure.  The crude brown syrup was passed through a short silica column and the 

eluted fractions recrystallized with hexanes/EtOAc to yield 52 (1.58 g, 8.0 mmol, 91%) as 

a white crystalline solid; m.p.: 49.01 °C; 1H NMR (500 MHz, CDCl3): δ 5.85 (ddt, 1H, Jtrans 

17.0 Hz, Jcis 10.3 Hz, 2×4J 6.5 Hz, Hb), 5.13 (dq, 1H, Jtrans 17.1 Hz, 3×J 1.6 Hz, Ha), 5.08 

(ddt, 1H, Jcis 10.2 Hz, Jgem 1.6 Hz, 2×4J 1.3 Hz, Hc), 2.83 (br. s., 4H, CH2(C=O)N), 2.71 (t, 2H, 

J 7.6 Hz, CH2(C=O)O), 2.46-2.52 (m, 1H, CH2C=C); 13C NMR (126 MHz, CDCl3): δ 169.1 

(C=O), 135.2 (C=C), 116.6 (C=C), 30.4 (CH2), 28.4 (CH2), 25.6 (CH2); Anal. calc for 

C9H11NO4: HR ESIMS [M+Na]+: 220.0580, found: 220.0576; Elem. Anal: C, 54.82; H, 5.62; 

N, 7.10; found: C, 54.84; H, 5.50; N, 7.09. 

 

 

53 

N-(2-propynyloxy)succinimide (53) 
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A solution of propiolic acid (1 mL, 15.4 mmol), N-hydroxysuccinimide (1.81 g, 15.4 

mmol) and DCC (3.22 g, 15.4 mmol) in 1,2-dimethoxyethane (100 mL) stirred at room 

temperature for 20 hours.  After the reaction, the mixture was filtered through Celite to 

remove the bulk dicyclohexylurea, and the collected solution concentrated under 

reduced pressure.  The brown syrup was purified on a FluoroFLASH® silica gel column 

(1:1 hexanes/EtOAc)to yield and recrystallized with hexanes/EtOAc to yield 53 (1.54 g, 

9.24 mmol, 60%) as a white crystalline solid; m.p.: 49.01 °C; 1H NMR (600 MHz, CDCl3): δ 

3.30 (s, 1H, C≡CH), 2.87 (s, 4H, CH2C=O); 13C NMR (126 MHz, CDCl3): δ 168.1 (C=O), 147.8 

(C=O), 81.9 (C≡C), 70.3 (C≡C), 25.6 (CH2C=O); Anal. calc for C7H5NO4: HR ESIMS [M+Na]+: 

190.0111, found: 190.0111. 

 

 

54 

N-(4-pentynyloxy)succinimide (54) 

To a 0 °C (ice-water bath) solution of 4-pentynoic acid (0.5 g, 4.84 mmol) and 

N-hydroxysuccinimide (0.57 g, 4.84 mmol) in 1:1 EtOAc:1,2-dioxane (60 mL) was added 

DCC (1.01 g, 4.90 mmol) in a single portion.  The reaction mixture was allowed to warm 

to room temperature overnight.  After 20 hours, the mixture was filtered through Celite 

and the collected solution diluted with EtOAc and washed with H2O and brine.  The 

organic layer was concentrated under reduced pressure and recrystallized with 

hexanes/EtOAc to yield 54 (0.68 g, 3.49 mmol, 72%) as a white crystalline solid; m.p.: 

74.20 °C; 1H NMR (498 MHz, CDCl3): δ 2.88 (t, 2H, J 7.9 Hz, CH2(C=O)O), 2.84 (br. s., 4H, 

CH2(C=O)N), 2.62 (td, 4H, J 7.5, J 2.7 Hz, CH2C≡C), 2.04 (t, 1H, J 2.7 Hz, C≡CH); 13C NMR 

(126 MHz, CDCl3): δ 168.9 (C=O), 167.0 (C=O), 80.8 (C≡C), 70.0 (C≡C), 30.3 (CH2), 25.6 

(CH2), 14.1 (CH2); Anal. calc for C9H11NO4: HR ESIMS [M+Na]+: 218.0424, found: 

218.0424; Elem. Anal: , 55.39; H, 4.65; N, 7.18; found: C, C, 55.13; H, 4.65; N, 7.35. 
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LC-UV chromatograms and corresponding pVIII conjugates of f1.K linker additions with 

2-alkynyl crosslinker 53 for determining the optimal pH and reaction times (Table 5). 

 

 

3 hours pH 7.0 20 hours pH 7.0 
f1.K-(2-yne) 11090902 f1.K-(2-yne) 11091202
Peak # Identity Area % Area Peak # Identity Area % Area 

1 1L 14.6 1.8% 1 1L 4.5 0.5% 
2 2L 362.4 45.5% 2 2L 350.6 34.9% 
3 3L 235.0 29.5% 3 3L 392.1 39.0% 
4 3L 139.1 17.5% 4 3L 144.7 14.4% 
5 3L 3.4 0.4% 5 3L 8.4 0.8% 
6 4L 9.4 1.2% 6 4L 23.2 2.3% 
7 4L 30.9 3.9% 7 4L 75.9 7.6% 
8 5L 1.5 0.2% 8 5L 5.0 0.5% 

Total Area: 796.2 Total Area: 1004.4 
 

Remnants of pVIII protein from a previous run are visible in the LC-UV trace (between 
peaks 2 and 3, and surrounding peak 7) and were not included in the integration. 
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LC-UV chromatograms and corresponding pVIII conjugates of f1.K linker additions with 
2-alkynyl crosslinker 53 for determining the optimal pH and reaction times (Table 5), 
continued. 

 

 

3 hours pH 8.3 20 hours pH 8.3 
f1.K-(2-yne) 12012705 f1.K-(2-yne) 11091203
Peak # Identity Area % Area Peak # Identity Area % Area 

1 2L 81.1 16.2% 1 2L, 3L+16 2.4 0.2% 
2 2L 7.1 1.4% 2 2L 215.8 13.8% 
3 3L 251.2 49.9% 3 3L 804.9 51.6% 
4 3L 30.4 6.0% 4 3L 92.8 6.0% 
5 3L 9.4 1.9% 5 3L 17.7 1.1% 
6 4L 31.3 6.2% 6 4L 79.5 5.1% 
7 4L 87.3 17.4% 7 4L 321.6 20.6% 
8 5L 5.4 1.1% 8 5L 26.6 1.7% 

Total Area: 503.0 Total Area: 1561.2 
 

Remnants of pVIII protein from a previous run are visible in the LC-UV trace (between 
peaks 2 and 3) and were not included in the integration. 
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LC-UV chromatograms and corresponding pVIII conjugates of f1.K linker additions with 
SIA crosslinker for determining the optimal pH and reaction time (Table 5). 

 

 

3 hours pH 7.0 20 hours pH 7.0 
f1.K-SIA 11092204 f1.K-SIA 11092202

Peak # Identity Area % Area Peak # Iden
tity Area % Area 

1 pVIII 194.9 8.1% 1 1L 46.5 3.9% 
2 1L 134.2 5.6% 2 2L 640.5 53.6% 
3 2L 1138.0 49.0% 3 2L 34.33 2.9% 
4 2L 76.8 3.2% 4 3L 313.7 26.3% 
5 3L 548.7 22.7% 5 3L 97.3 8.1% 
6 3L 162.5 6.7% 6 4L 25.2 2.1% 
7 4L 65.6 2.7% 7 4L 36.8 3.1% 
8 4L 48.9 2.0% Total Area: 1194.3 

Total Area: 2415.0 
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LC-UV chromatograms and corresponding pVIII conjugates of f1.K linker additions with 
SIA crosslinker for determining the optimal pH and reaction times (Table 5), continued. 

 

 

3 hours pH 8.3 20 hours pH 8.3 
f1.K-SIA 11092205 f1.K-SIA 11091302 
Peak # Identity Area % Area Peak # Identity Area % Area 

1 2L 884.2 48.1% 1 1L 8.8 0.6% 
2 2L 16.9 0.9% 2 2L 741.4 50.6% 
3 3L 670.3 36.4% 3 2L 16.6 1.1% 
4 3L 121.9 6.6% 4 3L 537.5 36.7% 
5 4L 65.9 3.6% 5 3L 93.4 6.4% 
6 4L 80.8 4.4% 6 4L 33.8 2.3% 

Total Area:  1840.0 7 4L 34.6 2.4% 
  Total Area:  1466.1 
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LC-UV chromatograms and corresponding pVIII conjugates of f88 linker additions with 
4-alkynyl crosslinker 54 for determining the optimal linker equivalents (Table 6). 

 

 

20 linker equiv 40 linker equiv 
f88-(4-yne) 11111501 f88-(4-yne) 11111503

Peak # Identity Area % Area Peak # Identit
y Area % Area 

1 pVIII 38.9 8.5% 1 pVIII 11.4 2.8% 
2 1L 351.2 77.1% 2 1L 310.9 77.1% 
3 2L 19.3 4.2% 3 2L 19.8 4.9% 
4 2L 28.1 6.2% 4 2L 33.4 8.3% 
5 2L 18.1 4.0% 5 2L 24.0 6.0% 

Total Area: 455.6 6 3L 1.3 0.3% 
 7 3L 2.2 0.5% 
 Total Area: 403.0 

 

Remnants of pVIII protein from a previous run are visible in the LC-UV trace (between 
peaks 2 and 3, and the shoulder of peaks 3 and 5) and were not included in the 
integration. 
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LC-UV chromatograms and corresponding pVIII conjugates of f88 linker additions with 
4-alkynyl crosslinker 54 for determining the optimal linker equivalents (Table 6), 
continued. 

 

100 linker equiv 
f88-(4-yne) 11111601 
Peak 

# Identity Area % Area 

1 pVIII 1.9 0.48% 
2 1L 276.2 70.12% 
3 2L 30.3 7.69% 
4 2L 52.2 13.24% 
5 2L 25.1 6.38% 
6 3L 3.8 0.96% 
7 3L 4.5 1.13% 

Total Area: 393.9 
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LC-UV chromatograms and corresponding pVIII conjugates of optimized f1.K linker 
additions (Table 7). 

 

 

f1.K-(2-ene) 12012701 f1.K-(4-ene) 11120804 
Peak # Identity Area % Area Peak # Identity Area % Area 

1 2L 69.2 25.7% 1 1L+42 40.1 4.1% 
2 2L 20.2 7.5% 2 2L 509.2 51.8% 
3 3L 105.0 39.0% 3 2L+42 70.3 7.2% 
4 3L 27.6 10.3% 4 3L 266.3 27.1% 
5 3L 2.7 1.0% 5 3L 37.1 3.8% 
6 4L 9.5 3.5% 6 4L 29.8 3.0% 
7 4L 34.9 13.0% 7 4L 29.6 3.0% 

Total Area: 269.0  Total Area: 982.5 
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LC-UV chromatograms and corresponding pVIII conjugates of optimized f1.K linker 
additions (Table 7), continued. 

 

 

f1.K-(2-yne) 12012705 f1.K-(4-yne) 12013101 
Peak # Identity Area % Area Peak # Identity Area % Area 

1 2L 81.1 16.1% 1 1L+42 4.9 0.9% 
2 2L 7.1 1.4% 2 2L 211.8 39.3% 
3 3L 251.2 49.9% 3 2L 3.3 0.6% 
4 3L 30.4 6.0% 4 2L+42 49.2 9.1% 
5 3L 9.4 1.9% 5 3L 184.1 34.2% 
6 4L 31.3 6.2% 6 3L 38.1 7.1% 
7 4L 87.3 17.4% 7 4L 21.5 4.0% 
8 5L 5.4 1.1% 8 4L 25.7 4.8% 

Total Area: 503.0  Total Area: 538.6  
 

Remnants of phage from a previous run are visible in the LC-UV trace (between peaks 2 
and 3 of 12012705, and peaks 3 and 4 of 12013101) and were not included in the 
integration. 
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LC-UV chromatograms and corresponding pVIII conjugates of optimized f1.K linker 
additions (Table 7), continued. 

 

f1.K-SIA 12051501 
Peak # Identity Area % Area 

1 2L 171.9 42.9% 
2 3L 173.9 43.4% 
3 3L 18.6 4.7% 
4 4L 17.0 4.3% 
5 4L 19.1 4.8% 

Total Area: 400.5 
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LC-UV chromatograms and corresponding pVIII conjugates of optimized f88 linker 
additions (Table 7). 

 

 

f88-(2-ene) 12011901 f88-(4-ene) 12011903 
Peak # Identity Area % Area Peak # Identity Area % Area 

1 1L+18 12.5 3.0% 1 pVIII+42 5.4 1.2% 
2 1L 133.2 31.7% 2 1L 215.4 49.4% 
3 1L 43.3 10.3% 3 2L 167.5 38.5% 
4 2L 136.2 32.5% 4 2L 18.5 4.2% 
5 2L 41.8 10.0% 5 3L 18.1 4.1% 
6 3L+18 12.0 2.9% 6 3L 10.8 2.5% 
7 3L 8.0 1.9% Total Area: 435.6 
8 3L 32.5 7.7%   

Total Area: 419.5 
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LC-UV chromatograms and corresponding pVIII conjugates of optimized f1.K linker 
additions (Table 7), continued. 

 

 

f88-(2-yne) 12012001 f88-(4-yne) 12012003 
Peak # Identity Area % Area Peak # Identity Area % Area 

1 1L 150.8 33.9% 1 1L 271.7 48.3% 
2 2L 192.9 43.4% 2 1L+17 23.2 4.1% 
3 2L 44.9 10.1% 3 1L+42 48.5 8.6% 
4 2L 6.1 1.4% 4 2L 150.8 26.8% 
5 3L 10.7 2.4% 5 2L 38.1 6.8% 
6 3L 39.7 8.9% 6 3L 13.8 2.5% 

Total Area: 445.0 7 3L 16.0 2.9% 
  Total Area: 562.0 
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LC-UV chromatograms and corresponding pVIII conjugates of optimized f1.K linker 
additions (Table 7), continued. 

 

f88-SIA 12020303 
Peak # Identity Area % Area 

1 pVIII 15.6 2.82% 
2 1L 318.1 57.44% 
3 1L 10.8 1.94% 
4 2L 164.6 29.71% 
5 2L 25.9 4.68% 
6 3L 9.2 1.66% 
7 3L 9.7 1.74% 

Total Area 553.8 
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LC-UV chromatograms and corresponding pVIII glycoconjugates of f1.K conjugated to 
monosaccharide 39 (Table 8). 

 

 

f1.K-(2-ene)-Mono 11101404 f1.K-(4-ene)-Mono 11091902
Peak # Identity Area % Area Peak # Identity Area % Area 

1 1L 11.9 3.55% 1 2L 101.0 16.10% 
2 2L2M 72.2 21.61% 2 3L3M+16 45.9 7.32% 
3 2L2M 10.9 3.25% 3 3L3M 235.2 37.47% 
4 3L3M 48.6 14.54% 4 2L2M+42 83.3 13.28% 
5 3L2M 92.8 27.78% 5 3L2M 19.9 3.16% 
6 2L1M+42 7.2 2.16% 6 4L3M 58.7 9.35% 
7 2L 2.0 0.59% 7 3L2M+42 16.8 2.68% 
8 3L2M 32.6 9.76% 8 4L2M 40.8 6.50% 
9 4L3M 27.2 8.14% 9 3L2M+42 19.2 3.05% 

10 4L2M 27.5 8.23% 10 4L2M 3.4 0.54% 
11 3L1M+42 1.3 0.39% 11 5L3M 3.5 0.56% 

Total Area: 334.2 Total Area: 627.6 
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LC-UV chromatograms and corresponding pVIII glycoconjugates of f1.K conjugated to 
monosaccharide 44 (Table 8). 

 

 

f1.K-(2-yne)-Mono 11092311 f1.K-(4-yne)-Mono 11111605
Peak # Identity Area % Area Peak # Identity Area % Area 

1 1L1M 60.2 4.6% 1 2L2M 61.1 15.0% 
2 2L2M 626.6 47.6% 2 2L1M 76.4 18.7% 
3 3L3M 270.0 20.5% 3 3L3M 60.1 14.7% 
4 3L2M+48 40.6 3.1% 4 3L2M 97.0 23.8% 
5 3L2M 41.7 3.2% 5 3L2M 39.7 9.7% 
6 3L2M 171.1 13.0% 6 3L1M 40.0 9.8% 
7 2L1M+42 22.0 1.7% 7 3L1M 18.0 4.4% 
8 4L3M 73.9 5.6% 8 4L2M 15.8 3.9% 
9 4L2M 11.3 0.9% Total Area: 408.0 

Total Area: 1317.3  
 

* These fractions were unidentifiable by mass. 
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LC-UV chromatograms and corresponding pVIII glycoconjugates of f1.K conjugated to 
monosaccharide 39 (Table 8). 

 

f1.K-SIA-Mono 11091303 
Peak # Identity Area % Area 

1 2L2M 635.1 44.89% 
2 1L1M+42 30.3 2.14% 
3 3L3M 588.7 41.61% 
4 2L2M+42 29.2 2.06% 
5 4L4M 37.9 2.68% 
6 3L2M 21.4 1.51% 
7 4L4M 14.1 1.00% 
8 2L2M 3.9 0.27% 
9 4L3M 12.3 0.87% 

10 3L2M 22.1 1.56% 
11 4L3M 19.8 1.40% 

Total Area 1414.6 
 

* This fraction was unidentifiable by mass. 
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LC-UV chromatograms and corresponding pVIII glycoconjugates of f1.K conjugated to 
pentasaccharide 44 (Table 9). 

 

 

f1.K-(2-yne)-Penta 12031905 f1.K-(4-yne)-Penta 12032601 
Peak # Identity Area % Area Peak # Identity Area % Area 

1 2L2P, 3L3P 445.2 56.8% 1 2L2P, 3L3P 115.4 62.8% 
2 1L1P 65.0 8.3% 2 2L2P 26.1 14.2% 
3 2L1P 43.4 5.5% 3 3L2T 21.3 11.6% 
4 3L2P 70.6 9.0% 4 4L3T 20.9 11.4% 
5 3L2P, 4L3P 159.9 20.4% Total Area: 183.7 

Total Area: 784.0 
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LC-UV chromatograms and corresponding pVIII glycoconjugates of f1.K conjugated to 
pentasaccharide 2, and both pentasaccharide 2 and tetrasaccharide 1 (Table 9). 

 

 

f1.K-SIA-Penta 12050707 f1.K-SIA-Penta/Tetra 12031405
Peak # Identity Area % Area Peak # Identity Area % Area 

1 2L2P, 3L3P 525.7 79.2% 1 2L2P, 2L1P1T 149.3 61.5% 
2 2L2P+42 58.2 8.8% 2 2L1P 62.1 25.6% 
3 3L2P, 4L3P 43.6 6.6% 3 2L2P+58 12.4 5.1% 
4 2L2P 2.6 0.4% 4 3L3P 4.3 1.8% 
5 3L2P, 4L3P 33.8 5.1% 5 2L2P 14.5 6.0% 

Total Area: 663.9 Total Area: 242.6 
 

For f1.K-SIA-Penta/Tetra, the pentasaccharide was the most predominant glycan on all 
the pVIII conjugates.  Mixtures of the pentasaccharide and tetrasaccharide were found 
in all the peaks, with peak 1 containing the largest tetrasaccharide fraction. 
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LC-UV chromatograms and corresponding pVIII glycoconjugates of f1.K conjugated to 
tetrasaccharide 41 (Table 9). 

 

 

f1.K-(2-yne)-Tetra 12031907 f1.K-(4-yne)-Tetra 12032603
Peak # Identity Area % Area Peak # Identity Area % Area 

1 2L2T 30.8 16.0% 1 2L2T 44.2 40.7% 
2 3L3T 95.7 49.7% 2 3L3T 45.8 42.1% 

3 2L1T, 
2L2T+42 25.8 13.4%  3 2L1T, 

2L2T+42 6.6 6.1% 

4 3L2T 11.1 5.8% 4 3L2T 8.1 7.4% 
5 4L3T 29.4 15.2% 5 4L3T 4.0 3.7% 

Total Area: 192.8 Total Area: 108.7 
* This fraction was unidentifiable by mass. 
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LC-UV chromatograms and corresponding pVIII glycoconjugates of f1.K conjugated to 
tetrasaccharide 1 (Table 9). 

 

f1.K-SIA-Tetra 12050705
Peak # Identity Area % Area 

1 2L2T 254.3 36.9% 
2 3L3T 330.5 48.0% 
3 2L2T+42 24.2 3.5% 
4 3L2T 29.6 4.3% 
5 4L3T 22.2 3.2% 
6 3L2T 12.0 1.7% 
7 4L3T 15.9 2.3% 

Total Area: 688.7 
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LC-UV chromatograms and corresponding pVIII glycoconjugates of f88 conjugated to 
pentasaccharide 2 and tetrasaccharide 1 (Table 9). 

 

 

f88-SIA-Penta 12031407 f88-SIA-Tetra 12031505
Peak # Identity Area % Area Peak # Identity Area % Area 

1, 2 1L1P, 2L2P 288.1 60.0% 1 1L1T 235.9 38.8% 
3 1L1P (deg) 112.6 23.5% 2 2L2T 137.8 22.7% 
4 pVIII+42 19.6 4.1% 3 1L1T (deg) 66.9 11.0% 
5 1L1P+58 8.9 1.9% 4 1L1T 121.5 20.0% 
6 2L1P 25.8 5.4% 5 2L1T 9.4 1.6% 
7 1L1P+xlink 24.8 5.2% 6 1L1T+xlink 35.8 5.9% 

Total Area: 479.8 Total Area: 607.4 
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LC-UV chromatograms and corresponding f1.K conjugates following the linker addition 
with SIA and 4-alkynyl crosslinker 54 (Table 10). 

 

f1.K-SIA/(4-yne) 12050305 
Peak # Identity Area % Area 

1 1SIA, 1YNE 2.5 0.6% 
2 2SIA 222.6 55.5% 
3 2SIA 3.5 0.9% 
4 3SIA, 2SIA+1YNE 130.4 32.5% 
5 3SIA, 2SIA+1YNE 23.6 5.9% 
6 4SIA, 3SIA+1YNE 8.9 2.2% 
7 4SIA, 3SIA+1YNE 9.5 2.4% 

Total Area: 401.0 
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LC-UV chromatograms and corresponding pVIII glycoconjugates of f1.K conjugated to 
first pentasaccharide 2, then β-glucan 56 (Table 11). 

 

 

f1.k-SIA/(4-yne)-Penta 12050701 
f1.k-SIA/(4-yne)-
Penta/βglucan 12050801

Peak # Identity Area % Area Peak # Identity Area % Area 
1 2L2P+3L3P 718.0 74.4% 1 2L2P, 3L3P 889.8 74.7% 
2 1L1P+42 78.7 8.2% 2 1L1P+42 110.7 9.3% 
3 2L2P+1YNE 25.9 2.7% 3 2L2P 33.9 2.9% 
4 1L1P+1YNE 3.1 0.3% 4 1L1P 2.6 0.2% 

5 3L2P, 4L3P, 
2L2P+1YNE 66.8 6.9% 5 3L2P, 4L3P 65.8 5.5% 

6 2L2P+xlink 16.5 1.7% 6 2L2P+xlink 15.2 1.3% 

7 2L2P, 3L3P, 
2L2P+1YNE 56.0 5.8% 7 2L2P, 3L3P 72.7 6.1% 

Total Area: 964.9 Total Area: 1190.6 
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LC-UV chromatograms and corresponding pVIII glycoconjugates of f1.K conjugated to 
first tetrasaccharide 1, then β-glucan 56 (Table 11). 

 

 

f1.k-SIA/(4-yne)-Tetra 12050703 f1.k-SIA/(4-yne)-Tetra/βglucan 12050803

Peak # Identity Area % Area Peak 
# Identity Area % Area 

1 2L2T 267.0 36.4% 1 2L2T 402.2 35.7% 
2 3L3T 332.2 45.2% 2 3L3T 543.0 48.2% 

3 
1L1T, 

1L1T+YNE, 
2L2T+1YNE 

30.9 4.2% 3 2L12, 1L1T+YNE 
(trace) 48.8 4.3% 

4 3L2T 28.6 3.9% 4 3L2T 33.7 3.0% 
5 4L3T 28.2 3.8% 5 4L3T 37.6 3.3% 
6 2L2T+xlink 9.9 1.3% 6 2L2T+xlink 6.9 0.6% 
7 3L2T 20.9 2.9% 7 3L2T 26.0 2.3% 

8 4L3T, 
3L3T+YNE 16.9 2.3% 8 4L3T, 3L3T 28.9 2.6% 

Total Area: 734.4 Total Area: 1127.0 
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LC-UV chromatograms and corresponding ubiquitin conjugates following the linker 
addition with SIA and tetrasaccharide 1 or pentasaccharide 2 glycoconjugation. 

 

 

Ub-SIA-Tetra 12082301 Ub-SIA-Penta 12090501 
Peak # Identity Area % Area Peak # Identity Area % Area 

1 81.5 2.62% 1 3,4,5 60.1 3.03% 
2 54.5 1.75% 2 4,5 346.0 17.42% 
3 97.8 3.15% 3 5,6 960.7 48.37% 
4 70.0 2.25% 4 3,4,5,6 325.6 16.40% 
5 71.2 2.29% 5 5 231.7 11.67% 
6 123.3 3.97% 6 5 61.9 3.11% 
7 74.8 2.41% Total Area: 1985.9 
8 313.2 10.08%
9 550.9 17.73%  

10 892.7 28.72%  
11 341.4 10.98%  
12 110.7 3.56%  
13 149.3 4.80%  
14 176.8 5.69%  

Total Area: 3108.0 
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The MS/MS analysis data of the differentially conjugated pVIII species of the phage 

f1.K-(4-yne) linker conjugate.  The five major peaks, as shown in the below LC-UV trace 

were collected and analyzed by MS/MS. 

 

The deconvoluted mass spectra and accompanying tables of b and y fragment ion are 

presented on the follow pages for each of the five fractions. 
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Fraction 1 

 
b+3L b+2L b+1L b    pVIII   y y+1L   b+3L b+2L b+1L b    pVIII   y y+1L 

322.17 240.12 158.08 76.04 1 A  54 --- ---    3075.45 2993.41 2911.36 2829.32 28 Y  27 2928.68 3010.72 
447.21 365.17 283.13 201.09 2 E  53 5522.89 5604.93   3146.48 3064.44 2982.40 2900.36 29 A  26 2765.62 2847.66 
504.23 422.19 340.15 258.11 3 G  52 5393.85 5475.89   3332.56 3250.52 3168.48 3086.44 30 W  25 2694.58 2776.62 
575.27 493.23 411.19 329.15 4 A  51 5336.83 5418.87   3403.60 3321.56 3239.52 3157.47 31 A  24 2508.50 2590.54 
703.37 621.32 539.28 457.24 5 K  50 5265.79 5347.83   3534.64 3452.60 3370.56 3288.52 32 M  23 2437.46 2519.50 
774.40 692.36 610.32 528.28 6 A  49 5137.70 5219.74   3633.71 3551.67 3469.63 3387.58 33 V  22 2306.42 2388.46 
861.44 779.39 697.35 615.31 7 S  48 5066.66 5148.70   3732.78 3650.74 3568.69 3486.65 34 V  21 2207.35 2289.39 
976.46 894.42 812.38 730.34 8 D  47 4979.63 5061.67   3831.85 3749.80 3667.76 3585.72 35 V  20 2108.28 2190.33 

1091.49 1009.45 927.41 845.36 9 D  46 4864.60 4946.64   3944.93 3862.89 3780.85 3698.80 36 I  19 2009.22 2091.26 
1188.54 1106.50 1024.46 942.42 10 P  45 4749.57 4831.61   4044.00 3961.96 3879.92 3797.87 37 V  18 1896.13 1978.17 
1259.58 1177.54 1095.50 1013.45 11 A  44 4652.52 4734.56   4101.02 4018.98 3936.94 3854.89 38 G  17 1797.06 1879.11 
1387.67 1305.63 1223.59 1141.55 12 K  43 4581.48 4663.52   4172.06 4090.02 4007.97 3925.93 39 A  16 1740.04 1822.08 
1458.71 1376.67 1294.63 1212.59 13 A  42 4453.39 4535.43   4273.11 4191.06 4109.02 4026.98 40 T  15 1669.00 1751.05 
1529.75 1447.71 1365.66 1283.62 14 A  41 4382.35 4464.39   4386.19 4304.15 4222.11 4140.06 41 I  14 1567.96 1650.00 
1676.82 1594.77 1512.73 1430.69 15 F  40 4311.31 4393.36   4443.21 4361.17 4279.13 4197.08 42 G  13 1454.87 1536.91 
1791.84 1709.80 1627.76 1545.72 16 D  39 4164.25 4246.29   4556.29 4474.25 4392.21 4310.17 43 I  12 1397.85 1479.89 
1878.88 1796.83 1714.79 1632.75 17 S  38 4049.22 4131.26   4684.39 4602.35 4520.31 4438.26 44 K  11 1284.77 1366.81 
1991.96 1909.92 1827.88 1745.83 18 L  37 3962.19 4044.23   4797.47 4715.43 4633.39 4551.35 45 L  10 1156.67 1238.71 
2120.02 2037.98 1955.93 1873.89 19 Q  36 3849.10 3931.14   4944.54 4862.50 4780.46 4698.42 46 F  9 1043.59 1125.63 
2191.06 2109.01 2026.97 1944.93 20 A  35 3721.04 3803.09   5072.64 4990.60 4908.55 4826.51 47 K  8 896.52 978.56 
2278.09 2196.05 2114.00 2031.96 21 S  34 3650.01 3732.05   5200.73 5118.69 5036.65 4954.61 48 K  7 768.43 850.47 
2349.12 2267.08 2185.04 2103.00 22 A  33 3562.97 3645.02   5347.80 5265.76 5183.72 5101.67 49 F  6 640.33 722.37 
2450.17 2368.13 2286.09 2204.05 23 T  32 3491.94 3573.98   5448.85 5366.81 5284.76 5202.72 50 T  5 493.26 575.30 
2579.21 2497.17 2415.13 2333.09 24 E  31 3390.89 3472.93   5535.88 5453.84 5371.80 5289.75 51 S  4 392.21 474.26 
2742.28 2660.24 2578.19 2496.15 25 Y  30 3261.85 3343.89   5663.98 5581.93 5499.89 5417.85 52 K  3 305.18 387.22 
2855.36 2773.32 2691.28 2609.24 26 I  29 3098.78 3180.83   5735.01 5652.97 5570.93 5488.89 53 A  2 177.09 259.13 
2912.38 2830.34 2748.30 2666.26 27 G  28 2985.70 3067.74   ---  ---  ---  ---  54 S  1 106.05 188.09 

14000
12000
10000

8000
6000
4000
2000

0

Io
n 

C
ou

nt
s

4000300020001000
m/z

b 4
+1

Lb 3
+1

L

b 6
+1

L
b 6

+2
L b 7

+2
L

b 9
+2

L b 1
2+

2L
b 1

3+
2L b 1

4+
2L

b 1
5+

2L b 1
6+

2L
b 1

7+
2L b 1

8+
2L

b 1
9+

2L

b 2
0+

2L
b 2

1+
2L

b 2
3+

2L

b 2
5+

2L b 2
6+

2L
b 2

7+
2L

y 1
5

y 1
6 y 1

9 y 2
0

y 2
1

y 2
3

y 2
4

y 2
5

y 2
6 y 2
7

y 2
8

y 2
9 y 3

0

y 3
1

y 3
2

y 3
3

y 3
4

y 3
5

y 3
6

y 3
7

y 3
8 y 3

9

y 4
0



 

 

288 

Appendices 
Appendix A2

Fraction 2 

 
b+3L b+2L b+1L b    pVIII   y y+1L   b+3L b+2L b+1L b    pVIII   y y+1L 

322.17 240.12 158.08 76.04 1 A  54 --- ---    3075.45 2993.41 2911.36 2829.32 28 Y  27 2928.68 3010.72 
447.21 365.17 283.13 201.09 2 E  53 5522.89 5604.93   3146.48 3064.44 2982.40 2900.36 29 A  26 2765.62 2847.66 
504.23 422.19 340.15 258.11 3 G  52 5393.85 5475.89   3332.56 3250.52 3168.48 3086.44 30 W  25 2694.58 2776.62 
575.27 493.23 411.19 329.15 4 A  51 5336.83 5418.87   3403.60 3321.56 3239.52 3157.47 31 A  24 2508.50 2590.54 
703.37 621.32 539.28 457.24 5 K  50 5265.79 5347.83   3534.64 3452.60 3370.56 3288.52 32 M  23 2437.46 2519.50 
774.40 692.36 610.32 528.28 6 A  49 5137.70 5219.74   3633.71 3551.67 3469.63 3387.58 33 V  22 2306.42 2388.46 
861.44 779.39 697.35 615.31 7 S  48 5066.66 5148.70   3732.78 3650.74 3568.69 3486.65 34 V  21 2207.35 2289.39 
976.46 894.42 812.38 730.34 8 D  47 4979.63 5061.67   3831.85 3749.80 3667.76 3585.72 35 V  20 2108.28 2190.33 
1091.49 1009.45 927.41 845.36 9 D  46 4864.60 4946.64   3944.93 3862.89 3780.85 3698.80 36 I  19 2009.22 2091.26 
1188.54 1106.50 1024.46 942.42 10 P  45 4749.57 4831.61   4044.00 3961.96 3879.92 3797.87 37 V  18 1896.13 1978.17 
1259.58 1177.54 1095.50 1013.45 11 A  44 4652.52 4734.56   4101.02 4018.98 3936.94 3854.89 38 G  17 1797.06 1879.11 
1387.67 1305.63 1223.59 1141.55 12 K  43 4581.48 4663.52   4172.06 4090.02 4007.97 3925.93 39 A  16 1740.04 1822.08 
1458.71 1376.67 1294.63 1212.59 13 A  42 4453.39 4535.43   4273.11 4191.06 4109.02 4026.98 40 T  15 1669.00 1751.05 
1529.75 1447.71 1365.66 1283.62 14 A  41 4382.35 4464.39   4386.19 4304.15 4222.11 4140.06 41 I  14 1567.96 1650.00 
1676.82 1594.77 1512.73 1430.69 15 F  40 4311.31 4393.36   4443.21 4361.17 4279.13 4197.08 42 G  13 1454.87 1536.91 
1791.84 1709.80 1627.76 1545.72 16 D  39 4164.25 4246.29   4556.29 4474.25 4392.21 4310.17 43 I  12 1397.85 1479.89 
1878.88 1796.83 1714.79 1632.75 17 S  38 4049.22 4131.26   4684.39 4602.35 4520.31 4438.26 44 K  11 1284.77 1366.81 
1991.96 1909.92 1827.88 1745.83 18 L  37 3962.19 4044.23   4797.47 4715.43 4633.39 4551.35 45 L  10 1156.67 1238.71 
2120.02 2037.98 1955.93 1873.89 19 Q  36 3849.10 3931.14   4944.54 4862.50 4780.46 4698.42 46 F  9 1043.59 1125.63 
2191.06 2109.01 2026.97 1944.93 20 A  35 3721.04 3803.09   5072.64 4990.60 4908.55 4826.51 47 K  8 896.52 978.56 
2278.09 2196.05 2114.00 2031.96 21 S  34 3650.01 3732.05   5200.73 5118.69 5036.65 4954.61 48 K  7 768.43 850.47 
2349.12 2267.08 2185.04 2103.00 22 A  33 3562.97 3645.02   5347.80 5265.76 5183.72 5101.67 49 F  6 640.33 722.37 
2450.17 2368.13 2286.09 2204.05 23 T  32 3491.94 3573.98   5448.85 5366.81 5284.76 5202.72 50 T  5 493.26 575.30 
2579.21 2497.17 2415.13 2333.09 24 E  31 3390.89 3472.93   5535.88 5453.84 5371.80 5289.75 51 S  4 392.21 474.26 
2742.28 2660.24 2578.19 2496.15 25 Y  30 3261.85 3343.89   5663.98 5581.93 5499.89 5417.85 52 K  3 305.18 387.22 
2855.36 2773.32 2691.28 2609.24 26 I  29 3098.78 3180.83   5735.01 5652.97 5570.93 5488.89 53 A  2 177.09 259.13 
2912.38 2830.34 2748.30 2666.26 27 G  28 2985.70 3067.74   ---  ---  ---  ---  54 S  1 106.05 188.09 
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Fraction 3 

 
b+3L b+2L b+1L b    pVIII   y y+1L   b+3L b+2L b+1L b    pVIII   y y+1L 

322.17 240.12 158.08 76.04 1 A  54 --- ---    3075.45 2993.41 2911.36 2829.32 28 Y  27 2928.68 3010.72 
447.21 365.17 283.13 201.09 2 E  53 5522.89 5604.93   3146.48 3064.44 2982.40 2900.36 29 A  26 2765.62 2847.66 
504.23 422.19 340.15 258.11 3 G  52 5393.85 5475.89   3332.56 3250.52 3168.48 3086.44 30 W  25 2694.58 2776.62 
575.27 493.23 411.19 329.15 4 A  51 5336.83 5418.87   3403.60 3321.56 3239.52 3157.47 31 A  24 2508.50 2590.54 
703.37 621.32 539.28 457.24 5 K  50 5265.79 5347.83   3534.64 3452.60 3370.56 3288.52 32 M  23 2437.46 2519.50 
774.40 692.36 610.32 528.28 6 A  49 5137.70 5219.74   3633.71 3551.67 3469.63 3387.58 33 V  22 2306.42 2388.46 
861.44 779.39 697.35 615.31 7 S  48 5066.66 5148.70   3732.78 3650.74 3568.69 3486.65 34 V  21 2207.35 2289.39 
976.46 894.42 812.38 730.34 8 D  47 4979.63 5061.67   3831.85 3749.80 3667.76 3585.72 35 V  20 2108.28 2190.33 

1091.49 1009.45 927.41 845.36 9 D  46 4864.60 4946.64   3944.93 3862.89 3780.85 3698.80 36 I  19 2009.22 2091.26 
1188.54 1106.50 1024.46 942.42 10 P  45 4749.57 4831.61   4044.00 3961.96 3879.92 3797.87 37 V  18 1896.13 1978.17 
1259.58 1177.54 1095.50 1013.45 11 A  44 4652.52 4734.56   4101.02 4018.98 3936.94 3854.89 38 G  17 1797.06 1879.11 
1387.67 1305.63 1223.59 1141.55 12 K  43 4581.48 4663.52   4172.06 4090.02 4007.97 3925.93 39 A  16 1740.04 1822.08 
1458.71 1376.67 1294.63 1212.59 13 A  42 4453.39 4535.43   4273.11 4191.06 4109.02 4026.98 40 T  15 1669.00 1751.05 
1529.75 1447.71 1365.66 1283.62 14 A  41 4382.35 4464.39   4386.19 4304.15 4222.11 4140.06 41 I  14 1567.96 1650.00 
1676.82 1594.77 1512.73 1430.69 15 F  40 4311.31 4393.36   4443.21 4361.17 4279.13 4197.08 42 G  13 1454.87 1536.91 
1791.84 1709.80 1627.76 1545.72 16 D  39 4164.25 4246.29   4556.29 4474.25 4392.21 4310.17 43 I  12 1397.85 1479.89 
1878.88 1796.83 1714.79 1632.75 17 S  38 4049.22 4131.26   4684.39 4602.35 4520.31 4438.26 44 K  11 1284.77 1366.81 
1991.96 1909.92 1827.88 1745.83 18 L  37 3962.19 4044.23   4797.47 4715.43 4633.39 4551.35 45 L  10 1156.67 1238.71 
2120.02 2037.98 1955.93 1873.89 19 Q  36 3849.10 3931.14   4944.54 4862.50 4780.46 4698.42 46 F  9 1043.59 1125.63 
2191.06 2109.01 2026.97 1944.93 20 A  35 3721.04 3803.09   5072.64 4990.60 4908.55 4826.51 47 K  8 896.52 978.56 
2278.09 2196.05 2114.00 2031.96 21 S  34 3650.01 3732.05   5200.73 5118.69 5036.65 4954.61 48 K  7 768.43 850.47 
2349.12 2267.08 2185.04 2103.00 22 A  33 3562.97 3645.02   5347.80 5265.76 5183.72 5101.67 49 F  6 640.33 722.37 
2450.17 2368.13 2286.09 2204.05 23 T  32 3491.94 3573.98   5448.85 5366.81 5284.76 5202.72 50 T  5 493.26 575.30 
2579.21 2497.17 2415.13 2333.09 24 E  31 3390.89 3472.93   5535.88 5453.84 5371.80 5289.75 51 S  4 392.21 474.26 
2742.28 2660.24 2578.19 2496.15 25 Y  30 3261.85 3343.89   5663.98 5581.93 5499.89 5417.85 52 K  3 305.18 387.22 
2855.36 2773.32 2691.28 2609.24 26 I  29 3098.78 3180.83   5735.01 5652.97 5570.93 5488.89 53 A  2 177.09 259.13 
2912.38 2830.34 2748.30 2666.26 27 G  28 2985.70 3067.74   ---  ---  ---  ---  54 S  1 106.05 188.09 
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Fraction 4 

 
b+3L b+2L b+1L b    pVIII   y y+1L   b+3L b+2L b+1L b    pVIII   y y+1L 

322.17 240.12 158.08 76.04 1 A  54 --- ---    3075.45 2993.41 2911.36 2829.32 28 Y  27 2928.68 3010.72 
447.21 365.17 283.13 201.09 2 E  53 5522.89 5604.93   3146.48 3064.44 2982.40 2900.36 29 A  26 2765.62 2847.66 
504.23 422.19 340.15 258.11 3 G  52 5393.85 5475.89   3332.56 3250.52 3168.48 3086.44 30 W  25 2694.58 2776.62 
575.27 493.23 411.19 329.15 4 A  51 5336.83 5418.87   3403.60 3321.56 3239.52 3157.47 31 A  24 2508.50 2590.54 
703.37 621.32 539.28 457.24 5 K  50 5265.79 5347.83   3534.64 3452.60 3370.56 3288.52 32 M  23 2437.46 2519.50 
774.40 692.36 610.32 528.28 6 A  49 5137.70 5219.74   3633.71 3551.67 3469.63 3387.58 33 V  22 2306.42 2388.46 
861.44 779.39 697.35 615.31 7 S  48 5066.66 5148.70   3732.78 3650.74 3568.69 3486.65 34 V  21 2207.35 2289.39 
976.46 894.42 812.38 730.34 8 D  47 4979.63 5061.67   3831.85 3749.80 3667.76 3585.72 35 V  20 2108.28 2190.33 

1091.49 1009.45 927.41 845.36 9 D  46 4864.60 4946.64   3944.93 3862.89 3780.85 3698.80 36 I  19 2009.22 2091.26 
1188.54 1106.50 1024.46 942.42 10 P  45 4749.57 4831.61   4044.00 3961.96 3879.92 3797.87 37 V  18 1896.13 1978.17 
1259.58 1177.54 1095.50 1013.45 11 A  44 4652.52 4734.56   4101.02 4018.98 3936.94 3854.89 38 G  17 1797.06 1879.11 
1387.67 1305.63 1223.59 1141.55 12 K  43 4581.48 4663.52   4172.06 4090.02 4007.97 3925.93 39 A  16 1740.04 1822.08 
1458.71 1376.67 1294.63 1212.59 13 A  42 4453.39 4535.43   4273.11 4191.06 4109.02 4026.98 40 T  15 1669.00 1751.05 
1529.75 1447.71 1365.66 1283.62 14 A  41 4382.35 4464.39   4386.19 4304.15 4222.11 4140.06 41 I  14 1567.96 1650.00 
1676.82 1594.77 1512.73 1430.69 15 F  40 4311.31 4393.36   4443.21 4361.17 4279.13 4197.08 42 G  13 1454.87 1536.91 
1791.84 1709.80 1627.76 1545.72 16 D  39 4164.25 4246.29   4556.29 4474.25 4392.21 4310.17 43 I  12 1397.85 1479.89 
1878.88 1796.83 1714.79 1632.75 17 S  38 4049.22 4131.26   4684.39 4602.35 4520.31 4438.26 44 K  11 1284.77 1366.81 
1991.96 1909.92 1827.88 1745.83 18 L  37 3962.19 4044.23   4797.47 4715.43 4633.39 4551.35 45 L  10 1156.67 1238.71 
2120.02 2037.98 1955.93 1873.89 19 Q  36 3849.10 3931.14   4944.54 4862.50 4780.46 4698.42 46 F  9 1043.59 1125.63 
2191.06 2109.01 2026.97 1944.93 20 A  35 3721.04 3803.09   5072.64 4990.60 4908.55 4826.51 47 K  8 896.52 978.56 
2278.09 2196.05 2114.00 2031.96 21 S  34 3650.01 3732.05   5200.73 5118.69 5036.65 4954.61 48 K  7 768.43 850.47 
2349.12 2267.08 2185.04 2103.00 22 A  33 3562.97 3645.02   5347.80 5265.76 5183.72 5101.67 49 F  6 640.33 722.37 
2450.17 2368.13 2286.09 2204.05 23 T  32 3491.94 3573.98   5448.85 5366.81 5284.76 5202.72 50 T  5 493.26 575.30 
2579.21 2497.17 2415.13 2333.09 24 E  31 3390.89 3472.93   5535.88 5453.84 5371.80 5289.75 51 S  4 392.21 474.26 
2742.28 2660.24 2578.19 2496.15 25 Y  30 3261.85 3343.89   5663.98 5581.93 5499.89 5417.85 52 K  3 305.18 387.22 
2855.36 2773.32 2691.28 2609.24 26 I  29 3098.78 3180.83   5735.01 5652.97 5570.93 5488.89 53 A  2 177.09 259.13 
2912.38 2830.34 2748.30 2666.26 27 G  28 2985.70 3067.74   ---  ---  ---  ---  54 S  1 106.05 188.09 
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Fraction 5 
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b+3L b+2L b+1L b pVIII y y+1L  b+3L b+2L b+1L b pVIII y y+1L 
322.17 240.12 158.08 76.04 1 A 54 --- ---  3075.45 2993.41 2911.36 2829.32 28 Y 27 2928.68 3010.72 
447.21 365.17 283.13 201.09 2 E 53 5522.89 5604.93  3146.48 3064.44 2982.40 2900.36 29 A 26 2765.62 2847.66 
504.23 422.19 340.15 258.11 3 G 52 5393.85 5475.89  3332.56 3250.52 3168.48 3086.44 30 W 25 2694.58 2776.62 
575.27 493.23 411.19 329.15 4 A 51 5336.83 5418.87  3403.60 3321.56 3239.52 3157.47 31 A 24 2508.50 2590.54 
703.37 621.32 539.28 457.24 5 K 50 5265.79 5347.83  3534.64 3452.60 3370.56 3288.52 32 M 23 2437.46 2519.50 
774.40 692.36 610.32 528.28 6 A 49 5137.70 5219.74  3633.71 3551.67 3469.63 3387.58 33 V 22 2306.42 2388.46 
861.44 779.39 697.35 615.31 7 S 48 5066.66 5148.70  3732.78 3650.74 3568.69 3486.65 34 V 21 2207.35 2289.39 
976.46 894.42 812.38 730.34 8 D 47 4979.63 5061.67  3831.85 3749.80 3667.76 3585.72 35 V 20 2108.28 2190.33 
1091.49 1009.45 927.41 845.36 9 D 46 4864.60 4946.64  3944.93 3862.89 3780.85 3698.80 36 I 19 2009.22 2091.26 
1188.54 1106.50 1024.46 942.42 10 P 45 4749.57 4831.61  4044.00 3961.96 3879.92 3797.87 37 V 18 1896.13 1978.17 
1259.58 1177.54 1095.50 1013.45 11 A 44 4652.52 4734.56  4101.02 4018.98 3936.94 3854.89 38 G 17 1797.06 1879.11 
1387.67 1305.63 1223.59 1141.55 12 K 43 4581.48 4663.52  4172.06 4090.02 4007.97 3925.93 39 A 16 1740.04 1822.08 
1458.71 1376.67 1294.63 1212.59 13 A 42 4453.39 4535.43  4273.11 4191.06 4109.02 4026.98 40 T 15 1669.00 1751.05 
1529.75 1447.71 1365.66 1283.62 14 A 41 4382.35 4464.39  4386.19 4304.15 4222.11 4140.06 41 I 14 1567.96 1650.00 
1676.82 1594.77 1512.73 1430.69 15 F 40 4311.31 4393.36  4443.21 4361.17 4279.13 4197.08 42 G 13 1454.87 1536.91 
1791.84 1709.80 1627.76 1545.72 16 D 39 4164.25 4246.29  4556.29 4474.25 4392.21 4310.17 43 I 12 1397.85 1479.89 
1878.88 1796.83 1714.79 1632.75 17 S 38 4049.22 4131.26  4684.39 4602.35 4520.31 4438.26 44 K 11 1284.77 1366.81 
1991.96 1909.92 1827.88 1745.83 18 L 37 3962.19 4044.23  4797.47 4715.43 4633.39 4551.35 45 L 10 1156.67 1238.71 
2120.02 2037.98 1955.93 1873.89 19 Q 36 3849.10 3931.14  4944.54 4862.50 4780.46 4698.42 46 F 9 1043.59 1125.63 
2191.06 2109.01 2026.97 1944.93 20 A 35 3721.04 3803.09  5072.64 4990.60 4908.55 4826.51 47 K 8 896.52 978.56 
2278.09 2196.05 2114.00 2031.96 21 S 34 3650.01 3732.05  5200.73 5118.69 5036.65 4954.61 48 K 7 768.43 850.47 
2349.12 2267.08 2185.04 2103.00 22 A 33 3562.97 3645.02  5347.80 5265.76 5183.72 5101.67 49 F 6 640.33 722.37 
2450.17 2368.13 2286.09 2204.05 23 T 32 3491.94 3573.98  5448.85 5366.81 5284.76 5202.72 50 T 5 493.26 575.30 
2579.21 2497.17 2415.13 2333.09 24 E 31 3390.89 3472.93  5535.88 5453.84 5371.80 5289.75 51 S 4 392.21 474.26 
2742.28 2660.24 2578.19 2496.15 25 Y 30 3261.85 3343.89  5663.98 5581.93 5499.89 5417.85 52 K 3 305.18 387.22 
2855.36 2773.32 2691.28 2609.24 26 I 29 3098.78 3180.83  5735.01 5652.97 5570.93 5488.89 53 A 2 177.09 259.13 
2912.38 2830.34 2748.30 2666.26 27 G 28 2985.70 3067.74  --- --- --- --- 54 S 1 106.05 188.09 
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Appendix A3 

MALDI-MS deconvoluted spectra of BSA (A), BSA-(2-yne) (B), BSA-(2-yne)-Tetra (C) and BSA-(2-yne)-Penta (D).  Each linker addition adds a net 

mass of 59.99 Da.  Each tetrasaccharide and pentasaccharide conjugated adds a net mass of 737.22 and 899.27 Da. 
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1H NMR of compound 1 

1H NMR overlay of α and β anomers of compound 1 

1H NMR overlay of α and β anomers of compound 2 

1H NMR of compound 28 

1H NMR of compound 29 

1H NMR of compound 31 

1H NMR of compound 32 

1D TOCSY overlay of compound 32 

1H NMR of compound 35 

1H NMR of compound 38 

1D TOCSY overlay of compound 38 

1H NMR of compound 40 

1H NMR of compound 41 

1H NMR of compound 45 

1D TOCSY overlay of compound 45 

1H NMR of compound 46 

1H NMR of compound 47 

1D TOCSY overlay of compound 47 

1H NMR of compound 49 

1D TOCSY overlay of compound 49 

1H NMR of compound 50 

1D TOCSY overlay of compound 50 
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