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Abstract 

Protein and Cell Surface Engineering with Oxime Conjugates 

By 

Jason Edward Hudak 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Carolyn R. Bertozzi, Chair 

 

 In the biological and medical fields, there is a heavy reliance on using genetic tools to 

manipulate proteins and investigate cellular functions. While these methods have proven hugely 

successful, they are limited in their ability to introduce novel functionality into biomolecules or 

interrogate the distinct chemical entities that control cellular responses. To address these 

restrictions, chemists have developed a set of chemoselective reactions with minimal cross-

reactivity and toxicity in biological systems; termed the bioorthogonal reaction. The work in this 

dissertation has centered on the use of one such chemistry, oxime formation, which is obtained 

by the reaction of an aminooxy functionality with the carbonyl group of a ketone or aldehyde. I 

have utilized this chemistry to create unique protein assemblies (Chapter 1), site-specifically 

glycosylate proteins (Chapter 3,4), and introduce homogeneous glycans onto cell surfaces 

(Chapter 5). An emphasis of this work is the generation of homogeneous glycoconjugates that 

can be utilized to study the role of certain glycan structures in biology. This includes advancing 

methodology in cell surface modification for introducing multivalent glycomimics onto cellular 

membranes as well as utilizing protein modification techniques to create homogeneous 

glycoproteins. 

 Chapter 1 outlines my work on utilizing the genetically encoded consensus sequence 

termed the aldehyde tag to introduce a bioorthogonal carbonyl group onto protein backbones. 

The technique exploits the known function of the formylglycine generating enzyme to oxidize 

the thiol group of a cysteine residue within a specific peptide sequence to an aldehyde forming 

the non-natural amino acid, formylglycine. My work has focused on optimizing the conjugation 

of small molecules and large proteins to the formylglycine residue to create new protein 

scaffolds for studying protein function and for the creation of improved biotherapeutics. 

 The remaining chapters reside largely in the realm of glycobiology and thus Chapter 2 is 

devoted to providing a brief overview of the field specifically as it pertains to the role of glycans 

in modulating and defining medical treatment. Many therapeutics consist of glycoproteins or 

glycans themselves and though they have been used for decades, only recently have scientists 

been able to understand and engineer these treatments at the molecular level. As more tools 

become available to study how the location and chemical makeup of saccharides affect their 

function, we have begun to see a better appreciation of the significant part that glycans play in 
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medicine. This will presumably lead to a surgence in novel types of treatment that rely solely on 

the function of specific glycan structures. 

 In the pursuit of creating new methods to define the role of glycan structures on protein 

function, Chapter 3 presents the use of the aldehyde tag technology to conjugate a wide range of 

chemically synthesized glycans to proteins. This approach relies on the development of an 

improved synthetic route of aminooxy glycans that utilizes chemical and enzymatic synthesis to 

create a small library of aminooxy sugars. I also show that these glycans can be conjugated site-

specifically to the human growth hormone to create a novel set of chemically glycosylated 

therapeutic proteins. This system was taken a step further by placing the aldehyde tag on the 

capsid of human adenovirus as a conjugation point to attach glycan targeting moieties to the 

virus for gene therapy. The glycosylated protein should then retarget the virus to infect specific 

leukocyte lineages based on their unique expression of lectins that have specific glycan binding 

preferences. More work is needed to demonstrate the ability to direct the virus to infect 

nonnative cellular types such as leukocytes.  

 The aminooxy glycans generated thus far have been limited to small concise structures 

that one would normally find on the antennary regions of a full-length glycoconjugate. Chapter 4 

outlines new work to create chemical mimics of full-length N-glycans with established 

dendrimer chemistry. We produced a novel glycodendrimer structure that consists of a 

piperidine-melamine core decorated with monosaccharides at the antennary and an aminooxy 

functionality for site-specific conjugation to aldehyde-tagged proteins. We have successfully 

conjugated a biantennary N-glycan mimic to an hGH construct and have begun work to create a 

IFN-β “glycodendriprotein” as a biotherapeutic surrogate. 

  The final chapter is the culmination of my thesis work, where we have utilized 

phospholipid containing glycopolymers to engineer cell surfaces with chemically defined glycan 

structures to study their role in regulating cellular activities. Chapter 5 focuses on the use of this 

approach to define the role of Siglec-7 on regulating the activity of Natural Killer (NK) cells to 

target and kill cancer cells. The overexpression of sialic acid has been well documented for many 

human cancers but few reports have provided the molecular details for how this provides a 

selective advantage to cancer cells to survive. We provide evidence that increasing sialosides on 

cancer cell surfaces can engage the inhibitory receptor Siglec-7 on NK cells and dampen the 

ability of NK cells to recognize and kill tumorigenic cells. 
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Chapter 1 

 

Protein Engineering Via Bioorthogonal Chemistry and the Aldehyde 

Tag
a
 

 

Introduction 

 

 The dominance and continued success of the human race relies heavily on our 

ability to modify our environment to suit our survival and needs. These pursuits range from 

the shaping of metals and the design of devices to the engineering of a vaccine that can 

save millions of lives. We have created a plethora of tools that not only allow us to explore 

new areas of the natural world but provide us with the ability to control and engineer the 

components of these landscapes. It should be no surprise then that the modification of 

biomolecules has been pursued since before the identification of their chemical structure 

and nature.
1
 This has flourished into a field that can be defined as biomolecular 

engineering
2
 and has given us the ability to fashion and design biological molecules with 

absolute chemical control beyond the constraints of conventional biology.  

 The work in this chapter lies predominantly in the field of site-selective 

bioconjugation; an ideal in protein modification that has only been made possible within 

the past decade and the realm for much of the work in the following chapters. Protein 

modification began with the ingenuity of chemists who developed a set of tools to alter the 

chemical functionality within naturally occurring proteins.
3,4

 At the end of the 20
th

 century, 

refined methods emerged, in which genetically encoded tags could offer protein 

modification at selected sites of the protein backbone. This notion expanded into the 

technology to insert non-canonical amino acids into in vitro and cellular proteins.
5
 Quickly 

following was the development of bioorthogonal chemistry and enzyme tags that could be 

used to add synthetic moieties to proteins and other biomolecules.
6
 The combination of 

these two approaches has led to combined chemoenzymatic labeling techniques such as the 

aldehyde tag which much of this thesis is centered upon.
7
 

These developments arose from the increasingly clear need for controlled, site-

selective conjugation to optimize and retain bioactivity in the study of protein function and 

in the enhancement of biological therapeutics.
8–12

 While common genetic and chemical 

methods have been indispensible, they are restricted to the 20 natural amino acids and thus 

are limited in scope and specificity. For example, methods employing chemoselective 

reactions with activated esters or maleimide derivatives often require extensive 

optimization to control specificity, homogeneity, and reproducibility.
11,13,14

 This is 

especially important in the production of antibody conjugates for targeted cytotoxic drugs 

                                                 
a Results from this chapter were also published in Hudak, J. E. et al. Angew. Chem. Int. Ed. 51, 4161–4165 (2012). Robyn Barfield, 

Patricia Grob, Eva Nogales, and David Rabuka also contributed to this work. 
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and proteins, in which the construct architecture drastically affects pharmacokinetics, 

function, and cellular trafficking.
15–17

 

 One solution to the problem of conjugate specificity and heterogeneity is to adopt a 

bioorthogonal chemical modification strategy.
7,18

 This methodology relies on the 

installation of non-native functional groups into biomolecules that can undergo selective  

reactions in water while remaining inert to natural protein functionality, enabling 

controlled, site-specific modifications.
19,20

 Examples employing site-selective conjugation 

have demonstrated the dramatic effects that small molecule placement can have on protein 

behavior and function.
9,11,21

 

 Due to its accessibility and ease of introduction, the genetically encoded aldehyde 

tag provides an ideal platform for site-specific bioconjugation.
22

 Unlike other enzyme-

based techniques,
6,23–25

 it does not require long recognition sequences nor is installation 

site-restricted. The tag consists of a succinct five-residue sequence (CxPxR) that is 

recognized by the formylglycine generating enzyme (FGE), which oxidizes the 

genetically-encoded cysteine (Cys) residue to the aldehyde-bearing formylglycine (fGly, 

Scheme 1.1A).
26

 Coexpression of additional FGE alongside the tagged recombinant 

protein ensures high Cys-to-fGly conversion yields and allows the site-specific 

introduction of the noncanonical fGly using conventional E. coli
27

 or mammalian
28

 

expression systems. No special metabolites or engineered cell lines are required for 

introducing bioorthogonal functionality as seen in other noncanonical amino acid 

strategies.
5,29,30

 Additionally, specialized purification steps are not required,
31,32

 and many 

carbonyl selective reagents are commercially available for conjugation via hydrazone or 

oxime formation (Scheme 1.1B).
7
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.1 The aldehyde tag enables site-specific protein modification. (A) FGE 

recognizes the sequence CxPxR and converts cysteine to formylglycine by oxidation of the 

sulfhydryl group to an aldehyde. (B) The aldehyde can be selectively reacted with an 

aminooxy reagent to form a stable oxime. 

CxPxR 

Formylglycine 

Generating Enzyme  
(FGE) 

cysteine (C) formylglycine (fGly) 

 
 

A 

B 
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Expanding Aldehyde Tag Platforms 

 

The Tandem Aldehyde Tag Sequences (TAS) Approach for Multimeric Scaffolding 

 

 While one aldehyde tag can enable the site-specific conjugation of novel moieties 

to a protein backbone, there are many instances were several loading sites or multivalency 

are a desired property of the coupling scaffold.
33–35

 In this regard, we reasoned that we 

could append several aldehyde tag sequences in tandem to create multiple conjugation sites 

in one protein entity. To test this idea, we designed constructs with two and three tandem 

aldehyde tag sequences on the N-terminal hinge region of mouse IgG2A-Fc (Figure 1.1A). 

The constructs were transfected into Chinese Hamster Ovary (CHO) cells and the secreted 

Fc antibody fragments were purified from the media. To verify the Cys-to-fGly conversion 

in the Ald2 and Ald3 sites, we reacted the purified Fc proteins with aminooxy Alexa Fluor 

647 (AO-AF647) and imaged the labeling after running on SDS-PAGE (Figure 1.1B). The 

Ald2 and Ald3 tagged constructs showed robust labeling over the Cys-to-Ala mutant 

controls demonstrating the presence of the fGly residue in the constructs. The proteins 

were also treated with trypsin and analyzed by LCMS to investigate the presence of fGly in 

all 2 or 3 of the aldehyde tags. While we found the presence of fGly in each peptide 

fragment, future work is necessary to quantify the conversion efficiency and to determine 

if conversion occurs in tandem within a single tandem tag sequence.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Tandem aldehyde tag sequence constructs and oxime formation with an 

aminooxy dye. (A) The Ald2 and Ald3 sequences were placed upstream the hinge region 

of mouse IgG2A-Fc in the pFUSEmFc2 plasmid. (B) The expressed and purified Fc 

proteins were reacted with 100 µM AO-AF647 in 300 mM NaOAc, 0.6% SDS, pH 4.6 for 

2 h at 37 ºC. (Note: These are unoptimized, denaturing conditions that are addressed later 

in this chapter). 

 mouse IgG Fc domain 

ISLCTPSRLCTPSR – 2x (TAS2) 
ISLCTPSRLCTPSRALCTPSR – 3x (TAS3) 

 IL2ss 
A 

B 

62 kDa
  
 

48 kDa
  
 

AO-AF647 Coomassie 
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We also inserted 3 aldehyde tags on the extracellular N-terminus of the membrane 

protein CD4, which was transfected and expressed in Human Embryonic Kidney (HEK) 

cells. To demonstrate the presence of fGly on the cell surface, the HEK cells were reacted 

with biotin hydrazide and subsequently treated with FITC-avidin. The labeling with FITC-

avidin was verified by fluorescence microscopy and quantified by flow cytometry to 

validate Ald3 CD4-specific labeling (Fig. 1.2). Again, to fully address the utility of this 

approach, future work must be done to confirm conversion efficiency of Cys-to-fGly and 

ascertain that the aldehyde tags are produced in tandem. 

 

 

 

 

 

 

 

Figure 1.2. HEK cells transfected with Ald3-CD4 shows specific labeling with anti-biotin-

FITC after treatment with biotin-hydrazide. Cells were transfected with a pCDNA3.1 

plasmid containing the Ald3-CD4 construct (A) or mock plasmid (B) using Lipofectamine 

2000. After 24 h, cells were reacted with 100 µM biotin-hydrazide and 10 mM aniline in 

1% FBS/PBS for 1 h at 4 ºC. Treatment with FITC-avidin showed specific labeling on cell 

surfaces only with Ald3-CD4 transfection. (C) Flow cytometry analysis demonstrated an 

increase in labeling when cells were also cotransfected with a human FGE plasmid. 

 

Introducing FGE into Yeast for Simpler Eukaryotic Expression 

 

 Previous reports have only demonstrated the use of the aldehyde tag platform in E. 

coli and mammalian expression hosts; however, many caveats exist within these systems. 

First, many eukaryotic genes are not expressed as soluble, fully functional proteins in 

bacterial systems. On the other hand, mammalian cells are more difficult and costly to 

maintain and require extensive optimization to reach yields comparable to bacterial protein 

production.
36

 Lastly, both E. coli and all mammalian cells have endogenous formylglycine 

generating enzymes so aldehyde-tagged proteins cannot be generated in a null background 

for potential applications in directed evolution or cell surface display.
37,38

 

 Yeast are a well-established alternative host for mammalian gene expression as 

they grow quickly and are cost efficient but also have the machinery to fold, mature, and 

glycosylate mammalian proteins.
39,40

 Additionally, the two most studied and utilized 

organisms, Saccharomyces cerevisiae and Pichia pastoris, do not contain any known 

FGE’s making them a good candidate for FGE manipulation and enhancement. We first 

generated two constructs for the production of human FGE in S. cerevisiae in the plasmid 

A B C 
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p415-GPD under the glyceraldehyde dehydrogenase constitutive promoter. Construct 1 

contained the human FGE gene preceded by the yeast α-maturation factor leader sequence 

to direct it to the ER with a C-terminal HDEL sequence to ensure ER retention (Fig. 1.3). 

The other construct 2 contained the natural human FGE leader sequence and retained its 

natural C-terminal retention sequence. Another plasmid was generated which contained the 

human growth hormone (hGH) gene in the pESC-Ura backbone also with an α-maturation 

factor leader and an aldehyde tag at the C-terminus. This construct was created to test the 

ability of the hFGE to convert aldehyde-tagged proteins as they are shuttled through the 

ER for secretion by the yeast host. 

 As shown in Figure 1.3, only construct 2 containing the natural leader sequence 

gave robust expression in S cerevisiae. Upon switching growth media to galactose, the 

hGH demonstrated high expression but only within the yeast while no protein could be 

detected in the media suggesting that the recombinant protein was not trafficking through 

the ER for secretion. More work must be done to show that the hFGE from construct 2 is 

indeed localized to the ER and can act on aldehyde-tagged proteins traveling through the 

ER for secretion. Additionally, the hGH construct reported herein could be purified by Ni-

NTA column through its N-terminal His6 sequence and reacted with aminooxy dyes to 

verify conversion of Cys-to-fGly in the aldehyde tag. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. hFGE constructs 1 and 2 were generated in the p415-GPD plasmid for 

constitutive expression while hGH was inserted in the pESC plasmid for induced 

expression under the Gal1 promoter. As shown by immunoblot, only hFGE construct 2 

without the yeast αMF leader sequence showed robust expression. hGH was expressed 

well under galactose induction (lanes 5-8) but could not be found in the media suggesting 

that the αMF leader sequence was not directing protein trafficking through the ER. 

49 

38 

28 

α-hFGE 

α-hGH 
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  hFGE  
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human growth hormone (hGH) construct 
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Optimizing Oxime Conjugation with Aldehyde-Tagged Proteins 

 

To expand on previous reports of fGly conjugation, we wished to identify optimal 

conditions for oxime formation on aldehyde-tagged recombinant proteins. Maltose binding 

protein (MBP) was chosen as a model monomeric globular protein, while human IgG1 

(hIgG) served as a more complex and clinically relevant conjugation substrate. 

Additionally, both MBP and hIgG demonstrate >90% Cys-to-fGly conversion when 

expressed in bacterial
27

 and mammalian
28

 cell hosts respectively (see methods for 

conversion analytical data). Conjugations with aminooxy Alexa Fluor 488 (AO-AF488) in 

various buffers showed a strong pH dependence with yields reaching over 70% at pH 4-5 

(Figure 1.4, Table 1.1). Aniline, a reported catalyst of oxime formation, did not appear to 

increase conjugation yields with fGly at any pH tested and may have been inhibitory in this 

set of reactions.
41

 We observed maximal protein labeling after 24 h at 37 °C (Figure 1.5A).  

 

Figure 1.4. Increasing yield of conjugation with AO-AF488 at decreasing pH. (A) SDS-

PAGE analysis of 25 µM MBP reacted with 400 µM AO-AF488 (37 ºC, 18h). (B) SDS-

PAGE analysis of 20 µM hIgG reacted with 500 µM AO-AF488 (37 ºC, 18h). Reaction 

conditions correspond to those in Table 1.1, below.  An aliquot was retained for PAGE 

analysis and the remaining portion was buffer exchanged for quantitative analysis by UV 

absorbance (Table 1.1, below). Top, fluorescent scan; bottom, coomassie stain. 

 

Table 1.1. Conjugation yields with AO-AF488 under various buffer and pH conditions 

Protein
[a]

 
Rxn 

Condition 
Buffer, pH

 [b]
 

DOL 
(%)

[c]
 

Protein
[a]

 
Rxn 

Condition 
Buffer, pH

 [b]
 DOL (%)

[c]
 

MBP-Ald 

1 PBS, 7 8  1 PBS, 7 12 

2 MES, 5.5 35  2 MES, 5.5 48 

3 KOAc, 4.6 46  3 KOAc, 4.6 70 

4 
KOAc/aniline, 

4.6 
28 

hIgG-Ald 
4 

KOAc/aniline, 

4.6 
33 

5 5% MeCN, ~8 9  5 NaCit, 3.5 73 

6 MeCN/AcOH, 5 52  6 MeCN/AcOH, 5 76 

  
   

7 
KOAc/MeONH2

4.6 
7 

[a] 25 µM MBP, 400 µM AO-AF488; or 20 µM hIgG, 500 µM AO-AF488 as in Figure S1 [b] All buffer 
components at 100 mM except PBS and aniline (10 mM), MeCN (5%), and AcOH (.02%) [c] Degree of 
labelling (DOL) determined by corrected absorbance ratio (280/494) after buffer exchange by concentration in 
to PBS. 

A Rxn 

Condition 
  1          2          3          4          5           6    

488 

Coom 

B Rxn 

Condition 
    1         2         3         4          5         6         7 

488 

Coom 
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Figure 1.5. Assessment of oxime formation with hIgG at varying times, temperatures, and 

concentrations. (A) 5 µM hIgG was reacted with 200 µM AO-CF488 (KOAc, pH 4.5). 

Top, coomassie stain; bottom, AO-CF488 fluorescence. (B) 10 µM hIgG was reacted with 

AO-FLAG (rt, 16 h, 5% MeCN/0.02% FA). Top, blot probed with mouse α-FLAG and 

goat α-mIgG-AP conjugate; bottom, ponceau. 

 

Reactions of hIgG with a peptide probe, aminooxy-FLAG (AO-FLAG),
27

 were dependent 

on reagent concentration and required over 10 equivalents (100 µM) of AO-FLAG for 

optimal labeling (Figure 1.5B). These results highlight the limitations of an exclusively 

oxime-based conjugation approach with sterically encumbered reactants and provided the 

impetus to explore a faster, more efficient bioorthogonal reaction pair to enable the 

assembly with larger biomolecules or precious reagents.
19,20

 

 

Generating a Bifunctional Bioorthogonal Linker to Expand Reactivity 

   

Oxime formation is currently the chemical labeling method of choice for aldehyde 

tag conjugation due to its stability and successful precedent (Scheme 1.1B).
9,42,43

  

However, when compared with other bioorthogonal reactions, such as Cu-free click 

chemistry, the reactions are relatively slow, often require excess reagent, and are pH 

dependent.
19,20

 While oxime formation is sufficient in small molecule conjugations, the 

kinetic hurdles for coupling large molecules such as peptides or proteins result in 

significantly decreased yields. An alternative approach to enhance reaction kinetics and 

yield is to utilize linkers bearing multiple bioorthogonal moieties with enhanced reactivity 

and selectivity.
44–46

 Early examples exist for peptide or protein oligomer formation but 

they require terminal modification or rely on non-specific reactions.
47–49

 

The strain-promoted 1,3-dipolar cycloaddition of cyclooctynes and azides, also 

termed the Cu-free azide-alkyne cycloaddition, was a distinct choice as the complementary 

reaction to oxime formation. The cyclooctyne reagent can be tuned for fast kinetics and the 

reaction proceeds selectively under a wide range of conditions.
50–54

 Additionally, Cu-free 

click linker reactions have already been utilized in interaction-induced protein 

crosslinking, though these approaches have not been optimized or widely exploited.
51

 We 

envisioned methodology in which the aldehyde-tagged protein could first be modified with 

A 

Time (h): 14 24 40 

rt 

Relative 

Fluorescence 

37 ºC 

62 14 24 40 62 

1.8 1.9 2 2.1 1 1.4 1.4 1.6 

488 

Coom 

AO-FLAG  

(µM): 10 20 30 50 100 1000 

α-FLAG 

Ponceau 

B 
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Figure 1.6. Bifunctional “click” linkers. Top: Aldehyde-tagged, fGly containing proteins 

are first reacted with an azido-aminooxy bifunctional linker. Cu-free click chemistry can 

then be performed for covalent attachment to any DIBAC functionalized molecule. Below: 

Heterobifunctional linkers 1.1-1.3 were created to introduce azides and cyclooctynes onto 

aldehyde-tagged proteins. 

 

a small, easily synthesized azide linker via oxime formation. The resulting site-specific 

azide containing protein could then be reacted with a cyclooctyne containing dye, peptide, 

or protein (Fig. 1.6). The commercially obtainable dibenzoazacyclooctyne (DIBAC)
53,55

 

was chosen for its convenience and range of available reactive and labeled derivatives.  

We generated three linkers of various lengths (1.1-1.3, Fig. 1.6), each containing an 

azide attached via a tetraethyleneglycol (TEG) spacer to an aminooxy moiety. Linkers 1.1 

– 1.3 were reacted with aldehyde-tagged MBP followed by the addition of an excess 

amount of the dibenzoazacyclooctyne fluorophore DIBAC-488. Robust labeling was 

observed by fluorescence gel scanning, which was dependent on the presence of the azide-

functionalized linker (Fig. 1.7). By contrast, direct labeling of MBP-fGly with AO-AF488 

produced weaker labeling under similar conditions (Fig. 1.8). Furthermore, removal of  

+ Oxime  
formation 

 

 

+ 

Cu-free 

azide-alkyne 

cycloaddition 

 

 

= dye, peptide, protein, etc.  
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Figure 1.7. Reaction of fGly-containing MBP (30 µM) with bifunctional linkers 1.1-1.3 

followed by DIBAC-488. Lanes 1-6, protein reacted with linkers (pH 4.5, 32 ºC, 16h) 

followed by excess DIBAC-488 (16 h, 4 ºC). Lane 7, fGly-MBP treated with DIBAC-488 

alone, without prior linker conjugation. Lanes 8-10, linker was removed then 15 µM azide-

tagged MBP was reacted with 2 equiv. of DIBAC-488 (16 h, 4 ºC). Top, fluorescent scan; 

bottom, coomassie stain. 

 

 

 

 

 

 

 

 

 
 

Figure 1.8. Linkers functionalize aldehyde-tagged hIgG with azide for subsequent Cu-free 

click chemistry. SDS-PAGE analysis of 5 µM hIgG reacted with AO-AF488 or AO linkers 

1.1-1.3 (pH 4.5, RT, 18h) followed by DIBAC-488 (37 ºC, 1h). Top, fluorescent scan; 

bottom, coomassie stain. 

 

excess azide linker before reaction with DIBAC-488 allowed the use of 15-fold less 

fluorophore reagent without affecting yields (Fig. 1.7). Linker 1.2, containing an aminooxy 

acetyl group, was the least efficient labeling reagent determined by MALDI-TOF MS 

analysis (Fig. 1.7). 

One concern was the possible side reactivity of DIBAC reagents with free thiols, 

which has been noted with other reactive cyclooctynes.
56,57

 Our experiments with MBP 

could not address this issue as the protein has no free cysteine residues. Thus, we 

performed a similar reaction with aldehyde-tagged human serum albumin (HSA), which 

contains a natural free cysteine. Treatment of aldehyde-tagged HSA with DIBAC-488 

AO (µM) 

DIBAC 488 (µM) 400 100 400 - - 

0 50 250 50 250 
AO 488 linker 1.1  linker 1.2 

100 400 

50 250 

linker 1.3 

100 400 

50 250 

488 

Coom 

73 68 71 72 63 73 0 73 54 71 

1.1 1.2 1.3 1.1 1.2 1.3 1.1 1.2 1.3 Ø 

300 µM linker   
500 µM DIBAC 

750 µM linker  
1mM DIBAC 

750 µM prerxn  
30µM DIBAC 

488 

Coom 

Linker: 

1 2 3 4 5 6 7 8 9 10 Lane: 

Conj %: 
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Figure 1.9. SDS-PAGE of aldehyde-tagged human serum albumin (HSA) reacted with 

DIBAC-488 with and without azide linker 1.1 conjugation. HSA was reacted at 25 µM 

with 1 mM linker 1.1 (pH 4.5, 35 ºC, 16 h) and buffer exchanged into PBS. 5 µM of 

aldehyde- or azide(1.1)-tagged HSA was reacted with DIBAC-488 (pH 7.4, 4 ºC, 20 h). 

While robust labeling was seen with the linker 1.1 conjugated protein (lanes 3,4), little to 

no reactivity was found for the HSA containing no azide but still a free thiol (lanes 1,2). 

Top, fluorescent scan; bottom, coomassie stain. 

 

alone gave no significant labeling (Fig. 1.9). Thus, the low to sub mM concentrations of 

DIBAC reagents used in our procedures do not appear to produce unwanted side 

reactions.
54

 

As a next step, we explored protein-peptide conjugations using a DIBAC-FLAG 

conjugate as a model peptide (see methods for synthetic details). Aldehyde-tagged MBP 

was reacted with linkers 1.1 – 1.3, and the purified conjugate was coupled with DIBAC-

FLAG. The Cu-free click reactions labeled MBP-fGly more efficiently than treatment with 

AO-FLAG alone, as demonstrated by immunoblot (Fig. 1.10). In more detailed 

comparisons, DIBAC-FLAG reactions were observed to be faster at rt than the 

corresponding AO-FLAG reactions at 37 °C and with lower reagent concentrations.  

 

Figure  1.10. Western blot of 10 µM MBP reacted with 0.1-0.5 mM AO-FLAG (37 ºC, 2-

16 h) or 1 mM AO linkers 1.1-1.3 (37 ºC, 16 h) followed by DIBAC-FLAG (rt, 2-16 h) 

after linker removal. Lane 4 is incubated with DIBAC-FLAG but without linker showing 

minimal background. Top, blot probed with α-FLAG HRP; bottom, ponceau stain. 

 

 

15      100      15      100 DIBAC-488 (µM) 

linker 
1.1 
linker 

no linker 
linker 

Coom 

488 

FLAG (mM) 

Time (h) 2   16  16   16    2   16   16    2    16   16   2    16   16  

 0.1 0.1 0.5  0.1 0.1 0.1  0.5  0.1  0.1  0.5  0.1  0.1  0.5 

AO-FLAG linker 1.1 
linker 

linker 1.3 

ponceau 

α-FLAG 

linker 1.2 
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Table 1.2. Comparison of AO-FLAG vs. DIBAC-FLAG reaction yields over 24 h 

 Yield (%, MALDI-MS) 

Protein (20 µM)
[a] 

Concentration
[b] 

reagent 2 h 4 h 6 h 24 h 

MBP-Ald 
40 µM 

AO-FLAG 7 12 17 32 

MBP-N3 DIBAC-FLAG 32 41 44 54 

MBP-Ald 
400 µM 

AO-FLAG 28 47 48 69 

MBP-N3 DIBAC-FLAG 52 61 62 71 

hGH-Ald 
40 µM 

AO-FLAG 11 21 31 53 

hGH-N3 DIBAC-FLAG 25 35 43 66 

hGH-Ald 
400 µM 

AO-FLAG 43 54 59 69 

hGH-N3 DIBAC-FLAG 68 69 71 72 

[a] 20 µM aldehyde-tagged protein (hGH-Ald or MBP-Ald) was reacted with 40 or 400  µM AO-FLAG in MES 
buffer pH 4.6 at 37 ºC. Linker 1.1 azide-labelled protein (hGH-N3 and MBP-N3) was generated by reaction with 
linker 1.1 and buffer exchanged to remove excess linker before reaction with DIBAC-FLAG in PBS at rt. [b] 

Reactions were run in parallel at 2 or 20-fold FLAG labelled reaction partner and aliquots taken at specified 
times. 

 

Synthesis of Heterobifunctional Protein Fusions 

 

Heterobifunctional protein fusions are gaining interest as next-generation 

biopharmaceuticals.
8,58–60

 Combining proteins with disparate functions can enable multi-

drug therapy in a single chemical entity,
61,62

 add a targeting element to an otherwise 

nonspecific therapeutic,
15,17

 or improve the pharmacokinetic profile of a rapidly cleared 

molecule.
63,64

 Indeed, heterobifunctional proteins such as IgG Fc domain fusions like 

Etanercept are among the top selling biotherapeutics on the market today.
65

  These 

biomolecules are primarily generated as genetic fusions. The DNA sequences encoding the 

individual protein components are fused in tandem to direct the expression of a single 

polypeptide comprising the two proteins joined together at their N- and C-termini, 

respectively. However, this limited topology is not ideal for every protein combination as 

some polypeptides require unmodified termini for optimal bioactivity
66

 or can suffer from 

expression difficulties due to folding and processing issues.
58,67,68

   

 An alternative approach to generating protein-protein fusions is through chemical 

conjugation. Native chemical ligation of C-terminal thioesters with β-amino thiols has 

been a powerful tool for generating protein-protein fusions,
49,69,70

 but at least one coupling 

partner must be linked at its terminus. In principle, greater topological diversity can be 

achieved by introducing bioorthogonal functional groups at specific amino acid side chains 

of the two proteins.
18,20

 As a recent example, Hutchins et al. expressed a Fab fragment 

bearing an unnatural keto amino acid to which a maleimide-funtionalized linker was 

conjugated by oxime formation.
47

 This, in turn, enabled further conjugation to a single 

cysteine residue engineered into a protein toxin. Implicit in this work is the need for a 

protein-protein coupling reaction with intrinsically fast kinetics, of which thiol-maleimide 

addition is a paragon example. In this direction, Bundy and Swartz have implemented cell-

free protein synthesis to install azide and alkyne amino acids into green fluorescent protein 
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for Cu-catalyzed dimerization.
71

 This approach, however, suffered from low protein 

expression as well as Cu-induced protein damage. 

 To demonstrate the power of the Cu-free click chemistry approach, we generated 

conjugates of full-length hIgG with human growth hormone (hGH)
27,72

 or MBP (Fig. 1.11). 

These constructs are particularly relevant to on-going efforts to increase the serum half-life 

of protein therapeutics (hGH-hIgG)
63,73

 or to achieve dual binding specificities in a single 

molecule (MBP-hIgG).
60,74

  Our strategy for fusing the protein pairs included the synthesis 

of bifunctional linker linker 1.4, comprising DIBAC tethered by a TEG spacer to an 

aminooxy group (Fig. 1.6). We envisioned that an aldehyde tagged protein could be 

reacted with linker 1.1 and then combined with a protein conjugated to linker 1.4 to form a 

chemically and topologically defined protein homo- or heterodimer (Fig. 1.11).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.11. Protein-protein conjugations of hIgG with hGH and MBP. (A) Aldehyde-

tagged protein functionalized with azide 1.1 (hGH-Az) reacts specifically with protein 

functionalized with DIBAC 1.4 (hIgG-DIBAC). Since hIgG is a homodimer, 2 molecules 

of hGH-Az can react with hIgG-DIBAC to form a trimer. 
 

Cu-free Azide-Alkyne 
Cycloaddition 

hGH-N
3
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Figure 1.12. SDS-PAGE analysis of conjugation with the corresponding fluorescent Cu-

free azide-alkyne click partner after reaction with linkers 1.1 or 1.4. 25-50 µM aldehyde-

tagged protein was reacted with 750  µM of linker 1.1 or 1.4 in NaH2PO4/NaCit buffer pH 

4.5 at 35 ºC for 18 h. After buffer exchange into PBS, Cu-free click reactions were 

performed at 4 ºC, 16 h and run on SDS-PAGE. Lanes 1-3, 10 µM protein-Az (reacted 

with linker 1.1) and 20 µM DIBAC-488; lanes 4-6, 10 µM protein-DIBAC and 20 µM Az-

647; Top, coomassie stain; bottom, fluorescent scan at 488 nm for DIBAC-488 or 647 nm 

for Az-647. Human serum albumin (HSA), antibody heavy chain (hIgG-HC, contains 

aldehyde tag), antibody light chain (hIgG-LC), maltose binding protein (MBP), human 

growth hormone (hGH). 

 

We reacted linkers 1.1 or 1.4 with hGH, MBP, HSA and hIgG separately, then 

subsequently reacted the conjugates with DIBAC-488, azide Alexa Fluor 647 (Az-647), or 

the complementary Cu-free click protein partner. The oxime-conjugated proteins were 

efficiently labeled with dye and formed the expected homo- and heterodimers (Figures 

1.12, 1.13).  Next, we established large-scale conjugation conditions for azide-modified 

(linker 1.1) hGH or MBP with DIBAC-modified (linker 1.4) hIgG (2:1 azide 

protein/DIBAC protein, 4 ºC, PBS). The resulting hIgG-protein chemical fusions (Fig. 

1.11) were purified and analyzed by immunoblot and transmission electron microscopy 

(TEM).  
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Figure 1.13. SDS-PAGE analysis of conjugation with the corresponding protein Cu-free 

click partner after reaction with linkers 1.1 or 1.4. 25-50 µM aldehyde-tagged protein was 

reacted with 750 µM of linker 1.1 or 1.4 in NaH2PO4/NaCit buffer pH 4.5 at 35 ºC for 18 

h. After buffer exchange into PBS, Cu-free click reactions were performed with 5 µM each 

protein pair at 4 ºC, 16 h and run on SDS-PAGE. Lanes 1-3, protein-Az reacted with 

protein-DIBAC of identical protein (5 µM each); lanes 4-9, 5 µM protein-Az reacted with 

5 µM protein-DIBAC. Human serum albumin (HSA), antibody heavy chain (hIgG-HC, 

contains aldehyde tag), antibody light chain (hIgG-LC), maltose binding protein (MBP), 

human growth hormone (hGH). 

 

  

Figure 1.14. Western blot analysis of hIgG-hGH and hIgG-MBP chemical conjugations, 

nonreduced to highlight mono- and di- conjugation. Middle lane after reaction at 4 ºC for 

16 h (rxn), last lane after purification (pur). Top, ponceau stain; middle, blot probed with 

α-hGH or α-MBP followed by α-mIgG HRP; bottom, same blot probed with α-hIgG 647. 
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Figure 1.15. Western blot analysis of Cu-free click conjugations of hGH-Az and MBP-Az 

(linker 1.1) with hIgG-DIBAC (linker 1.4). Lanes 1-4, samples were reduced with βME to 

show specific labeling of the IgG heavy chain (IgG-HC); lane 4 includes reverse conjugate 

where linkers 1.1 and 1.4 were pre-click reacted and incubated with aldehyde tagged 

proteins to demonstarte lack of conjugation based on oxime formation alone; lanes 5-8, 

illustrate full-length conjugates containing one or two hGH/MBP molecules per hIgG 

dimer. Top, ponceau stain; middle, blot probed with α-hIgG 647 and imaged by fluorescent 

scan;  bottom, same blot probed with α-hGH or α-MBP and imaged via α-mIgG-FITC to 

highlight higher MW conjugates containing the hGH or MBP conjugates. 

 

 

 

* denotes protein-protein chemical conjugate  ǂ natural protein oligomer 
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The hIgG construct used in this study possesses the aldehyde tag at the C-termini of 

its two identical heavy chains. Thus, each fully assembled hIgG presents two sites for 

conjugation. As shown, in Figure 1.14, reactions of DIBAC-functionalized hIgG with 

azide-functionalized hGH or MBP produced two higher MW species in a non-reducing gel, 

which we attribute to the formation of mono- and di- conjugated proteins. Further 

confirmation of the product identities was obtained by immunoblot probing for hGH, 

MBP, and hIgG. Under reducing conditions, we observed the protein-conjugated hIgG 

heavy chain (Fig. 1.15). Over 70% of hIgG had been conjugated (over two steps; oxime 

formation and cycloaddition) according to densitometry analysis. 

The generality of the approach to antibody-protein conjugation was assessed by 

generating similar fusions with a human antibody against the HER2/neu receptor, a 

common breast and ovarian cancer marker and target of the clinically approved antibody 

drug Herceptin.
75

 The anti-HER2/neu antibody was aldehyde tagged at the C-terminus then 

conjugated to hGH and MBP using the same protocol described for hIgG. We confirmed 

that the antibody-protein chemical conjugates retained antigen binding activity using cell-

based assays. The HER2-overexpressing cell line SKOV3 was incubated with the 

antibody-protein conjugates and analyzed by flow cytometry staining with anti-hGH, -

MBP and -hIgG antibodies. As shown in Figure 1.16, the chemically conjugated antibody 

fully retained its ability to bind its target on SKOV3 cells and delivered its associated hGH 

or MBP domain to the cell surface. Importantly, the low pH conditions of the initial oxime 

forming reaction did not appear to impact antigen binding. No labelling was observed for 

azide-modified hGH-Az/MBP-Az alone or on Jurkat T cells, which do not express HER2.  

As further proof of structure, we performed TEM analysis of the MBP-hIgG 

conjugate using negative staining with single particle alignment and classification (Fig. 

1.17). The resulting averaged 2D densities showed characteristic 3-lobed views of the 

IgG
76

 and a clear additional density compatible in size with one or two MBP’s at the end of 

one of the lobes consistent with a C-terminal attachment. This was verified by 2D docking 

of IgG and MBP crystal structures to some of the class averages as illustrated in Fig. 1.17.  

  

Conclusion 

 

We have introduced novel chemical linkers that enhance the utility of the aldehyde 

tag by expanding its chemical space to include Cu-free azide-alkyne cycloadditions for 

improved bioconjugation. This approach provides a set of accessible, versatile small 

molecule linkers that can increase chemical yields, lower concentrations, and decrease 

reaction times. Moreover, we demonstrated that Cu-free click chemistry in conjunction 

with the aldehyde tag can produce protein-protein chemical conjugates of unprecedented 

size and complexity. The synthetic route capitalizes on small molecule linkers that can 

increase chemical yields, lower necessary reagent concentrations, and decrease reaction 

time. The method should expand the topologies of available protein fusions and allow 

exploration of alternate, novel points of protein-protein attachment. 
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Figure 1.16. Flow cytometry analysis of SKOV3 cells treated with aldehyde-tagged α-

HER2 hIgG. (A) Chemically conjugated hGH-hIgG and MBP-hIgG showed cell surface 

labeling via α-HER2 binding, while azide-modified hGH-Az or MBP-Az alone did not. (B-

D) Representative histograms for SKOV3 cells incubated with aldehyde tagged α-HER2 

hIgG without and with conjugation to hGH/MBP. Cells were treated with a 1/500 dilution 

of 5 µM click protein-protein conjugation reactions followed by α-hIgG-649 to label the 

aldehyde-tagged α-HER2 hIgG and mouse α-hGH or α-MBP followed by α-mIgG to label 

the presence of hGH/MBP. (A) 647 channel showing binding of the conjugated and 

nonconjugated α-HER2 hIgG to SKOV3 cells but not Jurkat T cells. No appreciable loss in 

binding is observed for the hIgG conjugate. (B) 488 channel demonstrates delivery of hGH 

to cells only with the hIgG-hGH chemical conjugations. (C) 488 channel for MBP 

labelling again showing delivery only with hIgG-MBP conjugates. 
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Figure 1.17. Negative stain EM of C-terminally tagged MBP-

hIgG conjugates. A gallery of 2D class-averages of negatively 

stained MBP-hIgG showing a flexible additional density at the tip 

of one of the hIgG density lobes (arrows) consistent with a C-

terminal attachment. The left panel displays a simulated density 

map of unconjugated IgG while the averages at right are overlaid 

with a 2D docking of IgG1 alone (red ribbon diagram) or with 

additional MBP crystal structures (light and dark blue) (resp. 

PDB 1IGY, 1JW4). 

 

Possible applications in the antibody drug discovery space include antibody-

dependent enzyme prodrug therapies (ADEPT) and antibody targeted immunotoxins.
77–79

 

As well, the approach can be extended to protein-synthetic polymer conjugations and 

surface immobilization
80,81

 along with designing protein conjugates that extend serum half-

life
82

 or for vaccine development.
83

 Such technologies will play a pivotal role in advancing 

our ability to selectively assemble novel macromolecular architectures for diagnostics and 

therapeutics. 

 

Experimental Methods 

 

General Materials and Methods 

 

Synthetic reagents were purchased from Sigma-Aldrich, Acros, and TCI and used 

without purification unless noted otherwise. DIBAC-488, DIBAC-NHS ester, and sulfo-

DIBAC-NHS ester were purchased from Click Chemistry Tools (Scottsdale, AZ). 

Aminooxy-FLAG peptide containing an N-terminal aminooxy acetic acid
27

 was custom 

synthesized by New England Peptide (Gardner, MA). Linkers 1.2 and 1.3 were custom 

synthesized by Tandem Sciences Inc. (Menlo Park, CA). The plasmid containing the 

mouse IgG2A Fc containing an IL-2 signal sequence driven by the hEF1-HTLV promoter, 

pFUSE-mFc2, was purchased from InvivoGen (San Diego, CA). Anhydrous DMF and 

MeOH were purchased from Acros in sealed bottles; all other anhydrous solvents were 

obtained from an alumina column solvent purification system. All reactions were carried 

out in flame-dried glassware under N2 unless otherwise noted. In all cases, solvent was 

removed by reduced pressure with a Buchi Rotovapor R-114 equipped with a Welch self-

10 nm 10 nm 

Modeled IgG 2D class-averages 2D docking overlay 
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cleaning dry vacuum. Products were further dried by reduced pressure with an Edwards 

RV3 high vacuum. Lyophilization was performed on a LABCONCO FreeZone instrument 

equipped with an Edwards RV2 pump. Thin layer chromatography was performed with 

Silicycle 60 Å silica gel plates and detected by UV lamp or charring with p-anisaldehyde 

in acidic EtOH. Flash chromatography was performed using Silicycle 60 Å 230-400 mesh 

silica. HPLC was performed on a Varian system attached to a absorption detector using a 

C18 reverse phase column (5 µm, 250 x 4.6 mm, Agilent(Varian); Carlsbad, CA) for 

analytical or a C18 reverse phase column (8 µm, 250 x 21.4 mm, Agilent(Varian); 

Carlsbad, CA) for preparative purifications. HPLC solvents were A: ddH2O with 0.1% 

TFA and B: MeCN with 0.1% TFA. All 
1
H and 

13
C NMR spectra are reported in ppm and 

referenced to solvent peaks (1H and 13C). NMR spectra were obtained on Bruker AVQ-

400, DRX-500, AV-500, or AV-600 instruments. High resolution electrospray ionization 

(ESI) mass spectra were obtained from the UC Berkeley Mass Spectrometry Facility an 

LTQ Orbitrap (Thermo Fisher Scientific). MALDI-TOF (Matrix-assisted laser 

desorption/ionization (time-of-flight)) analysis was carried out on an Applied Biosystems 

Voyager DE-Pro machine. 

 

Synthetic Procedures 

 

 

Tert-butyl 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethoxycarbamate (1.5): To known 2-

(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethanol
84

 (581 mg, 2.65 mmol) in CH2Cl2 (4 mL) was 

added triethylamine (TEA, 554 µL, 3.98 mmol) at 4 ºC. The solution was maintained at 4 

ºC upon which MsCl (308 µL, 3.98 mmol) was added dropwise and allowed to warm to rt 

over 16 h. Upon completion, the reaction was quenched with 2M aqueous NH4Cl, 

extracted with CH2Cl2, and the organic layer washed with brine and dried over Na2SO4. 

The concentrated residue along with BocHNOH (494 mg, 3.71 mmol) was dissolved in 

Et2O (3 mL) and DBU (594 µL, 3.98 mmol) was added dropwise at 4 ºC. The reaction was 

allowed to warm to rt and stirred for 3 days. CH2Cl2 was added and the organic layer was 

washed with 2M aqueous NH4Cl, brine, and dried over Na2SO4. The concentrated residue 

was purified by silica flash chromatography (Hex/EtOAc gradient) to obtain protected 

aminooxy TEG linker 1.5 as a clear oil (361 mg, 41%). Data was consistent with previous 

reported values
85

: Rf = 0.5 (1:3, Hex/EtOAc); 
1
H NMR (400 MHz, CDCl3) δ 7.85 (s, 1H), 

3.88 (dd, J = 5.5, 3.8 Hz, 2H), 3.60 – 3.52 (m, 12H), 3.28 – 3.23 (m, 2H), 1.35 (s, 9H). 

 

 

O-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)hydroxylamine (1.1): Protected 

aminooxy linker 1.5 (115 mg, 0.344 mmol) was dissolved in H2O/TFA (1:1; v:v; 3 mL) 
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and stirred at rt for 1.5 h. The reaction was monitored by analytical reverse phase HPLC 

and upon completion was concentrated and redissolved in ddH2O for preparative HPLC 

purification. The product eluted at 10 min in a gradient of 5% to 75% MeCN in ddH2O 

(0.1% TFA) over 30 min. The product peaks were collected and lyophilized to obtain 

aminooxy azide linker 1 as a clear oil (80 mg, 99%): 
1
H NMR (600 MHz, D2O) δ 4.20 

(app t, 2H), 3.78 (app t, 2H), 3.68 – 3.65 (m, 11H), 3.44 (app t, 2H); 
13

C NMR (151 MHz, 

D2O) δ 73.83, 69.76, 69.49, 69.42, 69.38, 69.11, 68.29, 50.09; HRMS (ESI): calcd for 

C8H18N4O4 [M+H]
+
 m/z = 235.1401, found: 235.1399. 

 

 
2-(aminooxy)-N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)acetamide (1.2): 

Aminooxy acetic acid azide linker 1.2 was prepared by custom synthesis by Tandem 

Sciences Inc. following modified procedures
86

: 
1
H NMR (600 MHz, D2O) δ 4.62 (s, 2H), 

3.73 – 3.66 (m, 10H), 3.65 (t, J = 5.3 Hz, 2H), 3.47 (dt, J = 10.7, 5.1 Hz, 4H); 
13

C NMR 

(151 MHz, D2O) δ 168.90, 71.83, 69.63, 69.61, 69.56, 69.46, 69.22, 68.65, 50.23, 38.77; 

HRMS (ESI): calcd for C10H22N5O5 [M+H]
+
 m/z = 292.1615, found: 292.1623. 

 

 
6-(aminooxy)-N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)hexanamide (1.3): 

Aminooxy hexanoic acid azide linker 1.3 was custom sythesized by Tandem Sciences Inc. 

following modified procedures
86

: 
1
H NMR (600 MHz, D2O) δ 3.77 – 3.67 (m, 12H), 3.62 

(t, J = 5.3 Hz, 2H), 3.50 (t, J = 5.3 Hz, 2H), 3.38 (t, J = 5.3 Hz, 2H), 2.26 (t, J = 7.4 Hz, 

2H), 1.60 (qd, J = 14.7, 7.1 Hz, 4H), 1.34 (dq, J = 15.3, 7.8 Hz, 2H); 
13

C NMR (151 MHz, 

D2O) δ 176.94, 75.87, 69.64, 69.59, 69.46, 69.25, 68.88, 50.19, 38.89, 35.63, 27.13, 25.15, 

24.65; HRMS (ESI): calcd for C14H30N5O5 [M+H]
+
 m/z = 348.2241, found: 348.2249. 

 

 
Sulfo-dibenzoazacyclooctyne-FLAG conjugate (DIBAC-FLAG): Aminooxy-FLAG 

[H2NO-CH2-CO-NH-(DYKDDDDK)-CO2H] (1.2 mg, .0011 mmol) was dissolved in 

KOAc buffer (50 mM, pH 4.5, 420 µL). To this was added a 10 mg/mL stock of sulfo-

DIBAC-NHS ester (79 µL, .0013 mmol) and rotated for 18 h at rt. The resulting product 

mixture was purified directly by analytical HPLC in a gradient of 20% to 50% MeCN in 

ddH2O (0.1% TFA) over 30 min with elution at 16 min. The product peaks were collected 

and lyophilized to obtain DIBAC-FLAG as a white powder (0.2mg, 13%). Separation from 

unconjugated AO-FLAG and diconjugated DIBAC-FLAG was confirmed by western blot 

(not shown): HRMS (ESI): calcd for C69H85N13O28S1 [M+2H]
2+

 m/z = 788.7758, found: 

788.7744. 
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2-[2-(2-N-(tert-Butyloxycarbonyl)aminooxyethoxy)-ethoxy]ethylamine (1.6): Protected 

aminooxy linker 1.5 (150 mg, 0.344 mmol) was dissolved in THF/H2O (4:1; v:v; 4 mL) 

and stirred at rt for 1.5 h. At this point, 1 M NaOH (10 µL) was added and allowed to stir 

at rt for 20 h. The crude solution was concentrated and purified by silica flash 

chromatography (EtOAc/MeOH/H2O gradient) to obtain protected aminooxy amine linker 

1.6 as a yellow oil (116 mg, 84%). Data was consistent with previous reported values
87

: Rf 

= 0.33 (4:2:1, EtOAc/MeOH/H2O); 
1
H NMR (500 MHz, CDCl3) δ 4.01 – 3.95 (m, 2H), 

3.71 – 3.66 (m, 2H), 3.66 – 3.59 (m, 10H), 3.50 (t, J = 5.2 Hz, 2H), 2.86 – 2.80 (m, 2H), 

1.44 (d, J = 3.1 Hz, 9H); 
13

C NMR (126 MHz, CDCl3) δ 157.01, 81.31, 75.33, 73.12, 

70.67, 70.64, 70.59, 70.28, 69.23, 41.62, 28.34. 

 

 
N

1
-(2-(2-(2-(2-(aminooxy)ethoxy)ethoxy)ethoxy)ethyl)-N

5
-(3-(11,12-

Didehydrodibenzo[b,f] azocin-5(6H)-yl)-3-oxopropyl)glutaramide (1.4): Protected 

aminooxy linker 1.6 (5.0 mg, 0.016 mmol) and DIBAC-NHS ester (5.2 mg, 0.011 mmol) 

were dissolved in CH2Cl2 (500 µL) and TEA (2.2 µL, 0.016 mmol) was added dropwise at 

4 ºC. The reaction was allowed to warm to rt over 16 h and monitored by TLC. The crude 

mixture was concentrated under vacuum and purified by silica flash chromatography 

(MeOH/DCM gradient) to obtain the protected aminooxy DIBAC intermediate linker as a 

yellow oil (5.2 mg, 70%); HRMS (ESI): calcd for C36H48N4O9 [M+Na]
+
 m/z = 703.3314, 

found: 703.3303. The protected linker (5.2 mg, 0.0076 mmol) was dissolved in TFA/DCM 

(1:9; v/v; 300 µL) and stirred at rt for 45 min. The reaction was monitored by TLC (10% 

MeOH/DCM) and upon completion was concentrated, redissolved in 15% MeCN/ddH2O, 

and filtered for HPLC purification. The product eluted near 50% MeCN in a gradient of 

15% to 65% MeCN in ddH2O (0.1% TFA) over 25 min. The product peaks were collected 

and lyophilized to obtain aminooxy-DIBAC linker 1.4 as a clear oil (2.6 mg, 60%): Rf = 

0.55 (1:9, MeOH/CH2Cl2); 
1
H NMR (500 MHz, D2O) δ 7.67 (d, J = 7.4 Hz, 1H), 7.55 – 

7.41 (m, 5H), 7.39 (t, J = 7.6 Hz, 1H), 7.33 (app d, J = 7.3 Hz, 1H), 5.09 (d, J = 14.2 Hz, 

1H), 4.25 – 4.18 (m, 2H), 3.85 – 3.75 (m, 3H), 3.71 – 3.61 (m, 10H), 3.39 (t, J = 5.4 Hz, 

2H), 3.18 – 3.11 (m, 1H), 3.10 – 3.02 (m, 1H), 2.35 – 2.30 (m, 1H), 2.26 – 2.15 (m, 1H), 

2.09 (t, J = 7.5 Hz, 2H), 2.02 (dd, J = 14.7, 7.3 Hz, 2H), 1.72 – 1.60 (m, 2H); 
13

C NMR 

(151 MHz, D2O) δ 175.86, 175.37, 173.89, 131.95, 129.21, 129.12, 128.96, 128.54, 

128.18, 127.12, 125.81, 122.42, 121.55, 99.95, 73.89, 69.78, 69.63, 69.44, 69.40, 68.87, 

68.30, 55.47, 38.96, 35.81, 34.92, 34.85, 33.82, 21.66; HRMS (ESI): calcd for C31H41N4O7 

[M+H]
+
 m/z = 581.2970, found: 581.2966. 
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Expression and Purification of Aldehyde-Tagged Proteins 

   

Recombinant proteins produced in E. coli (MBP and hGH) were expressed as 

previously described.
27

 In short, BL21(DE3) E. coli harboring both a pET plasmid 

containing the aldehyde tagged-protein and a pBAD plasmid containing the M. 

tuberculosis FGE were grown in LB media supplemented with 100 µg/mL ampicillin and 

50 µg/mL kanamycin at 37º C. When OD600 reached 0.5, arabinose was added at 0.25% 

and the culture was shaken at 37º C for an additional 1 h. The temperature was then 

reduced to 18º C for 1 h and IPTG (0.1 mM) was added with further shaking for 14-18 h. 

Cells were lysed by homogenization, and the His6-tagged proteins were purified using Ni-

NTA-agarose beads (Qiagen) under standard purification procedures. MBP was eluted in 

50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 7.4 and dialyzed into PBS with 

10% glycerol for storage while hGH was eluted in 50 mM Tris, 500 mM NaCl, 300 mM 

imidazole, 10% glycerol, pH 7.5 with 1 mM DTT, TCEP, and methionine to protect 

against oxidation and frozen directly for storage at -20 ºC. Protein concentrations were 

determined using the calculated absorbances at 280 nm. 

When required, proteins were treated with additional FGE in vitro to fully convert Cys-

to-fGly if intracellular conversion was sub-optimal. Briefly, aldehyde-tagged proteins (0.5 

mg/mL) were incubated in 50 mM Tris, 100 mM NaCl, 0.1-1 mM β-Me, pH 9 with 0.05 

equiv. M. tuberculosis FGE
88

 for 20 h at rt. Proteins were then purified by size exclusion or 

buffer exchanged by spin concentration and stored in PBS.  

Human serum albumin (HSA) and full-length human IgG aldehyde-tagged proteins 

were generated similar to previously described procedures.
28

 Vectors bearing the heavy 

and light chain were constructed and nucleotides encoding the aldehyde tag were inserted 

at the C-terminus using standard molecular biology techniques. Protein production was 

performed by Redwood Bioscience using CHO-S cells overexpressing human FGE 

following standard protein expression protocols. HSA was purified from clarified media by 

Ni-NTA-agarose beads and eluted with high imidazole following typical His6-tag 

purification procedures. Full-length human IgG was purified from clarified media by 

affinity chromatography using Protein-A agarose resin. The eluent was dialyzed into PBS 

and stored at -20 ºC. Cys-to-fGly conversion was assessed by standard addition on 

LCMS/MS of trypsinized IgG and demonstrated high conversion rates (Table S3). 

 

Table 1.3. fGly conversion calculated on C-terminally aldehyde-tagged hIgG after in 

vitro conversion with additional FGE and analysis by LCMS/MS after trypsinization. 

Conversion rate was quantitated by standard addition of known amounts of aldehyde tag 

peptide fragments. 
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For yeast expression, human FGE was cloned from pCDNA3.1-hFGE plasmid
28

 using 

primers 5’-CCCAAGCTGACTAGTATGGCTGCGCCCGCACTAGG -3’ and 5’-

CCCTCTAGACTCGAGTCAGTCCATAGTGGGCAGG-3’. The PCR product was 

inserted into the SpeI and XhoI sites of the p415-TEF and p415-GPD vectors containing 

the LEU2 complement. The hFGE containing the αMF signal sequence and HDEL was 

cloned with forward primers 5’-CTGCTGTTTTATTCGCAGCATCCTCCGCATTA 

GCTAGCCAGGAGGCCGGG-3’ and 5’-CAACTAGTAAAACAATGAGATTTCCTT 

CAATTTTTACTGCTGTTTTATTC-3’ and reverse primer 5’-CCTCTAGACTCG 

AGTCACAATTCATCATGGTCCATAGTGGGCAGG-3’. hGH was cloned from the 

hGH-p151TOPO vector with primers 5’-CTGCTGTTTTATTCGCAGCATCC 

TCCGCATTAGCTCATCATCACCATCAC-3’ and 5’-CAGGATCCAAAACA 

ATGAGATTTCCTTCAATTTTTACTGCTGTTTTATTC-3’ and reverse primer 5’-

GATCTGAGCTCCTCGAGTTACCGCGATGG-3’  The vectors were propagated in 

DH5α E. coli and expressed in the S. cerevisiae strain, BY4741. Yeast were transformed 

by heat shock at 42 °C in a 100 mM LiOAc and 25% PEG 2000 solution containing 0.2 

mg/mL ssDNA from calf thymus. Protein expression from the Gal1 promoter of pESC was 

induced by harvesting cells and resuspending in CSM media containing galactose instead 

of dextrose followed by incubation at 30 °C for 18 h. For SDS-PAGE analysis, yeast were 

harvested and lysed by boiling at 90 ºC and bead beating in SDS loading dye. 

 

Oxime formation and optimization 

 

Alexa Fluor 488 C5-aminooxy-acetamide (AO-AF488) was purchased from Invitrogen 

and kept as a 10 mM stock. AO-FLAG [H2NO-CH2-CO-NH-(DYKDDDDK)-CO2H] was 

custom synthesized by New England Peptide using standard Fmoc solid-phase peptide 

synthesis and stored as a 10 mM stock solution. Proteins were concentrated and buffer 

exchanged by dilution in Amicon Ultra-0.5 centrifugal filter devices (MWCO 10K or 30K, 

Millipore). Proteins were resolved by SDS-PAGE on Bis-Tris Criterion Gels (10% or 4-

12%; Bio-Rad). Western blot analysis was performed by wet transfer (Tris-glycine, 20% 

MeOH) onto nitrocellulose at 100V for 60 min. Protein loading was confirmed by Ponceau 

stain (0.2% ponceau in 3% AcOH). Blocking and antibody incubation conditions were 

conducted in 1x Dulbecco’s phosphate buffered saline with 0.1% Tween-20 (PBST) with 

component concentrations as described. 

Buffer pH: Aldehyde-tagged MBP was reacted at 25 µM with 400 µM AO-AF488 in 

20 µL of buffer at 37 ºC for 18 h. Aldehyde-tagged hIgG was reacted at 20 µM with 500 

µM AO-AF488 also in 20 µL of buffer at 37 ºC for 18 h. Buffer conditions are listed in 

Table 1.1 and made to the indicated concentration by dilution from a 10x stock in ddH2O. 

Upon completion, the reactions were quenched with the addition of 4 µL 1M Tris, pH 7.5 

and a 4 µL aliquot was taken for SDS-PAGE analysis. The remaining labeled protein was 

diluted into PBS, pH 7.4 and washed 4 times by concentration to remove unconjugated 
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dye. The degree of labeling (DOL, % conjugate) was calculated by ratio of dye/protein 

concentration determined by UV-Vis absorbance (NanoDrop; AF488 at 494 nm; protein at 

280 nm). An 11% correction was subtracted from the A280 based on the A494 reading to 

account for the absorbance overlap of Alexa Fluor 488 at 280 nm. Gels were scanned for 

fluorescence by a Typhoon 9410 imaging system (Amersham) before Coomassie stain to 

access protein loading. 

Time and temperature: 5 µM of aldehyde-tagged hIgG was treated with 200 µM AO-

CF488A (Biotium) in 40 µL of 100 mM KOAc, pH 4.6 and incubated at rt or 37 ºC. At 14, 

24, 40, and 62 h, a 5 µL aliquot was taken and quenched by the addition of 1 µL 1 M Tris, 

pH 7.5. Aliquots were kept at -20 ºC until analysis at which 4x loading dye was added and 

loaded onto SDS-PAGE. Relative fluorescence was measured using ImageJ imaging 

software and given as fluorescence band density ratios after normalizing to coomassie stain 

density to control for loading. 

Reagent concentration: 10 µM aldehyde-tagged hIgG was incubated at rt for 16 h in 10 

µL of 5% MeCN, 0.02% FA with varying concentrations of AO-FLAG. Upon completion, 

the reactions were probed by western blot (5% milk/PBST; anti-FLAG M2, Sigma, 

1/1000; anti-mIgG-AP, Jackson Immunolabs, 1/1000) and visualized by Western Blue 

(Promega).  

 

Linker and oxime vs. Cu-free click conjugations 

 
DIBAC-488 was purchased from Click Chemistry Tools and kept as a 10 mM stock 

in DMSO. Linkers 1.1-1.3 and DIBAC-FLAG were generated as described and kept at 10 

mM in ddH2O. Protein loading was confirmed by Coomassie or Ponceau stain (0.2% 

ponceau in 3% AcOH). Blocking and antibody incubation conditions were conducted in 1x 

Dulbecco’s phosphate buffered saline with 0.1% Tween-20 (PBST) with component 

concentrations as described. Membranes were developed by chemiluminescence using the 

SuperSignal West Pico kit (Thermo) or scanned for fluorescence by a Typhoon 9410 

imaging system (Amersham). MALDI-TOF MS (Matrix-assisted laser 

desorption/ionization (time-of-flight) mass spectrometry) analysis was carried out on an 

Applied Biosystems Voyager DE-Pro machine. Typically, samples were diluted 8x in a 

saturated Sinapinic/Sinapic acid solution of 60% MeCN, 0.2% FA and 1 µL was deposited 

and dried under vacuum on a stainless steel sample plate (Applied Biosystems). 

Fluorophore conjugation: Aldehyde-tagged hIgG at 5 µM was reacted with 0, 150, or 

250 µM aminooxy compound (AO-AF488 or linkers 1.1-1.3) in 10 µL 5% MeCN, 0.02% 

FA for 16 h at rt. To the linker conjugations was added 250 or 400 µM DIBAC-488 and 

incubated for an additional hour at 37 ºC, though reactions were later found to occur 

equally well at rt. To the reactions was then added 2 µL of 1 M Tris, pH 7.5, 4x loading 

dye, and samples were run on a 4-12% SDS-PAGE gel.  
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To compare yields among linkers at varying concentrations, 30 µM of aldehyde-tagged 

MBP or hGH was incubated with 300 or 750 µM of linker 1.1, 1.2, or 1.3 in 

NaH2PO4/NaCit buffer, pH 4.5 at 32 ºC for 18 h. Reactions were then supplemented with 

500 µM or 1 mM DIBAC-488 and incubated at 4 ºC for 18 h before SDS-PAGE. 

Alternatively, the 750 µM linker reactions were diluted into PBS and concentrated 3 times 

to remove excess aminooxy linker. 15 µM of linker conjugated azide MBP or hGH was 

further reacted in PBS with 30 µM DIBAC-488 at 4 ºC for 18 h. Before SDS-PAGE, 

aliquots were taken for analysis by MALDI-TOF MS. Percent conjugation was determined 

by comparing peak heights of unreacted aldehyde-tagged protein to fluorophore conjugated 

peaks (+634 Da for DIBAC-488). 

FLAG peptide conjugations: 50 µM MBP was reacted with 1 mM aminooxy linkers 

1.1, 1.2, or 1.3 in 20 µL of 100 mM KOAc, pH 4.6 for 16 h at 37 ºC. The reactions were 

then diluted into PBS and concentrated 3 times to remove excess aminooxy linker. 10 µM 

aldehyde-tagged MBP was reacted with 100 or 500 µM AO-FLAG or DIBAC-FLAG in 

100 mM KOAc, pH 4.6 at 37 ºC. The linker labeled MBP was also reacted at 10 µM with 

100 or 500 µM DIBAC-FLAG in PBS, pH 7.4 at rt. Reactions were flash frozen at 2 h or 

run for 16 h before analysis by western blot. Transferred nitrocellulose was probed with 

anti-FLAG M2-HRP (Sigma, 1/20000) in 5% milk/PBST and developed by film exposure 

with chemiluminescence. 

To compare FLAG conjugations by oxime versus Cu-free click reaction over time, 

MBP and hGH were first preconjugated with linker 1.1 as previously described. 20 µM 

aldehyde-tagged protein was incubated with 40 or 400 µM AO-FLAG in 100 mM MES, 

pH 4.6 at 37 ºC or azide linker labeled protein was incubated with 40 or 400 µM DIBAC-

FLAG in 10 µL PBS at rt. Aliquots were taken at the specified times, diluted with 

sinapinic acid matrix solution and dried on the MALDI plate for mass spec analysis. 

Percent conjugation was determined by comparing peak heights of unreacted aldehyde-

tagged protein to FLAG conjugated peaks (+1068 Da for AO-FLAG; +1580 Da for 

DIBAC-FLAG). 

 

Protein-protein conjugations, flow cytometry and TEM 

 
Aldehyde-tagged proteins at 25-75 µM were first reacted with 800 µM aminooxy 

linkers 1.1 or 1.4 in NaCit/NaH2PO4 buffer, 1 mM EDTA, 2% DMSO, pH 4.5 for 14 h at 

35 ºC. Reactions were quenched by dilution into PBS, pH 7.4 and concentrated 3 times by 

filtration to remove excess linker. Conjugation was confirmed by MALDI-TOF MS to 

ensure greater than 75% oxime yield. Cu-free click reactions were performed with 2 equiv 

of one partner in PBS at 4 ºC for 16 h. Shorter reaction times at rt were performed though 

were lower yielding. Reactions with DIBAC-488 or Az-647 (Invitrogen) were imaged by 

fluorescence scan on a Typhoon.  
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In large scale conjugations, 80 µM azide linker 1.1 labeled hGH or MBP was incubated 

with 20 µM DIBAC linker 1.4 labeled hIgG (40 µM available aldehyde, one per C-term) in 

25 µL of PBS at 4 ºC for 20 h. 2 µL were retained for further analysis and the remaining 

crude mixture was purified by hydrophobic interaction chromatography (HIC) followed by 

size exclusion chromatography (SEC). HIC was performed on a ProPac HIC-10 column (5 

µm, 100 x 4.6 mm, Dionex) and eluted in a linear gradient of 800 mM Na2SO4, 25 mM 

NaH2SO4, pH 5.8 to 25 mM NaH2SO4, 10% MeCN, pH 5.8 at 0.8 mL/min. Fractions were 

collected based on absorbtion at 215 nm and 280 nm, concentrated and buffer exchanged 

into 25 mM Tris, 100 mM NaCl, pH 7.5. Protein concentration of the collected fractions 

were calculated based on the A280 and further analyzed by western blot to confirm presence 

of protein chemical conjugates. To further clean the protein samples for TEM imaging, 

SEC was performed on a Superdex 200 10/300 GL column (GE Healthcare) and eluted in 

an isocratic run of 25 mM Tris, 100 mM NaCl, pH 7.5 at 0.5 mL/min. Elutions were 

monitored at A215, collected fractions were concentrated, and protein concentration was 

determined by A280.  

The click protein chemical conjugates were analyzed by western blot against 

unconjugated starting protein, unpurified crude reaction, and a negative control. The 

negative control consisted of pre-reacted linkers 1.1 and 1.4 which were incubated at 1 mM 

with 80 µM hGH or MBP and 20 µM hIgG in NaCit/NaH2PO4 buffer pH 4.5 for 16 h at 35 

ºC. This demonstrated the inability of oxime formation to generate protein oligomers. The 

samples were run on 4-12% SDS-PAGE and blotted onto nitrocellulose at 100 V for 2 h at 

4 ºC. Ponceau staining was performed to confirm protein loading and densitometry 

measurements were taken using the program ImageJ to demonstrate conjugation yields of 

over 70%. Presence of MBP or hGH in the higher MW conjugates was confirmed by 

probing with mouse anti-hGH (Abcam, 1/5000) or mouse anti-MBP (New England 

Biolabs, 1/30000) in 3% milk/PBST followed by anti-mIgG-FITC (Jackson Immunolabs, 

1/4000) in 5% BSA/PBST and scanned for fluorescence. hIgG was visualized by probing 

with goat anti-hIgG-DyLight 649 (Jackson Immunolabs, 1/4000) in 5% BSA/PBST and 

scanned for fluorescence. 

Cell binding and flow cytometry: SKOV3 ovarian cancer cells and Jurkat T cells were 

purchased from ATCC and cultured in RPMI-1640 media supplemented with 10% fetal 

calf serum (FCS) and penicillin/streptomycin. Upon reaching confluency, cells were lifted 

with EDTA/trypsin (SKOV3), harvested (Jurkats), centrifuged at 300xg, and resuspended 

in FACS buffer (1% FCS in PBS) at 1x10
6
 cells/mL. Protein chemical conjugates were 

generated by incubating 1 equivalent of each protein click partner (5 µM α-HER2hIgG-

DIBAC/hGH-Az, α-HER2hIgG-DIBAC/MBP-Az, or each alone) in PBS at 4 ºC for 18 h. 

Aliquots of 150 µL cells (1x10
6
 cells/mL in FACS) were incubated with a 1/500 dilution of 

the click reactions in triplicate on ice for 45 min. Cells were centrifuged at 350xg and 

washed 3 times in FACS buffer. Cells were then incubated on ice for 30 min with mouse 

anti-hGH (Abcam, 1/500) or mouse anti-MBP (New England Biolabs, 1/500) followed by 
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30 min incubations with goat anti-hIgG-DyLight 649 (Jackson Immunolabs, 1/2000) to 

detect α-HER2 hIgG binding or goat anti-mIgG-FITC (Jackson Immunolabs, 1/500) to 

detect hGH/MBP cell surface delivery. Samples were resuspended in 300 µL of FACS 

buffer and analyzed on a BD Biosciences FACSCalibur flow cytometer with analyses 

performed using FlowJo software (Tree Star). 

TEM and data processing: Protein chemical conjugations (MBP-hIgG) were diluted to 

a final concentration of 26 nM in 20 mM Tris pH 7.4, 100 mM NaCl buffer. 4 ul of sample 

were deposited on a glow-discharged, carbon coated 400 mesh copper grid (EM Sciences). 

After 1 min incubation, the sample was stained in 4 successive 75 µl drops of 1% uranyl 

formate stain on Parafilm and blotted dry. Data was collected in a Tecnai 12 TEM (FEI) 

operated at 120 kV at 49,000x nominal magnification on a TemCam F416 camera 

(TVIPS), with a pixel size corresponding to 0.22 nm at the specimen scale. 4,200 MBP-

hIgG particles were selected semi-automatically using boxer (EMAN package).
89

 Single 

particle data analysis was done using an automatic 2D alignment and classification 

scheme, combining cycles of an in-house implementation of the self-organizing network 

classification (V.H. Ramey, http://cryoem.berkeley.edu)
90

 and of a classical multi-

reference alignment (MRA) in IMAGIC (Image Science Software GmbH, Berlin, 

Germany).
91

 The final classification grouped the data aligned in 2D into 24 classes. Class 

average images were compared to published IgG and MBP structures to identify densities. 

The crystal structures of a mouse IgG (PDB 1IGY) and MBP (1JW4) were manually 

docked onto the EM 2D density maps at the same scale in Chimera
92

 (supported by NIH 

grant P41 RR-01081). 
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Chapter 2 

 

Glycotherapy: The Dawning of a New Era in Glycoengineering 
 

Introduction 

  

 Glycans are a universal and essential component to life as we know it. They can be 

found as large structural polysaccharides, secreted mucus components, or protein and lipid 

conjugates, ranging in size from a single monosaccharide to polysaccharides thousands of 

units long.
1–5

 Sugars coat the cells of every organism and are estimated to be the most 

abundant class of organic molecules on Earth.
6,7

 However, while the structures of the 

monosaccharides were first elucidated by Fischer in the mid 1880’s,
8
 it took nearly a 

century before scientists began to appreciate the complex roles that these molecules played 

in biology.
9–11

 This lag in understanding glycan structure and function is in part due to the 

complexity inherent to the regulation and assembly of these biomolecules. Glycans are not 

genetically encoded and thus their biosynthesis and make-up is dictated by metabolism, 

signal transduction, and cellular status.
12–14

 Additionally, they are connected by a diverse 

array of linkage regiochemistries and stereochemistries leading to large structural diversity 

that can then be further elaborated by functional group modifications.
15–17

 

It is now well recognized that glycans play an essential role in a myriad of 

biological events including cellular adhesion and migration, organism development, 

disease progression, and the modulation of immunological responses.
18–21

 Much effort has 

been spent on the study of glycans and how they affect disease, although the fields of 

medicine and drug discovery rarely include glycans as targets.
22

 This unfamiliarity is 

beginning to change as improved methods for carbohydrate synthesis,
23–25

 sequencing,
26,27

 

and biological analysis
28,29

 of glycans become more sophisticated and widely available. 

This review will focus on a new approach that has emerged from the assimilation of 

carbohydrate chemistry, chemical biology, and glycobiology to engineer glycan 

components for biomedical purposes. Built on decades of carbohydrate research and tool 

development, scientists are creating improved or novel glycan products to control human 

health and disease. The realm of glycoengineering remains a young and exciting yet 

largely unexplored area in the creation of new therapeutics and medical treatments.  

   

The History of Glycan Structures in Medicine 

   

 Much like protein and DNA biomolecules, glycans have had a very rich history in 

medicinal use. However, with the discovery of the genetic code and the ensuing DNA 

technologies, glycans and lipids became less appreciated as the other two main molecular 

constituents of life. Nevertheless, this brief omission has not reduced their importance or 

potential for therapeutic relevance.
30

 This is especially apparent with the rise in obesity and 

type II diabetes in which the role of lipids and glycans are essential to understanding and 
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treating this burgeoning epidemic.
31

 This section of the review will focus on the emergence 

of glycan use in the clinic, which provided some of the first major breakthroughs in 

modern medicine. 

In 1900, Karl Landsteiner reported on the discovery of three blood types, A, B, and 

O, that governed compatibility in blood donor matching and allowed for the first known 

blood transfusion to be performed by 1907.
32

 This discovery would garner him the Nobel 

Prize in Medicine in 1930 but the structures of the ABO constituents were not revealed 

until some 50 years later. Studies to identify the chemical identities of the various blood 

types did not become fruitful until the 1950’s when both a source for copious active 

compound was found (ovarian cysts) and plant lectins that agglutinated blood group 

specific cells were discovered.
33

  Work by Kabat, Morgan, and Watkins showed that the 

main component for the H antigen was the monosaccharide fucose upon which N-

acetylgalactosamine (GalNAc) or galactose (Gal) were added to form the A and B antigens 

respectively.
34–36

 The full structures were then elucidated in the 1960’s with the clever use 

of chemistries to alkylate open sites with enzymatic and acid/base hydrolysis to determine 

the monosaccharide linkages and components.
33

 

The discovery and use of the polysaccharide heparin for treatment of thrombosis in 

humans has made a huge and lasting impact on the medical community. Heparin was first 

discovered in 1916
37

 and through advances in isolation from animal sources, it was used 

clinically by the 1930’s.
38

 By the mid-20
th

 century, most industrial heparin was isolated 

from porcine mucosa which remains the main source for the 100 tons of heparin used per 

year. Investigations into heparin’s mode of action led to the discovery of antithrombin III 

which was found to be necessary for heparin’s inhibition of thrombin and factor Xa which 

initiate the clotting cascade.
39,40

 The structure of the basic disaccharide unit of heparin was 

not elucidated until much later and found to consist of sulfated glucosamine and iduronic 

acid, identifying heparin as a glycosaminoglycan (GAG).
41

 Interestingly, endogenous 

human heparin is found exclusively in a subset of mast cells where it appears to control the 

constituents of its granules used for immunological protection.
42

 These discoveries along 

with its clinical success has made heparin a billion dollar industry and rich source for 

further investigations discussed in later sections. 

 
Figure 2.1. Timeline of glycans in medicine 
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In 1917, Dochez and Avery reported that a “soluble specific substance” shed from 

Pneumococcus could react with type-specific antisera from patients infected with the 

pathogen.
43

 Five years later, Avery teamed up with Heidelberger, an early leader in the 

field of antibodies, to report that this substance was a type-specific polysaccharide-based 

soluble material.
44

 Though this was initially met with much skepticism,
45

 by 1930, Francis 

and Tillett identified that this capsular polysaccharide could be used as a main component 

for vaccine development against pneumococcus.
46–48

 Therapeutic products based on this 

polysaccharide have historically had a variety of clinical uses but is currently employed in 

the vaccine Pneumovax (PPV23) which contains 23 purified capsular polysaccharides 

from S. pneumonia.
49

 While few subsequent polysaccharides from other pathogens were 

able to alone provide adequate antibody responses for vaccination, these discoveries 

proved that carbohydrates could make successful vaccines and gave the impetus to explore 

their further use, a main topic in this review.  

Aminoglycosides are a class of amine containing small molecule glycans 

synthesized by the Streptomyces and Micromonospora genus of gram positive bacteria. 

The first aminoglycoside, streptomycin, was discovered in 1943 and found expedient clinic 

use as the first antibiotic for the successful treatment of tuberculosis.
50

 Other members of 

this widely used class of antibiotics include gentamicin, kanamycin, and neomycin. Most 

function as protein synthesis inhibitors though the exact mechanism of all the 

aminoglycosides is not fully understood.
51

 Unfortunately, the rapid onset of bacterial 

resistance to aminoglycosides has led to a steady decline in their clinical use but the 

increase in multidrug resistant strains has renewed interest to block resistance or engineer 

new targets.
52

   

While the concept behind the imaging modality, positron emission tomography 

(PET) was first developed in the 1950’s, it was the synthesis and use of 2-fluorodeoxy-D-

glucose (FDG) twenty years later that brought this technology to the forefront of clinical 

oncology.
53,54

 
18

FDG is taken up more quickly by cells with high metabolic demand and 

thus paved the way for detection of tumors and imaging of the brain.
55

 It would take 

several decades before alternative methods for the direct imaging of glycans and other 

biomolecules would appear, which has been covered extensively and not discussed further 

in this review.
28,56–58

 

 

Advances in Glycobiology Enable Gycoengineering of Novel Therapeutics  

 

Despite these early successes in bringing carbohydrates to the clinic, the remainder 

of the 20
th

 century was fraught with difficulties in the field of carbohydrate research. 

Synthetic endeavors failed to produce a facile method to produce large quantities of 

glycans for studies while the analytical methods to separate heterogeneous natural 

polysaccharides were still in their infancy. Several key findings in the latter half of the 20
th

 

century pertaining to specific glycan structure activities led to the development of new 

techniques and the founding of glycobiology as its own field of research.
9,11

 It wasn’t long 
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before scientists began to implement this information to engineer carbohydrates with 

distinct properties for use in the clinic. 

 

Engineered Glycans and Glycan Mimics as Therapeutics 

 

Glycan Small Molecule Drugs 

 

The majority of small molecule glycan-based drugs thus far have been 

carbohydrate binding protein (lectin) or glycosidase inhibitors (Fig. 2.2).
22,59,60

 The most 

successful drugs to come from engineered sugar moieties have been the antiviral 

compounds zanamivir (Relenza
®
)
61

 and oseltamivir (Tamiflu
®

).
59

 The life cycle of the 

influenza virus involves the binding of viral hemagglutinin (HA) to sialic acid-containing 

glycans on host cell surfaces. These same glycans then serve as substrates for viral 

neuraminidase (NA) to ensure virus release and maturation.
62

 Zanamivir and oseltamivir 

function by binding with nM affinity to NA and halting viral budding. Acquired resistance 

to Tamiflu has provided the impetus to design new drugs that target the influenza virus. In 

this regard, the Withers group has recently designed a difluorinated covalent NA 

inhibitor.
63

 

Other successful glycan pharmaceuticals include the Type II Diabetes mellitus 

drugs miglitol (Glyset) and acarbose (Precose, Glucobay) which inhibit glucosidases and 

amylases in the gut for the control of blood glucose levels. Miglustat (Zavesca, N-butyl-

deoxynojirimycin) is a drug developed by Actelion and used primarily to treat the 

lysosomal storage disease Type 1 Gaucher’s disease. Miglustat is an imino sugar first 

synthesized by Butters and Dwek who found that N-alkylated analogs of the natural 

product deoxynojirimycin were inhibitors of the glucosyltransferase involved in 

glucosylceramide biosynthesis. Treatment with miglustat was shown to alleviate the built 

up of sphingolipid seen in Gaucher’s.
64,65

 Many factors that manage bacterial adhesion on 

host cells are lectins and thus much work has been directed towards creating glycan based 

molecules to inhibit this interaction.
22,66

 The most successful have been targeted to binding 

the PA-IL and PA-IIL virulence factors in P. aeruginosa and FimH of E. coli, both of 

which are opportunistic pathogens with increasing antibiotic resistance.  

Glycosaminoglycans (GAG’s) are a class of highly charged linear polysaccharides 

found secreted and connected to the cell surface that play a large role in physiology and 

development.
67,68

 The structural elucidation of the most famous clinical GAG, heparin, in 

1982
69

 enabled the synthesis of the fully active heparin pentasaccharide a year later.
70

  This 

advance led to the development of the first synthetically defined small molecule heparin, 

fondaparinux (Arixtra
®
) which has been on the market since 2002.

71
 Due to its small size 

and longer half-life, Arixtra has enhanced potency and reduced risk of heparin-induced 

thrombocytopenia.
72

 The chemoenzymatic synthesis of a pentasaccharide heparin has also 

recently been reported.
73

 The importance of generating a defined heparin therapeutic was 

emphasized in 2008 when an oversulfated chondroitin sulfate contaminant led to an 
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international health crisis.
74

 A similar approach has been used to synthesize a 3-O-sulfated 

heparin octasaccharide which binds Herpes simplex virus type 1 (HSV-1) and blocks its 

entry into the cell.
75

 

A major advance in the field of glycobiology was the discovery of Selectins in the 

late 1980’s. These lectins were found to control the attraction of leukocytes to sites of 

inflammation through the binding of the Sialyl Lewis x (SLe
x
) and Sialyl Lewis

 
a (SLe

a
)   

carbohydrate structures.
76,77

 Beyond leukocyte homing to sites of inflammation,
78

 SLe
x
 

also plays a significant role in tumor migration
79

 and has recently been shown to be a 

necessary ligand for human sperm binding to zona pellucida during fertilization.
80

 Despite 

early excitement in designing small molecule glycan structures to inhibit the Selectins, 

clinical trials such as Cylexin (CY-1503) have been stopped.
81

 Nevertheless, fucosylated 

mimics of the Lewis structures are providing promising leads in current clinical trials for 

the treatment of asthma (Bimosiamose, TBC-1269
82

) and sickle cell crisis (GMI-1070
83

).  

New methods employing carbohydrate scaffolds are being utilized to screen the 

glycan chemical space for more potent inhibitors of lectins involved in disease states.
84–86

 

In addition to the compounds reported above, many natural products are glycosylated 

which influences their efficacy and specificity. These products constitute a rich field that is 

beyond the scope of this review.
87,88

  

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Structures of glycan-based small molecule drugs currently on the market 
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Polyvalent Glycan Structures and Inhibitors 

 

A major constraint with using small molecule, monovalent glycan targets is that 

their lectin binding interactions are often too weak to be employed as suitable drug 

candidates. In this regard, the carbohydrate and polymer chemistry communities have 

successfully developed multivalent glycoconjugates which take advantage of the known 

“cluster glycoside effect” to enhance lectin avidity.
89–91

 These approaches have resulted in 

three major types of glycosylated macromolecular structures: glyconanoparticles, 

glycopolymers, and glycodendrimers.
89,92,93

 While many of these materials are still in their 

infancy in terms of biological application, they represent the next wave of glycan-based 

technologies to fill the therapeutic pipeline. 

The most clinically promising scaffold employed thus far has arguably been the 

glycodendrimer.
93,94

 Dendrimers are single molecular weight, globular structures which 

contain a central core, branching layers, and numerous functionalized end groups.
95,96

 

Though glycodendrimers have been synthesized for decades,
97

 one of the first clinically 

relevant successes was the design of STARFISH; an oligovalent dendron-like compound 

bearing Gb3 trisaccharide analogues (P
k
) attached to a glucose pentavalent core (Fig 2.3A). 

The Gb3 glycan is a known ligand for the multimeric Shiga-like toxins I and II, found in 

pathogenic E. coli. The multivalent display of P
k
 in STARFISH demonstrated an in vitro 

inhibitory activity against Shiga-like toxin that was 1–10-million-fold higher than any 

other known univalent ligands.
98

 Similar approaches have been used to also bind and 

neutralize cholera toxin and heat-labile enterotoxin. Dendrimers bearing the sialic acid 

containing pentasaccharide, GM1, were generated that could increase in vitro binding to 

the toxins and inhibit their cellular toxicity.
99,100

 

Dendrimer structures have also been effectively employed to block or image 

mammalian carbohydrate binding proteins. Chaikof and coworkers demonstrated that a 

high valency poly(ethylene oxide) (PEO) star dendrimer bearing highly sulfated lactose 

ligands could bind with high affinity to the Selectins and reduce inflammation when 

administered in a mouse model (Fig 2.3B).
101

 The Davis research group has also created 

multimeric Selectin ligands by conjugating SLe
x
 to glyconanoparticles consisting of cross-

linked amine-functionalized iron oxide (Fig. 2.3H). As iron oxide is an approved MRI 

contrast agent,
 
the ability of the particles to target Selectins enabled the successful in vivo 

imaging of cerebral inflammation in animal models of multiple sclerosis and stroke.
102

 

Due to its role in the dissemination of many pathogens, DC-SIGN (Dendritic cell-

specific intercellular adhesion molecule-grabbing nonintegrin) has been a popular target 

for many dendrimer constructs. DC-SIGN is a C-type lectin present on both macrophages 

and dendritic cells that is exploited by pathogens such as HIV, Ebola, and M. tuberculosis 

to spread and evade the immune system.
103

 In 2008, C.H. Wong and coworkers developed 

an oligomannose dendron that inhibited binding of the mannosylated HIV envelope 

protein, gp120, to anti-HIV antibodies and a recombinant dimeric DC-SIGN with IC50 
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values in the nanomolar range.
104

 Since then, other groups have shown they could inhibit 

HIV trans-infection by blocking HIV with nanoparticles bearing mannose dendrimers.
105

 

Recent evidence has demonstrated that a high mannose dendrimer mimic can successfully 

inhibit DC-SIGN-mediated HIV infection in cellular and human uterine cervix explant 

models (Fig 2.3C).
106,107

  

The Davis research group has developed methodology in which glycodendrimers 

are attached to multiple sites on a protein to produce a highly valent 

“glycodendriprotein.”
108

  This technology was employed to conjugate mannose dendrimers 

to Qβ self-assembling protein icosahedrons. The resulting “glycodendronanoparticles” are 

the most highly valent glycodendrimeric constructs yet seen with diameters of up to 32 nm 

corresponding to 1,620 glycan units (Fig. 2.3G). Using these supervalent constructs, they 

were able to inhibit the Ebola infection of dendritic cells by blocking viral binding to DC-

SIGN.
109

 In an attempt to increase delivery of vaccines to dendritic cells (DC’s), the van 

Kooyk lab has generated poly(amido amine) (PAMAM) dendrimers conjugated to the 

tetrasaccahride Le
b
, a known DC-SIGN ligand.

110
 When these dendrimers were attached to 

the OVA peptide as an antigen, they produced stronger DC activation and subsequent T 

cell stimulation than previous Lewis glycan conjugates to the OVA protein alone.
111

  

Siglecs (Sialic acid binding Immunoglobulin-like Lectins) are a class of cell surface 

receptors that are differentially expressed in hematopoietic cells and have been regarded as 

promising targets for drug delivery and cancer therapies.
112,113

 The Paulson group has 

developed diversified sialoside libraries to identify new carbohydrate-based ligands for the 

Siglecs.
114,115

 They have utilized these specific ligands for therapies to direct toxic virus-

like particles and lipid nanoparticle carriers to particular leukocytes and lymphomas based 

on their Siglec expression (Fig 2.3I).
116–119

 Such approaches are highly beneficial for 

efforts in targeted gene delivery or targeted anti-cancer therapies. 

The Kiessling research group has made important contributions to the 

glycopolymer field showing that the architecture of multivalent ligands is a key aspect 

governing activity. Therefore, a designed scaffold can be required in some instances to 

enhance avidity and specificity.
120,121

 Working on this notion, Bundle and coworkers 

improved their previous STARFISH inhibitor by creating glycopolymers composed of a 

monomer containing the P
k
 glycan linked to cyclic pyruvate ketal (CP) called (S)-

PolyBAIT (Fig. 2.3D).
122

 CP is a known binder of serum amyloid P component (SAP), an 

endogenous protein that is able to target bound ligands for clearance and plays an 

important role in Shiga-like toxin clearance. An intravenous injection of this polymer 

protected 100% of mice that were subcutaneously injected with a lethal dose of Shiga-like 

toxin I. Interestingly, mice that were given a copolymer in which P
k
 and CP were randomly 

distributed developed severe signs of Shigatoxemia. These results highlight the importance 

of ligand placement on a polymeric scaffold in recruiting the necessary protein components 

for toxin clearance and drug efficacy. 
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Figure 2.3. Polyvalent glycan structures designed for increased avidity 

A 
B 

C 

G 

H 

I 

D 

E 

F 



41 

 

Further demonstrating the importance of ligand placement in a glycan construct, 

the Davis group was able to generate a synthetically defined mimic of P-selectin-

glycoprotein-ligand-1 (PSGL-1). Using a mixture of the copper-catalyzed azide alkyne 

cycloaddition (CuAAC) and their glycomethanethiosulphonates (glyco-MTS) ligation 

technology,
123

 they were able to site-specifically introduce SLe
x 
and a sulfated tyrosine into 

the bacterial enzyme SSβG. Since these two constituents are required for specific binding 

to P-selectin, the galactosidase (lacZ-type) activity of this glycoengineered SSβG could be 

used to stain for P-selectin in chronically inflamed rat cortex.
124

  

Whereas homogeneous natural GAG’s are nearly impossible to obtain from natural 

sources, the Hsieh-Wilson group has pioneered the use of ROMP to synthesize GAG 

glycopolymer mimics. Previous studies have suggested that the sulfation patterns of 

chondroitin sulfate (CS) were important for controlling healing in the nervous system but 

were limited by the ability to precisely control chondroitin sulfation patterns.
125,126

 Hsieh-

Wilson and coworkers showed that synthesized ROMP-CS mimics were able to inhibit 

neurite outgrowth,
127

 and in follow-up studies, they pinpointed this activity to sulfation of 

the 4- and 6-position of the galactosamine within CS (Fig 2.3E).
128

 Using this synthetic 

glycan enabled this group to create an antibody specific to this epitope that could promote 

axon regeneration in a mouse model of glial scarring in the optic nerve. 

The glycopolymer field has recently been propelled by the use of newly developed 

controlled radical polymerization techniques which allow for the assembly of highly 

defined polymer structures.
129

 While many of these materials have yet to be tested 

biologically, Haddleton and coworkers recently reported a method using single-electron 

transfer living radical polymerization (SET-LRP) to create a linear copolymer where for 

the first time, the position of the sugars could be controlled (Fig 2.3F). They constructed 

multiblock glycopolymers with acrylate monomers consisting of mannose, glucose, and 

fucose residues and demonstrated that only certain clustered mannose monomer structures 

could bind to DC-SIGN.
130

 

 

Carbohydrate-based Vaccines 

 

 Carbohydrate-based vaccines have been at the forefront of efforts to bring 

carbohydrate chemistry into clinically relevant platforms.
25,131,132

 Many currently utilized 

vaccines are comprised of glycans including vaccinations against Neisseria meningitides 

(Menactra), Streptococcus pneumonia (Prevnar), Haemophilus influenzae type b (Hib) 

(Hiberix, Comvax), and Salmonella typhi (TYPHIM Vi).
131,133

 However, these constructs 

are derived from natural sources and utilize nonspecific conjugation methods to carrier 

proteins. Herein, we will focus on recent developments in using synthetically defined 

glycoengineered vaccines to create more defined therapeutics. Advances in the fields of 

protein conjugation have also furthered the techniques available to generate vaccines 

composed of carbohydrates selectively conjugated to protein carriers.
134,135

 For those 
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interested, several reviews are available that cover more in depth progress of carbohydrate-

based vaccines against bacteria,
136

 HIV,
137

 and cancer.
138,139

 

The most successful case to utilize a synthetically defined vaccine has been the 

production of the Cuban Hib vaccine; the first clinically approved, fully synthetic 

carbohydrate vaccine made from the capsular polysaccharide antigen of Haemophilus 

influenzae type b (Hib, Fig 2.4B).
140

 The pentasaccharide conjugated to tetanus toxin (TT) 

is produced under GMP conditions in scales large enough to be incorporated into Cuba’s 

current routine vaccination system.  A similar approach was taken by the Seeberger 

research group to generate an anti-malarial vaccine by automated synthesis of the 

glycosylphosphatidylinositol (GPI) from the causative agent of malaria, Plasmodium 

falciparum (Fig 2.4A).
141,142

 The recipient mice were protected against many of the 

damaging symptoms normally found during parasite infection including malarial acidosis, 

pulmonary edema, cerebral syndrome and death. The same group has also successfully 

made a vaccine against the B. anthracis spore tetrasaccharide which was used to raise 

antibodies against anthrax for detection and imaging purposes.
143

   

Mulard and coworkers have reported on a synthetic pentadecasaccharide consisting 

of three repeating units of the O-specific polysaccharide (O-SP) domain of Shigella 

flexneri 2a (SF2a) LPS (Fig. 2.4C). This glycan coupled to tetanus toxoid (TT) elicited a 

better serum anti-LPS 2a antibody response in mice than shorter synthetic O-SP 

sequences.
144,145

 The immunized mice successfully produced glycoconjugate-induced anti-

LPS antibodies which afforded them protection against SF2a infection. Preclinical data 

suggest these results are also applicable to human treatments.
146

 While these previous 

endeavors were based on archetypal conjugation techniques with monovalent epitopes, 

advanced methods are employing multivalent epitopes. A polymer bearing the β-mannan 

trisaccharide epitope from the Candida albicans cell wall conjugated to chicken serum 

albumin was shown to have more robust IgG production in mice than the trisaccharide−TT 

conjugate vaccine alone.
147

 In a follow-up study, Bundle and coworkers were able to use 

these antibodies to identify a minimal disaccharide epitope vaccine that could protect 

rabbits from fungal burden when challenged with live C. albicans (Fig 2.4D).
148

 The Pier 

and Nifantiev labs have also reported a series of synthetic oligoglucosamine vaccines that 

recognize β-(1→6)-Poly-N-acetyl-d-glucosamine (PNAG), a common constituent in the 

capsular polysaccharide of many pathogenic bacteria. Antibodies from rabbits immunized 

with this construct were able to protect mice from S. aureus and E. coli infections.
149

 

One of the major discoveries to entice the glycobiology field in the past decade was 

the isolation of broadly neutralizing antibodies for HIV that bind the Man9 glycan of the 

HIV envelope protein, gp120.
150–152

 The most well studied is the 2G12 clone which 

neutralizes by slowing the entry of the virus into cells and can inhibit replication after 

passive transfer into patients.
153

 Other isolated clones such as PG9 can bind to the glycans 

from both gp120 and gp140 envelope proteins.
154

 Early studies in which this high mannose 

epitope was conjugated to BSA elicited a response in rabbits, but the resulting antibodies  
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Figure 2.4. Synthetic carbohydrate-based vaccines. Representative vaccines against 

bacterial pathogen (A-D), HIV (E), and cancer (F) associated glycan epitopes. 
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were not able to bind gp120 N-glycans or neutralize the virus.
155,156

 This spurred the Davis 

group to create a vaccine that used synthetic analogs in place of mannose to create a more 

immunogenic, non-self epitope (Fig 2.4E). Conjugation of this oligomannose mimic onto 

the virus-like particle Qβ bound with high affinity to 2G12 and elicited a greater antibody 

response than vaccines constructed with only mannose.
157

 Immunization in rabbits 

produced antibodies that were able to bind well to Man8 and Man9 conjugated to cowpea 

mosaic virus. Unfortunately, the antibodies did not bind gp120 or reduce virus infection 

implying that the protein carrier is also crucial to eliciting a successful neutralizing 

antibody.  

Alterations in the glycosylation of transformed cancer cells has been observed for 

decades.
158–160

 This characteristic change in glycosylation especially pertains to an increase 

in branched and highly sialylated structures that is often accompanied by an increase in 

mucinous proteins such as MUC1 and MUC16.
161,162

 Unique reoccurring glycan epitopes 

are referred to as TACA’s (tumor associated carbohydrate antigens) and have been the 

target for cancer vaccinations (Fig 2.4F).
163

 Samuel Danishefsky was an early pioneer in 

the use of synthetically defined carbohydrate vaccines, creating the first synthetic Globo H 

vaccine for clinical use.
164,165

 His research group has followed these advances with a 

vaccine that contains five prostate and breast cancer associated carbohydrate antigens, 

Globo-H, GM2, STn, TF and Tn conjugated to the carrier protein KLH (Fig 2.4F).
166

 After 

initial studies demonstrating a successful IgG/IgM response in mice, this construct is 

currently in clinical trials. C. H. Wong and coworkers have also reported on an optimized 

vaccine against the hexasaccharide Globo-H. This approach improved upon previous 

reports by testing different carrier proteins and adjuvants to improve the immunogenicity 

and safety profile.
167

 Globo-H conjugated to diphtheria toxoid and coadministrated with an 

α-galactosylceramide analog as adjuvant induced a robust IgG response against Globo-H 

and other related structures specifically found on breast cancer and cancer stem cells. The 

Boons research group has reported a three-component vaccine composed of a TLR2 

agonist, a promiscuous peptide T-helper epitope, and a tumor-associated glycopeptide. The 

all-in-one construct was able to elicit high titers of IgG antibodies in mice that could 

recognize tumor-associated carbohydrates on cancer cells.
168

  

MUC1 has been an early cancer vaccine target due to its expression in a wide 

variety of cancers
169

 with most early approaches relied on traditional vaccine approaches 

with unglycosylated epitopes.
170

 The Boons group applied their three component approach 

to create a MUC1 vaccine consisting of a GalNAc-glycosylated MUC1 peptide, the T-

helper epitope and the Pam3CysSK4 TLR agonist.
171

 This was the first example of a MUC 

vaccine that could elicit both humoral and cellular immunity leading to high titer 

production of IgG against the epitope in mice. The Payne research group has found 

comparable success in a similar three component vaccine approach that can assemble into 

nanoparticles for adjuvant purposes.
172

 Embracing a multivalent synthetic approach, Dumy 

and coworkers have created self-adjuvanting glyco-lipopeptides bearing their 
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regioselectively addressable functionalized templates (RAFT) construct.
173

 These include a 

RAFT made of four α-GalNAc molecules (Tn antigen), a CD8
+
 T cell epitope and a 

universal CD4
+
 T-helper epitope attached to the Pam adjuvant.

174
 This construct produced 

robust IgG/IgM in mice that recognized tumor cell lines and elicited a reduction of tumor 

size in mice inoculated with syngeneic murine MO5 carcinoma cells. Another self-

adjuvating approach involves the use of self-assembling fibrils from the Q11 peptide 

domain which when attached to glycosylated MUC1 peptides can induce an adjuvant free 

response.
175

 

 

Protein Glycoengineering Enhances Efficacy and Therapeutic Value 

 

Most therapeutic proteins are produced as a mixture of glycoforms each with its 

own biological efficacy and properties that must be fine-tuned for the therapeutic 

application.
176–178

 For example, the physical properties of glycosylation can protect 

proteins from proteolysis or increase stability and solubility.
179,180

 Additionally, each 

protein glycoform can have a distinct biological response with differences in 

pharmacodynamics and effector functions.
181–183

 Yet isolating homogeneously 

glycosylated products and defining their individual in vitro and in vivo functions remains a 

daunting task. Even in the simplified case of human IgG antibodies which have one N-

glycosylation site on each of two heavy chains, up to 500 glycoforms may exist.
184

 Using 

current methodology, protein therapeutics must be constantly monitored and even 

blockbuster drugs show changes in glycosylation status over time.
185,186

 Two main tactics 

have emerged to produce homogeneously glycosylated products and address these 

complications. One embraces a chemically defined approach using synthetic methodology 

to generate glycosidic linkages on synthetic or recombinant proteins. Another pursuit 

employs engineered enzymatic pathways in vitro or in the expression host itself to afford 

pure protein glycoforms.
187–190

  

In the late 70’s and early 80’s, it became apparent that the conserved N-glycan on 

human IgG was important for not only its secretion but also for determining the effector 

functions of the antibody through antibody-dependent cellular cytotoxicity (ADCC) and 

complement activation (Fig 2.5).
191–193

 It was further shown that this N-glycan at Asn297 

of the Fc moiety was essential for binding to Fc receptors,
194

 mannose-binding lectin,
195

 

and the collectin-related molecule C1q.
181

 These discoveries led to the creation of 

engineered CHO and HEK expression hosts that produced specific glycosylation structures 

to direct effector functions toward a particular therapeutic application.
196,197

 Much of this 

began with a CHO line that was engineered to express β-1,4-N-

acetylglucosaminyltransferase III (GnTIII), which adds a bisecting GlcNAc onto the N-

glycan core.
198,199

 Antibodies produced from these cells showed a substantial increase in 

ADCC and provided the first report of a cell line glycoengineered to produce antibodies 

with enhanced efficacy for killing cancer cells. It was later found that the bisecting 
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Figure 2.5. Effect of glycan structure on antibody effector and immune function 

 

GlcNAc also blocked core fucosylation and that the defucosylated Fc was the predominant 

feature for increased ADCC. This has led to continued efforts to produce nonfucosylated 

antibodies with enhanced Fc receptor binding.
200–203

 Glycart Technology now owned by 

Roche has focused on the production of non-fucosylated antibodies for enhanced 

biotherapeutics. 

In addition to proinflammatory properties, the glycosylation status of IgG has also 

been to shown to exhibit anti-inflammatory effects.  Intravenous gamma globulin (IVIg) 

therapy in which a heterogeneous population of IgG is injected in the patient has been 

implemented for decades to treat inflammatory diseases.
204

 The Ravetch research group 

was the first to demonstrate that this property was due to the sialylation of the Fc N-

glycans. The antennary sialic acid reduced binding affinity to the activating Fcγ receptor-

III and increased expression of the inhibitory Fcγ receptor-IIB (FcγRIIB).
205

 They further 

showed that it was α2,6-linked sialic acid that conferred this property which allowed the 

construction of an antibody containing increased α2,6-sialic acid for enhanced anti-

inflammatory properties.
206

 The galactosylation of N-glycans on IgG1 has also been shown 
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to promote cooperative signaling of FcγRIIB with dectin-1, resulting in an inhibitory 

pathway that blocks the complement cascade and proinflammatory effector functions.
207

 

For those interested in further reading, the potential for controlling IgG-based therapeutics 

through glycoengineering has recently been reviewed by Jefferis.
184

  

Beyond antibodies, the extent and composition of glycans can also affect the 

efficacy of many other therapeutic proteins. Recombinant EPO (Epogen) has been widely 

used for the treatment of anemia, but its expression in mammalian hosts must be closely 

monitored as the extent of sialylation on its N-glycans can heavily affect its 

pharmacokinetics.
208

 In fact, glycosylation affects the in vivo stability so much that 

removal of EPO’s glycans decreases its plasma half-life in rodents from 5-6 h to less than 

2 min.
209

 Using this observation for inspiration, Amgen was able to design a 

hyperglycosylated form of EPO, darbepoetin alfa (Aranesp), which possesses two 

additional N-glycosylation sites and a 3-fold prolonged half-life in humans.
210

 Darbepoetin 

alfa is currently the top choice for EPO treatment as the prolonged half-life increases 

potency and reduces the number of necessary injections. The sialic acid content and extent 

of N-glycan branching on follicle stimulating hormone (FSH) also determines its in vitro 

activity as well as its in vivo permanence in circulation.
211

 Introducing two additional N-

glycosylation sites into FSH increased its size and charge to reduce renal clearance and 

enhance bioactivity.
212

 This same approach was applied to bispecific single-chain 

diabodies, where adding extra N-glycosylation sites also improved pharmacokinetic 

profiles.
213

  

A new approach aiming to harness the beneficial effects of sialylation has been the 

incorporation of polysialic acid (PSA) onto therapeutic proteins produced in engineered 

HEK cells.
214

 A polysialylated anti-HER2 single-chain variable fragment (scFv) showed an 

almost 30-fold increase in blood half-life but unfortunately PSA attachment also decreased 

receptor-mediated endocytosis. A sialylation approach has also been utilized to engineer 

insulin with a terminal 2,6-SialylLacNAc dendron. This glycodendrimer construct 

displayed an increased half-life and in vivo potency in mice while adding a LacNAc-only 

dendrimer did not have this effect.
215

 Sialylated glycans have also shown to prolong the 

serum half-life of quantum dots in addition to providing excellent water solubility and 

long-term stability,
216

 whereas quantum dots with nonsialylated glycans can lead to 

hepatotoxicity.
217

 

The previous methods discussed include the production of recombinant proteins 

from mammalian cell hosts. However, these systems are still very susceptible to 

glycosylation changes through alterations in growth environment and are very costly.
177,218

 

Thus, a considerable amount of effort has been spent on engineering simpler expression 

hosts to produce human-like, single glycoform proteins. The mammalian cellular 

machinery employs two predominant pathways to glycosylate proteins; N-glycosylation 

and O-glycosylation. N-glycosylation of eukaryotic proteins begins with a common 

oligosaccharide precursor, Glc3Man9GlcNAc2, that is transferred to the Asn residue of 
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nascent polypeptides in the endoplasmic reticulum. This is followed by a set of 

glycosidases and glycosyltransferases that construct tailored N-glycan structures specific to 

the organism and cellular status. Mammalian mucin-type O-glycosylation, identified by a 

core GalNAc linkage to Ser/Thr, is more complex in its regulation and is not present in 

many lower eukaryotes.
2,219

 

Gerngross et al. at GlycoFi engineered a Pichia pastoris yeast host that could 

produce a terminally sialylated EPO that had full potency in mice. In comparison, the 

unengineered host produced mostly high mannose N-glycans which had minimal in vivo 

acivity.
220

 This technology was also used to produce sialylated or non-sialylated human-

like N-linked glycoforms of recombinant human lactoferrin. Only the sialylated structure 

was able to retain its ability to protect immune cells from methotrexate.
221

 GlycoFi hasalso 

used these glycoengineered yeast to produce single antibody glycoforms which peaked the 

interest of Merck to recently acquire the company.
220,222

  

Callewaert and colleagues have provided an alternative method to produce 

glycoengineered yeast using patented P. pastoris strains and vectors which allow an 

individual company or researcher to produce their own glycoengineered yeast line. This 

technology was shown to produce relatively homogeneous glycoforms of murine IL-10, 

GM-CSF and IL-22 with a glycan structure matched to the particular Pichia strain used in 

its production.
223

 Efforts have also begun to introduce the mucin-type O-glycosylation 

machinery into yeast expression hosts. These glycoengineered yeast were capable of 

generating a fully active O-glycosylated human podoplanin.
224

 Furthermore, plants have 

now been engineered that can produce fully N- and O-glycosylated EPO containing 

sialylated biantennary structures.
225

 The DeLisa research group has recently reported on an 

E. coli host containing the yeast N-acetylglucosaminyl- and mannosyltransferases and the 

bacterial oligosaccharyltransferase from Campylobacter jejuni. The engineered E. coli 

could successfully generate N-glycosylated proteins, such as IgG-Fc and hGH, bearing the 

eukaryotic pentasaccharide core.
226

  

Instead of engineering the expression host to produce homogeneous glycans, 

another approach is to enzymatically alter the glycans post-expression (Fig. 2.6). A classic 

example of this enzymatic tailoring approach is the 1997 paper by Witte and Wong in 

which a single glycoform of ribonuclease B was generated through treatment with 

glycosidases and glcosyltransferases.
227

 This type of engineering is currently utilized for 

treatment of the lysosomal storage disorder, Gaucher’s Disease. To alleviate this enzymatic 

deficiency disorder, a glucocerebrosidase enzyme (imiglucerase, Cerezyme) is used that is 

in vitro deglycosylated, using α-neuraminidase, β-galactosidase and β-N-

acetylglucosaminidase, to expose terminal mannose residues, which improves its targeting 

and internalization.
228

 The Lai-Xi Wang group has had great success in using 

glycosynthases which are glycosidases with engineered glycosyltransferase activity. 
229

 By 

using activated donors as substrates, whole glycans can be transferred to create 

homogeneously glycosylated proteins.
230

 Complicated by low yields and the discrete 
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substrate specificities of the endo-β-N-acetylglucosaminidases, Endo-A and Endo-M,
231,232

 

Wang and coworkers have optimized a method using an Endo-S mutant to create fully 

sialylated antibodies with increased anti-inflammatory activities, nonfucosylated antibody 

glycoforms for enhanced FcγIIIa receptor-binding, and azide-tagged glycosylated 

antibodies for further modification of the natural N-glycan structure.
233

 They have also 

utilized this methodology to remodel the N-glycans produced from a glycoengineered E. 

coli expression host.
234

 The Tolbert research group has successfully combined enzymatic 

glycan remodeling with native chemical ligation (NCL) to introduce an RGD integrin 

binding motif into a homogeneously glycosylated Fc construct for targeting cancer cells 

expressing the αvβ3 integrin.
235

 

Approaches utilizing genetic and enzymatic engineering have arguably provided 

material that is closest to clinical implementation and therefore has been a heavy focus in 

this section. While synthetic chemistry has successfully provided homogeneously 

glycosylated peptides and proteins for investigating glycan function (Fig 2.6),
236,237

 the 

synthetic methodology remains a technically challenging hurdle towards producing 

clinically relevant quantities. Nevertheless, we would like to present a few key highlights 

in the field, though we direct the reader to more thorough reviews.
135,190

 

 
Figure 2.6. Synthetic and enzymatic methods for the production of homogeneous 

glycoproteins. X and Y represent functional groups that undergo chemoselective reactions. 
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The Kajihara research group has synthesized a fully synthetic EPO derived from 

piecing together solid phase peptide synthesis fragments by NCL and glycosylation at two 

native sites by cysteine alkylation. The synthetic EPO showed cellular activity comparable 

to that of the recombinant, naturally glycosylated protein.
238

 They have also recently 

reported on a synthetic IFN-β construct glycosylated at the natural Asn80 with a complex 

sialylated or asialo N-glycan.
239

 Surprisingly, the IFN-β with a sialylated N-glycan was a 

more potent antitumor agent compared to asialo or commercial IFN-β in a mouse tumor 

model, perhaps leading to the production of a better therapeutic. The Danishefsky lab has 

made progress towards the total synthesis of FSH by also combining solid phase peptide 

synthesis and NCL.
240,241

 However, the biological efficacy of the fully glycosylated 

product has yet to be tested. This group’s recent advances in NCL combined with metal-

free dethiylation to produce fully functional human proteins will hopefully be used to 

expedite the future chemical synthesis of fully glycosylated proteins.
242

 

To bridge the high protein production of recombinant systems with the structural 

homogeneity of chemical glycan synthesis, many groups have employed unnatural 

linkages to introduce synthetic carbohydrates onto peptide or protein backbones.
124,243,244

 

Most of these approaches rely on bioorthogonal and chemoselective reactions which 

undergo specific conjugations without affecting the native biological chemical 

groups.
245,246

 Only a few examples exist that include site-specific chemical glycosylation 

of full-length recombinant proteins. The Davis group has focused on site-specific 

conjugation with synthetic glycans through disulfide formation or thiyl radical addition to 

alkene-containing nonnatural amino acids.
247

 The Bertozzi and Wong groups have utilized 

oxime formation to introduce chemoenzymatically derived aminooxy glycans onto specific 

protein sites.
248,249

 Of recent note, the group of P. G. Wang introduced a method to 

glycosylate proteins with maltose and dextrose based polysaccharides as an alternative to 

conjugation with polyethyleneglycol (PEG), which is not as readily biodegradable.
250

 

Further advances in the protein conjugation as well as synthetic and enzymatic glycan 

synthesis will propel this burgeoning field into clinical applications. 

 

Cell Surface Glycoengineering Offers Distinct Modes of Control and Targeting 

 

While efforts in glycan engineering and remodeling have focused on glycans on 

proteins or as small molecules, many glycan-protein interactions in biology occur between 

cells. Thus, there is a need for tools that can monitor or regulate the density of specific 

glycan structures in the context of cellular surfaces to better understand and control the 

biological response. In 1992, Reutter and colleagues took a step in this direction when they 

demonstrated that administering the monosaccharide derivative, N-propanoyl-D-

mannosamine, to rats led to the subsequent incorporation of N-propanoyl-sialic acids into 

their cellular membranes and serum glycoproteins.
251

 This notion of cell surface glycan 

remodeling was further established by the Bertozzi group which developed the system of 

metabolic oligosaccharide engineering (MOE).
252,253

 This methodology has expanded the 
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chemical space of the glycome to introduce ketone, azide, thiol, and alkyne functional 

groups into the glycans of cells and living animals (Fig. 2.7).
28

  

Beyond its use for imaging and analyzing glycans,
254

 MOE can also be utilized for 

targeting specific glycans in therapeutic endeavors. Immunization of rabbits with a ketone-

containing sialic acid bound to the carrier KLH produced significant titers of antibodies 

that were specific for this unnatural sialic acid moiety. The antibodies were capable of 

binding to cancer cells that were fed the unnatural biosynthetic precursor and could 

successfully promote their eradication through complement-mediated lysis.
255

 This 

approach to target cancer has also been shown with N-propionyl-mannosamine which was 

incorporated into leukemic cell surface polysialic acids as N-propionylpolysialic acid. Cell 

death could then be induced by treatment with a specific antibody against α2-8-N-

propionylated polysialic acid.
256

 Further efforts are being pursued by the Guo research 

group to exploit these monosaccharide analogs to increase the immunogenicity of specific 

TACA’s for cancer immunotherapy.
257,258

 Using the unique reactivities of the non-natural 

sugars (Fig. 2.8), a bioorthogonal reaction strategy has been employed to target the 

pathogen H. pylori.
259

 By feeding the bacteria an azide containing N-acetylglucosamine 

(GlcNAz), which is incorporating more efficiently into bacterial than mammalian cell 

surfaces, the azide on the H. pylori could be labeled with a 2,4-dinitrophenyl (DNP) 

phosphine by the Staudinger ligation.
260

 The H. pylori could then be eliminated by binding 

to naturally found anti-DNP antibodies. Aside from antibody targeting, the reactive 

functional groups of non-natural sugars can also target drug delivery vehicles as has been 

demonstrated in the reaction of hydrazide-coated nanoparticles with cell surface glycan 

ketones.
261

 Since many pathogens and tumor cells display glycan structures not normally 

found on healthy human tissue, one can imagine a slew of modalities to target these 

epitopes via MOE.  

 
Figure 2.7. Modified monosaccharides that can be incorporated via metabolic 

oligosaccharide engineering display a range of functional groups on the cell surface. 
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MOE can also be employed for engineering cell- and stem cell-based therapies in 

regeneration and disease studies.
262 

The field of cell therapy is quickly expanding to 

include an array of therapeutic applications utilizing donor cells ranging from stem cell 

progenitors to terminally differentiated tissues.
263

 As a testament to their increasing 

therapeutic value, there are currently over 500 companies based on cell-based therapies 

and products.
264

 Bioengineering methods such as MOE can play a large role to increase 

their safety and efficacy. Indeed, many stem cell markers are glycans such as the stage 

specific embryonic antigens SSEA-1, -3, and -4 or heavily glycosylated mucins such as 

CD34.
265

  

In the late 90’s, N-propanoyl sialic acid incorporated into the glycoproteins of cells 

from neonatal rat brains was shown to stimulate the proliferation of astrocytes and 

microglia but not of oligodendrocyte progenitors.
266

 The same treatment was also shown to 

stimulate neurite outgrowth in cerebellar neurons.
267

 The Yarema research group has 

spearheaded efforts to utilize short chain fatty acid acylated hexosamines as novel drugs
268

 

and have shown that the regiochemistry of acylation can affect incorporation rates and also 

can inhibit growth of cancer cells.
269

 In stem cell engineering efforts, they utilized a thiol-

containing mannosamine derivative to install thiols into surface displayed sialic acids. 

When stem cells bearing these cell surface thiols were grown on a gold surface, the strong 

gold-thiol bonds that formed induced the stem cells to adopt a neuron-like morphology and 

accumulate β-catenin, a marker in neuronal differentiation.
270

  

Other approaches in cell surface engineering have used biochemical techniques to 

introduce specific glycan structures onto cell surfaces to control their behavior and 

localization. In a key example, the Sackstein group had identified that hematopoietic stem 

cells (HSC’s) expressed a CD44 glycoform (HCELL) that contained sLe
x
, which enabled 

HSC’s to home to the bone marrow via binding to endotheial E-selectin.
271

 The McEver 

group further demonstrated that human cord blood can home significantly better to the 

bone marrow upon treatment with exogenous α1-3 fucosyltransferase VI which increased 

cell surface sLe
x 

and thus selectin binding.
272

 The Sackstein group followed up on this 

study by treating mesenchymal stem cells (MSC’s) with α1-3 fucosyltransferase VI which 

introduced the sLe
x
 CD44 glycoform, HCELL, onto the MSC’s (Fig. 2.8A).

273,274
 Human 

MSC’s with enforced expression of HCELL demonstrated efficient homing to bone 

marrow, a process that was previously a limiting factor in MSC-based treatments for bone 

and cartilage diseases. In a similar approach, the Karp group has decorated cell surfaces 

with biotin which can be subsequently functionalized with a biotinylated Sialyl Lewis
x 

through a streptavidin bridge (Fig. 2.8B).
275,276

 The glycoengineered cells showed 

enhanced binding to Selectins and initiated rolling on activated endothelium.  

Mesenchymal stem cells engineered in this manner were able to home to inflamed tissue in 

a mouse.
277
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Figure 2.8. Cell surface glycoengineering. Glycosylation can be modified by exogenous 

enzymes (A) or materials (B,C)  to alter glycosylation status for various functions. 

 

 These previous techniques, however, cannot introduce synthetically defined 

glycans or control their density on cell surfaces. Yarema, et al. previously showed that 

MOE could be used to glycoengineer cell surfaces by reaction with synthetic aminooxy 

glycans.
278

 This approach, however, only added glycans onto randomly distributed cell 

surface glycoproteins. In an effort to emulate natural multivalent glycoproteins, the 

Bertozzi group developed a mucin mimic glycopolymer construct that could integrate into 

lipid bilayers.
279

 The polymer consists of a methyl vinyl ketone (MVK) backbone end-

functionalized with a phospholipid for stable insertion into cellular membranes.
280

 The 

A 

B 

C 
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polyketone backbone then provides the scaffold by which synthetically defined aminooxy 

glycans can be appended via oxime formation. Chapter 5 of this thesis provides the details 

of how this methodology can be used to introduce specific glycans onto cell surfaces in 

order to study their structure activity relationships. In particular, we have utilized this 

construct to investigate the role of Siglecs in controlling natural killer (NK) cell 

cytotoxicity against cancer cells (Fig. 2.8C). The most efficacious of these polymers can 

also mask xenogeneic and allogeneic cells from inducing NK cell activation. 

 

Conclusion 

  

 Eighty years ago, the structure of the DNA double helix was solved and ushered in 

a new era of biology. The ability to sequence and alter the genetic code is reaching its 

technological pinnacle and changing the way we approach treating disease. The same can 

be said for the glycocode. Much like genomic technology has enabled protein 

engineering,
281

 the same can now be said for glycoengineering. Through advances in 

physical and biological chemistry, the glycobiology field has now developed the tools 

necessary to decipher the sequence and the structure of cell and protein associated glycans. 

Furthermore, cellular biologists and chemists have established novel ways in which we can 

now alter and exploit glycan structure function. As this field has matured, it has become 

obvious that the biomedical community can no longer ignore the details of glycosylation. 

Glycans are ubiquitous and the ability to understand and control their functions are going 

to be vital to pioneering future biological and therapeutic breakthroughs. 
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Chapter 3 

 

Synthesis of Aminooxy Glycans for Protein Glycoengineeringa 
 

Introduction 

Precise molecular control of protein glycosylation would advance the development 

of biopharmaceuticals as well as fundamental studies of glycosylation-dependent 

biological processes.
1–4

 Biological methods on their own have failed to achieve this long 

sought-after goal, as cellular biosynthetic pathways produce glycoproteins as a 

heterogeneous mixture of glycoforms.  Glycoprotein structures with optimal bioactivity are 

difficult to identify from such complex mixtures and impossible to generate exclusively 

using conventional cell hosts.  The tools of synthetic biology have been harnessed to 

construct heterologous glycan biosynthetic pathways in simple host cells.
5,6

 While these 

systems have produced glycoproteins that are globally modified with a single glycan type, 

no recombinant expression system can yet produce proteins with discrete glycans at 

individual sites and with complete homogeneity. 

Chemical synthesis is currently the only plausible approach to achieve 

homogeneously glycosylated proteins bearing tailored glycans at specific sites.
7–10

 Several 

groups have successfully combined frontier protein ligation techniques with chemical or 

enzymatic glycan and glycopeptide synthesis methods to construct glycoproteins that 

duplicate natural structures.
11–13

 The valor of these efforts should not be underestimated 

since the difficulties inherent to glycan and protein syntheses amplify each other when 

both biopolymers coexist in the same synthetic target.
14,15

 A more practical, though less 

biologically authentic, approach involves conjugating glycans to recombinant proteins via 

unnatural but synthetically tractable linkages.
16–18

 Site-specificity in the modification can 

be ensured by outfitting the protein with a non-canonical amino acid side chain capable of 

chemoselective ligation with an appropriately functionalized glycan.
19–27

 

The Bertozzi lab among others have pioneered the use of aminooxy glycans to 

introduce complex carbohydrates onto peptides or proteins formation of an oxime 

linkage.
25,28,29

 This chemistry can be performed in aqueous conditions, is nearly isosteric to 

natural glycan linkages, and the resulting oxime is stable at neutral pH (Fig. 3.1).
30,31

 

Aminooxy carbohydrates have also been utilized in generating carbohydrate vaccines, 

glycosylated natural products, and DNA conjugates making them a widely utilized and 

versatile tool for generating glycoconjugates.
32–37

 Despite promising initial work, the 

generality of this approach was limited by two challenges: (1) the need for a practical 

means of introducing aldehydes or ketones into recombinant proteins using standard 

expression systems, and (2) a reliable route to synthesize higher-order aminooxy glycans.  

                                                 
a Results from this chapter were also published in Hudak, J. E., Yu, H. H. & Bertozzi, C. R. Protein Glycoengineering Enabled by the 

Versatile Synthesis of Aminooxy Glycans and the Genetically Encoded Aldehyde Tag. J. Am. Chem. Soc. 133, 16127–16135 (2011). 
Adenoviral constructs were generated by Shana Topp 
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Figure 3.1. Natural glycan linkages resemble the linkage produced by protein 

glycoengineering via the reaction of aminooxy sugars with an aldehyde or ketone. (A) The 

linkage formed upon the reaction of an aminooxy glycan with the aldehyde of an fGly-

containing protein. The resulting oxime side chain bears high structural similarity to the 

natural glycoprotein attachments. (B) Linkages naturally found in the most abundant 

mammalian N- and O-linked glycan structures.  

 

The aldehyde tag methodology introduced in Chapter 1 answers the first challenge, 

as it enables site-specific introduction of aldehyde-bearing formylglycine (fGly) residues 

into any recombinant protein of interest using conventional E. coli
38

 or mammalian
39

 

expression systems. As outlined in Chapter 1, the aldehyde tag consists of a five-residue 

consensus sequence (CxPxR) that is recognized by the formylglycine generating enzyme 

(FGE).
40–42 

Cotranslationally, FGE oxidizes the genetically-encoded cysteine residue to 

fGly thereby providing a uniquely reactive site for chemical modification.  Although FGE 

is native to most cell types, coexpression of additional FGE alongside a recombinant 

protein substrate ensures high Cys-to-fGly conversion yields. Use of the aldehyde tag 

method simply requires cloning the consensus sequence into the protein’s gene at the 

desired site of modification, followed by protein production in FGE-expressing cells. 

In addition to its practicality, the aldehyde tag method benefits from the 

resemblance of the fGly side chain to naturally glycosylated amino acid side chains. Most 

secreted and cell-surface vertebrate glycoproteins are modified at Asn residues with N-

glycans or Ser/Thr residues with O-glycans (Fig. 3.1B). We envisioned oxime-linked 

glycoproteins deriving from conjugation of the fGly aldehyde with synthetic aminooxy 

glycans as illustrated in Fig. 3.1A. Glycan-protein linkages comprising fGly-derived 

A 

B 
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oximes are close structural mimics of N-glycan linkages and just one atom longer in length 

than O-glycan linkages.   

To capitalize on the aldehyde tag as a tool for site-specific protein glycosylation, 

we sought to answer the second challenge – a practical and general route to synthesize 

complex aminooxy glycans. This Chapter encompasses the use of glycosyl N-pentenoyl 

hydroxamates as intermediates in the synthesis of higher-order aminooxy glycans. These 

analogs function well both in chemical and enzymatic glycosylation reactions, enabling the 

efficient and high-yielding production of both simple and elaborated aminooxy glycans as 

substrates for protein conjugation. The new synthetic approach, together with the aldehyde 

tag technology, enabled the generation of recombinant proteins modified site-specifically 

with homogeneous glycans. 

 

Evaluation of N-hydroxypentenamide as a Masked Aminooxy Group   
 

In previous work, aminooxy glycosides were synthesized by displacement of a 

glycosyl halide with N-hydroxysuccinimide (NHS) or N-hydroxyphthalimide 

(NHPht).
29,43,44

 Reaction yields were acceptable using monosaccharide substrates, but, in 

our hands, fell precipitously with increasing glycan complexity.  Additionally, 

glycosylations of NHS and NHPht with other donors, such as glycosyl acetimidates and 

thioglycosides, were low yielding, even with monosaccharide substrates.  In addition to 

falling short as glycosyl acceptors, NHS and NHPht were inadequate aminooxy protecting 

groups.  They were labile to basic and reductive conditions, which undermined their use 

during complex glycan synthesis.  Moreover, we envisioned using one-pot multi-enzyme 

methods
45

 to convert simple aminooxy glycans into more complex structures. However, 

such reactions would require protection of the aminooxy group to avoid oxime formation 

with the latent aldehydes or ketones associated with free sugars.  The lability of the NHS 

and NHPht groups undermined our efforts to deprotect late-stage glycan intermediates 

without loss of the aminooxy protecting group. 

Therefore, we sought to identify an alternative aminooxy protecting group that 

possessed better chemical stability overall, but was readily removable under mild 

conditions that are compatible with free sugars.  Ideally, the nucleophilicity of the masked 

aminooxy group would be superior to that of the N-hydroxyimides as well, thus enhancing 

reactivity as a glycosyl acceptor.  After screening a variety of options, we found the N-

pentenoyl protecting group to be an excellent candidate.  Originally introduced by Fraser-

Reid and coworkers,
46–48

 the pentenoyl amide is stable to many reaction conditions and is 

removed by gentle treatment with aqueous iodine.  Despite its potential as a synthetic 

substrate, N-pentenoyl hydroxamic acid (3.1 (Table 3.1), also termed N-

hydroxypentenamide, which we abbreviate NHPent) has seldom been utilized in 

synthesis
43

 and, to our knowledge, never as a masked aminooxy group.   

To determine the scope of compound 3.1’s reactivity as a glycosyl acceptor, we 

subjected it to glycosylation reactions using donor substrates that included glycosyl  
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Table 3.1. Reaction of various glycosyl donors with N-pentenoyl hydroxamic acid 3.1 

 
Entry Donor Conditions

a
 Yield

b
 (α/β)

c
 

1 

 

AgOTf 75% (all α) 

2 

 

AgOTf 82% (all β) 

3 

 

i) Br2 ii) AgOTf 76% (all β) 

4  SnCl2/AgOTf 72% (all β) 

5 

 
SnCl2/AgOTf 

1:1 DCM/Tol 
62% (4:1) 

6  

AgOTf 70% (all β) 

7  
AgOTf 

4:1 Et2O/Tol 

65% (3:1) 

8 

 

TMSOTf 80% (all β) 

9 

 

TMSOTf 92% (all β) 

10  TMSOTf 94% (all β) 

11 

 

TMSOTf 83% (all α) 

12 

 

TMSOTf 68% (1:2) 

13  
TMSOTf 

1:1 DCM/Et2O 
68% (1:2.3) 
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bromides and fluorides, thioglycosides, and glycosyl acetimidates (Table 3.1). Most 

substrates gave acceptable yields of NHPent glycoside product. The highest yields were 

obtained using glycosyl N-phenyl trifluoroacetimidates,
49–51

 as previously observed in the 

syntheses of glycosyl amides
49

 and hydroxamates.
52,53

 By contrast, the less stable glycosyl 

trichloroacetimidates gave low yields in glycosylation reactions with 3.1 under similar 

conditions (data not shown). 

 

Scheme 3.1. Synthesis of N-hydroxypentenoyl lactose 3.15 

 

 
 

We anticipated that the mild conditions reported for cleavage of N-pentenoyl 

amides would be compatible with unprotected glycans. To confirm that such conditions 

can cleave N-alkoxypentenamides without harm to free sugars, we performed model 

reactions on the test substrate N-pentenoyl aminooxy lactose (3.15, prepared from the 

known disaccharide aminooxy lactose
28

 as shown in Scheme 3.1). Treatment of N-

pentenoyl aminooxy lactose with 3 equiv. of I2 in 1:1 THF/H2O as reported
47

 resulted in 

iodocyclization of the NHPent group, but hydrolysis of the iodoimidate intermediate to 

afford the free aminooxy disaccharide was sluggish. Fortunately, the use of non-aqueous 

solvent mixtures and acid catalysis, as shown previously,
54,55

 alleviated this problem.
 
We 

identified the optimal deprotection conditions to be 3 equiv. of I2 in wet MeCN/MeOH 

with 0.1% formic acid (FA) at rt, which afforded quantitative deprotection of N-pentenoyl 

aminooxy lactose in under 1 h. 

 

Chemical Synthesis of an Aminooxy Glycan: Lewis x 

 

The utility of NHPent glycosides as substrates for complex aminooxy glycan synthesis was 

demonstrated with the construction of the trisaccharide Lewis x 

(Galβ1,4(Fucα1,3)GlcNAc), a leukocyte and stem cell marker (Scheme 3.2).
56,57

 We began 

the synthesis with the coupling of known trichloroacetimidate 3.16 to thioglycoside 3.17 to 

generate the lactosamine precursor 3.18 following related, published routes.
58,59

 As seen 

with similarly protected glucosamine derivatives,
58,59

 only glycosylation at the more 

reactive 4-hydroxyl of 3.17 was observed.   The fucose residue was introduced in the form 

of 3.19, which was outfitted with a para-methoxybenzyl (PMB) ether at the 2-position to 

enhance cis-glycosylation.  Similar to a previous report,
60

 TfOH-catalyzed coupling of 

3.19 with the free C-3 hydroxyl of 3.18 proceeded smoothly to afford 3.20. The PMB 

group was removed with 10% TFA, thereby avoiding reductive or oxidative conditions that 
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are incompatible with the pentenoyl and thioglycoside groups, and the 2-hydroxyl group of 

the fucose residue was acetylated to afford 3.21. 

Motivated by the results in Table 1, we converted thioglycoside 3.21 to the 

corresponding glycosyl N-phenyl trifluoroacetimidate, 3.22, for coupling with compound 

3.1.
51

 The glycosylation reaction was conducted with 1 eq. of TMSOTf in DCM at -20 ºC 

to afford N-hydroxypentenoyl trisaccharide 3.23. The Troc protecting group was removed 

with Zn in acidic MeCN and the amino group was acetylated.  Notably, we observed no 

reduction of the N-O bond during the Zn reduction step, in sharp contrast to our previous 

experience with NHPth glycosides.  Removal of the TBDPS and acetyl groups of 3.24 

proceeded in high yield and without damage to the N-hydroxypentenamide as well. 

Finally, aminooxy Lewis x was obtained by treatment of 3.25 with I2 in acidic 

MeCN/MeOH. 

 

Scheme 3.2. Chemical synthesis of aminooxy Lewis x 
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Chemoenzymatic Synthesis of Complex Aminooxy Glycans 

 

Enzymatic elaboration of synthetic core structures is an increasingly popular 

strategy for complex glycan assembly.
45,61

 Enzymes provide tight stereo- and 

regiochemical control as well as obviate the need for intermediate protecting group 

manipulations and harsh chemical conditions.  The impact of enzymatic glycosylation 

methods is most evident in cases where the chemical counterpart is notoriously difficult, 

such as in the addition of terminal sialic acid residues to a complex glycan.
62

 Given the 

biological importance of sialosides,
63

 we sought to construct sialylated aminooxy glycans 

as substrates for glycoprotein engineering. 

 

Scheme 3.3. Enzymatic sialylation of N-pentenoyl aminooxy lactose. 

 

 

 

 

 

 

 

 

Scheme 3.4. Deprotection of NHPent on sialosides. 

 
 

Trisaccharides 3.29 and 3.30 (Scheme 3.4), termed aminooxy 2,3- and 2,6-

sialyllactose, respectively, were chosen as initial targets with which to evaluate the 

performance of NHPent glycosides as substrates for enzymatic sialylation.  We used the 

one-pot, three-enzyme system introduced by Chen and coworkers
64,65 

to append sialic acid 

to N-pentenoyl aminooxy lactose (3.15) (Scheme 3.3).  This methodology allows for the in 

situ generation of costly CMP-sialic acid from ManNAc, pyruvate and CTP by the 

combined use of E. coli aldolase and a CMP-sialic acid synthase, NmCSS.
66

 In the same 

pot, a bacterial α-2,6-sialyltransferase (Pd2,6ST) or α-2,3-sialyltransferase (PmST1) 

transferred sialic acid to compound 3.15, affording NHPent glycosides 3.27 and 3.28, 

respectively, in excellent yields.  Notably, free aminooxy glycans would not be viable 

substrates for this procedure, as the aminooxy group would undergo side reactions with  
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Scheme 3.5. Chemoenzymatic synthesis of aminooxy SLe
x 
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free reducing sugars as well as pyruvate.  Finally, we employed our previously optimized 

deprotection conditions to obtain trisaccharides 3.29 and 3.30 (Scheme 3.4). 

A higher level of complexity was embodied in the tetrasaccharide sialyl Lewis x 

(Siaα2,3Galβ1,4(Fucα1,3)GlcNAc, abbreviated SLe
x
), a glycan known for its involvement 

in cancer progression and leukocyte homing.
67,68

 We envisioned generating aminooxy-

functionalized SLe
x
 by chemical  synthesis of an NHPent-modified disaccharide core, 

followed by enzymatic installation of the terminal sialic acid and fucose residues.   Toward 

this end, compound 3.18 was transformed into NHPent lactosamine derivative 3.33 by 

acetylation of its one free hydroxyl group, conversion of the thioglycoside to the N-phenyl 

trifluoroacetimidate, and glycosylation with compound 1 (Scheme 3.5).   Deprotection and 

N-acetylation gave N-acetyllactosamine NHPent glycoside 3.35 as a substrate for 

enzymatic glycosylation.  The α-2,3-sialoside 3.36 was generated enzymatically as 

described above for compound 3.28.  After purification by size exclusion chromatography, 

the fucose residue was installed using the one-pot, two-enzyme system described by Wu 

and coworkers.
69

  Briefly, GDP-fucose was generated in situ from ATP, GTP and fucose 

by the B. fragilis fucose kinase phosphorylase (FKP). Subsequent glycosylation using an 

H. pylori α-1,3-fucosyltransferase (Hp1,3FT) generated tetrasaccharide 3.37.  Finally, 

deprotection of 3.37 with I2 in acidic MeCN/MeOH gave aminooxy SLe
x  

3.38 in 65% 

isolated yield. 

 

Synthesis of Site-Specific Chemically Glycosylated Proteins 

 

With a route to complex aminooxy glycans established, we sought to combine the 

synthetic sugars with recombinant aldehyde-tagged proteins as shown schematically in Fig. 

3.2A. As a protein substrate, we used a previously reported construct of the human growth 

hormone (hGH) that contains a C-terminal aldehyde tag as well as an N-terminal His-tag. 

The native protein is a well-established biotherapeutic used in the treatment of human 

developmental diseases among others.
70,71

 Site-specific chemical modification of hGH is a 

potential route to improving its pharmacokinetic properties.
72,73

 Indeed, an artificially 

glycosylated hGH variant was recently shown to have a prolonged serum half-life in 

mice.
74

 

We produced aldehyde-tagged hGH with >95% Cys-to-fGly conversion in E. coli 

with coexpression of the FGE from Mycobacterium tuberculosis.
38

  The protein was 

purified by chromatography on Ni-NTA agarose and then reacted with aminooxy lactose in 

5% aqueous MeCN with 0.02% FA (pH ~3.8).  The formation of the lactose 

glycoconjugate was confirmed by Western blot probing with the galactose-binding lectin, 

soybean agglutinin conjugated to fluorescein isothiocyanate (SBA-FITC) (Fig. 3.2B). 

Significant SBA reactivity was observed only for products of aldehyde-tagged protein 

conjugation. A control conjugation reaction using an hGH construct in which the Cys 

residue required for the aldehyde installation was mutated to Ala (CA) produced no  
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Figure 3.2. Generation of site-specifically glycosylated hGH. (A) Aldehyde-tagged hGH 

was reacted with synthetic aminooxy glycans to yield the oxime-glycosylated conjugates. 

(B) Western blot of aldehyde-tagged hGH (lane 1) or the CA mutant (lane 2) after 

reaction with aminooxy lactose (5% MeCN, 0.02% FA, 0.26 mg/mL aldehyde-tagged 

hGH, 1 mM aminooxy lactose, 16 h, 37 °C).  The blot was probed with SBA-FITC (top) 

and total protein was detected by Ponceau stain (bottom). (C) ESI-MS spectrum of the 

crude reaction mixture showing ions in the +20 and +21 charge states.  Ions corresponding 

to aldehyde-tagged hGH (hGH) and glycosylated hGH (hGH+Lac) are shown with arrows. 

(D) Western blot of aldehyde-tagged hGH (lane 1) or the CA mutant (lane 2) after 

reaction with aminooxy SLe
x
 3.38 (50 mM NaCit, pH 3.5, 0.26 mg/mL aldehyde-tagged 

hGH, 1 mM SLe
x
 3.38, 16 h, 37 °C).  The blot was probed with an anti-SLe

x
 antibody 

KM93 followed by a horse radish peroxidase (HRP)-conjugated secondary antibody (top), 

then stripped and reprobed with AAL-biotin followed by a FITC-conjugated anti-biotin 

antibody (middle).  Total protein loading was confirmed by Ponceau staining (bottom). (E) 

ESI-MS spectrum of the SLe
x
 crude reaction mixture showing ions in the +20 and +21 

charge states.  Ions corresponding to aldehyde-tagged hGH (hGH) and glycosylated hGH 

(hGH+SLe
x
) are shown with arrows. 

 

SBA-reactive product. This result confirmed the necessity of the Cys-derived fGly residue 

for site-specific chemical glycosylation with aminooxy lactose.  Further, we analyzed the 

oxime conjugate by ESI mass spectrometry (ESI-MS) (Fig. 3.2C).  Ions corresponding to 

glycosylated (hGH+Lac) and unreacted (hGH) aldehyde-tagged hGH were observed, the 
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relative intensities of which indicated a reaction yield of ~81%. The protein 

glycoconjugate was found to be highly stable when stored at −20 °C, and <10% hydrolysis 

of the conjugate was observed after 8 days at 4 °C (Table 3.2). 

We performed a similar reaction using the more complex glycan aminooxy SLe
x 

(3.38). The formation of the glycosylated hGH product was confirmed by Western blot 

probing with a SLe
x
-specific antibody as well as with the fucose-binding lectin Aleuria 

aurantia lectin (AAL) conjugated to biotin (Fig. 3.2D). Using the above conjugation 

conditions (5% MeCN, 0.02% FA), the yield of glycosylated hGH as determined by ESI-

MS was a modest 20-25%.  However, use of a sodium citrate (NaCit) buffer at pH 3.5 

improved the conjugation efficiency to ~64%. Despite the acidity of the reaction buffer, we 

did not detect any loss of the potentially labile sialic acid and fucose moieties or any 

damage to the aldehyde-tagged protein.  

 

Table 3.2. Stability of hGH-Lac glycoconjugate under various storage conditions 

 

  % remaining conjugate
a 

Temp pH 1 day 4 days 8 days 

-20 ºC 7 100 ± 2 99 ± 2 99 ± 2 

4 ºC 
7 93 ± 3 96 ± 3 92 ± 3 

4.5 96 ± 2 98 ± 2 92 ± 3  

22 ºC (rt) 
7 89 ± 4 72 ± 4 N.D.

b 

4.5 96 ± 4 73 ± 3 N.D.
b 

a
 Percentages of hGH+Lac/hGH were monitored by MALDI-MS and normalized to day 0. 

b 
Major protein degradation was observed which hampered MS analysis 

   

Glycoengineering Adenovirus for Siglec-targeted Gene Therapy 

 

Considering these initial successes, we wished to adopt this methodology into a 

strategy for glycan-based targeting in a therapeutic application. One application that could 

benefit greatly from the sit-specific addition of targeting moieties is viral gene therapy. 

Gene therapy has been a very exciting and promising approach for the treatment of a 

variety of genetic and acquired diseases.
75

 However, its potential in the clinic has been 

mired by safety concerns due to the nature of many viruses to integrate into the host 

genome and a lack of specificity for target infectivity. In an effort to avoid a virus’s natural 

tropism during systemic viral administration, primary cells can be isolated and transduced 

in vitro with excess virus before reinjection into the host.
76–78

 However, this process can be 

time and cost prohibitive. Adenovirus has been regarded as an optimal candidate for gene 

therapy since it does not integrate into the host genome, has good in vivo stability, and can 

be produced reliably in high titers.
79–81

 Accordingly, much effort has been spent on 

engineering adenoviral capsids with chimeric proteins or treatment with fusion proteins to 

target the virus to specific cell surface markers beyond its natural tropism to infect only 

cells of endothelial origin.
81–83
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Bioorthogonal chemistries have recently been utilized by other groups to site-

specifically engineer adeno-associated and adenovirus capsid with imaging or targeting 

moieties.
84–86

  We envisioned using our oxime glycosylation methodology to develop a 

novel approach to viral targeting; utilizing the know substrate specificities of lectins 

expressed on select cell types.
87

 This method augments previous reports targeting 

therapeutic vehicles to the Siglec family of lectins by functionalizing glycan ligands to 

viral or liposomal nanoparticles.
88,89

 We propose that an aldehyde-tagged adenoviral capsid 

can be chemically glycosylated by oxime formation with the synthetic aminooxy glycans 

generated by our new synthetic route (Fig. 3.3A). The glycan conjugated to the capsid 

would then confer selective targeting to the desired white blood cell type based on the 

known specificity of its expressed lectin (Fig. 3.3B). 

We generated two modified versions of the adenovirus in which the aldehyde tag 

was introduced into the HI-loop within the knob domain of the fiber protein or at the C-

terminus of the fiber (Fig. 3.4). The adenovirus was genetically altered and produced using  

 

 
 

 
 

Figure 3.3. Oxime glycoengineering of adenoviral capsid. (A) The icosahedral capsid of 

adenovirus contains 12 vertices, each appended with a fiber protein trimer which includes 

the CAR binding site. Adding the aldehyde tag motif to the knob domain of the fiber 

protein allows for conjugation of an aminooxy moiety which can retarget the viral 

infectivity. Thus, aminooxy glycans can be conjugated to the knob domain via oxime 

formation to yield chemically glycosylated adenovirus. These glycans serve as ligands for 

a number of cell surface lectins expressed on specific white blood cell lineages (B). 

A 

B 
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Figure 3.4. Placement of the aldehyde tag on the adenoviral fiber protein. We generated 

two constructs of aldehyde-tagged adenovirus, one bearing a LCTPSR motif in the HI-loop 

of the knob domain while another construct contained the tag at the C-terminus.  

 

the AdEasy system (Agilent Technologies) in HEK cells as previously described.
90

 Green 

fluorescent protein (GFP) was included in the viral genome so infection efficiency and 

viral titers could be quantified by microscopy or flow cytometry methods.
91

 Gratifyingly, 

the wild type, aldehyde-tagged, and aldehyde tag CtoA mutants expressed well with little 

difference in viral titer suggesting that inclusion of the tag did not compromise viral 

integrity or function.  

 To test the ability of the aldehyde-tagged adenovirus to be conjugated with 

chemical moieties, purified virus was reacted with the peptide epitope aminooxy-FLAG 

(AO-FLAG) or aminooxy 2,6-sialyl-N-acetyllactosamine (AO-2,6-SLacNAc) and analyzed 

by western blot. Figure 3.5 shows specific conjugation of the aminooxy compounds to only 

the aldehyde-tagged fiber protein while the CtoA mutant showed minimal background. 

The reactions shown are of the construct containing the aldehyde tag at the HI-loop of the 

fiber protein since the C-terminal tag was conjugated with less efficiency (data not shown). 

The reactions were conducted in PBS at pH 7.4 for 18 h at 37 °C which maintained viral 

titers while still demonstrating good labeling. While oxime formation is normally 

conducted at a lower pH, we found that this greatly reduced viral titers and in this instance, 

displayed reduced conjugation efficiency by western blot analysis. Preliminary infection 

experiments with human peripheral blood mononuclear cells suggest that conjugating 

optimized glycan ligands
92

 by this method can increase infection of specific white blood 

cell types. Future work includes quantifying the fGly conversion on the adenoviral fiber 

protein and confirming infection of specific leukocytes by cell surface marker staining and 

flow cytometry analysis. 
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Figure 3.5. Aldehyde-tagged adenovirus conjugates to aminooxy peptides and glycans. 

Conjugation of the HI-loop fGly to aminooxy compounds was analyzed by western blot 

and probed with anti-FLAG HRP conjugated antibody or SNA-FITC. Total protein loading 

was confirmed by Ponceau stain and anti-fiber antibody labeling. 

 

Conclusion 

 

In summary, the facile generation of homogeneous glycoproteins was made 

possible by an improved route to aminooxy glycans featuring glycosyl N-pentenoyl 

hydroxamate intermediates, combined with the genetically-encoded aldehyde tag (Fig. 

3.6). The versatility of the aldehyde tag with respect to expression system, protein target, 

and site of aldehyde placement make this approach broadly useful for protein 

glycoengineering. In principle, multiple aldehyde tags can be introduced into a single 

protein allowing for the production of multivalent glycoforms. The use of this 

methodology for therapeutic modification is exemplified by the successful production of a 

glycoengeineered adenovirus.  

The method joins a growing toolkit for site-specific modification of proteins with 

synthetic glycans, which combined could produce myriad protein glycoforms with discrete 

glycans at different positions. Other chemoselective ligation reactions such as azide-alkyne 

cycloadditions and disulfide exchange reactions have proven useful for modifying a single 

protein with multiple moieties.
19

 Oxime formation is orthogonal to these and other 

chemoselective ligation reactions (i.e., thiol-ene additions, olefin metathesis, Suzuki 

couplings, etc.). Exploring the tandem and parallel use of these reactions for multiplexed 

protein modification is a subject of future interest. 
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Figure 3.6. Overview schematic for protein oxime glycoengineering. Here we reported on 

an approach toward generating homogeneously glycosylated proteins that involves 

chemical attachment of aminooxy glycans to recombinantly produced proteins via oxime 

linkages. We employed the aldehyde tag method to obtain a recombinant protein with the 

aldehyde-bearing formylglycine residue at a specific site. Complex aminooxy glycans were 

synthesized using a new route that features N-pentenoyl hydroxamates as key 

intermediates that can be readily elaborated chemically and enzymatically.   

 

Experimental Methods 

 

General Materials and Methods 

 

All chemical reagents were purchased from Sigma-Aldrich, Acros, and TCI and 

used without purification unless noted otherwise. Anhydrous DMF, MeOH, and pyridine 

were purchased from Acros in sealed bottles; all other anhydrous solvents were obtained 

from an alumina column solvent purification system. Molecular sieves were ground to 

powder, flame-dried under hi-vacuum and used immediately after cooling. All reactions 

were carried out in flame-dried glassware under N2 unless otherwise noted. In all cases, 

solvent was removed by reduced pressure with a Buchi Rotovapor R-114 equipped with a 

Welch self-cleaning dry vacuum. Products were further dried by reduced pressure with an 

Edwards RV3 high vacuum. Lyophilization was performed on a LABCONCO FreeZone® 

instrument equipped with an Edwards RV2 pump. Thin layer chromatography was 

performed with Silicycle 60 Å silica gel plates and detected by UV lamp or charring with 

p-anisaldehyde in acidic EtOH. Flash chromatography was performed using Silicycle® 60 

Å 230-400 mesh silica. Size exclusion chromatography was executed on a 100 cm x 2.5 

cm column packed with BioGel P-2 fine resins (Bio-Rad). All 1H and 13C NMR spectra 

are reported in ppm and referenced to solvent peaks (1H and 13C). Spectra were obtained 

on Bruker AVQ-400, AVB-400, DRX-500, AV-500, or AV-600 instruments. High 
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resolution electrospray ionization (ESI) mass spectra were obtained from the UC Berkeley 

Mass Spectrometry Facility.  

 

Synthetic Procedures 

 

N-hydroxypent-4-eneamide β-D-galactopyranosyl-(1→4)-β-D-glucopyranoside (3.15): 

To a solution of aminooxy lactose
28

 (140 mg, 0.38 mmol) in 2:1 MeOH/H2O (3 mL) 

stirring at 0 ºC under N2 was added TEA (110 µL, 0.77 mmol) and pentenoic anhydride 

(110 µL, 0.58 mmol) dropwise. The mixture was allowed to warm to rt and after 2 h the 

solution was concentrated under vacuum. The residue was purified by silica gel column 

chromatography (10%-20% MeOH/DCM) and after lyophilization gave 3.15 (127 mg, 

76%) as a white powder. 
1
H NMR (600 MHz, D2O): δ 5.83 (ddt, J = 12.9, 10.4, 6.5 Hz, 

1H), 5.07 (dd, J = 26.7, 13.7 Hz, 2H), 4.70 (d, J = 8.2 Hz, 1H, H-1), 4.44 (d, J = 7.8 Hz, 

1H, H-1’), 3.91 (d, J = 3.1 Hz, 1H), 3.86 – 3.79 (m, 1H), 3.79 – 3.74 (m, 2H), 3.74 – 3.63 

(m, 5H), 3.62 – 3.56 (m, 1H), 3.56 – 3.50 (m, 1H), 3.47 (t, J = 8.5 Hz, 1H), 2.39 – 2.33 (m, 

2H), 2.31-2.29 (m, 2H); 
13

C NMR (150 MHz, D2O): δ 172.78, 136.48, 116.00, 105.18, 

102.90, 77.79, 75.34, 75.03, 74.12, 72.52, 70.99, 70.93, 68.55, 61.02, 59.88, 31.71, 28.87; 

HRMS (ESI): calcd for C17H29NO12 [M+Na]
+
 m/z = 462.1582, found: 462.1593. 

 

Preparation of the NHPent Glycosides 

 

General Procedure A for preparation from glycosyl bromides and thioimidates: 

A solution of glycosyl donor (1 equiv.), N-pentenoyl hydroxamic acid 3.1 (1.5 equiv.), and 

4 Å MS in CH2Cl2 was stirred at rt for 1 h under N2. The mixture was cooled to 0 ºC and 

AgOTf (2 equiv., preactivated by coevaporation with toluene) was added. The reaction was 

allowed to warm to rt over 1 h and diluted with CH2Cl2 before filtering to remove MS. The 

concentrated residue was purified by silica flash chromatography (Hex/EtOAc gradient) to 

afford the corresponding N-hydroxypentenoyl glycoside.   

 

General Procedure B for preparation from thioglycosides: 

To a thioglycoside donor (1 equiv.) in CH2Cl2 was added 300AW MS and stirred for 45 

min at rt under N2. The solution was cooled to 0 ºC and liquid Br2 (1 equiv.) was added 

dropwise. After stirring for 20 min, the reaction was filtered and concentrated under 

vacuum. The resulting residue was dissolved in CH2Cl2 with subsequent addition of N-

pentenoyl hydroxamic acid 3.1 (1.5 equiv.) and 4 Å MS. After stirring for 1 h at rt, the 

mixture was cooled to 0 ºC and AgOTf (1.5 equiv., preactivated by coevaporation with 

toluene) was added. The reaction was allowed to warm to rt over 1 h, diluted with CH2Cl2 

and filtered before concentration under vacuum. The resulting residue was purified by 

silica flash chromatography (Hex/EtOAc gradient) to afford the corresponding N-

hydroxypentenoyl glycoside.   

 

General Procedure C for preparation from glycosyl fluorides: 

To a solution of a glycosyl fluoride (1 equiv.) and N-pentenoyl hydroxamic acid 3.1 (1.5 

equiv.) in CH2Cl2 was added 4 Å MS and stirred under N2 for 1 h at rt. The mixture was 
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chilled to 0 ºC followed by the addition of preactivated AgOTf (2.5 equiv.) and SnCl2 (2.5 

equiv.) and stirred for 3 h to rt. The reaction was filtered, concentrated under reduced 

pressure, and passed through a silica column (Hex/EtOAc gradient) to afford the pure N-

hydroxypentenoyl glycoside.   

 

General Procedure D for preparation from glycosyl N-phenyl trifluoroacetimidates: 

A mixture of glycosyl trifluoroacetimidate donor (1 equiv.), N-pentenoyl hydroxamic acid 

3.1 (1.5 equiv.), and 3 Å MS in CH2Cl2 was stirred at rt for 1 h under N2. The reaction 

mixture was chilled to -20 ºC and TMSOTf (1 equiv.) was added dropwise after which the 

mixture was allowed to slowly warm to rt while stirring for 2h. The reaction was quenched 

with dropwise addition of TEA, filtered to remove sieves, and concentrated under vacuum. 

The resulting residue was purified by silica gel column chromatography (Tol/Acetone 

gradient) to afford the corresponding N-hydroxypentenoyl glycoside.   

 

 
N-hydroxypent-4-eneamide O-2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (3.39):  

Following procedure A, compound 3.39 was given from reaction of 2,3,4,6-tetra-O-acetyl-

D-mannopyranosyl bromide 3.2 as a white solid (95 mg, 75%). 
1
H NMR (500 MHz, 

CDCl3) δ 9.16 (s, 1H), 5.78 (ddt, J = 12.7, 10.5, 6.4 Hz, 1H), 5.35 (d, J = 1.4 Hz, 1H), 5.31 

(t, J = 10.1 Hz, 1H), 5.23 (dd, J = 10.0, 3.4 Hz, 1H), 5.09 – 4.93 (m, 3H), 4.65 (s, 1H), 4.26 

(dd, J = 12.5, 4.1 Hz, 1H), 4.14 – 4.04 (m, 1H), 2.40 – 2.31 (m, 2H), 2.28 – 2.17 (m, 2H), 

2.12 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 1.96 (s, 3H); 
13

C NMR (126 MHz, CDCl3) δ 

171.02, 170.11 (x2), 169.84 (x2), 136.43, 116.11, 101.68, 70.01, 67.78, 65.44 (x2), 62.24, 

20.88 (x2), 20.76 (x4); HRMS (ESI): calcd for C19H27NO11 [M+Na]
+
 m/z = 468.1476, 

found: 468.1474. 

 

 
N-hydroxypent-4-eneamide O-2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside (3.40): 

Compound 3.40 was obtained from 2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl bromide 

3.3 by procedure A as a white solid (80 mg, 82%). 
1
H NMR (500 MHz, CDCl3) δ 9.16 (s, 

1H), 5.78 (ddt, J = 12.7, 10.5, 6.4 Hz, 1H), 5.37 – 5.27 (m, 2H), 5.23 (dd, J = 10.0, 3.4 Hz, 

1H), 5.08 – 4.95 (m, 3H), 4.73 – 4.56 (m, 1H), 4.26 (dd, J = 12.5, 4.1 Hz, 1H), 4.16 – 4.03 

(m, 1H), 2.42 – 2.29 (m, 2H), 2.29 – 2.16 (m, 2H), 2.12 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 

1.96 (s, 3H); 
13

C NMR (126 MHz, CDCl3) δ 170.51, 170.20 (x2), 170.06 (x2), 136.47, 

116.08, 104.11, 71.29, 70.55, 66.77 (x2), 61.14, 29.25, 20.89, 20.73, 20.67 (x2), 20.60; 

HRMS (ESI): calcd for C19H27NO11 [M+Na]
+
 m/z = 468.1476, found: 468.1475. 
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N-hydroxypent-4-eneamide O-3,4,6-tri-O-acetyl-2-deoxy-2-(2,2,2-

trichloroethoxy)carbonylamino-β-D-glucopyranoside (3.41): Protected aminooxy 

glucosamine 3.41 was prepared from thioglycoside 3.4 by procedure B (74 mg, 76%), from 

thioimidate 3.7 following procedure A (74 mg, 70%), or from trifluoroacetimidate 3.9 by 

procedure D (58 mg, 80%). 
1
H NMR (500 MHz, CDCl3) δ 9.15 (s, 1H), 6.12 (app d, 1H), 

5.79 (ddt, J = 12.9, 10.0, 6.4 Hz, 1H), 5.29 (t, J = 9.7 Hz, 1H), 5.10 – 4.91 (m, 4H), 4.86 – 

4.74 (m, 1H), 4.62 (d, J = 12.0 Hz, 1H), 4.26 (dd, J = 12.2, 3.9 Hz, 1H), 4.16 – 4.06 (m, 

1H), 3.91 – 3.80 (m, 1H), 3.77 (d, J = 7.2 Hz, 1H), 2.42 – 2.32 (m, 2H), 2.29 – 2.15 (m, 

2H), 2.07 (s, 3H), 2.00 (s, 6H); 
13

C NMR (126 MHz, CDCl3) δ 170.90 (x2), 169.57 (x2), 

136.55, 116.05, 95.47, 74.59, 72.33, 71.97, 68.28, 61.88, 54.08, 32.45, 32.16, 29.25, 29.07, 

20.82, 20.69, 20.67; HRMS (ESI): calcd for C20H27N2O11Cl3 [M+H]
+
 m/z = 577.0753, 

found: 577.0754. 

 

 
N-hydroxypent-4-eneamide O-2,3,4,6-tetra-O-benzoyl-β-D-galactopyranoside (3.42): 

Glycoside 3.42 was obtained from glycosyl fluoride 3.5 via procedure C (71 mg, 72%) or 

from glycosyl trifluoroacetimidate 3.11 following procedure D (85 mg, 94%). 
1
H NMR 

(500 MHz, CDCl3) δ 8.65 (s, 1H), 8.11 (d, J = 7.3 Hz, 2H), 8.04 (t, J = 6.7 Hz, 4H), 7.82 

(d, J = 7.2 Hz, 2H), 7.64 (t, J = 7.5 Hz, 1H), 7.59 – 7.54 (m, 1H), 7.51 (dd, J = 14.0, 6.3 

Hz, 3H), 7.47 – 7.36 (m, 5H), 7.32 – 7.21 (m, 2H), 6.06 (d, J = 3.1 Hz, 1H), 5.92 (dd, J = 

10.2, 8.2 Hz, 1H), 5.77 – 5.64 (m, 2H), 5.22 (d, J = 8.0 Hz, 1H), 5.06 – 4.96 (m, 1H), 4.96 

– 4.88 (m, 1H), 4.72 (dd, J = 11.0, 6.2 Hz, 1H), 4.53 – 4.40 (m, 2H), 2.43 – 2.30 (m, 4H); 
13

C NMR (126 MHz, CDCl3) δ 166.10 (x2), 165.53 (x2), 165.46, 137.94, 136.60, 133.84 

(x2), 133.52, 133.48, 130.03 (x3), 129.87 (x6), 129.31, 129.12, 128.81, 128.58 (x3), 

128.43 (x2), 128.31, 125.38, 72.04, 71.41, 68.02 (x2), 67.93, 61.97, 21.54 (x2); HRMS 

(ESI): calcd for C39H35NO11 [M+H]
+
 m/z = 694.2283, found: 694.2285. 

 

 
N-hydroxypent-4-eneamide O-2,3,4,6-tetra-O-benzyl-D-galactopyranoside (3.43): 

Galactoside 3.43 was given from galactosyl fluoride 3.6 with procedure C in CH2Cl2/Tol 

(1:1, v:v; 2 mL) as an anomeric mixture (α/β 4:1, 61 mg, 62%) or from galactosyl 

trifluoroacetimidate 3.13 via procedure D displaying a reverse anomeric preference (α/β 

1:2, 67 mg, 68%). 
1
H NMR (500 MHz, CDCl3, α-isomer) δ 8.12 (s, 1H), 7.51 – 7.18 (m, 

20H), 5.79 (ddt, J = 16.7, 10.2, 6.3 Hz, 1H), 5.17 (s, 1H), 5.10 – 4.97 (m, 2H), 4.94 (d, J = 

11.4 Hz, 1H), 4.89 – 4.78 (m, 3H), 4.74 (d, J = 11.8 Hz, 1H), 4.59 (d, J = 11.4 Hz, 1H), 

4.52 (d, J = 11.9 Hz, 1H), 4.45 (d, J = 11.9 Hz, 1H), 4.29 – 4.09 (m, 2H), 4.01 – 3.90 (m, 

2H), 3.61 – 3.51 (m, 2H), 2.44 – 2.32 (m, 2H), 2.35 – 2.06 (m, 2H); 
13

C NMR (151 MHz, 
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CDCl3) δ 138.78, 138.56, 138.33, 138.00, 136.68, 128.57, 128.52, 128.50, 128.40, 128.01, 

127.95, 127.81, 127.70, 127.63, 116.03, 78.59, 75.73, 74.92, 73.65, 71.15, 69.21, 32.74, 

29.83, 29.26; HRMS (ESI): calcd for C39H43NO7 [M+Na]
+
 m/z = 660.2932, found: 

660.2937. 

 

 
N-hydroxypent-4-eneamide O-2,3,4,6-tetra-O-benzyl-D-glucopyranoside (3.44): 

Glucoside 3.44 was obtained from thioimidate 3.8 with procedure A in Et2O/Tol (4:1, v:v;  

mL) as an anomeric mixture (α/β 3:1, 74 mg, 65%) or from trifluoroacetimidate 3.14 via 

procedure D in CH2Cl2/Et2O (1:1, v:v;  mL) as solvent (α/β 1:2.3, 60 mg, 68%). 
1
H NMR 

(500 MHz, CDCl3) δ 8.07 (s, 1H), 7.46 – 7.38 (m, 2H), 7.36 – 7.26 (m, 16H), 7.23 – 7.14 

(m, 2H), 5.82 (ddt, J = 16.7, 10.2, 6.4 Hz, 1H), 5.18 (s, 1H), 5.09 (d, J = 16.3 Hz, 1H), 5.01 

(dd, J = 22.4, 10.7 Hz, 2H), 4.91 – 4.75 (m, 4H), 4.62 – 4.47 (m, 3H), 4.14 – 4.01 (m, 1H), 

3.99 (t, J = 9.4 Hz, 1H), 3.76 – 3.65 (m, 3H), 3.62 (t, J = 9.5 Hz, 1H), 2.45 – 2.34 (m, 2H), 

2.34 – 2.11 (m, 2H); 
13

C NMR (151 MHz, CDCl3) δ 138.74, 138.24, 137.98, 137.85, 

136.72, 128.59, 128.55, 128.51, 128.48, 128.09, 127.94, 127.83, 127.76, 116.07, 81.62, 

78.96, 77.37, 77.16, 76.95, 75.84, 75.17, 73.69, 71.97, 68.75, 32.76, 29.17; HRMS (ESI): 

calcd for C39H43NO7 [M+Na]
+
 m/z = 660.2932, found: 660.2933. 

 

 
N-hydroxypent-4-eneamide O-2,3,4,6-tetra-O-benzoyl-β-D-glucopyranoside (3.45): 

Following procedure D, glucoside 3.45 was given from reaction of trifluoroacetimidate 

donor 3.9 as a white solid (110 mg, 92%). 
1
H NMR (500 MHz, CDCl3) δ 8.72 (s, 1H), 8.09 

– 7.97 (m, 4H), 7.96 – 7.88 (m, 2H), 7.88 – 7.81 (m, 2H), 7.58 – 7.45 (m, 3H), 7.45 – 7.36 

(m, 5H), 7.34 (t, J = 7.8 Hz, 2H), 7.30 – 7.23 (m, 2H), 6.00 (t, J = 9.6 Hz, 1H), 5.74 (t, J = 

9.7 Hz, 1H), 5.73 – 5.64 (m, 1H), 5.65 (dd, J = 9.5, 8.1 Hz, 1H), 5.23 (app d, J = 7.5 Hz, 

1H), 4.97 (d, J = 17.0 Hz, 1H), 4.91 (app d, J = 9.1 Hz, 1H), 4.71 (dd, J = 12.2, 3.0 Hz, 

1H), 4.57 (dd, J = 12.2, 5.1 Hz, 1H), 4.32 – 4.22 (m, 1H), 2.36 – 2.23 (m, 4H); 
13

C NMR 

(126 MHz, CDCl3) δ 166.19, 165.75 (x2), 165.20 (x2), 137.92, 136.64, 133.64, 133.45, 

133.34, 130.06 (x4), 129.91, 129.85 (x4), 129.83, 129.49, 129.11, 128.67 (x2), 128.52, 

128.42, 128.30, 125.38, 77.36, 72.90, 72.58, 70.15, 69.15, 62.76, 21.52 (x2). HRMS (ESI): 

calcd for C39H35NO11 [M+H]
+
 m/z = 694.2283, found: 694.2286. 

  

 
N-hydroxypent-4-eneamide O-2,3,4,6-tetra-O-benzoyl-α-D-mannopyranoside (3.46): 

Compound 3.46 was obtained from trifluoroacetimidate donor 3.12 via procedure D as a 

white solid (90 mg, 83%). 
1
H NMR (500 MHz, CDCl3) δ 8.95 (s, 1H), 8.14 (d, J = 7.9 Hz, 
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2H), 7.97 (dd, J = 17.1, 7.8 Hz, 4H), 7.83 (d, J = 8.0 Hz, 2H), 7.61 – 7.52 (m, 2H), 7.50 (t, 

J = 7.4 Hz, 1H), 7.46 – 7.39 (m, 3H), 7.39 – 7.30 (m, 4H), 7.29 – 7.22 (m, 2H), 6.20 (t, J = 

9.8 Hz, 1H), 5.93 – 5.87 (m, 2H), 5.87 – 5.79 (m, 1H), 5.41 (s, 1H), 5.30 – 5.15 (m, 1H), 

5.08 (dd, J = 28.2, 13.7 Hz, 2H), 4.77 (dd, J = 12.3, 2.2 Hz, 1H), 4.54 (dd, J = 12.4, 3.6 

Hz, 1H), 2.47 – 2.38 (m, 2H), 2.35 – 2.26 (m, 2H); 
13

C NMR (126 MHz, CDCl3) δ 166.37, 

165.92, 165.59, 165.42, 136.57, 133.59, 133.52, 133.40, 133.06, 130.31, 129.98 (x3), 

129.98 (x3), 129.96, 129.89, 129.25, 129.21, 129.16, 128.68, 128.65, 128.56 (x2), 128.52 

(x2), 128.45, 128.35, 116.16, 102.17, 70.63, 70.60, 68.87, 66.55, 62.91, 32.51, 28.97; 

HRMS (ESI): calcd for C39H35NO11 [M+Na]
+
 m/z = 716.2102, found: 716.2105. 

 

Phenyl (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-(1→4)-6-O-(tert-

butyldiphenylsilyl)-2-deoxy-2-(2,2,2-trichloroethoxy)carbonylamino-1-thio-β-D-

glucopyranoside (3.18): Known galactosyl trichloroacetimidate 3.16 (738 mg, 0.996 

mmol) and glucosamine thioglycoside 3.17 (750 mg, 1.1 mmol) were dried by 

coevaporation with anhydrous toluene and left under high vacuum. To the dried mixture 

was added 4 Å MS and stirred in CH2Cl2 (15 mL) for 1h at rt. The solution was cooled to -

20 ºC upon which TMSOTf (33 µL, 0.15 mmol) was added dropwise and allowed to warm 

to rt over 2 h. Upon completion, the reaction was quenched with TEA and filtered to 

remove sieves. The concentrated residue was purified by silica flash chromatography 

(Hex/EtOAc gradient) to obtain disaccharide 3.18 as a white powder (1.01g, 80%). 
1
H 

NMR (500 MHz, CDCl3) δ 8.21 – 8.10 (m, 4H), 7.90 – 7.79 (m, 6H), 7.75 (t, J = 10.8 Hz, 

2H), 7.69 – 7.40 (m, 14H), 7.39 – 7.31 (m, 2H), 7.28 (dd, J = 14.3, 6.5 Hz, 2H), 7.26 – 

7.17 (m, 5H), 6.06 (d, J = 3.3 Hz, 1H), 5.95 (dd, J = 10.4, 8.2 Hz, 1H), 5.67 (dd, J = 10.5, 

3.4 Hz, 1H), 5.55 (d, J = 8.6 Hz, 1H), 5.23 (d, J = 8.1 Hz, 1H), 4.93 (dd, J = 15.5, 11.4 Hz, 

2H), 4.81 – 4.70 (m, 2H), 4.61 – 4.50 (m, 1H), 4.40 – 4.32 (m, 1H), 4.22 (t, J = 9.1 Hz, 

1H), 4.09 – 3.99 (m, 2H), 3.87 (dd, J = 35.3, 10.7 Hz, 2H), 3.63 (dd, J = 19.1, 9.7 Hz, 1H), 

3.40 (d, J = 9.5 Hz, 1H), 1.07 (s, 9H); 
13

C NMR (126 MHz, CDCl3) δ 166.54, 166.06, 

165.90, 165.49, 154.72, 136.48, 135.93 (x2), 134.33, 134.23, 133.94 (x2), 132.56, 132.38, 

130.71, 130.51, 130.46 (x5), 130.39, 130.28, 130.13, 129.79, 129.41, 129.25, 129.22, 

129.11 (x5), 129.06, 129.00, 128.87, 128.63, 128.30, 128.18, 127.99, 101.32, 96.11, 86.66, 

78.78, 78.68, 77.95, 77.89, 77.69, 77.44, 75.03, 73.57, 72.84, 72.04, 70.09, 68.71, 62.63, 

61.94, 60.97, 57.38, 27.34, 21.58, 19.92, 14.72. HRMS (ESI): calcd for C65H62NO15Cl3SSi 

[M+Na]
+
 m/z = 1284.2567, found: 1284.2598. 

 

Phenyl (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-(1→4)[(1→3)-3,4-di-O-acetyl-

2-O-(para-methoxybenzyl)-α-L-fucopyranosyl]-6-O-(tert-butyldiphenylsilyl)-2-deoxy-

2-(2,2,2-trichloro-ethoxy)carbonylamino-1-thio-β-D-glucopyranoside (3.20): A 

mixture of known fucose trichloroacetimidate 3.19 (153 mg, 0.299 mmol) and disaccharide 

3.18 (210 mg, 0.17 mmol) were dried by coevaporation with anhydrous toluene and left 

under high vacuum. To the dried mixture was added 4 Å MS and stirred in Tol/Diox 

(1:2.5, v:v; 3 mL) for 1h at rt. The solution was cooled to -5 ºC upon which TfOH (3 µL, 

0.03 mmol) was added dropwise and allowed to warm to rt over 1 h. Upon completion, the 

reaction was quenched with TEA, filtered, and concentrated under vacuum. The resulting 

residue was purified by silica flash chromatography (Hex/EtOAc gradient) to obtain 
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trisaccharide 3.20 as a white solid (190 mg, 71%). 
1
H NMR (500 MHz, CDCl3) δ 8.05 (dd, 

J = 8.3, 1.2 Hz, 2H), 7.96 (d, J = 7.4 Hz, 2H), 7.87 – 7.79 (m, 6H), 7.63 – 7.54 (m, 5H), 

7.52 – 7.42 (m, 6H), 7.42 – 7.36 (m, 4H), 7.36 – 7.29 (m, 6H), 7.29 – 7.26 (m, 2H), 7.23 – 

7.10 (m, 5H), 6.87 (d, J = 8.6 Hz, 2H), 5.95 (d, J = 2.8 Hz, 1H), 5.69 (dt, J = 12.5, 8.2 Hz, 

1H), 5.62 – 5.56 (m, 1H), 5.53 (dd, J = 10.5, 3.7 Hz, 1H), 5.47 (d, J = 2.5 Hz, 1H), 5.41 

(dd, J = 10.6, 3.1 Hz, 2H), 5.28 (d, J = 8.3 Hz, 1H), 5.02 (d, J = 4.3 Hz, 1H), 4.94 (d, J = 

12.1 Hz, 1H), 4.84 (dd, J = 11.3, 7.0 Hz, 1H), 4.73 – 4.66 (m, 3H), 4.64 (d, J = 10.7 Hz, 

1H), 4.27 – 4.14 (m, 3H), 3.99 (dd, J = 10.6, 3.7 Hz, 1H), 3.88 (dd, J = 22.8, 10.8 Hz, 2H), 

3.78 (s, 3H), 3.33 – 3.18 (m, 1H), 3.06 (d, J = 8.0 Hz, 1H), 2.21 (s, 3H), 1.98 (s, 3H), 1.29 

– 1.23 (m, 3H), 1.07 (s, 9H); 
13

C NMR (126 MHz, CDCl3) δ 170.57, 169.77, 166.15, 

165.91, 165.33, 164.91, 159.65, 153.87, 136.16, 135.45, 133.71, 133.44, 133.39, 133.33, 

133.20, 132.54, 131.99, 130.51, 130.03, 129.98, 129.91, 129.84, 129.71, 129.51, 129.04, 

128.79, 128.57, 128.48, 128.43, 128.37, 127.95, 127.83, 114.10, 100.41, 97.74, 95.78, 

79.45, 77.36, 74.56, 74.42, 73.98, 72.39, 71.90, 71.71, 71.20, 69.78, 68.13, 65.08, 61.46, 

61.19, 55.39, 27.00, 21.00, 20.96, 19.45, 16.18; HRMS (ESI): calcd for C83H84NO22Cl3SSi 

[M+Na]
+
 m/z = 1634.3933, found: 1634.3914. 

 

Phenyl (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-(1→4)[(1→3)-2,3,4-tri-O-

acetyl-α-L-fucopyranosyl]-6-O-(tert-butyldiphenylsilyl)-2-deoxy-2-(2,2,2-

trichloroethoxy)carbonylamino-1-thio-β-D-glucopyranoside (3.21): Trisaccharide 3.20 

(190 mg, 0.12 mmol) was dissolved in 10% TFA/CH2Cl2 (5 mL) and stirred at rt for 30 

min. The reaction was concentrated under reduced pressure and excess TFA removed by 

coevaporation with toluene. To the resulting residue was added pyridine/Ac2O (2:1, v:v; 3 

mL) and stirred for 3 h at rt. The acetylated product was concentrated under vacuum and 

purified by silica column chromatography (Hex/EtOAc gradient) to afford the 

differentially protected trisaccharide 3.21 as a white solid (168 mg, 93%). 
1
H NMR (500 

MHz, CDCl3) δ 8.21 – 8.12 (m, 2H), 7.95 (dd, J = 9.8, 2.7 Hz, 2H), 7.88 – 7.76 (m, 5H), 

7.72 (d, J = 6.7 Hz, 1H), 7.64 – 7.55 (m, 6H), 7.55 – 7.37 (m, 10H), 7.37 – 7.30 (m, 1H), 

7.30 – 7.23 (m, 4H), 7.19 (dt, J = 13.3, 7.0 Hz, 4H), 5.96 (d, J = 3.7 Hz, 1H), 5.70 (dd, J = 

10.3, 8.5 Hz, 1H), 5.67 – 5.62 (m, 1H), 5.61 – 5.55 (m, 1H), 5.53 – 5.47 (m, 1H), 5.47 – 

5.41 (m, 1H), 5.33 (d, J = 8.4 Hz, 1H), 5.20 (dd, J = 12.8, 6.3 Hz, 1H), 5.16 – 5.10 (m, 

1H), 5.10 – 5.03 (m, 1H), 5.00 – 4.83 (m, 3H), 4.62 – 4.48 (m, 2H), 4.29 (t, J = 8.9 Hz, 

1H), 4.22 – 4.15 (m, 1H), 4.00 – 3.91 (m, 2H), 3.85 (d, J = 11.0 Hz, 1H), 3.12 (d, J = 9.5 

Hz, 1H), 2.19 (s, 3H), 1.97 (s, 2H), 1.87 (s, 3H), 1.36 (d, J = 6.6 Hz, 3H), 0.96 (s, 8H); 
13

C 

NMR (126 MHz, CDCl3) δ 170.57, 169.77, 166.15, 165.91, 165.65, 165.33, 164.91, 

153.87, 136.16, 135.45, 133.71, 133.44, 133.39, 133.33, 133.20, 132.54, 131.99, 130.51, 

130.03, 129.98, 129.91, 129.84, 129.71, 129.51, 129.04, 128.79, 128.57, 128.48, 128.43, 

128.37, 127.95, 127.83, 100.41, 97.74, 95.78, 79.45, 77.36, 74.56, 74.42, 73.98, 72.39, 

71.90, 71.71, 71.20, 69.78, 68.13, 65.08, 61.46, 61.19, 27.00, 21.00, 20.96, 20.48, 19.45, 

16.18;  HRMS (ESI): calcd for C77H78NO22Cl3SSi [M+Na]
+
 m/z = 1556.3463, found: 

1556.3441. 

 

N-hydroxypent-4-eneamide (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-

(1→4)[(1→3)-3,4-di-O-acetyl-2-O-(para-methoxybenzyl)-α-L-fucopyranosyl]-6-O-

(tert-butyldiphenylsilyl)-2-deoxy-2-(2,2,2-trichloroethoxy)carbonylamino-β-D-
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glucopyranoside (3.23): Thioglycoside 3.21 (199 mg, 0.128 mmol) was dissolved in 

acetone/CH2Cl2/H2O (15:1:1, v:v; 6 mL) and NIS (47 mg, 0.21 mmol) was added while 

stirring at rt. The reaction was monitored by TLC (2:1, Hex/EtOAc) and NBS was added in 

2 equivalent portions until complete. Upon full hydrolysis, the resulting hemiacetal was 

diluted in CH2Cl2 and washed sequentially with Na2S2O3 solution, NaHCO3 solution, and 

brine. The organic layer was dried over Na2SO4 and concentrated under reduced pressure. 

The resulting residue was dissolved in CH2Cl2 (2.5 mL) and Cs2CO3 (85 mg, 0.26 mmol) 

was added followed by N-phenyl trifluoroacetimidoyl chloride (42 µL, 0.26 mmol) 

dropwise. The reaction mixture was stirred for 16 h at rt under N2 after which it was 

diluted with CH2Cl2, filtered, and concentrated under vacuum. The crude residue was 

passed through a silica chromatography column to give the pure trifluoroacetimidate 3.22 

as a yellow oil (168 mg, 80%). 
1
H NMR (500 MHz, CDCl3) δ 8.26 – 7.95 (m, 4H), 7.87 – 

7.63 (m, 8H), 7.66 – 7.47 (m, 9H), 7.49 – 7.28 (m, 6H), 7.29 – 7.03 (m, 8H), 7.05 – 6.94 

(m, 1H), 6.73 – 6.62 (m, 1H), 5.98 (d, J = 3.5 Hz, 1H), 5.73 (dt, J = 18.7, 9.5 Hz, 1H), 5.67 

– 5.53 (m, 2H), 5.53 – 5.45 (m, 2H), 5.31 (dd, J = 14.8, 6.4 Hz, 1H), 5.24 – 5.04 (m, 4H), 

4.94 (d, J = 7.6 Hz, 1H), 4.90 – 4.81 (m, 1H), 4.68 – 4.50 (m, 1H), 4.39 – 4.23 (m, 2H), 

4.23 – 3.91 (m, 4H), 3.86 – 3.59 (m, 1H), 3.57 – 3.12 (m, 1H), 2.20 (s, 3H), 1.98 (s, 3H), 

1.86 (s, 3H), 1.45 – 1.34 (m, 3H), 1.07 – 0.89 (m, 9H); 
13

C NMR (126 MHz, CDCl3) δ 

170.33, 169.56, 166.33, 166.03, 165.29, 164.90, 136.14, 135.44, 135.40, 133.51, 133.30, 

130.57, 130.15, 130.05, 129.92, 129.84, 129.67, 129.17, 128.89, 128.86, 128.66, 128.60, 

128.49, 128.45, 128.37, 127.93, 101.09, 95.51, 75.21, 73.83, 72.09, 71.96, 69.94, 68.67, 

65.12, 61.97, 61.60, 27.00, 26.92, 21.04, 20.72, 20.59, 19.35, 16.18, 14.30. A mixture of 

trifluoroacetimidate 3.22 (115 mg, 0.0712 mmol) and N-pentenoyl hydroxamic acid 3.1 

(12 mg, 0.11 mmol) were dried by coevaporation with anhydrous toluene and left under 

high vacuum. To the dried mixture was added 3 Å MS and stirred in CH2Cl2 (1.5 mL) for 1 

h at rt under N2. The solution was cooled to -20 ºC upon which TMSOTf (13 µL, 0.071 

mmol) was added dropwise and allowed to warm to rt over 1.5 h. The reaction was 

quenched with TEA, filtered, and concentrated under vacuum. The resulting residue was 

purified by silica flash chromatography (Tol/Acetone gradient) to obtain N-

hydroxypentenoyl trisaccharide 3.23 as a white solid (70 mg, 64%). 
1
H NMR (400 MHz, 

CDCl3) δ 8.15 (d, J = 7.1 Hz, 2H), 7.96 (d, J = 7.2 Hz, 2H), 7.86 – 7.75 (m, 4H), 7.75 – 

7.63 (m, 4H), 7.63 – 7.36 (m, 14H), 7.31 – 7.12 (m, 4H), 5.96 (d, J = 3.4 Hz, 1H), 5.69 

(dd, J = 10.3, 8.4 Hz, 2H), 5.65 – 5.49 (m, 3H), 5.49 – 5.37 (m, 2H), 5.23 (d, J = 8.3 Hz, 

1H), 5.20 – 5.06 (m, 2H), 5.05 – 4.89 (m, 4H), 4.85 (dd, J = 11.7, 5.7 Hz, 1H), 4.62 (app d, 

J = 11.7 Hz, 2H), 4.27 – 4.10 (m, 2H), 4.05 (app d, J = 10.9 Hz, 2H), 3.92 – 3.75 (m, 2H), 

3.10 (d, J = 9.0 Hz, 1H), 2.41 – 2.22 (m, 4H), 2.19 (s, 3H), 2.02 (s, 3H), 1.89 (s, 3H), 1.34 

(d, J = 6.5 Hz, 3H), 0.99 (s, 9H); 
13

C NMR (126 MHz, CDCl3) δ 170.43, 169.69, 166.19, 

165.89, 165.20, 164.80, 137.89, 136.11, 135.35, 133.53, 133.30, 133.16, 132.30, 130.49, 

130.13, 130.04, 129.81, 129.65, 129.57, 129.30, 129.06, 128.82, 128.78, 128.70, 128.53, 

128.32, 128.30, 128.26, 127.89, 125.33, 116.01, 100.81, 95.61, 95.19, 75.47, 74.92, 73.83, 

73.63, 72.61, 71.76, 71.48, 69.62, 68.42, 68.16, 67.81, 64.77, 61.54, 60.90, 55.86, 26.86, 

21.47, 20.99, 20.77, 20.65, 19.26, 16.01. HRMS (ESI): calcd for C76H81N2O24Cl3Si 

[M+Na]
+
 m/z = 1561.3906, found: 1561.3896. 
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N-hydroxypent-4-eneamide (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-

(1→4)[(1→3)-3,4-di-O-acetyl-2-O-(para-methoxybenzyl)-α-L-fucopyranosyl]-6-O-

(tert-butyldiphenylsilyl)-2-deoxy-2-acetamido-β-D-glucopyranoside (3.24): To a 

solution of N-hydroxypentenoyl trisaccharide 3.23 (82 mg, .053 mmol) in 10% FA/MeCN 

(2 mL) was added activated Zn (300 mg) and stirred for 2 h. The suspension was filtered to 

remove catalyst, concentrated under vacuum, and coevaporated with toluene to remove 

excess FA. The crude free amine was dissolved in anhydrous MeOH (2 mL) and Ac2O (25 

µL, 0.27 mmol) and DIPEA (11 µL, 0.064 mmol) were added dropwise while stirring at 0 

ºC under N2. After 1.5 h, the reaction was allowed to warm to rt, diluted with MeOH, and 

concentrated under vacuum. The resulting residue was purified by silica flash 

chromatography (Tol/Acetone gradient) to give the acetylated trisaccharide 3.24 as a white 

solid (55 mg, 74%). 
1
H NMR (600 MHz, CDCl3) δ 8.72 (s, 1H), 8.15 (d, J = 6.5 Hz, 2H), 

7.94 (d, J = 7.6 Hz, 2H), 7.79 (dd, J = 19.0, 7.2 Hz, 4H), 7.73 – 7.61 (m, 4H), 7.61 – 7.51 

(m, 6H), 7.51 – 7.37 (m, 8H), 7.30 – 7.13 (m, 4H), 6.13 (d, J = 8.9 Hz, 1H), 5.94 (2s, J = 

3.6 Hz, 1H), 5.78 – 5.68 (m, 1H), 5.68 – 5.62 (m, 1H), 5.57 – 5.48 (m, 2H), 5.47 – 5.37 (m, 

2H), 5.18 (d, J = 6.9 Hz, 1H), 5.15 – 5.10 (m, 1H), 4.98 (d, J = 17.0 Hz, 1H), 4.94 (d, J = 

10.2 Hz, 1H), 4.92 – 4.85 (m, 1H), 4.54 (d, J = 8.1 Hz, 1H), 4.24 – 4.17 (m, 1pH), 4.17 – 

4.10 (m, 1H), 4.01 (t, J = 9.3 Hz, 2H), 3.81 (d, J = 11.3 Hz, 1H), 3.74 (app t, J = 6.4 Hz, 

2H), 3.09 (d, J = 8.8 Hz, 1H), 2.37 – 2.22 (m, 4H), 2.18 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 

1.89 (s, 3H), 1.32 (d, J = 6.1 Hz, 3H), 0.94 (s, 9H). 
13

C NMR (151 MHz, CDCl3) δ 172.63, 

171.43, 170.46, 169.76, 166.29, 165.99, 165.27, 165.03, 137.99, 136.51, 136.25, 135.42, 

133.60, 133.39, 133.26, 130.58, 130.15, 129.90, 129.74, 129.65, 129.43, 129.16, 128.96, 

128.86, 128.81, 128.65, 128.63, 128.45, 128.40, 128.35, 128.08, 125.43, 115.95, 102.43, 

100.82, 100.12, 95.71, 75.74, 73.92, 73.66, 72.65, 71.90, 71.59, 69.74, 68.32, 68.28, 68.09, 

68.05, 64.87, 61.61, 61.02, 32.67, 29.98, 29.01, 26.91, 25.73, 23.60, 21.57, 21.02, 20.84, 

20.76, 19.31, 16.11. HRMS (ESI): calcd for C75H82N2O23Si [M+Na]
+
 m/z = 1429.4970, 

found: 1429.4954. 
 

N-hydroxypent-4-eneamide (β-D-galactopyranosyl)-(1→4)[(1→3)-α-L-

fucopyranosyl]-2-deoxy-2-acetamido-β-D-glucopyranoside (3.25): A solution of N-

hydroxypentenoyl trisaccharide 3.24 (53 mg, 0.038 mmol) in THF (2 mL) was cooled to 0 

ºC and TBAF (1 M in THF, 68 µL) was added dropwise under N2. The mixture was 

allowed to warm to rt and stirred 18 h after which it was diluted with EtOAc and 

concentrated under reduced pressure. The resulting residue was dissolved in MeOH (2 mL) 

and NaOMe (25% in MeOH, 30 µL) was added dropwise while stirring at rt. After 7 h, the 

reaction was quenched by addition of Dowex 50W-X8 (H
+
) until pH 7 and filtered to 

remove resin. The crude product was concentrated under vacuum and purified by silica 

column chromatography (20% - 30% MeOH/CH2Cl2). The purified residue was filtered to 

remove trace silica and lyophilized to yield the deprotected N-hydroxypentenoyl Le
x
 3.25 

as a white powder (18 mg, 76%). 
1
H NMR (600 MHz, D2O) δ 5.81 (ddt, J = 16.9, 10.3, 6.5 

Hz, 1H), 5.12 – 5.00 (m, 3H), 4.82 (d, J = 6.3 Hz, 1H), 4.43 (d, J = 7.8 Hz, 1H), 4.02 (t, J 

= 9.3 Hz, 1H), 3.99 – 3.92 (m, 2H), 3.92 – 3.83 (m, 4H), 3.77 (d, J = 3.1 Hz, 1H), 3.75 – 

3.65 (m, 3H), 3.63 (dd, J = 9.9, 3.4 Hz, 1H), 3.61 – 3.55 (m, 2H), 3.47 (dd, J = 9.7, 8.0 Hz, 

1H), 2.38 – 2.28 (m, 2H), 2.24 (app t, J = 7.0 Hz, 2H), 2.02 (s, 3H), 1.15 (d, J = 6.6 Hz, 

3H). 
13

C NMR (151 MHz, D2O) δ 174.53, 172.56, 136.58, 115.85, 103.63, 101.81, 98.64, 
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75.65, 74.92, 74.68, 72.96, 72.46, 71.89, 71.01, 69.21, 68.33, 67.69, 66.73, 61.46, 59.62, 

53.60, 46.68, 31.75, 28.82, 22.30, 15.28, 8.21; HRMS (ESI): calcd for C25H42N2O16 

[M+Na]
+
 m/z = 649.2427, found: 649.2425. 

 

Aminooxy β-D-galactopyranosyl-(1→4)[(1→3)-α-L-fucopyranosyl]-2-deoxy-2-

acetamido-β-D-glucopyranoside (3.26): A solution of N-hydroxypentenoyl Le
x
 3.25 (4.8 

mg, 0.0077 mmol) in MeCN/MeOH/FA (3:1:0.001, v:v; 1.4 mL) was stirred at rt with 

dropwise addition of I2 (0.023 mmol, 0.5 M solution in THF). The mixture was stirred for 

1.5 h at rt followed by additional heating at 35 ºC for 30 min after which the reaction was 

quenched with aqueous NH4HCO3 (500 mM) and Na2S2O3 (50 mM) until the 

disappearance of color. The solvent was removed under reduced pressure and the 

remaining residue was purified by silica flash chromatography (EtOAc/MeOH/H2O). The 

desired fractions were pooled and concentrated under vacuum. After redissolving in 

ddH2O, the purified product was lyophilized to give the free aminooxy Le
x
 3.26 (2.9 mg, 

70%) as a white powder. 1H NMR (500 MHz, D2O) δ 5.11 (d, J = 4.0 Hz, 1H), 4.63 (d, J = 

8.6 Hz, 1H), 4.44 (d, J = 7.8 Hz, 1H), 4.04 – 3.99 (m, 1H), 3.98 – 3.91 (m, 2H), 3.89 (dd, J 

= 9.2, 5.1 Hz, 3H), 3.85 (d, J = 4.2 Hz, 1H), 3.78 (d, J = 2.9 Hz, 1H), 3.76 – 3.68 (m, 3H), 

3.66 (dd, J = 6.3, 3.7 Hz, 1H), 3.65 – 3.63 (m, 1H), 3.63 – 3.57 (m, 2H), 3.52 – 3.46 (m, 

1H), 2.02 (s, 3H), 1.17 (d, J = 6.6 Hz, 3H); 
13

C NMR (151 MHz, D2O) δ 174.46, 103.36, 

101.84, 98.62, 75.32, 74.91, 73.25, 72.47, 71.91, 71.04, 69.21, 68.34, 67.71, 66.72, 61.46, 

59.80, 54.01, 22.19, 15.29; HRMS (ESI): calcd for C20H36N2O15 [M+H]
+
 m/z = 545.2188, 

found: 545.2187. 

 

N-hydroxypent-4-eneamide (5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-

nonulopyranosyl-onic acid)-(2→6)-β-D-galactopyranosyl-(1→4)-β-D-glucopyranoside 

(3.27): To N-pentenoyl aminooxy lactose 3.15 (12 mg, 0.027 mmol) was added N-

acetylmannosamine (9 mg, 0.04 mmol), sodium pyruvate (15 mg, 0.14 mmol), and 

CTP•Na (23 mg, 0.041 mmol) and dissolved in H2O (1.5 mL). A concentrated stock of 

Tris-HCl buffer pH 8.5 with MgCl2 was added to a final concentration of 100 mM Tris, 20 

mM MgCl2. Recombinant E. coli K12 sialic acid aldolase (2.5 U), N. meningitidis CMP-

sialic acid synthetase (1.5 U), and P. damsela α-2,6-sialyltransferase (1.5 U) were added 

followed by H2O to bring the volume to 2 mL.  The reaction mixture was incubated at 37 

ºC for 2 h followed by shaking at rt for 16 h. The reaction was monitored by TLC (4:2:1 

EtOAc/MeOH/H2O) and upon completion calf alkaline phosphatase was added to remove 

remaining nucleotide phosphate. After further incubation at 37 ºC for 1 h, the reaction 

mixture was quenched with cold MeOH (2 mL) and incubated on ice 20 min. The mixture 

was centrifuged, precipitates removed, and concentrated under vacuum. The resulting 

residue was passed through a BioGel P-2 size exclusion column and eluted with water to 

obtain 3.27 (16.2 mg, 81%) as a white, fluffy powder after lyophilization. 
1
H NMR (500 

MHz, D2O) δ 5.96 – 5.79 (m, 1H), 5.19 – 5.05 (m, 2H), 4.76 (d, J = 8.3 Hz, 1H, H-1), 4.47 

(d, J = 7.9 Hz, 1H, H-1’), 4.05 – 3.95 (m, 3H), 3.95 – 3.80 (m, 5H), 3.79 – 3.62 (m, 8H), 

3.62 – 3.50 (m, 3H), 2.75 (dd, J = 12.4, 4.7 Hz, 1H), 2.41 (dd, J = 13.0, 6.2 Hz, 2H), 2.37 – 

2.30 (m, 2H), 2.08 (s, 3H), 1.77 (t, J = 12.2 Hz, 1H); 
13

C NMR (125 MHz, D2O): δ 174.86, 

173.44, 172.71, 136.36, 115.98, 104.99, 103.11, 100.24, 78.83, 74.84, 74.82, 74.33, 73.63, 

72.47, 72.27, 71.74, 70.84, 70.70, 68.45, 68.30, 63.52, 62.56, 59.92, 51.73, 40.06, 31.68, 



95 
 

28.89, 21.99; HRMS (ESI): calcd for C28H46N2O20 [M-H]
-
 m/z = 729.2571, found: 

729.2551. 
 

N-hydroxypent-4-eneamide (5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-

nonulopyranos-ylonic acid)-(2→3)-β-D-galactopyranosyl-(1→4)-β-D-glucopyranoside 

(3.28): To N-pentenoyl aminooxy lactose 3.15 (20 mg, 0.046 mmol) was added N-acetyl 

mannosamine (15 mg, 0.069 mmol), sodium pyruvate (25 mg, 0.23 mmol), and CTP•Na 

(36 mg, 0.069 mmol) and dissolved in H2O (2 mL). A concentrated stock of Tris-HCl 

buffer pH 8.5 with MgCl2 was added to a final concentration of 100 mM Tris, 20 mM 

MgCl2. Recombinant E. coli K12 sialic acid aldolase (2.5 U), N. meningitidis CMP-sialic 

acid synthetase (2.5 U), and P. multocida α-2,3-sialyltransferase (1.5 U) were added 

followed by H2O to bring the volume to 4 mL.  The reaction mixture was incubated at 37 

ºC for 2 h followed by shaking at rt for 16 h. The reaction was monitored by TLC (4:2:1 

EtOAc/MeOH/H2O) and upon completion calf alkaline phosphatase was added to remove 

remaining nucleotide phosphate. After further incubation at 37 ºC for 2 h, the reaction 

mixture was quenched with cold MeOH (3 mL) and incubated on ice 20 min. The mixture 

was centrifuged, precipitates removed, and concentrated under vacuum. The resulting 

residue was passed through a BioGel P-2 size exclusion column and eluted with water to 

obtain 3.28 (32 mg, 95%) as a white, fluffy powder after lyophilization. 
1
H NMR (500 

MHz, D2O) δ 5.80 (ddt,  J = 16.9, 10.3, 6.4 Hz, 1H), 5.14 – 4.96 (m, 2H), 4.68 (d, J = 8.2 

Hz, 1H, H-1), 4.50 (d, J = 7.8 Hz, 1H, H-1’), 4.08 (dd, J = 9.9, 3.1 Hz, 1H), 3.98 – 3.89 

(m, 2H), 3.89 – 3.77 (m, 4H), 3.75 – 3.50 (m, 11H), 3.44 (t, J = 8.6 Hz, 1H), 2.72 (dd, J = 

12.4, 4.6 Hz, 1H), 2.39 – 2.30 (m, 2H), 2.30 - 2.23 (m, 2H), 2.01 (s, 3H), 1.76 (t, J = 12.1 

Hz, 1H); 
13

C NMR (126 MHz, D2O) δ 174.96, 173.84, 136.36, 115.98, 105.14, 102.56, 

99.74, 77.49, 75.42, 75.13, 74.98, 74.05, 72.83, 71.73, 70.94, 69.31, 68.31, 68.03, 67.41, 

62.52, 60.99, 59.74, 51.63, 39.59, 31.66, 28.89, 21.99; HRMS (ESI): calcd for 

C28H46N2O20 [M-H]
-
 m/z = 729.2571, found: 729.2559. 

 

Aminooxy (5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonic 

acid)-(2→6)-β-D-galactopyranosyl-(1→4)-β-D-glucopyranoside (3.29): A solution of 

N-pentenoyl aminooxy sialoside 3.27 (5.9 mg, 0.0081 mmol) in MeCN/MeOH/FA 

(3:1:0.001, v:v; 2 mL) was stirred at rt with dropwise addition of I2 (.024 mmol, 0.5 M 

solution in THF). The mixture was heated to 35 ºC and stirred for 3 h after which the 

reaction was quenched with the addition of aqueous NH4HCO3 (500 mM) and Na2S2O3 (50 

mM) until the disappearance of color. The solvent was removed and the remaining residue 

was dissolved in ddH2O followed by purification via size exclusion chromatography 

(BioGel P-2). The compound was eluted with ddH2O and desired fractions were pooled 

and lyophilized to give the free aminooxy sialoside 3.29 (4.3 mg, 82%) as a white powder. 
1
H NMR (600 MHz, D2O) δ 4.65 (d, J = 8.3 Hz, 1H, H-1), 4.41 (d, J = 8.0 Hz, 1H, H-1’), 

4.02 – 3.90 (m, 3H), 3.90 – 3.77 (m, 5H), 3.74 – 3.59 (m, 8H), 3.59 – 3.48 (m, 2H), 3.39 (t, 

J = 8.7 Hz, 1H), 2.70 (dd, J = 12.4, 4.1 Hz, 1H), 2.02 (s, 3H), 1.72 (t, J = 12.1 Hz, 1H). 
13

C 

NMR (151 MHz, D2O) δ 174.93, 173.42, 104.47, 103.20, 100.29, 79.35, 74.63 (x2), 73.71, 

72.54, 72.37, 71.79, 71.25, 70.79 (x2), 68.52, 68.35, 63.57, 62.67, 60.22, 51.79, 40.08, 

22.06; HRMS (ESI): calcd for C23H40N2O19 [M-H]
-
 m/z = 647.2152, found: 647.2142. 
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Aminooxy (5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonic 

acid)-(2→6)-β-D-galactopyranosyl-(1→4)-β-D-glucopyranoside (3.30): A solution of 

N-pentenoyl aminooxy sialoside 3.28 (5.2 mg, 0.0071 mmol) in MeCN/MeOH/FA 

(3:1:0.001, v:v; 2 mL) was stirred at rt with dropwise addition of I2 (0.021 mmol, 0.5 M 

solution in THF). The mixture was heated to 37 ºC and stirred for 2 h after which the 

reaction was quenched with the addition of 500 mM NH4HCO3, 50 mM Na2S2O3 in H2O 

until clear. The solvent was removed and the remaining residue was passed through a short 

silica chromatography column (EtOAc/MeOH/H2O). The desired fractions were pooled 

and lyophilized to give the free aminooxy sialoside 3.30 (3.4 mg, 74%) as a white powder. 
1
H NMR (500 MHz, D2O) δ 4.57 (d, J = 8.3 Hz, 1H, H-1), 4.49 (d, J = 7.9 Hz, 1H, H-1’), 

4.08 (dd, J = 9.9, 3.1 Hz, 1H), 3.98 (dd, J = 12.2, 1.9 Hz, 1H), 3.92 (d, J = 3.0 Hz, 1H), 

3.89 – 3.78 (m, 4H), 3.76 – 3.51 (m, 11H), 3.35 – 3.28 (m, 1H), 2.72 (dd, J = 12.4, 4.6 Hz, 

1H), 2.00 (s, 3H), 1.77 (t, J = 12.1 Hz, 1H); 
13

C NMR (126 MHz, D2O) δ 174.95, 173.86, 

104.81, 102.58, 99.74, 77.93, 75.40, 75.11, 74.66, 74.33, 72.82, 71.72, 71.30, 69.31, 68.32, 

68.03, 67.40, 62.51, 60.98, 59.93, 51.62, 39.57, 21.98; HRMS (ESI): calcd for 

C23H40N2O19 [M-H]
-
 m/z = 647.2152, found: 647.2144. 

 

Phenyl (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-(1→4)-6-O-(tert-

butyldiphenylsilyl)-3-O-acetyl-2-deoxy-2-(2,2,2-trichloroethoxy)carbonylamino-1-

thio-β-D-glucopyranoside (3.31). A solution of disaccharide 3.18 (400 mg, 0.32 mmol) in 

pyridine/Ac2O (2:1, v:v; 4.5 mL) was stirred for 3 h at rt under N2. Upon completion, the 

reaction was concentrated and coevaporated with toluene to remove excess Ac2O and 

AcOH. The crude residue was purified by silica flash chromatography (Hex/EtOAc 

gradient) to obtain fully protected disaccharide 3.31 as a white powder (400 mg, 97%). 
1
H 

NMR (500 MHz, CDCl3) δ 8.18 (d, J = 7.4 Hz, 2H), 8.07 (d, J = 7.4 Hz, 2H), 7.93 – 7.79 

(m, 6H), 7.68 – 7.49 (m, 12H), 7.47 – 7.34 (m, 5H), 7.33 – 7.19 (m, 5H), 7.09 (t, J = 7.5 

Hz, 2H), 7.03 (t, J = 7.3 Hz, 1H), 6.85 (t, J = 7.7 Hz, 2H), 6.69 (d, J = 9.0 Hz, 1H), 6.02 (d, 

J = 2.9 Hz, 1H), 5.81 (dd, J = 10.1, 8.2 Hz, 1H), 5.58 (dd, J = 10.4, 3.1 Hz, 1H), 5.50 (t, J 

= 9.8 Hz, 1H), 5.27 (d, J = 8.0 Hz, 1H), 5.11 (d, J = 10.4 Hz, 1H), 4.90 (q, J = 12.1 Hz, 

2H), 4.74 (dd, J = 11.2, 4.6 Hz, 1H), 4.55 – 4.39 (m, 2H), 4.30 – 4.23 (m, 1H), 4.09 (q, J = 

10.2 Hz, 1H), 3.95 (d, J = 11.2 Hz, 1H), 3.77 (d, J = 11.0 Hz, 1H), 3.40 (d, J = 9.7 Hz, 

1H), 2.24 (s, 3H), 1.09 (s, 9H); 
13

C NMR (126 MHz, CDCl3) δ 171.54, 166.00, 165.56, 

165.32, 164.45, 154.59, 136.05, 135.67, 135.29, 133.70, 133.52, 133.33, 133.17, 132.91, 

131.69, 130.86, 130.25, 129.84, 129.77, 129.74, 129.51, 129.13, 128.77, 128.69, 128.41, 

128.29, 128.22, 128.16, 127.78, 126.74, 100.10, 95.78, 85.76, 78.61, 77.41, 74.52, 74.18, 

73.61, 72.02, 71.43, 69.90, 68.22, 61.95, 60.96, 54.87, 26.76, 21.24, 19.35; HRMS (ESI): 

calcd for C67H65NO16Cl3SSi [M+H]
+
 m/z = 1304.2853, found: 1304.2883. 

 

N-hydroxypent-4-eneamide (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-(1→4)-6-

O-(tert-butyl-diphenylsilyl)-3-O-acetyl-2-deoxy-2-(2,2,2-trichloroethoxy) 

carbonylamino-β-D-glucopyranoside (3.33). Thioglycoside 3.31 (290 mg, 0.22 mmol) 

was dissolved in acetone/CH2Cl2/H2O (15:1:1, v:v; 6 mL) and NIS (75 mg, 0.33 mmol) 

was added while stirring at rt. The reaction was monitored by TLC (2:1, Hex/EtOAc) and 
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NBS was added in 2 eqiuv. portions until complete. Upon full hydrolysis, the resulting 

hemiacetal was diluted in CH2Cl2 and washed sequentially with Na2S2O3 solution, 

NaHCO3 solution, and brine. The organic layer was dried over Na2SO4 and concentrated 

under reduced pressure. The resulting residue was dissolved in CH2Cl2 (3 mL) and Cs2CO3 

(150 mg, 0.44 mmol) was added followed by N-phenyl trifluoroacetimidoyl chloride (72 

µL, 0.44 mmol) dropwise. The reaction mixture was stirred for 12 h at rt under N2 after 

which it was diluted with CH2Cl2, filtered, and concentrated under vacuum. The crude 

residue was purified by silica chromatography column to give the trifluoroacetimidate 3.32 

as a yellow oil (267 mg, 87%). 
1
H NMR (500 MHz, CDCl3) δ 8.16 – 8.03 (m, 4H), 7.87 – 

7.68 (m, 7H), 7.68 – 7.31 (m, 14H), 7.19 (dddd, J = 28.0, 16.4, 10.1, 3.9 Hz, 7H), 6.98 (dt, 

J = 30.6, 15.6 Hz, 1H), 6.71 (dd, J = 23.5, 7.7 Hz, 1H), 6.00 – 5.92 (m, 1H), 5.83 – 5.73 

(m, 1H), 5.60 – 5.40 (m, 1H), 5.33 (t, J = 9.9 Hz, 1H), 5.25 (dd, J = 22.4, 14.4 Hz, 1H), 

5.18 (dt, J = 19.0, 9.4 Hz, 1H), 4.76 (dt, J = 28.6, 14.3 Hz, 1H), 4.63 – 4.51 (m, 2H), 4.47 – 

4.35 (m, 1H), 4.29 – 4.17 (m, 1H), 4.13 (dt, J = 13.7, 7.1 Hz, 1H), 4.05 – 3.69 (m, 2H), 

3.58 – 3.26 (m, 1H), 2.20 – 1.92 (m, 3H), 1.16 – 1.02 (m, 9H); 
13

C NMR (126 MHz, 

CDCl3) δ 173.12, 166.12, 165.51, 165.50, 164.72, 154.46, 136.03, 135.47, 133.88, 133.84, 

133.62, 133.45, 133.35, 130.54, 130.02, 129.92, 129.88, 129.70, 129.58, 129.17, 129.03, 

128.87, 128.73, 128.55, 128.44, 128.36, 127.96, 100.52, 95.48, 74.75, 73.37, 73.24, 72.20, 

71.66, 69.90, 68.23, 62.14, 60.53, 54.23, 26.90, 20.97, 19.50. A mixture of 

trifluoroacetimidate 3.32 (257 mg, 0.186 mmol) and N-pentenoyl hydroxamic acid 3.1 (32 

mg, 0.28 mmol) were dried by coevaporation with anhydrous toluene and left under high 

vacuum. To the dried mixture was added 3 Å MS and stirred in CH2Cl2 (4 mL) for 1 h at rt 

under N2. The solution was cooled to -20 ºC and TMSOTf (34 µL, 0.19 mmol) was added 

dropwise. The reaction was allowed to warm to rt over 1.5 h and was quenched with TEA, 

filtered, and concentrated under vacuum. The resulting residue was purified by silica flash 

chromatography (Tol/Acetone gradient) to obtain N-hydroxypentenoyl disaccharide 3.33 

as a white solid (160 mg, 66%). 
1
H NMR (500 MHz, CDCl3) δ 8.45 (s, 1H), 8.15 – 8.02 

(m, 4H), 7.83 – 7.74 (m, 4H), 7.74 – 7.65 (m, 4H), 7.60 (dt, J = 21.6, 6.4 Hz, 2H), 7.54 – 

7.36 (m, 12H), 7.25 – 7.20 (m, 2H), 7.20 – 7.16 (m, 2H), 5.95 (d, J = 3.2 Hz, 1H), 5.82 – 

5.69 (m, 2H), 5.69 – 5.61 (m, 1H), 5.48 (dd, J = 10.3, 3.2 Hz, 1H), 5.20 (t, J = 9.3 Hz, 1H), 

5.12 (d, J = 8.0 Hz, 1H), 5.01 (d, J = 16.5 Hz, 1H), 4.96 (d, J = 10.3 Hz, 1H), 4.86 (d, J = 

12.0 Hz, 1H), 4.68 (t, J = 9.1 Hz, 2H), 4.53 (d, J = 6.4 Hz, 2H), 4.34 (t, J = 9.3 Hz, 1H), 

4.17 (t, J = 6.0 Hz, 1H), 3.94 – 3.77 (m, 3H), 3.27 (d, J = 9.4 Hz, 1H), 2.35 – 2.15 (m, 4H), 

2.12 (s, 3H), 1.08 (s, 9H); 
13

C NMR (126 MHz, CDCl3) δ 171.32, 170.85, 166.00, 165.51, 

165.43, 165.21, 164.72, 136.58, 136.08, 136.06, 136.02, 135.95, 135.48, 135.44, 133.81, 

133.51, 133.46, 133.43, 133.29, 130.54, 130.15, 130.09, 130.04, 129.98, 129.93, 129.85, 

129.65, 129.49, 128.91, 128.83, 128.68, 128.64, 128.60, 128.45, 128.41, 128.32, 128.11, 

127.85, 127.77, 115.81, 100.22, 95.41, 75.63, 74.87, 74.71, 73.14, 71.91, 71.50, 69.83, 

68.08, 62.01, 60.64, 54.00, 53.53, 28.98, 26.86, 20.95, 19.42; HRMS (ESI): calcd for 

C66H67N2O18Cl3Si [M+H]
+
 m/z = 1309.3296, found: 1309.3315. 

 

N-hydroxypent-4-eneamide (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-(1→4)-6-

O-(tert-butyl-diphenylsilyl)-3-O-acetyl-2-deoxy-2-acetamido-β-D-glucopyranoside 

(3.34). To a solution of N-hydroxypentenoyl disaccharide 3.33 (140 mg, 0.11 mmol) in 
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10% FA/MeCN (3 mL) was added activated Zn (500 mg) and stirred for 3 h. The 

suspension was filtered to remove catalyst, concentrated under vacuum, and coevaporated 

with toluene to remove excess FA. The crude free amine was dissolved in anhydrous 

MeOH (3 mL) followed by dropwise addition of Ac2O (55 µL, 0.54 mmol) and DIPEA (22 

µL, 0.13 mmol) at 0 ºC under N2. After 1.5 h, the reaction was allowed to warm to rt, 

diluted with MeOH, and concentrated under vacuum. The resulting residue was purified by 

silica flash chromatography (Tol/Acetone gradient) to give the N-acetylated disaccharide 

3.34 as a white solid (97 mg, 77%). 
1
H NMR (500 MHz, CDCl3) δ 9.32 (s, 1H), 8.13 – 

8.03 (m, 4H), 7.82 – 7.73 (m, 4H), 7.72 – 7.67 (m, 2H), 7.66 – 7.54 (m, 6H), 7.52 – 7.45 

(m, 8H), 7.41 – 7.37 (m, 2H), 7.23 (t, J = 7.8 Hz, 3H), 7.17 (t, J = 7.8 Hz, 2H), 6.19 (d, J = 

8.4 Hz, 1H), 5.96 (d, J = 3.1 Hz, 1H), 5.82 – 5.69 (m, 2H), 5.48 (dd, J = 10.4, 3.4 Hz, 1H), 

5.11 (dd, J = 17.2, 7.9 Hz, 2H), 5.00 (dd, J = 17.2, 1.3 Hz, 1H), 4.94 (d, J = 10.2 Hz, 1H), 

4.60 (d, J = 8.5 Hz, 1H), 4.58 – 4.47 (m, 2H), 4.36 (t, J = 9.1 Hz, 1H), 4.20 – 4.10 (m, 2H), 

3.88 (q, J = 11.2 Hz, 2H), 3.26 (d, J = 9.4 Hz, 1H), 2.38 – 2.15 (m, 4H), 2.14 (s, 3H), 2.02 

(s, 3H), 1.06 (s, 9H); 
13

C NMR (126 MHz, CDCl3) δ 172.53, 171.81, 170.88, 166.04, 

165.46, 164.88, 137.93, 136.75, 136.06, 135.74, 135.43, 133.81, 133.56, 133.43, 133.40, 

131.23, 130.58, 130.15, 129.94, 129.89, 129.85, 129.54, 129.11, 128.98, 128.82, 128.73, 

128.65, 128.52, 128.41, 128.30, 128.26, 127.78, 125.38, 115.62, 102.03, 100.27, 75.89, 

72.99, 72.35, 71.86, 71.59, 69.83, 68.17, 62.07, 60.56, 52.23, 32.87, 29.04, 26.82, 23.35, 

21.53, 21.03, 19.41; HRMS (ESI): calcd for C65H68N2O17Si [M+H]
+
 m/z = 1177.4360, 

found: 1177.4396. 

 

N-hydroxypent-4-eneamide (β-D-galactopyranosyl)-(1→4)-2-deoxy-2-acetamido-β-D-

gluco-pyranoside (3.35). A solution of N-hydroxypentenoyl disaccharide 3.34 (94 mg, 

0.080 mmol) in THF (4 mL) was cooled to 0 ºC and TBAF (1 M in THF, 160 µL) was 

added dropwise under N2. The mixture was allowed to warm to rt and stirred 18 h after 

which it was diluted with EtOAc and concentrated under reduced pressure. The resulting 

residue was dissolved in MeOH (4 mL) and NaOMe (25% in MeOH, 40 µL) was added 

dropwise while stirring at rt. After 8 h, the reaction was neutralized with Dowex 50W-X8 

(H
+
) and filtered to remove resin. The crude product was concentrated under vacuum and 

purified by silica column chromatography (10%-25% MeOH/CH2Cl2). The purified 

residue was filtered to remove trace silica and lyophilized to yield the deprotected N-

hydroxypentenoyl LacNAc 3.35 as a white powder (32 mg, 84%). 
1
H NMR (500 MHz, 

D2O) δ 5.80 (ddt, J = 12.8, 10.3, 6.5 Hz, 1H), 5.10 – 4.98 (m, 2H), 4.75 (d, J = 8.8 Hz, 

1H), 4.44 (d, J = 7.8 Hz, 1H), 3.98 – 3.92 (m, 1H), 3.92 – 3.80 (m, 3H), 3.77 – 3.66 (m, 

5H), 3.63 (dd, J = 10.0, 3.4 Hz, 1H), 3.61 – 3.54 (m, 1H), 3.50 (dd, J = 9.8, 7.9 Hz, 1H), 

2.32 (dd, J = 13.1, 6.5 Hz, 2H), 2.28 – 2.21 (m, 2H), 2.02 (s, 3H); 
13

C NMR (126 MHz, 

CDCl3) δ 174.72, 172.85, 136.46, 115.89, 103.79, 102.82, 77.78, 75.33, 75.06, 72.45, 

72.22, 70.91, 68.51, 61.00, 59.77, 52.90, 31.72, 28.81, 22.18; HRMS (ESI): calcd for 

C19H32N2O12 [M+H]
+
 m/z = 481.2028, found: 481.2036. 

 

N-hydroxypent-4-eneamide (5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-

nonulopyranos-ylonic acid)-(2→3)-β-D-galactopyranosyl-(1→4)-2-deoxy-2-

acetamido-β-D-glucopyranoside (3.36). To N-pentenoyl aminooxy LacNAc 3.35 (21 mg, 



99 
 

0.044 mmol) was added N-acetylmannosamine (15 mg, 0.066 mmol), sodium pyruvate (24 

mg, 0.22 mmol), and CTP•Na (37 mg, 0.066 mmol) and dissolved in H2O (3 mL). A 

concentrated stock of Tris-HCl buffer pH 8.5 with MgCl2 was added to a final 

concentration of 100 mM Tris, 20 mM MgCl2. Recombinant E. coli K12 sialic acid 

aldolase (4 U), N. meningitidis CMP-sialic acid synthetase (4 U), and P. multocida α-2,3-

sialyltransferase (2 U) were added followed by H2O to bring the volume to 4 mL.  The 

reaction mixture was incubated at 37 ºC for 2 h followed by shaking at rt for 14 h. The 

reaction was monitored by TLC (4:2:1 EtOAc/MeOH/H2O) and upon completion, calf 

alkaline phosphatase was added to remove remaining nucleotide phosphate. After further 

incubation at 37 ºC for 2 h, the reaction mixture was quenched with cold MeOH (4 mL) 

and incubated on ice 20 min. The mixture was centrifuged, precipitates removed, and 

concentrated under vacuum. The resulting residue was passed through a BioGel P-2 size 

exclusion column and eluted with ddH2O to obtain 3.36 (28.9 mg, 86%) as a white, fluffy 

powder after lyophilization. 
1
H NMR (600 MHz, D2O) δ 5.80 (ddt, J = 16.9, 10.3, 6.6 Hz, 

1H), 5.09 – 4.99 (m, 2H), 4.74 (d, J = 8.8 Hz, 1H), 4.52 (d, J = 7.9 Hz, 1H), 4.08 (dd, J = 

9.9, 3.1 Hz, 1H), 3.96 (app d, J = 10.7 Hz, 1H), 3.92 (d, J = 3.0 Hz, 1H), 3.88 – 3.79 (m, 

5H), 3.76 – 3.70 (m, 3H), 3.69 – 3.64 (m, 3H), 3.62 – 3.52 (m, 5H), 2.73 (dd, J = 12.4, 4.6 

Hz, 1H), 2.31 (dd, J = 13.5, 6.7 Hz, 2H), 2.24 (app t, J = 7.0 Hz, 2H), 2.02 (s, 3H), 2.00 (s, 

3H), 1.77 (t, J = 12.1 Hz, 1H). 
13

C NMR (151 MHz, D2O) δ 175.00, 174.73, 173.83, 

172.51, 136.54, 115.87, 103.81, 102.54, 99.79, 77.73, 75.46, 75.16, 75.08, 72.87, 72.20, 

71.74, 69.34, 68.31, 68.08, 67.45, 62.57, 61.01, 59.81, 59.42, 52.91, 51.67, 39.62, 31.73, 

28.81, 22.19, 22.01; HRMS (ESI): calcd for C30H49N3O20 [M-H]
-
 m/z = 770.2837, found: 

770.2812. 

 

N-hydroxypent-4-eneamide (5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-

nonulopyranos-ylonic acid)-(2→3)-β-D-galactopyranosyl-(1→4)[(1→3)-α-L-

fucopyranosyl]-2-deoxy-2-acetamido-β-D-glucopyranoside (3.37). To a 5 ml solution of 

100 mM Tris buffer (pH 7.5) containing 5 mM L-Fucose (0.025 mmol), 5 mM MgSO4 

(0.025 mmol), 10 mM GTP•Na (0.05 mmol) and 10 mM ATP•Na (0.05 mmol) was added 

S. cerevisiae inorganic pyrophosphatase (40 U) and B. fragilis fucose kinase phosphorylase 

(FKP, 4 U). The mixture was incubated at 37° C for 2 h to preform GDP-fucose and 

monitored by TLC (2:1:1 iPrOH/AcOH/H2O). To this was added N-pentenoyl aminooxy 

sialoside 3.36 (5 mg, 0.07 mmol) and H. pylori α-1,3 fucosyltransferase (1 U) followed by 

incubation at rt for 16 h. The reaction was monitored by TLC (4:2:1 EtOAc/MeOH/H2O) 

and upon completion, calf alkaline phosphatase was added to remove remaining nucleotide 

phosphate. After further incubation at 37 ºC for 2 h, the reaction mixture was quenched 

with cold MeOH (5 mL) and incubated on ice 20 min. The mixture was centrifuged, 

precipitates removed, and concentrated under vacuum. The resulting residue was passed 

through a BioGel P-2 size exclusion column and eluted with ddH2O to obtain 3.37 (4.6 mg, 

78%) as a white, fluffy powder after lyophilization.
 1

H NMR (600 MHz, D2O) δ 5.88 – 

5.77 (m, 1H), 5.06 (dd, J = 26.6, 14.1 Hz, 3H), 4.81 (app s, 1H), 4.51 (d, J = 7.7 Hz, 1H), 

4.12 – 4.01 (m, 2H), 3.97 (dd, J = 20.8, 10.7 Hz, 2H), 3.92 – 3.82 (m, 7H), 3.75 (d, J = 

12.5 Hz, 1H), 3.70 – 3.55 (m, 10H), 3.51 (t, J = 8.7 Hz, 1H), 2.79 – 2.70 (m, 1H), 2.37 – 

2.30 (m, 2H), 2.30 – 2.22 (m, 2H), 2.02 (d, J = 4.1 Hz, 6H), 1.78 (t, J = 12.2 Hz, 1H), 1.15 
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(d, J = 6.1 Hz, 3H); 
13

C NMR (151 MHz, D2O) δ 175.04, 174.51, 173.79, 172.53, 136.55, 

115.88, 103.70, 101.62, 99.64, 98.61, 75.65, 75.57, 74.91, 74.58, 72.92, 71.89, 71.83, 

69.24, 69.19, 68.26, 68.12, 67.70, 67.30, 66.70, 62.62, 61.44, 59.52, 59.33, 53.56, 51.70, 

39.78, 31.73, 28.80, 22.29, 22.03, 15.25; HRMS (ESI): calcd for C36H59N3O24 [M-H]
-
 m/z 

= 916.3416, found: 916.3394. 

 

Aminooxy (5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranos-ylonic 

acid)-(2→3)-β-D-galactopyranosyl-(1→4)[(1→3)-α-L-fucopyranosyl]-2-deoxy-2-

acetamido-β-D-glucopyranoside (3.38). A solution of N-hydroxypentenoyl SLe
x
 3.37 

(4.2 mg, 0.0046 mmol) in MeCN/MeOH/FA (3:1:0.001, v:v; 1.6 mL) was stirred at rt with 

dropwise addition of I2 (0.014 mmol, 0.5 M solution in THF). The mixture was heated to 

35 ºC and stirred for 2 h after which the reaction was quenched with the addition of 

aqueous NH4HCO3 (500 mM) and Na2S2O3 (50 mM) until the disappearance of color. The 

solvent was removed under reduced pressure and the remaining residue was purified by 

silica flash chromatography (4:2:1 EtOAc/MeOH/H2O). The desired fractions were pooled 

and concentrated under vacuum. The purified product was dissolved in ddH2O and 

lyophilized to give the free aminooxy SLe
x
 3.38 (2.5 mg, 65%) as a white powder.

 1
H 

NMR (600 MHz, D2O) δ 5.11 (d, J = 4.0 Hz, 1H), 4.72 (d, J = 8.7 Hz, 1H), 4.52 (d, J = 7.8 

Hz, 1H), 4.09 (dd, J = 9.9, 3.0 Hz, 1H), 4.04 (dd, J = 14.8, 4.7 Hz, 1H), 3.98 (dd, J = 18.7, 

9.6 Hz, 2H), 3.94 – 3.92 (m, 1H), 3.92 – 3.87 (m, 5H), 3.86 (dd, J = 13.6, 6.3 Hz, 2H), 

3.78 (app d, J = 2.8 Hz, 1H), 3.70 – 3.63 (m, 8H), 3.61 – 3.56 (m, 3H), 3.55 – 3.51 (m, 

1H), 2.76 (dd, J = 12.4, 4.6 Hz, 1H), 2.03 (s, 6H), 1.80 (t, J = 12.2 Hz, 1H).
 13

C NMR (151 

MHz, D2O) δ 175.06, 174.51, 173.78, 103.04, 101.65, 99.95, 99.66, 98.61, 75.68, 75.37, 

74.92, 74.71, 73.18, 72.95, 71.90, 71.84, 69.27, 69.20, 68.27, 68.15, 67.72, 67.32, 66.72, 

62.65, 61.46, 59.69, 53.94, 51.72, 43.35, 39.79, 22.18, 22.05, 15.27; HRMS (ESI): calcd 

for C31H52N3O23 [M-H]
-
 m/z = 834.2994, found: 834.2997. 

 

Protein Conjugation 

 

General procedure for coupling aminooxy sugars to aldehyde-tagged protein. To a 

solution of 5% MeCN, 0.02% formic acid or 50 mM Na Citrate pH 3.5 was added 0.26 

mg/mL aldehyde tagged protein and 1 mM aminooxy sugar. The reaction was incubated at 

37 ºC for 18 h at which point the reaction was quenched with 4x protein loading dye and 

resolved by SDS-PAGE. The protein was transferred to nitrocellulose and probed with 

anti-Sialyl Lewis x IgM (KM93, Chemicon, 1:500 dilution) followed by anti-mouse IgM-

HRP (Southern Biotech, 1:10,000) in 5% dry milk in PBST (0.1% Tween). The presence 

of galactose was probed with SBA-FITC (EY, 1:1,000 dilution) in 3% BSA/PBST. For 

fucose analysis, the nitrocellulose was probed with AAL-biotin (EY Labs, 1:1,000 

dilution) followed by rabbit anti-biotin FITC (Abcam, 1:1,000) in 3% BSA/PBST. 

Membranes were developed by chemiluminescence using the SuperSignal West Pico kit 

(Thermo) or scanned for fluorescence by a Typhoon 9410 Imaging System (Amersham). 

For mass spectrometry analysis, the protein was reacted in 5% MeCN, 0.02% FA or Na 

Citrate at 1 mg/mL with 2 mM aminooxy sugar for 18 h at 37 ºC. The reaction was 
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quenched with 1 M Tris buffer pH 8 and the crude protein purified by short pass through a 

RP-HPLC column with elution in aqueous MeCN. The multi-charged peaks of the full 

length protein were obtained by ESI-MS (Bruker/Agilent Esquire) and identified by mass 

spectrometry analysis software. 

 

Adenovirus Production and Conjugation 

 

 Adenovirus was produced as previously described.
90

 In brief, the genetically 

modified adenovirus containing the aldehyde tag and a GFP reporter gene was transfected 

into the Ad293 cell line using lipofectamine 2000 according to the manufacturer’s 

protocol. The cells were subsequently cultured in DMEM supplemented with 10% FBS, 

100 units/ml penicillin and 0.1 mg/ml streptomycin (pen/strep) and maintained at 37 °C 

with 5% CO2 in a water-saturated incubator. After 3 days, the cells were harvested, lysed 

by four freeze thaw cycles, and centrifuged to remove cellular debris. The supernatant was 

used to inoculate a fresh set of Ad293 through two more iterative rounds of infection to 

reach high viral titers. This high titer supernatant was used for all further virus production.  

To purify virus, Ad293 cells were incubated with virus for 2-3 days until cells lifted 

and demonstrated full CPE. The cells were harvested by centrifugation at 400×g for 5 min 

and resuspended in 3 mL of PBS pH 7.4. The cells were lysed by four freeze thaw cycles 

and cleared by centrifugation at 7,000×g for 10 min. The supernatant was collected and 

CsCl (1.65 g) was added with vortexing until dissolved. The resulting CsCl solutions were 

centrifuged at 200,000×g for 16 h and the resulting adenovirus band was collected by 

needle puncture. Concentrated virus stocks were made by concentration in Amicon Ultra-5 

centrifugal filter devices (MWCO 1000K, Millipore) and buffer exchange into PBS. 

Glycerol was added to 10% and stocks were stored at -80 °C. Viral titers were determined 

by absorbance at A260 and infectious units (ifu) were calculated by serial dilution infections 

and flow cytometry analysis. 

For conjugations, roughly 10
10

 viral particles were suspended in 10 µL of buffer 

(PBS, pH 7.4; NaOAc, pH 4.5) and reacted with AO-AF488 (400 µM) or aminooxy sugar 

(1-2 mM) at 37 °C for 16 h. To assess viral integrity, aliquots were taken and ifu’s were 

calculated by Ad293 infection and GFP expression was determined by flow cytometry. 

The remaining reactions were quenched with SDS loading dye and resolved by SDS-

PAGE. The protein was transferred to nitrocellulose and probed with anti-fiber (4D2, 

Neomarkers, 1:10,000 dilution) followed by anti-MsκLC-647 (Jackson Immunolabs, 

1:3,000) in 3% BSA in PBST (0.1% Tween). The presence of sialic acid was probed with 

SNA-FITC (EY, 1:1,000 dilution) in PBST with Ca and Mg. The nitrocellulose was 

imaged by fluorescence scanning on a Typhoon 9410 imaging system (Amersham). 
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Chapter 4 

 

Reconstructing Protein N-Glycosylation with a Synthetic Dendrimera 
 

Introduction 

The generation of homogeneously glycosylated proteins is essential for defining 

their biological activity and improving protein-based therapeutics. In fact, over half of the 

10 top selling pharmaceuticals currently on the market are glycosylated proteins.
1
 Despite 

their success, these products are expressed in cell hosts that produce the biotherapeutic as a 

mixture of glycoforms, in which each glycosylation state may have drastically different 

properties and biological efficacies.
2–5

 For example, the N-glycan structure of recombinant 

antibodies has been shown to control pharmacodynamics as well as receptor binding and 

thus effector function.
6–9

 Glycosylation state can additionally affect a protein’s inherent 

stability, solubility, and susceptibility to proteolytic degredation.
10–14

 

In routinely used mammalian cell hosts, great care is taken to afford reproducible 

protein glycosylation through constant monitoring and analysis.
3,15,16

 As an added 

disadvantage, mammalian systems are also very costly and can harbor human pathogens.
17

 

Furthermore, it is becoming clear that certain epitopes in the glycan structure can increase 

immunogenicity.
18,19

 This is exemplified by the severe anaphylactic reactions seen in 

patients receiving antibody treatment contaminated with the xenobiotic galactose-α-1,3-

galactose moeity.
20,21

 To overcome these issues, much effort has been spent on engineering 

yeast,
22–24

 bacterial,
25

 and plant
26,27

 expression hosts which produce single glycoform 

proteins. Unfortunately, these systems can only produce limited glycan structures and 

require optimization with each new protein at each individual glycosylation site to ensure 

glycoform homogeneity.
28

  

In similar predicaments where biological heterogeneity has been an obstacle to 

increasing efficacy and clinical safety, chemical synthesis has served as a reliable 

solution.
29,30

 Modern innovations in chemical methods have made the total synthesis of 

functional glycoproteins a reality.
31–33

 However, the synthetic methodology remains a 

technically challenging hurdle towards producing clinically relevant quantities of 

glycoproteins. To circumvent these issues, many groups have developed a hybrid approach 

where recombinant proteins, which can be generated in large amounts, are chemically 

glycosylated post-expression.
34–36

 These efforts mainly rely on installing non-natural 

functionalities into the protein backbone which can be conjugated site-specifically through 

chemoselective reactions.
37,38

 To date, these approaches are also limited to only small 

glycans or require numerous synthetic manipulations to generate large oligosaccharides 

that match those seen in natural glycan structures.
39–42

  

                                                 
a Results from this chapter also contain work from Brian Belardi, Peter Robinson, and Angelo Solania. 
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 Glycodendrimers have proven to be successful polyvalent ligands for binding 

biologically relevant glycan receptors and binding proteins.
43,44

 To create a more 

synthetically tractable platform toward glycoprotein production, we imagined that 

dendrimer chemistry could be implemented to construct the core N-glycan structure. This 

core would then serve as a high yielding, scalable scaffold which could be decorated with 

terminal sugar residues (Fig. 4.1). We hoped thus structure would recapitulate the physical 

and biological properties of natural N-glycosylation while also keeping distinct glycan 

antennary to preserve specific functions.
9
 Herein, we report on a novel glycodendron 

structure that was selected through in silico modeling to best mimic the N-glycan 

architecture. Addition of an aminooxy functionality at the dendron terminus enabled 

attachment to recombinant proteins via oxime formation with the formylglycine (fGly) 

residue of aldehyde-tagged proteins.
45,46

 Using this methodology, we were able to 

construct chemically glycosylated proteins bearing site-specific glycodendrons that greatly 

resemble native glycoprotein structures (Fig 4.1). 

 

 
Figure 4.1. The reaction of the fGly residue with an aminooxy glycodendron produces an 

oxime glycan that resembles the natural N-glycan structure. (A) Natural N-glycan 

structures attached to Asn (B) Oxime glycodendron attached to fGly.  

A 

B 

Natural Complex Type 
N-Glycan 

Synthetic N-Glycan 
Dendrimer Mimic 

 

 

4.1 
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Synthesis of a Dendrimer Based Aminooxy N-Glycan Mimic   
 

Protein-glycodendrimer conjugates have previously been employed to generate 

constructs with serum half-life extension or increased lectin avidity.
47–49

 Yet, these 

approaches have only encompassed simple, highly unstructured dendron scaffolds that bear 

little resemblance to native glycans. No effort has been made thus far to select dendron 

backbones that best mimic natural glycan structures in attempts to recapitulate the 

properties of the native glycoprotein. Prior work has demonstrated that N-glycans stabilize 

proteins by biasing conformational space, increasing solubility, and making important 

stabilizing contacts with the protein backbone and amino acid side chains.
50–53

 Therefore, 

in choosing a scaffold, we wished to maintain these properties and thus focused on a 

structure that matched the space filling attributes of an N-glycan.  By conducting molecular 

mechanics modeling with an OPLS force field, we settled upon a melamine-based core 

bearing piperidine arms, a backbone that has also been utilized in other therapeutically 

relevant materials.
54,55

 The melamine serves as a mimic for the core branching mannose 

while the piperidines are soluble heterocycles representing the GlcNAc and Man hexoses. 

 

 

 

 

 

 

         
 

Figure 4.2. The structure of three N-glycan dendrimer mimics 4.1, 4.2, and 4.3. Dendrons 

4.1 and 4.2 contain sialic acid with different regiochemistry while 4.3 maintains the single 

galactose found in many asialo glycoproteins. 

   
α6 

α6 

α3 

α3 
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 We set out to construct three dendrons based on the same piperidine-melamine 

scaffold but with different glycan structures positioned at the termini (Fig 4.2). These 

targets were designed based on a complex type biantennary N-glycan which is frequently 

found on secreted proteins and biotherapeutics.
4
 Additionally, while sialylation is known to 

affect serum half-life, the distinct differences in the physical and biological properties and 

the role of the linkage regiochemistry have been relatively unexplored.
56

 We envisioned a 

chemoenzymatic synthesis in which the galactose dendron 4.3 could be generated by 

synthetic methods while sialylation at the C-6 and C-3 positions could be achieved with 

enzymatic procedures to afford dendron 4.1 and 4.2 respectively. Each of the three arms 

would be created separately employing reliable coupling chemistries, while the final 

glycodendron would be conversantly formed via substitution with cyanuric chloride. 

 To generate the first arm (Scheme 4.1), we began with the known protected 

galactose imidate 4.4 which was coupled to Boc protected piperidinemethanol 4.5 via a 

Schmidt glycosylation with trimethylsilyl triflate (TMSOTf). The amine of the resulting 

glycosylated piperidine 4.6 was then deprotected by addition of TFA followed by a 

reductive amination with piperidine carboxaldehyde 4.8 to afford the fully protected 

galactosyl dipiperidine arm 4.9. The secondary amine was obtained by another Boc 

deprotection in 10% TFA to give arm 4.10, which was then ready for attachment to the 

core melamine. 

 

Scheme 4.1 Synthesis of galactose dipiperidine arm 
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Scheme 4.2. Synthesis of N-pentenoyl aminooxy dipiperidine arm 

 

 
 Construction of the second arm bearing the aminooxy functionality (Scheme 4.2) 

began with a Mitsunobu reaction of Boc protected piperidinemethanol 4.5 with N-

hydroxyphthalimide (NHPht). While several azodicarboxylates were screened, diethyl 

azodicarboxylate (DEAD) provided the cleanest reaction in the highest yield. At this point, 

the phthalimide group was excahnaged for a pentenoyl protecting group as the N-

hydroxypentenamide is more stable to many reaction conditions and its removal with 

aqueous iodine is compatible with unprotected glycans.
45

 Treatment of 4.11 with hydrazine 

to remove the phthamilide and subsequent acylation with pentenoic anhydride afforded the 

N-pentenoylmethoxy piperidine 4.12. The second piperidine was again added by reductive 

amination to give the fully protected aminooxy dipiperidine arm 4.14. Boc deprotection in 

10% TFA afforded the free amine 4.15, providing the final arm for coupling to the core 

triazine. 

 With the two arms on hand, we began assembly of the final dendron structure 

(Scheme 4.3). First, two equivalents of the galactose dipiperidine 4.10 was added to the 

core cyanuric chloride by DIPEA-promoted nucleophilic substitution. As previously noted, 

addition of the first arm proceeded quickly at 0 °C while addition of the second arm was 

completed at rt after several hours.
57

 Due to steric constraints, the final addition of the 

aminooxy arm onto the triazine chloride 4.16 required heating at 60 °C for 7 days to reach 

completion. The benzoyl esters on the resulting dendron 4.17 were removed by treatment 

with base, and the free galactosyl dendron 4.18 was reacted with I2 in acidic MeCN/MeOH 

to remove the pentenoyl and afford the aminooxy galactosyl dendron 4.3 (Scheme 4.4). 
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Scheme 4.3. Assembly of fully protected N-glycan dendron 4.17 
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Scheme 4.4. Final deprotection to yield the aminooxy galactose N-glycan dendron 4.3 

 

 
  

To complete the synthesis of dendrons 4.1 and 4.2, pentenoyl protected 4.18 was 

submitted to the one-pot, three-enzyme system introduced by Chen and coworkers to 

install the sialic acid residues (Scheme 4.5).
58,59 

In this method, CMP-sialic acid is 

generated from ManNAc, pyruvate and CTP by the combined use of E. coli aldolase and 

the CMP-sialic acid synthase, NmCSS. Transfer of the sialic acid was performed by a 

bacterial α-2,6-sialyltransferase (Pd2,6ST) or α-2,3-sialyltransferase (PmST1) to yield the 

sialylated dendrons 4.19 and 4.20 respectively. It should be noted that the pentenoyl 

protecting group was necessary at this stage as a free aminooxy group would undergo side 
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reactions with the ketones and aldehydes of the starting enzymatic substrates. The final 

aminooxy sialyl galactose dendrons 4.1 and 4.2 were obtained by treatment of 4.19 and 

4.20 with I2. 

  
Scheme 4.5. Enzymatic addition of sialic acid to yield dendrons 4.1 and 4.2 

 

 

 
 

Synthesizing an N-Glycosylated hGH Expressed in E. coli 

 

With the synthesis of the three dendron structures completed, we wished to 

demonstrate that the aminooxy dendrons could be used to create defined 

“glycodendriproteins” from recombinant proteins. For the conjugation partner, we chose 

the formylglycine (fGly) amino acid since oxime formation with the aldehyde side chain 

creates a good mimic of the natural glycosylation linkage (Figure 4.1).
45

 Additionally, the 

amino acid can be easily introduced into proteins by inclusion of the genetically encoded 

consensus motif, CxPxR, as demonstrated in Chapters 1 and 3.
46,60

 As a surrogate protein, 

we chose a human growth hormone (hGH) construct bearing a C-terminal aldehyde tag  
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Figure 4.3. Glycodendrimers 4.3 and 4.1 efficiently conjugate to aldehyde-tagged hGH to 

create an artificial glycoprotein. Aldehyde-tagged hGH (lanes 1,4) or the CtoA mutant 

(lanes 2,5) were reacted with aminooxy galactose dendron 4.3 or aminooxy 2,6-

sialylgalactose dendron 4.1 and analyzed by lectin blot and MALDI. The blot was probed 

with the lectin SBA-FITC for galactose detection or SNA-FITC for sialic acid detection 

(bottom) and total protein was detected by Ponceau stain (top).   

 

which we have previously shown to be amenable to chemical glycosylation with high 

efficiency using aminooxy glycans (Chapter 3).
45,46

 Reaction of aminooxy dendrons 4.3 

and 4.1 with fGly-hGH was performed at 37 ºC in a phosphate-citrate buffe, pH 4.5. The 

conjugation efficiency was assessed by MALDI-MS and immunoblot analysis (Fig. 4.3). 

As shown, the glycodendrons conjugated with high yield to the aldehyde-tagged hGH 

while the CtoA mutation, which removes the fGly site, showed minimal background 

labeling. Beyond the obvious gel shift shown by Ponceau, the presence of the antennary 

sugars was assessed by lectin blot with SBA-FITC which binds galactose and SNA-FITC 

which binds 2,6-sialic acid, confirming the natural binding properties of the terminal 

residue. 

 

Producing hIFN-β with an Aldehyde Tag at the Site of Glycosylation 

 

 The therapeutic protein Interferon-β (IFN-β) is a potent antiviral and antitumor 

cytokine that is currently administered for the treatment of relapsing-remitting multiple 

sclerosis.
61

 The therapeutic is marketed as two different products; a fully glycosylated 

version, IFN-β-1a (Rebif
®
/Avonex

®
), produced in CHO cells and an aglycosylated 

construct IFN-β-1b (Betaseron
®
) produced in E. coli. In vitro studies have demonstrated 

that the aglycosylated IFN-β-1b is less stable and has a 10 fold lower potency than its 

glycosylated biosimilar IFN-β-1a.
62,63

 A fully synthetic glycosylated IFN-β has been 

recently described which has antitumor activity in an in vivo mouse tumor model.
64
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Interestingly, the synthetic IFN-β bearing a 2,6-sialylated biantennary N-glycan had 

greater in vivo potency and serum half-life compared to the commercially available, 

fibroblast-derived IFN-β. 

 As a therapeutic glycoprotein with one N-glycan that affects its in vitro and in vivo 

properties, IFN-β was the optimal protein for testing the merit of the N-glycan dendrimer 

platform. We pictured exchanging the natural N-glycosylated Asn80 residue for a Cys 

residue bordered by point mutations to introduce the aldehyde tag sequence, LCTPIR. This 

construct could be expressed in E. coli at high levels much like IFN-β-1b but converted to 

a IFN-β-1a mimic by reaction with dendrons 4.1-4.3 (Fig 4.2). The aldehyde-tagged IFN-β 

gene was custom synthesized containing the LCTPIR mutation and cloned into the 

pACYCDuet vector for inducible coexpression with M. tuberculosis FGE.
65

 Preliminary 

results support successfully expression of IFN-β and FGE under the same promoter. Work 

is currently underway to purify the recombinant IFN-β for reaction with the glycodendrons 

and to assess the glycodendriproteins’ biological efficacy. 

 

                                           
Figure 4.4. Glycoengineering IFN-β with the N-glycan dendrimer. Crystal structure of 

IFN-β (PDB 1AU1) displaying the 6 monosaccharide residues of the natural N-glycan and 

the structure of IFN-β modeled with N-glycan dendrimer mimic 4.3  at the site of 

glycosylation. 

 

Conclusion 

 

The development of new techniques to produce homogeneously glycosylated 

proteins has intensified due to the need to define glycan structure function relationships 

and produce safer, more effective therapeutics. We present a new platform for the facile 

generation of glycoprotein mimics which encompasses a novel glycodendron that highly 

mimics the natural N-glycan structure. This architecture in conjunction with the aldehyde 

tag technology provides a system that streamlines the construction of recombinant proteins 

bearing site-specific glycosylation. Future work in this direction includes testing the 

function of the N-glycan mimics on the relevant therapeutic protein, IFN-β. This will 

involve conjugation of the dendrons to the aldehyde-tagged IFN-β and purification to yield 

Aldehyde Tag 

N-Glycan Dendrimer 

IFN-β 
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synthetic glycoprotein mimics bearing a sialylated (4.1, 4.2) or asialo (4.3) glycan 

functionality. The stability of the constructs and their in vitro antitumor and antiviral 

properties will be tested against commercially available, naturally glycosylated IFN-β. 

Expression in E. coli typically leaves most proteins without glycosylation which 

can lead to loss of function in addition to increased immunogenicity.
5,66

 Using the N-

glycan dendrimer system, it may be possible to combine the efficiency and reliability of 

prokaryotic expression with the desired biological properties of glycosylation to provide 

more consistent, safer biotherapeutics. This approach may also be utilized to introduce 

additional sites of glycosylation which have previously been shown to increase in vivo 

stability and efficacy.
13,67,68

 The conjugation of polymeric material, such as 

polyethyleneglycol (PEG), has been used for decades to engineer therapeutic proteins with 

increased potency.
69

 The N-glycan dendrons augment this approach with an improved, 

rationally designed synthetic scaffold that mimics biological structures to create a new 

class of engineered biosimilars. 

 

Experimental Methods 

 

General Materials and Methods 

 

All chemical reagents were purchased from Sigma-Aldrich, Acros, and TCI and 

used without purification unless noted otherwise. Anhydrous DMF, MeOH, and pyridine 

were purchased from Acros in sealed bottles; all other anhydrous solvents were obtained 

from an alumina column solvent purification system. Molecular sieves were ground to 

powder, flame-dried under hi-vacuum and used immediately after cooling. All reactions 

were carried out in flame-dried glassware under N2 unless otherwise noted. In all cases, 

solvent was removed by reduced pressure with a Buchi Rotovapor R-114 equipped with a 

Welch self-cleaning dry vacuum. Products were further dried by reduced pressure with an 

Edwards RV3 high vacuum. Lyophilization was performed on a LABCONCO FreeZone® 

instrument equipped with an Edwards RV2 pump. Thin layer chromatography was 

performed with Silicycle 60 Å silica gel plates and detected by UV lamp or charring with 

p-anisaldehyde in acidic EtOH. Flash chromatography was performed using Silicycle® 60 

Å 230-400 mesh silica. HPLC was performed on a Varian system attached to a absorption 

detector using a C18 reverse phase column (5 µm, 250 x 4.6 mm, Agilent(Varian); 

Carlsbad, CA) for analytical or a C18 reverse phase column (8 µm, 250 x 21.4 mm, 

Agilent(Varian); Carlsbad, CA) for preparative purifications. HPLC solvents were A: 

ddH2O with 0.1% formic acid and B: MeCN with 0.1% formic acid. All 1H and 13C NMR 

spectra are reported in ppm and referenced to solvent peaks (1H and 13C). Spectra were 

obtained on Bruker AVQ-400, AVB-400, DRX-500, AV-500, or AV-600 instruments. 

High resolution electrospray ionization (ESI) mass spectra were obtained from the UC 

Berkeley Mass Spectrometry Facility. Protein structures were generated using the PyMOL 

Molecular Graphics System, Version 1.3, Schrödinger, LLC. 
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Synthetic Procedures 

 

N-[1-((N-Boc-piperidin-4-yl)methyl)piperidin-4-yl)methoxyamine]-N,N-[6-((1-

(piperidin-4-ylmethyl)piperidin-4-yl)methoxy)-(5-acetamido-3,5-dideoxy-D-glycero-α-

D-galacto-2-nonulopyranosyl-onic acid)-(2→6)- β-D-galactopyranosyl]-melamine 

(4.1). A solution of N-pentenoyl aminooxy sialoside dendrimer 4.18 (1.1 mg, 0.64 µmol) in 

MeCN/MeOH/FA (3:1:0.001, v:v; 0.6 mL) was stirred at rt with dropwise addition of I2 

(10 µmol, 0.5 M solution in THF). The mixture was heated to 35 ºC and stirred for 3 h 

followed by 16 h at rt after which the reaction was quenched with the addition of aqueous 

Na2S2O3 until the disappearance of color. The solvent was removed and the remaining 

residue was dissolved in ddH2O followed by purification via HPLC. The product eluted at 

13 min in a gradient of 5% to 35% MeCN in ddH2O (0.05% formic acid) over 20 min. The 

product peaks were collected and lyophilized to obtain aminooxy 2,6-SiaGal dendrimer 4.1 

as a white powder (0.6 mg, 57%). 
1
H NMR (600 MHz, D2O) δ 4.62 (d, J = 11.9 Hz, 6H), 

4.35 (d, J = 8.3 Hz, 2H), 3.94 – 3.88 (m, 3H), 3.88 – 3.82 (m, 3H), 3.82 – 3.76 (m, 3H), 

3.76 – 3.70 (m, 2H), 3.70 – 3.64 (m, 3H), 3.64 – 3.50 (m, 10H), 3.50 – 3.43 (m, 3H), 3.35 

– 3.29 (m, 2H), 3.07 – 2.90 (m, 9H), 2.86 (t, J = 12.2 Hz, 5H), 2.71 (dd, J = 12.4, 5.1 Hz, 

2H), 2.23 – 2.10 (m, 4H), 2.07 – 1.91 (m, 10H), 1.91 – 1.85 (m, 2H), 1.84 – 1.74 (m, 5H), 

1.65 (t, J = 12.4 Hz, 2H), 1.59 – 1.42 (m, 6H), 1.27 – 1.11 (m, 6H). 

 

N-[1-((N-Boc-piperidin-4-yl)methyl)piperidin-4-yl)methoxyamine]-N,N-[6-((1-

(piperidin-4-ylmethyl)piperidin-4-yl)methoxy)-(5-acetamido-3,5-dideoxy-D-glycero-α-

D-galacto-2-nonulopyranosyl-onic acid)-(2→3)-β-D-galactopyranosyl]-melamine 

(4.2). To a solution of N-pentenoyl aminooxy sialoside dendrimer 4.20 (1.5 mg, 0.87 

µmol) in MeCN/MeOH/FA (3:1:0.002, v:v; 0.8 mL) was added I2 (10 µmol, 0.5 M 

solution in THF) while stirring at rt. The mixture was heated to 35 ºC and stirred for 6 h 

upon which the reaction was quenched with the addition of aqueous Na2S2O3 until the 

disappearance of color. The solvent was removed and the remaining residue was dissolved 

in ddH2O followed by purification via HPLC. The product eluted at 10 min in a gradient of 

10% to 50% MeCN in ddH2O (0.05% formic acid) over 25 min. The product peaks were 

collected and lyophilized to obtain aminooxy 2,3SiaGal dendrimer 4.2 as a white powder 

(0.2 mg, 14%). 

 

N-[1-((N-Boc-piperidin-4-yl)methyl)piperidin-4-yl)methoxyamine]-N,N-[6-((1-

(piperidin-4-ylmethyl)piperidin-4-yl)methoxy)-β-D-galactopyranosyl]-melamine (4.3). 

A solution of N-pentenoyl aminooxy galactose dendrimer 4.18 (5.0 mg, 0.0044 mmol) in 

MeCN/MeOH/FA (4:1:0.001, v:v; 2 mL) was stirred at rt with dropwise addition of I2 

(.035 mmol, 0.5 M solution in THF). The mixture was heated to 35 ºC and stirred for 4 h 

after which the reaction was quenched with the addition of aqueous Na2S2O3 until the 

disappearance of color. The solvent was removed and the remaining residue was dissolved 

in ddH2O followed by purification via HPLC. The product eluted at 8 min in a gradient of 

10% to 50% MeCN in ddH2O (0.05% formic acid) over 25 min. The product peaks were 

collected and lyophilized to obtain aminooxy galactose dendrimer 4.3 as a white powder 
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(2.3 mg, 50%). 
1
H NMR (600 MHz, D2O) δ 4.56 (d, J = 12.5 Hz, 6H), 4.37 (d, J = 7.7 Hz, 

2H), 3.93 – 3.87 (m, 4H), 3.84 – 3.77 (m, 2H), 3.77 – 3.72 (m, 4H), 3.70 – 3.60 (m, 9H), 

3.60 – 3.53 (m, 2H), 3.53 – 3.46 (m, 2H), 3.36 – 3.27 (m, 2H), 3.18 – 3.11 (m, 1H), 3.10 – 

3.02 (m, 5H), 3.02 – 2.90 (m, 10H), 2.30 – 2.19 (m, 3H), 2.13 – 1.93 (m, 9H), 1.83 (d, J = 

11.4 Hz, 6H), 1.64 – 1.48 (m, 6H), 1.38 – 1.24 (m, 6H); 13
C NMR (151 MHz, D2O) δ 

160.11, 122.44, 121.02, 103.01, 75.13, 73.42, 72.74, 70.77, 68.61, 61.87, 60.95, 53.05, 

43.50, 33.28, 30.64, 28.95, 25.77, 25.41; HRMS (ESI): calcd for C51H90N10O13 [M+H]
+
 

m/z = 1051.6762, found: 1051.6764 

 

N-Boc-6-(piperidin-4-ylmethoxy) O-2,3,4,6-tetra-O-benzoyl-β-D-galactopyranoside 

(4.6). Known galactosyl trichloroacetimidate 4.4 (738 mg, 0.996 mmol) and N-Boc-4-

piperidinemethanol 4.5 (750 mg, 1.1 mmol) were dried by coevaporation with anhydrous 

toluene and left under high vacuum. To the dried mixture was added 4 Å MS and stirred in 

CH2Cl2 (4 mL) for 1 h at rt. The solution was cooled to -20 ºC upon which TMSOTf (9 µL, 

0.05 mmol) was added dropwise and allowed to warm to rt over 2 h. Upon completion, the 

reaction was quenched with TEA and filtered to remove sieves. The concentrated residue 

was purified by silica flash chromatography (Hex/EtOAc gradient) to obtain piperidine 

galactoside 4.6 as a white solid (182 mg, 73%). Rf = 0.36 (2:1, Hex/EtOAc); 
1
H NMR (600 

MHz, CDCl3) δ 8.13 – 8.06 (m, 2H), 8.01 (dd, J = 12.3, 5.0 Hz, 2H), 7.95 (d, J = 7.8 Hz, 

2H), 7.82 – 7.74 (m, 2H), 7.59 (t, J = 7.5 Hz, 1H), 7.55 – 7.43 (m, 4H), 7.43 – 7.33 (m, 

5H), 7.22 (t, J = 7.8 Hz, 2H), 6.02 (d, J = 3.3 Hz, 1H), 5.80 (dd, J = 10.3, 8.0 Hz, 1H), 5.65 

(dd, J = 10.4, 3.4 Hz, 1H), 4.82 (d, J = 7.9 Hz, 1H), 4.71 (dd, J = 11.2, 6.4 Hz, 1H), 4.43 

(dd, J = 11.2, 6.8 Hz, 1H), 4.36 (t, J = 6.6 Hz, 1H), 4.04 – 3.86 (m, 2H), 3.85 (dd, J = 9.6, 

6.2 Hz, 1H), 3.40 – 3.33 (m, 1H), 2.61 – 2.41 (m, 2H), 1.78 – 1.66 (m, 1H), 1.58 (dd, J = 

29.7, 12.8 Hz, 2H), 1.09 – 0.92 (m, 2H); 
13

C NMR (151 MHz, CDCl3) δ 166.02, 165.58, 

165.26, 154.72, 133.60, 133.31, 129.99, 129.73, 129.59, 129.39, 129.32, 129.00, 128.74, 

128.62, 128.46, 128.42, 128.28, 101.94, 79.22, 74.93, 71.66, 71.28, 69.87, 68.15, 61.97, 

36.19, 28.69, 28.41; HRMS (ESI): calcd for C45H47NO12 [M+H]
+
 m/z = 794.3171, found: 

794.3210. 

 

N-Boc-piperidine-4-carboxaldehyde (4.8). N-Boc-4-piperidinemethanol 4.5 (1.0 g, 4.6 

mmol) was dissolved in dry MeCN (25 mL) and stirred with subsequent addition of 

[Cu(MeCN)4]PF6 (86 mg, 0.23 mmol), 2,2'-bipyridine (36 mg, 0.23 mmol), N-

methylimidazole (37 µL, 0.46 mmol), and 4-Acetamido-TEMPO (49 mg, 0.23 mmol). The 

reaction was stirred at rt for 22 h followed by solvent removal under reduced pressure and 

purification by silica flash chromatography (Hex/EtOAc gradient) to obtain piperidine 

aldehyde 4.8 as a white solid (772 mg, 78%). Rf = 0.61 (1:2, Hex/EtOAc); 
1
H NMR (400 

MHz, CDCl3) δ 9.65 (s, 1H), 3.97 (d, J = 9.9 Hz, 2H), 2.98 – 2.83 (m, 2H), 2.47 – 2.32 (m, 

1H), 1.88 (d, J = 10.8 Hz, 2H), 1.62 – 1.47 (m, 2H), 1.45 (s, 9H). 
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N-Boc-6-((1-(piperidin-4-ylmethyl)piperidin-4-yl)methoxy)-O-2,3,4,6-tetra-O-benzoyl-

β-D-galactopyranoside (4.9). Boc protected piperidine 4.6 (789 mg, 0.995 mmol) was 

dissolved in 10% TFA/CH2Cl2 (12 mL) and stirred at rt for 2 h. The reaction was 

concentrated under reduced pressure and excess TFA removed by coevaporation with 

toluene to yield deprotected piperidine 4.7. Rf = 0.26 (1:9, MeOH/CH2Cl2); 
1
H NMR (600 

MHz, CDCl3) δ 8.09 (d, J = 7.8 Hz, 2H), 8.02 (d, J = 7.9 Hz, 2H), 7.96 (d, J = 7.9 Hz, 2H), 

7.79 (d, J = 8.0 Hz, 2H), 7.62 (t, J = 7.4 Hz, 1H), 7.59 – 7.46 (m, 4H), 7.41 (dt, J = 26.1, 

7.7 Hz, 6H), 7.26 – 7.22 (m, 3H), 6.02 (d, J = 2.9 Hz, 1H), 5.79 (dd, J = 10.3, 8.0 Hz, 1H), 

5.65 (dd, J = 10.4, 3.4 Hz, 1H), 4.82 (d, J = 7.9 Hz, 1H), 4.71 (dd, J = 11.3, 6.5 Hz, 1H), 

4.43 (dd, J = 11.3, 6.6 Hz, 1H), 4.37 (t, J = 6.5 Hz, 1H), 3.88 (dd, J = 9.5, 5.9 Hz, 1H), 

3.40 (t, J = 8.5 Hz, 1H), 3.27 (dd, J = 22.1, 12.5 Hz, 2H), 2.78 – 2.62 (m, 2H), 1.83 (dd, J 

= 29.9, 13.0 Hz, 3H), 1.51 – 1.31 (m, 2H); HRMS (ESI): calcd for C40H39NO10 [M+H]
+
 

m/z = 694.2647, found: 694.2642. To the resulting residue was added piperidine aldehyde 

4.8 (255 mg, 1.19 mmol) and NaBH(OAc)3 (316 mg, 1.49 mmol) in 1,2-dichloroethane (12 

mL) and stirred for 18 h at rt. The reaction was quenched with aqueous NaHCO3 and 

extracted into CH2Cl2 followed by washing with a saturated NaCl solution and drying over 

Na2SO4. The crude mixture was concentrated under vacuum and purified by silica column 

chromatography (MeOH/CH2Cl2) to afford galactose dipiperidine 4.9 as a white solid (845 

mg, 95%). Rf = 0.35 (1:9, MeOH/CH2Cl2); 
1
H NMR (500 MHz, CDCl3) δ 8.08 (d, J = 7.4 

Hz, 2H), 8.01 (d, J = 7.4 Hz, 2H), 7.94 (d, J = 7.4 Hz, 2H), 7.81 – 7.74 (m, 2H), 7.60 (t, J 

= 7.4 Hz, 1H), 7.57 – 7.50 (m, 1H), 7.50 – 7.44 (m, 3H), 7.39 (dt, J = 22.7, 7.7 Hz, 5H), 

7.23 (t, J = 7.7 Hz, 2H), 5.99 (d, J = 3.4 Hz, 1H), 5.78 (dd, J = 10.3, 8.0 Hz, 1H), 5.60 (dd, 

J = 10.4, 3.4 Hz, 1H), 4.79 (d, J = 7.9 Hz, 1H), 4.68 (dd, J = 11.2, 6.4 Hz, 1H), 4.40 (dd, J 

= 11.2, 6.8 Hz, 1H), 4.31 (dd, J = 15.3, 8.6 Hz, 1H), 4.04 (s, 2H), 3.84 (dd, J = 9.6, 5.7 Hz, 

1H), 3.45 (t, J = 8.6 Hz, 1H), 3.37 (dd, J = 9.5, 7.1 Hz, 1H), 2.76 – 2.60 (m, 5H), 2.03 (d, J 

= 6.7 Hz, 2H), 1.79 – 1.48 (m, 10H), 1.43 (s, 9H), 1.16 – 1.07 (m, 2H), 1.05 – 0.93 (m, 

2H);
 13

C NMR (126 MHz, CDCl3) δ 166.48, 166.01, 165.68, 155.35, 134.02, 133.73, 

130.47, 130.20, 130.09, 129.84, 129.46, 129.20, 129.04, 128.90, 128.79, 128.71, 102.48, 

79.61, 72.13, 71.67, 70.30, 68.55, 62.41, 28.90; HRMS (ESI): calcd for C51H58N2O12 

[M+H]
+
 m/z = 891.4063, found: 891.4085. 

 

N-(N-Boc-piperidin-4-yl)methoxyphthalimide (4.11). To N-Boc-4-piperidinemethanol 

4.5 (1.0 g, 4.6 mmol) was added N-hydroxyphthalimide (1.14 g, 6.97 mmol) and 

triphenylphosphine (1.6 g, 6.1 mmol) and chilled to 0 ºC while stirring in THF (30 mL). 

Diethyl azodicarboxylate (877 µL, 5.57 mmol) was added dropwise and allowed to warm 

to rt over 4 h. The reaction was diluted in CH2Cl2 and quenched by washing with sat. 

NH4Cl and a saturated NaCl solution followed by drying over Na2SO4. The crude mixture 

was concentrated by evaporation under reduced pressure and purified by silica flash 

chromatography (Hex/EtOAc gradient) to afford the phthalimide piperidine 4.11 as a white 

solid (1.57 g, 94%). Rf = 0.59 (1:1, Hex/EtOAc); 
1
H NMR (400 MHz, CDCl3) δ 7.74 – 
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7.57 (m, 4H), 4.09 – 3.97 (m, 2H), 3.93 (d, J = 6.5 Hz, 2H), 2.64 (s, 2H), 1.94 – 1.81 (m, 

1H), 1.78 (d, J = 12.5 Hz, 2H), 1.34 (s, 9H), 1.25 – 1.04 (m, 2H); 
13

C NMR (126 MHz, 

CDCl3) δ 163.44, 154.69, 134.49, 128.79, 123.43, 82.45, 79.30, 76.97, 35.21, 28.39, 21.93; 

HRMS (ESI): calcd for C19H24N2O5 [M+H]
+
 m/z = 361.1758, found: 361.1767. 

 

N-(N-Boc-piperidin-4-yl)methoxypent-4-enamide (4.12). N-methoxypiperidinyl 

phthalimide 4.11 (615 mg, 1.71 mmol) was dissolved in MeOH (12 mL) followed by 

dropwise addition of hydrazine hydrate (91 µL, 1.88 mmol) and stirred at rt for 1 h. The 

crude reaction was concentrated under reduced pressure, redissolved in CH2Cl2, filtered, 

and the concentrated residue was purified by silica column chromatography (Hex/EtOAc) 

to afford the free aminooxy piperidine (306 mg, 78%). To this was added triethylamine 

(280 µL, 2.0 mmol) in MeOH (8mL) and cooled to 0 ºC. Pentenoic anhydride (486 µL, 

2.66 mmol) was added dropwise and stirred for 1.5 h followed by removal of solvent under 

vacuum. The crude mixture was purified by silica flash chromatography to yield the N-

methoxypiperidinyl pentenamide 4.12 (374 mg, 90%). Rf = 0.72 (1:2, Hex/EtOAc);
 1

H 

NMR (400 MHz, CDCl3) δ 9.77 (s, 1H), 5.86 – 5.59 (m, 1H), 4.96 (dd, J = 24.8, 13.6 Hz, 

2H), 4.12 – 3.88 (m, 2H), 3.66 (d, J = 5.2 Hz, 2H), 2.77 – 2.50 (m, 2H), 2.39 – 2.23 (m, 

2H), 2.14 (d, J = 6.9 Hz, 2H), 1.89 – 1.59 (m, 3H), 1.38 (s, 9H), 1.21 – 0.97 (m, 2H);
13

C 

NMR (126 MHz, CDCl3) δ 170.31, 154.84, 136.60, 134.28, 130.19, 123.39, 115.63, 

115.33, 80.60, 79.54, 76.93, 34.93, 33.32, 32.26, 29.32, 28.76, 28.66, 28.40. HRMS (ESI): 

calcd for C16H27N2O4 [M+Na]
+
 m/z = 335.1941, found: 335.1934. 

 

N-(1-((N-Boc-piperidin-4-yl)methyl)piperidin-4-yl)methoxypent-4-enamide (4.14). 

Boc protected piperidine 4.12 (290 mg, 0.928 mmol) was dissolved in 10% TFA/CH2Cl2 (5 

mL) and stirred at rt for 2 h. The reaction was concentrated under reduced pressure, excess 

TFA removed by coevaporation with toluene, and run through a silica plug 

(MeOH/CH2Cl2) to yield deprotected piperidine 4.13. Rf = 0.17 (1:9, MeOH/CH2Cl2); 
1
H 

NMR (400 MHz, MeOD) δ 5.69 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.03 – 4.82 (m, 2H), 

3.61 (d, J = 6.1 Hz, 2H), 3.29 (d, J = 12.7 Hz, 2H), 2.88 (dt, J = 12.9, 6.6 Hz, 2H), 2.23 (q, 

J = 7.1 Hz, 2H), 2.06 (t, J = 7.3 Hz, 2H), 1.97 – 1.81 (m, 3H), 1.48 – 1.27 (m, 2H). To the 

resulting residue (145 mg, 0.464 mmol) was added piperidine aldehyde 4.8 (119 mg, 

0.557) and NaBH(OAc)3 (148 mg, 0.696 mmol) in 1,2-dichloroethane with cat. AcOH and 

stirred for 18 h at rt. The reaction was quenched with aqueous NaHCO3 and extracted into 

CH2Cl2 followed by washing with a saturated NaCl solution and drying over Na2SO4. The 

crude mixture was concentrated under vacuum and purified by silica column 

chromatography (MeOH/CH2Cl2) to afford N-hydroxypentenoyl dipiperidine 4.14 as a 

clear residue (92 mg, 48%). Rf = 0.30 (1:9, MeOH/CH2Cl2); 
1
H NMR (400 MHz, CDCl3) δ 

5.99 – 5.68 (m, 1H), 5.06 (dd, J = 24.4, 13.6 Hz, 2H), 4.25 – 3.91 (m, 2H), 3.84 – 3.60 (m, 

2H), 2.88 (d, J = 11.2 Hz, 2H), 2.70 (t, J = 11.5 Hz, 2H), 2.42 (dd, J = 14.5, 6.7 Hz, 2H), 

2.18 (d, J = 6.8 Hz, 3H), 1.94 (t, J = 11.2 Hz, 2H), 1.84 – 1.55 (m, 7H), 1.47 (s, 9H), 1.37 – 

1.26 (m, 2H), 1.08 (qd, J = 12.7, 4.2 Hz, 2H); 13
C NMR (126 MHz, CDCl3) δ 154.95, 
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136.68, 115.71, 81.16, 79.33, 64.85, 53.86, 34.75, 33.65, 32.39, 30.80, 29.36, 28.85, 28.46; 

HRMS (ESI): calcd for C22H39N3O4 [M+Na]
+
 m/z = 410.3013, found: 410.3005. 

 

6-chloro-N,N-[6-((1-(piperidin-4-ylmethyl)piperidin-4-yl)methoxy)-O-2,3,4,6-tetra-O-

benzoyl-β-D-galactopyranosyl]-1,3,5-triazine-2,4-diamine (4.16). Boc protected 

dipiperidine 4.9 (1.09 g, 1.22 mmol) was dissolved in 10% TFA/CH2Cl2 (16 mL) and 

stirred at rt for 1.5 h. The reaction was concentrated under reduced pressure, excess TFA 

removed by coevaporation with toluene, and run through a silica column (MeOH/CH2Cl2) 

to yield deprotected galactose dipiperidine 4.10 in quantitative yield. Rf = 0.14 (1:9, 

MeOH/CH2Cl2); 
1
H NMR (500 MHz, CDCl3) δ 8.07 (d, J = 7.4 Hz, 2H), 7.99 (d, J = 7.4 

Hz, 2H), 7.92 (t, J = 7.4 Hz, 2H), 7.76 (d, J = 7.4 Hz, 2H), 7.59 (q, J = 7.3 Hz, 1H), 7.54 

(dd, J = 13.9, 6.5 Hz, 1H), 7.51 – 7.44 (m, 3H), 7.39 (dt, J = 21.6, 7.7 Hz, 5H), 7.23 (t, J = 

7.8 Hz, 2H), 5.99 (d, J = 3.2 Hz, 1H), 5.75 (dd, J = 10.2, 8.1 Hz, 1H), 5.61 (dd, J = 10.4, 

3.3 Hz, 1H), 4.80 (d, J = 7.9 Hz, 1H), 4.68 (dd, J = 11.0, 6.3 Hz, 1H), 4.43 – 4.36 (m, 1H), 

4.34 (t, J = 6.3 Hz, 1H), 3.84 (s, 1H), 3.59 – 3.47 (m, 1H), 3.47 – 3.39 (m, 1H), 3.39 – 3.22 

(m, 3H), 2.96 – 2.73 (m, 5H), 2.57 – 2.37 (m, 2H), 2.18 – 2.06 (m, 1H), 2.00 – 1.73 (m, 

6H), 1.67 – 1.45 (m, 4H); HRMS (ESI): calcd for C46H50N2O10 [M+H]
+
 m/z = 791.3538, 

found: 791.3546. The resulting residue was dissolved in MeCN (18 mL) and N,N-

diisopropylethylamine (320 µL, 1.8 mmol) was added dropwise followed by cooling to 0 

ºC. Cyanuric chloride (113 mg, 0.611 mmol) was added and the mixture was allowed to 

warm to rt and stirred for 2 h followed by concentration under reduced pressure. The crude 

product was purified by a silica flash column (MeOH/CH2Cl2) to afford the two-arm 

galactose melamine dendron 4.16 (936 mg, 90%). Rf = 0.69 (1:9, MeOH/CH2Cl2); 
1
H 

NMR (600 MHz, CDCl3) δ 8.07 (d, J = 7.6 Hz, 4H), 8.00 (d, J = 7.6 Hz, 4H), 7.93 (d, J = 

7.6 Hz, 4H), 7.77 (d, J = 7.7 Hz, 4H), 7.61 (d, J = 7.0 Hz, 2H), 7.53 (dt, J = 24.4, 7.3 Hz, 

4H), 7.48 (t, J = 7.4 Hz, 4H), 7.40 (dt, J = 19.8, 7.7 Hz, 10H), 7.23 (t, J = 7.7 Hz, 4H), 5.99 

(d, J = 2.4 Hz, 2H), 5.76 (dd, J = 9.9, 8.3 Hz, 2H), 5.61 (d, J = 9.2 Hz, 2H), 4.80 (d, J = 7.9 

Hz, 2H), 4.68 (d, J = 6.2 Hz, 6H), 4.41 (dd, J = 11.2, 6.4 Hz, 2H), 4.34 (t, J = 6.3 Hz, 2H), 

3.99 – 3.79 (m, 2H), 3.65 – 3.25 (m, 6H), 2.93 – 2.58 (m, 9H), 2.50 – 2.27 (m, 3H), 2.05 – 

1.48 (m, 17H), 1.30 – 1.07 (m, 5H); 
13

C NMR (151 MHz, CDCl3) δ 165.89, 165.41, 

165.37, 164.07, 133.53, 133.28, 129.85, 129.60, 129.49, 129.23, 128.88, 128.52, 128.40, 

128.18, 101.72, 71.36, 69.71, 68.00, 61.93, 42.83; HRMS (ESI): calcd for C95H98N7O20Cl 

[M+H]
+
 m/z = 1692.6628, found: 1692.6578. 

 

N-[1-((N-Boc-piperidin-4-yl)methyl)piperidin-4-yl)methoxypent-4-enamide]-N,N-[6-

((1-(piperidin-4-ylmethyl)piperidin-4-yl)methoxy)-O-2,3,4,6-tetra-O-benzoyl-β-D-

galactopyranosyl]-melamine (4.17). Boc protected dipiperidine 4.14 (95 mg, 0.232 

mmol) was dissolved in 10% TFA/CH2Cl2 (2.5 mL) and stirred at rt for 1 h. The reaction 

was concentrated under reduced pressure and excess TFA removed by coevaporation with 

toluene to yield deprotected N-methoxypentenamide dipiperidine 4.15. The resulting 

residue was dissolved in THF/MeCN (1:1, v:v; 4 mL) and the two-arm galactose melamine 

dendron 4.16 (140 mg, 0.083 mmol) was added followed by dropwise addition of N,N-

diisopropylethylamine (87 µL, 0.50 mmol). The reaction was heated at 60 ºC for 7 days 

upon which the solvent was removed under reduced pressure and purified by silica column 
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chromatography (MeOH/CH2Cl2) to afford the fully protected N-pentenoyl aminooxy 

digalactose melamine dendron 4.17 as a clear residue (123 mg, 75%). Rf = 0.52 (3:17, 

MeOH/CH2Cl2); 
1
H NMR (600 MHz, CDCl3) δ 8.07 (d, J = 7.6 Hz, 4H), 7.99 (t, J = 14.7 

Hz, 4H), 7.93 (d, J = 7.7 Hz, 4H), 7.77 (d, J = 7.7 Hz, 4H), 7.61 (t, J = 7.2 Hz, 2H), 7.53 

(dt, J = 20.2, 7.2 Hz, 4H), 7.46 (dd, J = 16.2, 8.7 Hz, 4H), 7.40 (dt, J = 21.7, 7.6 Hz, 10H), 

7.23 (t, J = 7.5 Hz, 4H), 5.99 (d, J = 2.1 Hz, 2H), 5.83 – 5.71 (m, 3H), 5.61 (dd, J = 10.3, 

2.6 Hz, 2H), 5.00 (dd, J = 40.2, 13.5 Hz, 2H), 4.80 (d, J = 7.8 Hz, 2H), 4.73 – 4.61 (m, 

8H), 4.40 (dd, J = 11.1, 6.5 Hz, 2H), 4.33 (t, J = 6.2 Hz, 2H), 3.95 – 3.81 (m, 2H), 3.81 – 

3.69 (m, 2H), 3.50 – 3.17 (m, 6H), 2.77 – 2.62 (m, 9H), 2.62 – 2.41 (m, 5H), 2.41 – 2.29 

(m, 4H), 2.18 – 2.11 (m, 2H), 1.97 – 1.87 (m, 4H), 1.84 – 1.64 (m, 15H), 1.62 – 1.39 (m, 

4H), 1.30 – 1.02 (m, 9H); 
13

C NMR (151 MHz, CDCl3) δ 166.00, 165.53, 165.50, 165.28, 

162.20, 161.97, 133.62, 133.44, 133.36, 133.31, 129.97, 129.71, 129.60, 129.35, 129.16, 

128.99, 128.69, 128.62, 128.49, 128.28, 128.19, 117.73, 115.79, 115.71, 101.85, 71.54, 

71.40, 69.83, 68.11, 62.01, 42.90, 30.05, 29.65; HRMS (ESI): calcd for C112H128N10O22 

[M+H]
+
 m/z = 1965.9277, found: 1965.9256. 

 

N-[1-((N-Boc-piperidin-4-yl)methyl)piperidin-4-yl)methoxypent-4-enamide]-N,N-[6-

((1-(piperidin-4-ylmethyl)piperidin-4-yl)methoxy)-β-D-galactopyranosyl]-melamine 

(4.18). Fully protected dendron 4.17 (100 mg, 0.05 mmol) was dissolved in MeCN/H2O/ 

CH2Cl2 (4:1:1, v:v; 3 mL) and NaOH (1 M in NaOH, 150 µL) was added dropwise while 

stirring at rt. The mixture was chilled to 0 ºC and reacted for 48 h after which AcOH was 

added dropwise until the pH reached 7. Excess solvent was removed under reduced 

pressure and the resulting residue was dissolved in ddH2O/MeCN (9:1, v:v; 1.5 mL)  

followed by HPLC purification. The product eluted at 14 min in a gradient of 10% to 50% 

MeCN in ddH2O (0.1% TFA) over 25 min. The product peaks were collected and 

lyophilized to obtain N-pentenoyl aminooxy galactose dendrimer 4.18 as a white powder 

(55 mg, 95%). 
1
H NMR (500 MHz, D2O) δ 5.87 – 5.66 (m, 1H), 5.03 (dd, J = 17.8, 14.1 

Hz, 2H), 4.45 (d, J = 12.7 Hz, 6H), 4.34 (d, J = 7.8 Hz, 2H), 3.88 (d, J = 2.8 Hz, 3H), 3.82 

– 3.67 (m, 9H), 3.66 – 3.56 (m, 11H), 3.54 (dd, J = 10.1, 6.3 Hz, 2H), 3.47 (dd, J = 9.8, 8.0 

Hz, 2H), 3.36 – 3.23 (m, 2H), 3.08 – 3.00 (m, 12H), 2.96 (t, J = 11.9 Hz, 6H), 2.36 – 2.27 

(m, 2H), 2.27 – 2.19 (m, 5H), 2.09 – 1.91 (m, 10H), 1.86 – 1.80 (m, 6H), 1.59 – 1.44 (m, 

6H), 1.32 – 1.23 (m, 6H); 
13

C NMR (126 MHz, CDCl3) δ 172.29, 163.18, 162.90, 162.61, 

162.33, 156.58, 136.35, 119.74, 117.42, 115.93, 115.10, 112.78, 102.96, 79.57, 75.09, 

73.35, 72.67, 70.70, 68.54, 61.69, 60.89, 52.96, 52.83, 44.14, 33.22, 31.83, 31.62, 30.34, 

28.94, 28.81, 25.70, 25.50; HRMS (ESI): calcd for C56H96N10O14 [M+H]
+
 m/z = 

1133.7180, found: 1133.7173 

 

N-[1-((N-Boc-piperidin-4-yl)methyl)piperidin-4-yl)methoxypent-4-enamide]-N,N-[6-

((1-(piperidin-4-ylmethyl)piperidin-4-yl)methoxy)-(5-acetamido-3,5-dideoxy-D-

glycero-α-D-galacto-2-nonulopyranosyl-onic acid)-(2→6)- β-D-galactopyranosyl]-

melamine (4.19). To N-pentenoyl galactose dendrimer 4.18 (4.8 mg, 0.0042 mmol) was 

added N-acetylmannosamine (2.8 mg, 0.013 mmol), sodium pyruvate (4.7 mg, 0.042 

mmol), and CTP•Na (7.2 mg, 0.013 mmol) and dissolved in ddH2O (1 mL). A 

concentrated stock of Tris-HCl buffer pH 8.5 with MgCl2 was added to a final 
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concentration of 100 mM Tris, 20 mM MgCl2. Recombinant E. coli K12 sialic acid 

aldolase (1 U), N. meningitidis CMP-sialic acid synthetase (0.5 U), and P. damsela α-2,6-

sialyltransferase (0.5 U) were added and the reaction mixture was incubated at 37 ºC for 4 

h followed by shaking at rt for 16 h. The reaction was monitored by LCMS (5% to 50% 

MeCN in ddH2O over 15 min) and after 24 h, the reaction mixture was quenched with cold 

MeOH (1 mL) and incubated on ice 20 min. The mixture was centrifuged, precipitates 

removed, and concentrated under vacuum. The crude mixture was redissolved in ddH2O (1 

mL) followed by the readdition of 0.5 U of each enzyme and incubation at rt for 48 h. The 

reaction mixture was quenched with cold MeOH (1 mL) and precipitates removed 

followed by concentration under vacuum. The product was purified by HPLC with elution 

at 11 min in a gradient of 10% to 50% MeCN in ddH2O (0.05% formic acid) over 25 min. 

The product peaks were collected and lyophilized to obtain N-pentenoyl 2,6-sialylgalactose 

dendrimer 4.19 as a white powder (3.8 mg, 52%). 
1
H NMR (600 MHz, D2O) δ 5.88 – 5.73 

(m, 1H), 5.05 (dd, J = 22.1, 13.9 Hz, 2H), 4.62 (d, J = 12.0 Hz, 6H), 4.39 – 4.32 (m, 2H), 

3.91 (t, J = 8.8 Hz, 5H), 3.88 – 3.83 (m, 4H), 3.82 – 3.73 (m, 8H), 3.72 – 3.70 (m, 2H), 

3.70 – 3.59 (m, 15H), 3.58 – 3.53 (m, 2H), 3.53 – 3.45 (m, 2H), 3.39 – 3.22 (m, 2H), 3.16 

– 3.02 (m, 7H), 2.98 (t, J = 12.0 Hz, 5H), 2.87 (t, J = 11.8 Hz, 6H), 2.71 (dd, J = 12.4, 4.6 

Hz, 2H), 2.39 – 2.29 (m, 2H), 2.29 – 2.15 (m, 5H), 2.14 – 2.03 (m, 8H), 2.01 (s, 6H), 1.86 

– 1.76 (m, 6H), 1.66 (t, J = 12.2 Hz, 2H), 1.64 – 1.45 (m, 6H), 1.33 – 1.13 (m, 6H); 13
C 

NMR (151 MHz, D2O) δ 175.07, 173.38, 164.36, 158.18, 115.96, 103.12, 100.46, 79.54, 

79.26, 73.48, 72.62, 71.76, 70.68, 68.59, 68.16, 63.46, 62.66, 59.31, 53.04, 51.87, 45.50, 

42.59, 40.15, 33.37, 31.67, 30.86, 29.07, 28.95, 25.78, 22.00; HRMS (ESI): calcd for 

C78H131N12O30 [M+H]
+
 m/z = 858.4581, found: 858.4587 

 

N-[1-((N-Boc-piperidin-4-yl)methyl)piperidin-4-yl)methoxypent-4-enamide]-N,N-[6-

((1-(piperidin-4-ylmethyl)piperidin-4-yl)methoxy)-(5-acetamido-3,5-dideoxy-D-

glycero-α-D-galacto-2-nonulopyranosyl-onic acid)-(2→3)-β-D-galactopyranosyl]-

melamine (4.20). To N-pentenoyl galactose dendrimer 4.18 (4.5 mg, 3.9 µmol) was added 

N-acetylmannosamine (2.6 mg, 0.012 mmol), sodium pyruvate (4.3 mg, 0.039 mmol), and 

CTP•Na (6.8 mg, 0.012 mmol) and dissolved in ddH2O (1 mL). A concentrated stock of 

Tris-HCl buffer pH 8.5 with MgCl2 was added to a final concentration of 100 mM Tris, 20 

mM MgCl2. Recombinant E. coli K12 sialic acid aldolase (1 U), N. meningitidis CMP-

sialic acid synthetase (1.5 U), and P. multocida α-2,3-sialyltransferase (0.4 U) were added 

and the reaction mixture was incubated at 37 ºC for 4 h followed by shaking at rt for 16 h. 

The reaction was monitored by LCMS (5% to 50% MeCN in ddH2O over 15 min) and 

after 24 h, the reaction mixture was quenched with cold MeOH (1 mL) and incubated on 

ice 20 min. The mixture was centrifuged, precipitates removed, and concentrated under 

vacuum. The product was purified by HPLC with elution at 11 min in a gradient of 10% to 

50% MeCN in ddH2O (0.05% formic acid) over 25 min. The product peaks were collected 

and lyophilized to obtain N-pentenoyl 2,3-sialylgalactose dendrimer 4.20 as a white 

powder (3.7 mg, 55%). 
1
H NMR (600 MHz, D2O) δ 5.86 – 5.75 (m, 1H), 5.06 (dd, J = 

22.7, 13.8 Hz, 2H), 4.63 (d, J = 12.1 Hz, 6H), 4.45 (d, J = 7.9 Hz, 2H), 4.07 (d, J = 9.8 Hz, 

2H), 3.96 – 3.89 (m, 2H), 3.89 – 3.76 (m, 9H), 3.76 – 3.70 (m, 4H), 3.70 – 3.56 (m, 15H), 

3.57 – 3.49 (m, 3H), 3.11 – 2.91 (m, 10H), 2.87 (t, J = 12.1 Hz, 6H), 2.74 (dd, J = 11.2, 2.7 
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Hz, 2H), 2.38 – 2.29 (m, 2H), 2.24 (t, J = 7.0 Hz, 2H), 2.22 – 2.10 (m, 3H), 2.10 – 1.93 (m, 

13H), 1.89 – 1.71 (m, 8H), 1.66 – 1.46 (m, 6H), 1.29 – 1.14 (m, 6H); HRMS (ESI): calcd 

for C78H131N12O30 [M+H]
+
 m/z = 858.4581, found: 858.4585 

 

Expression and Purification of Aldehyde-Tagged Proteins 

   

A gblock fragment of the IFN-β gene containing the aldehyde tag was purchased from 

IDT and PCR amplified using primers: 5’-GGATACATATGAGCTACAACTTGCTTGG-

3’ and 5’-GTCGACCTCGAGTCAGTTGCGCAGGTAGCCGGTC-3’. The PCR fragment 

was cloned into the NdeI/XhoI sites of pACYCDuet-1 (Novagen). The amino acid 

sequence at 79-84 in native IFN-β was changed from TrpAsnGluThrIleVal to 

LeuCysThrProIleArg in order to introduce the aldehyde tag sequence. Recombinant 

aldehyde-tagged IFN-β was expressed in E. coli as previously described with slight 

modifications.
46

 BL21(DE3) E. coli harboring either the pET-14 plasmid containing the M. 

tuberculosis FGE, the IFN-β pACYCDuet plasmid, or both were grown in LB media 

supplemented with 100 µg/mL ampicillin and 50 µg/mL kanamycin at 37º C. When OD600 

reached 0.6, IPTG (1 mM) was added with further shaking for 3-4 h. Cells were lysed by 

homogenization, and the IFN-β was purified using a modified procedure.
70,71

 Briefly, cells 

were lysed by homogenization and centrifuged to isolate inclusion bodies. After washing, 

the inclusion bodies were solubilized in 100 mM Na2HPO4, 100 mM DTT, 2% SDS, pH 

7.4, and IFN-β was isolated by butanol extraction. IFN-β was precipitated with dropwise 

addition of AcOH and the precipitant was frozen directly for storage at -20 ºC. Protein 

concentrations were determined using the calculated absorbances at 280 nm. 

Recombinant hGH was expressed in E. coli as previously described.
46

 In short, 

BL21(DE3) E. coli harboring both a pET plasmid containing the aldehyde tagged-protein 

and a pBAD plasmid containing the M. tuberculosis FGE were grown in LB media 

supplemented with 100 µg/mL ampicillin and 50 µg/mL kanamycin at 37º C. When OD600 

reached 0.5, arabinose was added at 0.25% and the culture was shaken at 37º C for an 

additional 1 h. The temperature was then reduced to 18º C for 1 h and IPTG (0.1 mM) was 

added with further shaking for 14-18 h. Cells were lysed by homogenization, and the His6-

tagged protein was purified using Ni-NTA-agarose beads (Qiagen) under standard 

purification procedures. hGH was eluted in 50 mM Tris, 500 mM NaCl, 300 mM 

imidazole, 10% glycerol, pH 7.5 with 1 mM DTT, TCEP, and methionine to protect 

against oxidation and frozen directly for storage at -20 ºC. Protein concentrations were 

determined using the calculated absorbances at 280 nm. 

When required, proteins were treated with additional FGE in vitro to fully convert Cys-

to-fGly if intracellular conversion was sub-optimal. Briefly, aldehyde-tagged proteins (0.5 

mg/mL) were incubated in 50 mM Tris, 100 mM NaCl, 0.1-1 mM β-Me, pH 9 with 0.05 

equiv. M. tuberculosis FGE
65

 for 20 h at rt. Proteins were then purified by size exclusion or 

buffer exchanged by spin concentration and stored in PBS with 10% glycerol.  
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Protein Conjugation and Analysis 

 

Alexa Fluor 488 C5-aminooxy-acetamide (AO-AF488) was purchased from Invitrogen 

and kept as a 10 mM stock in H2O. Proteins were concentrated and buffer exchanged by 

dilution in Amicon Ultra-0.5 centrifugal filter devices (MWCO 10K or 30K, Millipore). 

Proteins were resolved by SDS-PAGE on Bis-Tris Criterion Gels (10% or 4-12%; Bio-

Rad). Western blot analysis was performed by wet transfer (Tris-glycine, 20% MeOH) 

onto nitrocellulose at 100V for 60 min. Protein loading was confirmed by Ponceau stain 

(0.2% ponceau in 3% AcOH). Blocking and antibody incubation conditions were 

conducted in 1x Dulbecco’s phosphate buffered saline with 0.1% Tween-20 (PBST) with 

component concentrations as described. MALDI-TOF MS (Matrix-assisted laser 

desorption/ionization (time-of-flight) mass spectrometry) analysis was carried out on an 

Applied Biosystems Voyager DE-Pro machine. Typically, samples were diluted 8x in a 

saturated Sinapinic/Sinapic acid solution of 60% MeCN, 0.2% FA and 1 µL was deposited 

and dried under vacuum on a stainless steel sample plate (Applied Biosystems). 

General procedure for dendrimer conjugation: Aldehyde-tagged hGH at 30 µM was 

reacted with 2 mM aminooxy compound in 5 µL NaCit/NaH2PO4 buffer pH 4.5 for 16 h at 

37 ºC. The reactions were quenched with 1 µL of 1 M Tris, pH 7.5, 4x SDS loading dye, 

samples boiled, and were run on a 10% SDS-PAGE gel. The protein was transferred to 

nitrocellulose and blocked in PBST (0.5% Tween-20, 2 mM CaCl, MgCl). The presence of 

sugars was probed with SBA-FITC, SNA-FITC, or MAA-FITC (EY Labs, 1:1,000 

dilution) in PBST with 2 mM CaCl and MgCl. Membranes were developed by 

chemiluminescence using the SuperSignal West Pico kit (Thermo) or scanned for 

fluorescence on a Typhoon 9410 Imaging System (Amersham). For mass spectrometry 

analysis, aliquots were taken before SDS-PAGE, diluted with sinapinic acid matrix 

solution and dried on the MALDI plate for mass spec analysis. Percent conjugation was 

determined by comparing peak heights of unreacted aldehyde-tagged protein to oxime 

conjugated peaks. 
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Chapter 5 

 

Cell Surface Glycopolymers Engage NK Siglec-7 to Emulate a Cancer 

Immunoevasion Mechanism 
                                     

Introduction 

 

The overexpression of sialic acid on the surface of malignant cells is known to 

correlate with poor disease prognosis in a variety of cancers.
1–6

 However, beyond early 

studies invoking physical and electrostatic repulsion, few reports have provided the 

molecular details by which hypersialylation may promote tumor progression.
7–9

 The 

immune system is armed with numerous mechanisms to identify and neutralize malignant 

cells.
10–13

 Yet, this process of immunosurveillance also confers a selective advantage to 

tumor variants that can escape recognition and destruction by innate immune cells.
14–18

 

While hypersialylation appears to be a trait conceivably selected for to overcome 

immunosurveillance, evidence for a general cognate receptor is limited.
19–21

 

Natural killer (NK) cells play a primary role in the innate immune response against 

cancer cells
22–24

 and are vital to the containment of tumor growth and metastasis.
25–29

 NK 

cells use both activating and inhibitory receptors to distinguish healthy “self” cells from 

diseased cells;
30,31

 killing targeted tumor or virally infected cells through the release of 

lytic granules and engagement of cell apoptotic receptors (Fig 5.1).
32,33

 However, many 

aggressive cancers evade detection from NK cells by secreting NK activating ligands or 

overexpressing ligands for NK cell inhibitory receptors.
34–38

 Mounting evidence suggests 

that hypersialylation may also be employed by tumorigenic cells to decrease 

immunogenicity and grow unimpeded by NK immunosurveillance. In mice with 

compromised immunosurveillance, induced tumors do not develop a hypersialylated 

phenotype, advocating sialylation as an adaption for immunoprotection with implications 

specifically for NK cell activity.
39–41

 In vitro studies have also revealed a positive 

correlation between target cell sialylation and NK cell resistance suggesting a specific 

receptor in this evasive mechanism, though a candidate has yet to be fully elucidated.
42–44

  

 The Sialic acid-binding Immunoglobulin-like Lectin (Siglec) family of cell surface 

receptors may provide the missing mechanistic link between cancer hypersialylation and 

immunological inhibition.
45,46

 Each Siglec is restricted to expression on a distinct set of 

leukocytes, and though all bind glycans containing sialic acid, they differ in their 

recognition of the linkage regiochemistry and spatial distribution.
47,48

 Human NK cells 

ubiquitously express Siglec-7 (p75/AIRM1) while a smaller subset expresses Siglec-

9.
46,49,50

 Both Siglecs contain a cytosolic Immunoreceptor Tyrosine-based Inhibitory Motif 

(ITIM) which recruits SHP phosphatases to the site of activation and halts the kinase 

phosphorylation cascade.
51–54

 As inhibitory receptors which recognize sialic acid ligands, 

the Siglecs are likely candidates for driving sialic acid dependent protection of carcinomas  
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Figure 5.1. Cell surface glycopolymers on target cells can engage with NK cell-associated 

Siglecs to modulate NK cell mediated killing. A) Without the proper inhibitory ligands, 

activating receptors on the target cell are recognized by the NK cell. NK cell activation 

leads to direct killing or cytokine recruitment. B) Target cells decorated with 

glycopolymers bind Siglecs which recruit SHP phosphatases to the site of activation.  
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from NK cells. Several reports have shown that various Siglecs can bind cancer-associated 

sialylated mucins,
55–59

 but establishing their roles in cell specific immunomodulation have 

been complicated by difficulties in controlling the target cell glycosylation status.  

Herein, we report that engagement of NK cell Siglec-7 by cancer cell-associated 

sialosides can down regulate the killing response, thereby promoting evasion from innate 

immune destruction. To investigate this mechanism, we utilized glycopolymers to mimic 

overexpressed, hypersialylated cell surface mucins in a chemically defined manner.
60,61

 

Our recently reported improved synthesis of aminooxy glycans
62

 enabled us to generate a 

panel of control and sialoside sugars that were subsequently conjugated to a DPPE end-

functionalized methyl vinyl ketone (MVK) polymer (Fig. 5.2).
60,61

 This approach 

established a small library of single glycoform polymers which could passively insert into 

the phospholipid membrane of cell surfaces to alter the overall cell surface glycosylation 

state. With this cell surface-integrating glycopolymer platform, we demonstrate that 

increased cell surface sialic acid glycans alone inhibit primary human NK cell activation 

(Fig. 5.1). Our results provide further evidence that engagement of Siglec-7 on NK cells 

with target cell sialic acids can drive protection from NK cells on several cancer cell lines, 

which is emulated by the sialic acid cell surface glycopolymers. Additionally, increasing 

cell surface sialic acid through glycopolymer incorporation can protect human allogeneic 

hematopoietic stem cells and porcine xenogeneic epithelial cells from NK cell-mediated 

cytotoxicity. These results validate that glycopolymers can serve as a chemical probe to 

reengineer the cell surface in order to investigate the role of glycan structures in biological 

events. Additionally, our study suggests the potential of Siglecs as therapeutic targets for 

regulating tumor immunosurveillance or immune passivation in cell transplant therapy. 

 

Engineering Cell Surfaces With Phospholipid End-Functionalized Oxime 

Glycopolymers    

 

 Defining the biological role of a specific glycan necessitates the ability to 

selectively introduce the glycan structure onto cell surfaces. Unfortunately, glycan 

biosynthesis is not template-driven, and its complex regulation lies largely beyond the 

realm of genetic manipulation.
63–65

 Typical experimental procedures to probe glycobiology 

include cell transfection to overexpress or knockdown glycosyltransferases or alternatively, 

external treatment with inhibitors and glycosidases.
64

 However, the majority of these 

methods have low specificity and generally produce widespread alteration of cell surface 

glycans which presents the risk of altering the function of a multitude of glycoproteins and 

glycolipids.
21

 In the context of cancer-associated sialosides, we wished to introduce 

specific glycan structures on the cell surface without perturbing the endogenous metabolic 

machinery or innate cell surface proteins. 

 We believe that a glycopolymer mimetic of mucinous glycoproteins previously 

developed by our laboratory would provide an ideal system to address the role of specific 

glycans in Siglec-mediated immunoevasion. This approach uses methyl vinyl ketone-based  
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Figure 5.2. Synthesis of phospholipid oxime glycopolymers. (A) The methyl vinyl ketone 

(MVK) polymer is end-functionalized through the conjugation of DPPE to the radical 

initiator ACVA which is incorporated at the starting terminus of the resulting polymer. The 

phospholipid containing MVK polymers are conjugated with aminooxy glycans via oxime 

formation along the ketone backbone. (B) List of the aminooxy compounds conjugated to 

the MVK backbone to generate the oxime glycan (5.2-5.8) or control polymers (5.9, 5.10). 

A 

B 
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Figure 5.3. Glycopolymers allow controlled manipulation of cellular glycosylation status. 

(A) Fluorescence microscopy of CHO, Jurkat, and MCF-7 cells labeled with AF488 

conjugated glycopolymers show good incorporation across cell types. Scale bars, 10 µm. 

(B) Fluorescence microscopy of CHO cells treated with Alexa Fluor 488 (AF488) or biotin 

conjugated polymers. Biotin was further labeled by treatment with anti-bioin-488 antibody. 

Scale bars, 10 µm.  
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Figure 5.4. Glycopolymers allow controlled manipulation of cellular glycosylation status. 

(A) MCF-7 breast cancer cells show labeling with 2,6SiaLacNAc polymer (top panel) 

while 2,6SiaLacNAc polymers without the phospholipid tail do not incorporate (bottom 

panel). Scale bars, 100 µm. (B) Fluorescence microscopy of sialic acid and GD3 AF488 

conjugated polymers on prostate cancer DU145 cells and myelogenous leukemia K562 

cells. Scale bars, 10 µm.   
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polymers that are end-functionalized with phospholipids for passive insertion into cellular 

membranes (Fig. 5.2A).
60,61

 The polyketone backbone of the polymer hence provides a 

scaffold on which aminooxy glycans can be appended via oxime formation.
62,66,67

 

Therefore, we can alter the glycosylation status of the cell surface without perturbing 

cellular metabolism or mutating the status and function of all glycosylated proteins. We 

designed a panel of cell surface incorporating polymers that include a range of glycan 

structures (Fig. 5.2B). To address the validity of early models invoking physical and 

electrostatic repulsion in immunoevasion,
7,8,19

 we also appended  control structures lacking 

sialic acid or lacking sugars altogether. These control polymers are decorated with 

aminooxy carboxylate or glycerol moieties so they possess the same overall charge or 

steric bulk and hydrophilicity as a sialoside polymer without the potential for structural 

recognition.  

 To assess if these glycopolymers could incorporate with similar efficiency and 

density as previous reports, we incorporated aminooxy-Alexa Flour 488 or aminooxy-

biotin along the polymer backbone to track by microscopy and flow cytometry on cell 

surfaces. The glycopolymers incorporated robustly onto the surface of a variety of 

mammalian cell lines (ie. CHO, Jurkat, Fig. 5.3; MCF-7, K562, DU145, Fig. 5.4). Polymer 

incorporation could be controlled by altering the incubation concentration, while 

incubation time had a smaller effect (Fig. 5.5A). Importantly, the incorporation efficiencies 

were not dramatically affected by cell concentration or glycan structure (Fig. 5.5B).  

 Because the plasma membrane is a dynamic structure that is constantly being 

internalized and refreshed, the glycopolymers possess a finite surface lifetime. To 

determine the cell surface half-life, we utilized biotin-labeled glycopolymers in a flow 

cytometry based assay with fluorescently labeled anti-biotin antibody to track the 

remaining exogenously associated polymers. We found that similar to previous lipid-based 

engineering approaches,
68

 the surface half-life was 4-7 hours depending on cell type, and 

the half-life was independent of glycan structure (Fig. 5.5C). As NK cell activation and 

cytotoxicity is detected within hours,
24,26

 the polymer residence timeframe is well-suited 

for this system. 

 We also examined if the cell surface glycopolymers could potentiate binding to 

exogenous lectins and soluble Siglec-Fc chimeras in a concentration dependent manner. As 

an example, 2,6-SiaLacNAc polymer incorporation on Jurkat cells increased binding to 

Sambucus nigra lectin SNA-FITC and Siglec-7-Fc (Fig. 5.6A). Additionally, increasing 

titers of cell surface polymers conjugated with GD3, a reported Siglec-7 ligand,
69

 bound to 

increasing amounts of Siglec-7-Fc (Fig. 5.6B) demonstrating the ability to control the 

quantity of glycan epitopes which correlates with a concomitant increase in receptor 

binding. 
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Figure 5.5. Effects of polymer and cell concentration on incorporation. (A) K562 cells 

were incubated with increasing concentrations of AF488-2,6-SiaLacNAc polymer for 45 

min at rt or 1 µM polymer for increasing time points. Incorporation was measured by flow 

cytometry. a.u., arbitrary units. (B) Left; Jurkat cells were incubated with AF488-Lac 

polymer at indicated concentrations at rt in MEM for 1 h. Cells were washed with 1% FBS 

in PBS and analyzed by flow cytometry. Right; Jurkat cells at 10
7
 cells/mL were incubated 

with 0.5 µM of the indicated AF488 labeled polymer at rt in HBSS for 45 min. (C) Jurkat 

cells were incubated with 1 µM indicated biotin polymer at rt in HBSS for 45 min. Cells 

were labeled with anti-biotin 647 at indicated times and analyzed by flow cytometry. 

Experiments were performed in triplicate and half lifes were calculated by best fit to the 

equation x = xoe
-kt

 in MATLAB. 
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Figure 5.6. Glycoengineering with polymers affects lectin binding. (A) Binding of SNA-

FITC or Siglec-7-hFc to Jurkat cells after incubation with 1 µm 2,6-SiaLacNAc polymer 

5.3 was assessed by flow cytometry. Data are presented as mean ± s.d. from three 

independent experiments. (B) Glycopolymers show concentration dependent labeling that 

correlates with Siglec-7-Fc lectin binding. Jurkat cells were coated with increasing 

concentrations of AF488-GD3 polymer 5.7 at room temperature for 45 min and labeled 

with Siglec-7-Fc and anti-humanFc-647 on ice.  

 

Sialoside Glycopolymers Interact with Siglec-7 to Protect Target Cells from NK Cell-

Mediated Cytotoxicity 

  

 With the panel of cell surface polymers in hand, we examined if particular sialoside 

structures could indeed protect target cells from NK cell-mediated cytotoxicity. In these 

studies, freshly isolated human peripheral blood mononuclear cells (PBMC) were used as 

effector cells and incubated in a 4 h NK cytotoxicity assay
70,71

 with target Jurkat cells 

pretreated with the designated polymer. As hypothesized, the sialoside-functionalized 

glycopolymers provided protection against cell killing in a structure specific manner, 

whereas control polymers with neutral or no sugars did not demonstrate inhibition of cell 

cytotoxicity (Fig. 5.7A). The carboxylic acid functionalized polymers did not affect 

cytotoxicity suggesting that the observed inhibition was not due to charge repulsion  
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Figure 5.7. Sialoside glycopolymers protect target cells from NK cell-mediated 

cytotoxicity. (A) Protection is structure dependent. Jurkat cells were labeled with 1 µM 

indicated polymer and incubated with PBMC at an effector to target ratio of 20:1 in a 4 h 

cytotoxicity assay. (B) Jurkat cells were similar treated with indicated polymer and mixed 

with purified NK cells at indicated effector to target ratios in a 4 h cytotoxicity assay. (C) 

To assess Siglec binding, Jurkat cells were treated with indicated polymer and Siglec-7-Fc 

and Siglec-9-Fc binding was assessed by flow cytometry. 

A 

B 
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effects. Interestingly, despite equal loading on cells, the polymers containing sialic acid 

alone offered the strongest protection against killing with over 50% inhibition. This was 

confirmed in cytotoxicity assays with human NK cells where the sialic acid polymer was 

the best inhibitor at various effector to target ratios (Fig. 5.7B).  

 Siglec-7 preferentially binds GD3 and other disialylated glycans while Siglec-9 has 

broad specificity among sialosides.
72–74

 Siglec-7 was the best candidate for the inhibitory 

receptor engaging the sialoside glycopolymers since Siglec-7 was found to be ubiquitously 

expressed on NK cells across all donors (not shown) and the inhibition matched previously 

known binding preferences for the receptor (Siaα2,6 > Siaα2,3).
50

 To examine this further, 

we treated Jurkat cells with our panel of glycopolymers and assessed by flow cytometry 

the changes in binding of the soluble Siglec-7-Fc or Siglec-9-Fc fusion proteins on cell 

surfaces (Fig. 5.7C). The differences seen in NK cell killing correlated well with Siglec-7 

binding while Siglec-9 seemed to heavily prefer SLe
x
. The main discrepancy rested with 

the GD3 glycan, a known Siglec-7 ligand, which bound well to the soluble receptor but 

gave limited inhibition in the NK-mediated cytotoxicity assay. This difference in 

engagement may result from variability in membrane trafficking among the polymers or 

alternatively might be a divergence between binding preference and biological activity. 

The glycopolymers bearing the sialic acid monomer bound the most Siglec-7-Fc and 

offered optimal protection from NK-mediated killing. We propose that this polymer best 

mimics Siglec-7’s preferred branched disialylated ligand or that Siglec-7 actually monitors 

the presence of high avidity sialic acid structures. Due to the specificity for Siglec-7 and  

enhanced activity of the sialic acid polymer, we focused subsequent studies on this 

construct. 

To assess if Siglec-7 was indeed contributing to the observed inhibition of NK 

killing, we performed cytotoxicity assays in the presence of function blocking antibodies 

against Siglec-7 and Siglec-9 (Fig. 5.8A).
75,76

 As previously observed, target cells coated 

with the sialic acid polymer were protected from cytotoxicity; however, the Siglec-7 

blocking antibody abrogated the inhibitory effect, providing comparable cytotoxicity to 

uncoated target cells. In the presence of Siglec-9 blocking or control antibodies, the 

polymer was still able to protect target cells. We also demonstrated that this protection was 

dose-dependent and the extent of cell surface sialic acid correlated with both Siglec-7 

binding and protection from NK cytotoxicity. K562 cells were coated with increasing 

amounts of the sialic acid polymer and assayed for binding to soluble Siglec-7 and NK-

mediated cytotoxicity with PBMC (Fig. 5.8B). As expected, increasing the amount of 

sialic acid polymer on the target cell surface increased binding to Siglec-7 which directly 

correlated with a decrease in NK cell killing. Thus, Siglec-7 allows NK cells to adjust 

cytotoxic activation based on sialylated cell surface content. The dose dependency 

correlation to binding and antibody blocking studies suggest that the inhibitory effects of 

the glycopolymer are from the engagement of Siglec-7 on NK cells. 
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Figure 5.8. Protection from NK cell killing is Siglec-7 mediated and dose dependent. (A) 

The role of Siglec-7 in Sia polymer protection was probed by preincubating purified NK 

cells with 10 µg/mL of Siglec-blocking or isotype antibody and mixing with Jurkat cells at 

a 4:1 effector to target ratio in a 4 h cytotoxicity assay. (B) K562 target cells were labeled 

with increasing concentrations of Sia polymer and labeled with Siglec-7-Fc and anti-hFc-

647 or incubated with PBMC at a 10:1 effector to target ratio. *P < 0.05, **P < 0.01 

 

Siglec-7 Provides a Strong Inhibitory Signal in NK Cells to Modulate Activation 

 

 Glycans on the same cell surface (cis ligands) are believed to dominate Siglec 

occupancy in resting cells, whereas activation or high affinity/avidity ligands are necessary 

to permit trans ligand binding and recruit Siglecs to the site of receptor activation.
77–79

 It 

was previously shown that soluble α2,8-disialylated polymers or target cells with high 

amounts of the disialylated ligands, DSGb5 or GD3, could interact with Siglec-7 on NK 

cells but only after treatment with sialidase to release the Siglec from cis ligands.
54,69,80

 Our 

results from the cell surface glycopolymer studies provide the first instance where trans 

ligands on the target cell surface can compete with the cis ligands to engage Siglec-7. This 

also suggests that Siglec-7 is a constitutively active and substantial inhibitory receptor on 

human NK cells in a manner not previously appreciated. The glycopolymers provide an 
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ideal tool to further characterize Siglec-7 activation in its natural biological context, the 

cell surface.  

To demonstrate that Siglec-7 engagement could decrease NK stimulation, we 

incubated sialic acid polymer-coated Jurkat cells with PBMC and assayed the presence of 

NK activation markers, CD107a/LAMP1 and IFN-γ.
81

 The trafficking of CD107a/LAMP1 

to the cell surface correlates with degranulation and the release of cytotoxic molecules 

such as perforin. To recruit more lymphocytes to the site of encounter, stimulated NK cells 

also secrete the cytokine IFN-γ which can be measured by labeling its release from the cell 

surface.
82

 Upon coculture, polymer-treated cells did not elicit degranulation or IFN-γ 

production by the NK cells suggesting that the polymer masks target cells from NK cell 

recognition and activation (Fig. 5.9A). Based on the ITIM model,
52,83,84

 the sialic acid 

glycopolymers should enhance recruitment of Siglec-7 to the NK - target immunological 

synapse. We performed microscopy studies of Jurkat cells preincubated with or without the 

sialic acid polymer and coincubated with NK cells to form synapses before fixing and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Siglec-7 inhibits NK cell cytotoxicity in a sialic acid dependent manner. (A) 

PBMC was incubated with Jurkat cells at a 1:1 effector to target ratio. CD107a and IFN-γ 

were detected by antibody labeling and reported as % positive on gated CD56+ cells. (B) 

Siglec-7 displays recruitment to the NK synapse in fluorescence microscopy of NK:Jurkat 

target cell synapses labeled with AF488-Sia polymers. Scale bars, 10 µm. Data are mean ± 

s.d. (*P < 0.05, **P < 0.01 for polymer coated versus no polymer control). 
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staining for Siglec-7 and the cell surface marker CD2 (Fig. 5.9B). In the absence of 

polymer, the NK cells in conjugation with the target cells appeared to still have Siglec-7 

widely distributed across their cell surface. Conversely, in conjugates with glycopolymer 

coated target cells, Siglec-7 could be seen to localize to the site of synapse formation 

suggesting it is interacting with the sialic acid polymer on the target cell surface. 

NK-92 is a highly cytotoxic human NK line that is currently being investigated in 

adoptive transfer cancer treatment due its known expression of many NK activating 

receptors but limited expression of inhibitory receptors including Siglec-7 and Siglec-9.   
32,85–87

 If Siglec-7 is a potent inhibitory receptor in NK cells then the overexpression of 

Siglec-7 in the NK-92 line should dampen cytotoxicity and make the NK-92 cells 

susceptible to sialic acid mediated inhibition. We generated viable NK-92 clones that 

overexpress FLAG-tagged Siglec-7 or Siglec-9
52

 and are in the process of testing the 

cytotoxicity against Jurkat cells with and without the sialic acid polymer. We will also use 

the Siglec-7 expressing NK-92 line to demonstrate activation of the Siglec-7 ITIM domain 

and recruitment of SHP-1 by western blot analysis.  

 

Sialic Acid Glycopolymers Emulate Cancer Associated Sialoside Protection via 

Siglec-7 Engagement 

  

 As shown, sialic acid glycopolymers can recruit Siglec-7 which provides a strong 

inhibitory signal in NK cells, but whether this engagement actually mimics an authentic 

immunoevasion mechanism has not been demonstrated. If hypersialylated cancer cells 

evade immunosurveillance via Siglec recruitment, then removal of the sialic acid should 

negate this protection. Subsequently, if the glycopolymers can truly emulate 

hypersialylation, then reintroduction of sialic acid onto the cell surface in the form of the 

glycopolymer should restore protection from NK cell cytotoxicity. We screened a number 

cancer cell lines from a variety of tissue and found several carcinoma lines that exhibited a 

sialic acid dependent susceptibility to NK cell killing (Fig. 5.10). The most pronounced 

differences were found in the SK-N-SH neuroblastoma, Jurkat T lymphoma, and HL-60 

promyelocytic leukemia lines which exhibited nearly a 2-fold increase in NK cell-mediated 

cytotoxicity after sialidase treatment. The NK cell cytotoxic inhibition was completely 

recovered by reprotection of the target cell with the sialic acid polymer. Therefore, cell 

surface sialylation can potentiate NK cell detection of cancer cells and appears to be a 

common mechanism of immunoevasion utilized by several tumor types.  

 In addition to “natural” killing, NK cells also express the FcγIII receptor, CD16, 

which allows them to also mediate antibody-dependent cell cytotoxicity (ADCC), bridging 

the activities of the innate and adaptive immune response.
13,87

 Considering the importance 

of antibody-based antitumor therapies, we reasoned that cancer cells overexpressing 

Siglec-7 ligands may also escape from NK-mediated ADCC, which plays a critical role in 

the function and success of antibody therapies.
88–91

 To address the role of cell surface  
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Figure 5.10. Sialic acid glycopolymers emulate a cancer immunevasion mechanism. 

Removal of cell surface sialic acid from cancer cell lines increases NK cell-mediated 

cytotoxicity that is recovered by treatment with the sialic acid polymer (SiaPol). Cancer 

target cells were treated with VC sialidase for 1 h at 37 ºC before polymer incorporation at 

room temperature and coculture with purified NK (5:1, effector:target ratio) in a 4 h 

cytotoxicity assay. *P < 0.05, **P < 0.01 for polymer coated versus no polymer control, 

two-tailed, paired analysis. 

 

sialosides in NK ADCC, we treated Burkitt’s B lymphoma cells (Daudi) with a humanized 

anti-CD22 antibody,
92

 or HER2/NEU expressing gastric (NCI-N87)
93

 carcinoma lines with 

the antibody against HER2, marketed as Herceptin.
94

 In these results, not only did sialidase 

treatment increase NK cell-mediated ADCC but the sialic acid polymer was able to negate 

the increase in killing from antibody treatment (Fig. 5.11). Thus, cell surface Siglec-7 

ligands can protect cancer cells from both innate responses and therapeutic endeavors.  
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Figure 5.11. Increased sialic acid protects cells from therapeutic ADCC. The ability of cell 

surface sialic acid to also dampen NK-mediated ADCC was tested on (A) Daudi B 

lymphoma and (B) NCI gastric carcinoma cells. Cytotoxicity assays were performed in the 

presence of 10 µg/mL humanized anti-CD22 antibody or 2 µg/mL humanized anti-HER2 

antibody in increasing NK:target ratios. Data are presented as mean ± s.d. from three 

independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001 for polymer coated versus 

no polymer control, two-tailed, paired analysis). 

 

Glycopolymers Protect Xenogeneic Porcine and Allogeneic Hematopoietic Stem Cells 

 

Due to the recognition of MHC-mismatch (“missing self”), NK cells are known to 

play an important role in linking the innate and adaptive immune responses that can lead to 

rejection of allogeneic transplants
95,96

 and their direct involvement in mouse
97,98

 and 

human
99–101

 bone marrow stem cell transplant rejection is well documented. Likewise, NK 

cells have been shown to activate against foreign endothelial cells and play a major role in 

xenograft rejection.
102–104

 Reflecting on the success of the sialic acid glycopolymers to 

downregulate an NK response, we surmised that transplantation cells might be engineered 

** 

*** 

** 

A 

B 
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** 
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to evade NK cell-mediated cytotoxicity through exogenous addition of Siglec-7-binding 

ligands to their cell surface. Similar approaches targeting cell surface signaling molecules 

have been paramount to the development of an array of immunomodulatory therapies.
105

  

 We first coated CD34
+
 hematopoietic stem cells (HSC) isolated from human bone 

marrow with the sialic acid polymers and incubated with human NK at various NK 

(effector) to HSC (target) ratios. The polymers were able to inhibit HSC killing by the NK 

cells by over 75% at all ratios. Thus, the recruitment of Siglec-7 is able protect allogeneic 

cells from the innate system and may provide a new target to protect adoptive transfer 

transplants from acute rejection. To test whether this system could also be used to protect 

xenogeneic cells from NK cell activation, we used the common in vitro model of pig aortic 

epithelial cells PAOEC
106

 which are highly susceptible to lysis by NK cells due to an 

incompatible MHC and the expression of NK activating ligands.
107,108

 Moreover, α-Gal 

antibodies naturally found within human serum further contribute through NK cell-

mediated ADCC.
109,110

 Again, coating the porcine cells with the Siglec-7 ligands led to a 

two-fold decrease in NK-mediated killing illustrating that Siglec-7 engagement may also 

inhibit NK recognition in the context of xenogeneic transplants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Primary xenogeneic porcine endothelial and allogeneic hematopoietic stem 

cells are protected by sialic acid polymer incorporation. (A) Bone marrow derived CD34
+
 

hematopoietic stem cells (HSC) were treated with 4 µM glycopolymer for 1 h at room 

temperature followed by coculture with purified NK at indicated effector to target ratios in 

a 4 h cytotoxicity assay (B) The cell surface sialic acid polymer also dampened the NK 

cytotoxic response to pig aortic endothelial cells (PAOEC) at a 10:1 effector:target ratio. 

Data are presented as mean ± s.d. from three independent experiments (**P < 0.01 for 

polymer coated versus no polymer control, two-tailed, paired analysis). 
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Conclusion 

 

Regulation of the immune system is heavily influenced by glycosylation.
111

 

Specific interactions between host or pathogen glycans with lectins can regulate activation 

and recognize otherwise discrete pathogen associated molecular patterns (PAMP’s).
112–115

 

Many disease states and pathogens also exploit glycosylation to evade and control the host 

immune system.
116

 The Siglec family of lectin receptors is known to be manipulated by 

bacterial pathogens to escape immunological detection.
49,117,118

 The notion that tumors may 

also subvert this mechanism to evade the immune system seems highly plausible. 

NK cells are part of the human body’s first line of defense against tumorigenic cells 

and widely express Siglec-7.
22,27,50

 Several groups have shown that cancer-associated 

gangliosides can interact with Siglec-7 on NK cells but did not elicit an inhibitory response 

under native conditions.
54,69,80

 Considering the prominent overexpression of heavily 

sialylated mucins in many cancers,
9,19

 we reasoned that creating a tool to chemically mimic 

these structures would allow us to present sialosides in a natural context on the cell surface 

but with molecular control. The concept that artificial Siglec ligands can modulate immune 

cell signaling has precedent in the work of several labs demonstrating that soluble 

glycopolymers can suppress antigen-induced B cell activation via binding to Siglec-

2.
79,84,119,120

 Many similar approaches have relied on the creation of glycan nanoparticles to 

emulate the avidity and structures found in the natural biological context.
121

 Here we 

provide an advance on this methodology by allowing the introduction of nanoscale mucin 

mimetic glycopolymers onto cells to elucidate the role of specific glycan structures in their 

natural context: the cell surface.  

Utilizing these glycopolymers, we demonstrate that Siglec-7 is a highly active 

inhibitory receptor on NK cells and that sialic acid polymers can emulate a hypersialylated 

phenotype on cancer cells that inhibits NK cell-mediated cytotoxicity. While other studies 

have suggested Galectins and Selectins as mediators of cancer sialoside 

immunoprotection,
122,123

 we feel the evidence provided herein suggests Siglecs as major 

contributors to sialic acid immune dampening, especially with respect to NK cells. This 

discovery also allowed us to employ these glycopolymers to protect in vitro cell-based 

transplantation models from NK activation. We are currently investigating new polymer 

scaffolds to extend the cell surface lifetime of the mucin mimics for applications in long 

term protection from innate immunity in transplantation models. 

These results offer a new perspective on the role of Siglec-7 in NK immunobiology 

and provide the propensity to develop new therapeutics to target this regulatory 

receptor.
124,125

 This coincides with recent reports that disialylated glycosphingolipids 

which are known Siglec-7 ligands are overexpressed in cancer stem cells suggesting that 

cancer stem cells in particular may use this mechanism to escape detection.
126

 As Siglec-7 

is also expressed on most monocytes and classes of CD8
+
 T cells, this mode of 

immunosuppression most likely applies beyond the realm of NK cells. In addition, many 

TACA’s (tumor associated carbohydrate antigens) are sialylated glycans and their 
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interactions with Siglecs on innate and adaptive immune cells are highly relevant to 

developing successful vaccines against these eptitopes.
127

  

 

Experimental Methods 

 

General Materials and Methods 

 

Synthetic reagents were purchased from Sigma-Aldrich, Acros, and TCI and used 

without purification unless noted otherwise. Anhydrous DMF and MeOH were purchased 

from Acros in sealed bottles; all other anhydrous solvents were obtained from an alumina 

column solvent purification system. All reactions were carried out in flame-dried glassware 

under N2 unless otherwise noted. Thin layer chromatography was performed with Silicycle 

60 Å silica gel plates and detected by UV lamp or charring with p-anisaldehyde in acidic 

EtOH. Flash chromatography was performed using Silicycle 60 Å 230-400 mesh silica. All 
1
H and 

13
C NMR spectra are reported in ppm and referenced to solvent peaks. NMR 

spectra were obtained on Bruker AVQ-400, DRX-500, AV-500, or AV-600 instruments. 

Size exclusion chromatography (SEC) was performed using a Viscotek TDA 302 SEC 

fitted with a Shodex SB-803 HQ column with differential refractive index detection. High 

resolution electrospray ionization (ESI) mass spectra were obtained from the UC Berkeley 

Mass Spectrometry Facility using an LTQ Orbitrap (Thermo Fisher Scientific). 

 

Synthetic Procedures 

 

Dipalmitoylphosphatidylethanolamine-poly(methyl vinyl ketone) (DPPE-PolyMVK) 

(5.1). DPPE-Poly(MVK) was synthesized as previously described.
60

 In brief, to a solution 

of DPPE (40 mg, 0.036 mmol) in MeOH (1.5 mL) and CHCl3 (3.5 mL) was added N,N-

diisopropylethylamine (15  µL, 0.070 mmol) and the pentafluorophenyl activated ester of 

4,4’-azobis(4-cyanovaleric acid) (ACVA-PFP)
60

 (15 mg, 0.016 mmol). After stirring at 

room temperature for 2 h, the resulting phospholipid initiator was dried by rotary 

evaporation. To the resulting oil was added anhydrous toluene (750 µL) and MVK (210  

µL, 2.5 mmol) and degassed by four freeze-pump-thaw cycles. After stirring at 80 ºC for 

20 h, the polymer product was cooled and dissolved in minimal p-dioxane (3 mL) and 

triturated by dropwise addition to excess diethyl ether (300 mL). The precipitate was 

isolated by centrifugation (3,700×g, 20 min), washed with diethyl ether, and dried under 

vacuum to afford DPPE-PolyMVK 5.1 as an off-white solid (110 mg). Spectral properties 

matched those previously reported.
60

 
1
H NMR (500 MHz, CHCl3) δ 4.20 (app t, 2H), 3.78 

(app t, 2H), 3.68 – 3.65 (m, 11H), 3.44 (app t, 2H); SEC (DMF, polystyrene standard): Mn 

= 26 × 10
3
 Da, PDI = 2.89. 

 

Aminooxy Glycan-Conjugated Polymers. 

All aminooxy compounds were conjugated to the DPPE-PolyMVK backbone by the 

following method: A mixture of 5.1 (1 equiv.), aminooxy compound (1.4 equiv. to ketone), 

and formic acid (1% v/v) in MeCN/MeOH (2:1, v/v) was stirred at 50 ºC for 20 h. To the 

reaction mixture was added H2O (to 25% v/v) and continued to stir at 32 ºC for 18 h. For 



152 

 

biotin and AF488 labeling, AO-biotin and AO-AF488 were added to the initial reaction 

mixture at 0.01 equivalents. After completion, the reaction was diluted in H2O and MeOH 

and concentrated under vacuum. The resulting residue was dissolved in H2O and dialyzed 

against aqueous 5mM NH4HCO3 thrice and H2O once over 72 h to afford the 

corresponding oxime phospholipid polymer after lyophilization. Conversion was estimated 

by comparing the integration corresponding to the anomeric proton to that of the methyl 

vinyl ketone backbone protons. NMR proton integrations are reported as relative amounts. 

Yields and characterization are as follows: 

 

N-acetylneuraminic acid (Sia) MVK polymer (5.2). Polymer 5.2 was given from 

reaction of polymer 5.1 with aminooxy sialic acid 5.11 as an off-white solid (1.7 mg, 

55%). Conversion (NMR) = 0.69; Mn (NMR) = 114 kDa; 
1
H NMR (500 MHz, D2O) δ 3.99 

– 3.36 (m, 7H), 3.01 – 2.81 (m, 1H), 2.77 – 2.40 (m, 3H), 2.00 (s, 4H), 2.37 – 0.55 (m, 

9H), 1.81 – 1.74 (m, 1H). 

 

N-acetylneuraminic acid-α2,6-galactose-β1,4-N-acetylglucosamine (2,6SiaLacNAc) 

MVK polymer (5.3). Polymer 5.1 was reacted with aminooxy 2,6SiaLacNAc
62

 to give 

polymer 5.3 as a white solid (2 mg, 61%). Conversion (NMR) = 0.84; Mn (NMR) = 256 

kDa; 
1
H NMR (500 MHz, D2O) δ 5.11 – 4.85 (m, 1H), 4.78 – 4.72 (m, 1H), 4.55 – 4.31 

(m, 1H), 4.20 – 2.95 (m, 16H), 2.73 – 2.52 (m, 1H), 2.00 (s, 6H), 1.75 – 1.70 (m, 1H), 2.31 

– 0.56 (m, 7H). 

 

N-acetylneuraminic acid-α2,3-galactose-β1,4-N-acetylglucosamine (2,3SiaLacNAc) 

MVK polymer (5.4). Polymer 5.1 was reacted with aminooxy 2,3SiaLacNAc
62

 to give 

polymer 5.4 as a white solid (2 mg, 49%). Conversion (NMR) = 0.73; Mn (NMR) = 222 

kDa; 
1
H NMR (600 MHz, D2O) δ 5.04 – 4.86 (m, 1H), 4.77 – 4.33 (m, 2H), 4.23 – 3.09 

(m, 14H), 2.73 (d, J = 5.2 Hz, 1H), 2.22 – 1.84 (m, 5H), 2.30 – 0.66 (m, 8H), 1.72 – 1.65 

(m, 1H). 

 

Galactose-β1,4-glucose (Lac) MVK polymer (5.5). Aminooxy lactose
62

 was conjugated 

to polymer 5.1 to afford polymer 5.5 as a white solid (3.2 mg, 60%). Conversion (NMR) = 

0.67; Mn (NMR) = 121 kDa; 
1
H NMR (500 MHz, D2O) δ 5.07 – 4.82 (m, 1H), 4.56 – 4.31 

(m, 1H), 4.15 – 3.02 (m, 12H), 2.49 – 0.72 (m, 9H). 

 
N-acetylgalactosamine (GalNAc) MVK polymer (5.6). Aminooxy GalNAc

128
 was 

conjugated to polymer 5.1 to afford polymer 5.6 as a white solid (1.7 mg, 46%). 

Conversion (NMR) = 0.65; Mn (NMR) = 80 kDa; 
1
H NMR (500 MHz, D2O) δ 5.32 (d, J = 

26.8 Hz, 1H), 4.36 – 4.13 (m, 1H), 4.13 – 3.43 (m, 5H), 2.03 (s, 3H), 2.39 – 0.96 (m, 9H). 

 

N-acetylneuraminic acid-α2,8-N-acetylneuraminic acid-α2,3-galactose-β1,4-glucose 

(GD3) MVK polymer (5.7). Polymer 5.7 was given from reaction of polymer 5.1 with 

aminooxy GD3 5.13 as a white solid (4.3 mg, 74%). Conversion (NMR) = 0.85; Mn 

(NMR) = 323 kDa; 
1
H NMR (500 MHz, D2O) δ 4.55 – 4.41 (m, 1H), 4.18 – 3.38 (m, 28H), 
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2.74 (d, J = 9.1 Hz, 1H), 2.62 (d, J = 11.6 Hz, 1H), 2.02 (s, 6H), 2.48 – 0.66 (m, 7H), 1.75 

– 1.67 (m, 2H). 

 

N-acetylneuraminic acid-α2,3-galactose-β1,4-(α1,3-fucose)-N-acetylglucosamine 

(SiaLe
x
) MVK polymer (5.8). Polymer 5.1 was reacted with aminooxy SiaLe

x62
 to give 

polymer 5.8 as a white solid (2.6 mg, 59%). Conversion (NMR) = 0.75; Mn (NMR) = 275 

kDa; 
1
H NMR (500 MHz, D2O) δ 5.21 – 4.97 (m, 1H), 4.61 – 4.30 (m, 2H), 4.18 – 3.32 

(m, 23H), 2.71 (d, J = 7.9 Hz, 1H), 2.00 (s, 6H), 2.37 – 0.69 (m, 8H), 1.79 – 1.71 (m, 1H), 

1.14 (s, 3H). 

 

Acetic acid MVK polymer (5.9). O-(Carboxymethyl)hydroxylamine hemihydrochloride 

was conjugated to polymer 5.1 to afford polymer 5.9 as a white solid (0.5 mg, 25%). 

Conversion (NMR) = 0.83; Mn (NMR) = 58 kDa; 
1
H NMR (500 MHz, D2O) δ 3.85 – 3.7 

(s, 2H), 2.24 – 0.93 (m, 6H). 

 

Glycerol MVK polymer (5.10). 3-aminooxy-1,2-propanediol 5.14 was conjugated to 

polymer 5.1 to afford polymer 5.9 as a white solid (1 mg, 44%). Conversion (NMR) = 0.8; 

Mn (NMR) = 56 kDa; 
1
H NMR (500 MHz, D2O) δ 4.21 – 3.84 (m, 3H), 3.74 – 3.49 (m, 

2H), 2.24 – 0.80 (m, 7H). 

 

Alexa Fluor 488 N-acetylneuraminic acid-α2,6-galactose-β1,4-N-acetylglucosamine 

(AF488-2,6SiaLacNAc) MVK copolymer (5.15). Polymer 5.1 was reacted with 

aminooxy 2,6SiaLacNAc
62

 and AO-AF488 to give polymer 5.15 as a green solid (3.1 mg, 

81%). Conversion (NMR) = 0.83; Mn (NMR) = 219 kDa; 
1
H NMR (500 MHz, D2O) δ 5.03 

– 4.87 (m, 1H), 4.47 – 4.34 (m, 1H), 4.03 – 3.37 (m, 19H), 2.77 – 2.63 (m, 1H), 2.00 (s, 

3H), 1.74 – 1.69 (m, 1H), 2.29 – 1.10 (m, 7H). 

 

Alexa Fluor 488 N-acetylneuraminic acid-α2,6-galactose-β1,4-N-acetylglucosamine 

(AF488-2,6SiaLacNAc) MVK no lipid copolymer (5.16). Polymer 5.1 with an N-methyl 

tail instead of DPPE
60

 was reacted with aminooxy 2,6SiaLacNAc
62

 and AO-AF488 to give 

polymer 5.16 as a green solid (1.2 mg, 55%). Conversion (NMR) = 0.83; Mn (NMR) = 219 

kDa;
 1

H NMR (500 MHz, D2O) δ 4.98 – 4.82 (m, 1H), 4.40 (d, J = 7.3 Hz, 1H), 4.13 – 

3.38 (m, 18H), 2.68 (d, J = 10.1 Hz, 1H), 2.00 (s, 3H), 2.38 – 0.60 (m, 6H), 1.77 – 1.67 (m, 

1H). 

 

Alexa Fluor 488 N-acetylneuraminic acid (AF488-Sia) MVK copolymer (5.17). 
Polymer 5.17 was given from reaction of polymer 5.1 with aminooxy sialic acid 5.11 and 

AO-AF488 as a green solid (0.9 mg, 58%). Conversion (NMR) = 0.6; Mn (NMR) = 102 

kDa; 
1
H NMR (500 MHz, D2O) δ 3.99 – 3.38 (m, 7H), 2.69 – 2.57 (m, 1H), 1.99 (s, 3H), 

2.32 – 0.43 (m, 11H), 1.26 – 1.16 (m, 1H). 

 

Alexa Fluor 488 N-acetylneuraminic acid-α2,8-N-acetylneuraminic acid-α2,3-

galactose-β1,4-glucose (AF488-GD3) MVK copolymer (5.18). Polymer 5.18 was given 

from reaction of polymer 5.1 with aminooxy GD3 5.13 and AO-AF488 as a green solid 
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(2.4 mg, 59%). Conversion (NMR) = 0.8; Mn (NMR) = 305 kDa; 
1
H NMR (500 MHz, 

D2O) δ 4.46 (d, J = 22.2 Hz, 1H), 4.18 – 3.47 (m, 29H), 2.74 (d, J = 9.3 Hz, 1H), 2.63 (d, J 

= 12.1 Hz, 1H), 2.01 (s, 3H), 1.98 (s, 3H), 2.37 – 0.75 (m, 7H), 1.72 – 1.66 (m, 1H). 

 

Alexa Fluor 488 N-acetylgalactosamine (AF488-Lac) MVK copolymer (5.19). 

Aminooxy lactose
62

 and AO-AF488 were conjugated to polymer 5.1 to afford polymer 

5.19 as a green solid (3.1 mg, 76%). Conversion (NMR) = 0.65; Mn (NMR) = 118 kDa; 
1
H 

NMR (500 MHz, D2O) δ 5.04 – 4.83 (m, 1H), 4.51 – 4.31 (m, 1H), 4.14 – 3.13 (m, 12H), 

2.49 – 1.05 (m, 9H). 

 

Biotin Galactose-β1,4-glucose (Lac) MVK copolymer (5.20). Aminooxy lactose
62

 and 

AO-biotin were conjugated to polymer 5.1 to afford polymer 5.20 as a white solid (3.8 mg, 

55%). Conversion (NMR) = 0.6; Mn (NMR) = 112 kDa; 
1
H NMR (500 MHz, D2O) δ 5.07 

– 4.85 (m, 1H), 4.50 – 4.32 (m, 1H), 4.03 – 3.36 (m, 12H), 2.41 – 1.07 (m, 10H). 

 
Biotin N-acetylgalactosamine (GalNAc) MVK copolymer (5.21). Aminooxy GalNAc

128
 

and AO-biotin were conjugated to polymer 5.1 to afford polymer 5.21 as a white solid (0.8 

mg, 16%). Conversion (NMR) = 0.75; Mn (NMR) = 98 kDa; 
1
H NMR (500 MHz, D2O) δ 

5.54 – 5.14 (m, 1H), 4.36 – 4.13 (m, 1H), 4.13 – 3.42 (m, 5H), 2.01 (s, 3H), 2.39 – 0.74 

(m, 8H). 

 

Aminooxy 5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate 

(5.11).To the known protected precursor
129

 O-[Methyl (5-acetamido-4,7,8,9-tetra-O-acetyl-

3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate] N-hydroxysuccinimide (210 

mg, 0.36 mmol) in 4 mL anhydrous MeOH was added hydrazine hydrate (26 µL, 0.54 

mmol) dropwise at 4 ºC and warmed to room temperature over 4 h. The reaction mixture 

was diluted with CH2Cl2 and concentrated under vacuum. The crude residue was purified 

by silica chromatography (1%-20% MeOH/CH2Cl2) to give the protected neuraminic acid 

with the free amniooxy (117 mg, 64%). The intermediate was dissolved in 3 mL anhydrous 

MeOH and NaOMe (25% in MeOH, 103 µL) was added dropwise while stirring at rt for 1 

h followed by the addition of NaOH (1 M, 300 µL). After 1 h further, the reaction was 

neutralized with AcOH and stirred overnight at room temperature to complete hydrolysis. 

The crude product was concentrated under vacuum and purified by silica column 

chromatography (4:2:1 EtOAc/MeOH/H2O). The desired fractions were pooled and 

concentrated under vacuum. The purified product was dissolved in ddH2O and lyophilized 

to give the free aminooxy sialic acid 5.11 (49 mg, 65%) as an off-white powder.
 1

H NMR 

(600 MHz, D2O) δ 3.92 – 3.75 (m, 4H), 3.70 – 3.65 (m, 1H), 3.59 (dt, J = 17.7, 8.8 Hz, 

1H), 3.53 (d, J = 9.0 Hz, 1H), 2.57 (dd, J = 12.6, 4.8 Hz, 1H), 2.00 (s, 3H), 1.68 (t, J = 12.1 

Hz, 1H); 
13

C NMR (151 MHz, D2O) δ 174.99, 173.47, 103.16, 72.80, 71.38, 68.23, 68.09, 

62.73, 51.78, 37.93, 22.00; HRMS (ESI): calcd for C11H20N2O9 [M+H]
+
 m/z = 325.1242, 

found: 325.1253. 

 

N-hydroxypent-4-eneamide (5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-

nonulopyranosylonic acid)-(2→8)-α-(5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-
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2-nonulopyranosylonic acid)-(2→3)-β-D-galactopyranosyl-(1→4)-β-D-

glucopyranoside (5.12). To N-pentenoyl aminooxy 2,3-sialyllactose
62

 (19 mg, 0.025 

mmol) was added N-acetyl mannosamine (8.4 mg, 0.038 mmol), sodium pyruvate (14 mg, 

0.127 mmol), and CTP•Na (21 mg, 0.038 mmol) and dissolved in H2O (3 mL). A 

concentrated stock of Tris-HCl buffer pH 8.5 with MgCl2 was added to a final 

concentration of 100 mM Tris, 20 mM MgCl2. Recombinant E. coli K12 sialic acid 

aldolase (2.5 U), N. meningitidis CMP-sialic acid synthetase (2.5 U), and C. jejuni α-2,8-

sialyltransferase CstII (3 U) were added followed by H2O to bring the volume to 4 mL.  

The reaction mixture was incubated at 37 ºC for 4 h followed by shaking at rt for 16 h. The 

reaction was monitored by TLC (4:2:1 EtOAc/MeOH/H2O) and upon completion calf 

alkaline phosphatase was added to remove remaining nucleotide phosphate. After further 

incubation at 37 ºC for 1 h, the reaction mixture was quenched with cold MeOH (4 mL) 

and incubated on ice 15 min. The mixture was centrifuged, precipitates removed, and 

concentrated under vacuum. The resulting residue was passed through a BioGel P-2 size 

exclusion column and eluted with water to obtain 5.12 (22 mg, 85%) as a white, fluffy 

powder after lyophilization. 
1
H NMR (500 MHz, D2O) δ 5.79 (dq, J = 10.4, 6.4 Hz, 1H), 

5.03 (dd, J = 21.9, 13.7 Hz, 2H), 4.66 (d, J = 8.1 Hz, 1H), 4.48 (d, J = 7.9 Hz, 1H), 4.12 

(dd, J = 12.2, 3.2 Hz, 1H), 4.08 – 3.99 (m, 2H), 3.99 – 3.88 (m, 2H), 3.86 – 3.75 (m, 7H), 

3.73 – 3.66 (m, 5H), 3.64 – 3.50 (m, 9H), 3.43 (t, J = 8.7 Hz, 1H), 2.74 (dd, J = 12.4, 4.5 

Hz, 1H), 2.62 (dd, J = 12.3, 4.3 Hz, 1H), 2.36 – 2.22 (m, 4H), 2.02 (s, 3H), 1.98 (s, 3H), 

1.71 (q, J = 11.7 Hz, 2H); 
13

C NMR (151 MHz, D2O) δ 174.91, 173.41, 173.27, 172.63, 

136.34, 115.95, 105.10, 102.58, 100.45, 100.09, 78.14, 77.27, 75.38, 75.15, 74.99, 73.95, 

72.58, 71.67, 70.94, 69.19, 68.41, 68.04, 67.83, 67.37, 62.47, 61.47, 61.36, 61.03, 59.67, 

59.24, 52.19, 51.66, 40.42, 39.62, 31.63, 28.86, 22.23, 21.96; HRMS (ESI): calcd for 

C39H62N3O28 [M-H]
-
 m/z = 1020.3525, found: 1020.3520. 

 

Aminooxy (5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranos-ylonic 

acid)-(2→8)-α-(5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranos-

ylonic acid)-(2→3)-β-D-galactopyranosyl-(1→4)-β-D-glucopyranoside (GD3) (5.13). A 

solution of N-pentenoyl aminooxy sialoside 5.12 (13 mg, 0.013 mmol) in 

H2O/MeCN/MeOH/FA (1:1:1:0.001, v:v; 1.2 mL) was stirred at rt with dropwise addition 

of I2 (0.064 mmol, 1 M solution in THF). After 1 h, MeONH2 (53 mg, 0.64 mmol) was 

added to ensure deprotection and heated to 38 ºC strring for 2 h after which the reaction 

was quenched with the addition of 50 mM Na2S2O3 in H2O until clear. The solvent was 

removed and the remaining residue was passed through a short silica chromatography 

column (EtOAc/MeOH/H2O). The desired fractions were pooled, run on a BioGel P-2 size 

exclusion column and lyophilized to give the free aminooxy GD3 5.13 (7.5 mg, 63%) as a 

white powder. 
1
H NMR (500 MHz, D2O) δ 4.56 (d, J = 8.2 Hz, 1H), 4.48 (d, J = 6.4 Hz, 

1H), 4.21 – 4.01 (m, 3H), 4.01 – 3.89 (m, 2H), 3.89 – 3.73 (m, 7H), 3.69 – 3.48 (m, 13H), 

3.31 (t, J = 8.5 Hz, 1H), 2.74 (d, J = 8.1 Hz, 1H), 2.64 (d, J = 12.2 Hz, 1H), 2.02 (s, 3H), 

1.99 (s, 3H), 1.70 (t, J = 12.0 Hz, 2H); 
13

C NMR (126 MHz, CDCl3) δ 174.94, 173.10, 

108.80, 104.55, 102.60, 99.91, 98.38, 77.87, 75.81, 75.40, 75.31, 75.14, 74.34, 74.21, 

73.96, 73.89, 73.62, 72.66, 72.50, 71.71, 71.50, 71.28, 69.87, 69.24, 68.95, 68.35, 68.09, 

68.02, 67.97, 67.81, 62.80, 62.50, 62.31, 61.05, 60.26, 59.84, 58.73, 52.10, 52.00, 51.66, 
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46.79, 43.25, 40.52, 32.41, 22.21, 22.02, 21.97; HRMS (ESI): calcd for C34H57N3O27 [M-

2H]
-2

 m/z = 468.6517, found: 468.6526. 

 
3-aminooxy-1,2-propanediol (5.14). N-hydroxyphthalimide (160 mg, 0.97 mmol) and 

KCO3 (402 mg, 12.9 mmol) were stirred in 10 mL anhydrous DMF followed by the 

addition of 3-bromo-1,2-propanediol (170 µL, 1.94 mmol) and heated at 60 °C for 18 h. 

The crude reaction was diluted in H2O washed with CH2Cl2 and dried over Na2SO4. The 

crude mixture was concentrated under vacuum and purified by silica column 

chromatography (Hex/EtOAc) to afford the phthalimide protected aminooxy glycerol (72 

mg, 16%). The product was dissolved in 2 mL anhydrous MeOH and hydrazine hydrate 

(16 µL, 0.33 mmol) was added dropwise with stirring at room temperature. After 2 h, the 

mixture was dissolved in MeOH, filtered and concentrated under vacuum. The crude 

mixture was purified by silica chromatography (10%-20% MeOH in EtOAc), fractions 

pooled, and dissolved in ddH2O to give the aminooxy glycerol product 5.14 (24 mg, 83%) 

after lyophilization. 
1
H NMR (500 MHz, D2O) δ 3.94 – 3.87 (m, 1H), 3.76 (dd, J = 10.9, 

3.7 Hz, 1H), 3.68 (dd, J = 10.9, 7.2 Hz, 1H), 3.60 (dd, J = 11.8, 4.4 Hz, 1H), 3.52 (dd, J = 

11.8, 6.2 Hz, 1H); 
13

C NMR (151 MHz, D2O) δ 76.35, 69.53, 62.53; HRMS (ESI): calcd 

for C3H9N1O3 [M+H]
+
 m/z = 108.0655, found: 108.0654. 

 

Biological Reagents and Procedures 

 

Reagents and Antibodies 

Dulbecco’s phosphate-buffered saline pH 7.4 (PBS), Ham’s F-12, DMEM, and 

RPMI-1640 media were purchased from Hyclone/Thermo Scientific. Hank’s balanced salt 

solution with Ca
2+

 and Mg
2+

 (HBSS), α-MEM, and DMEM/F12 media were obtained from 

Invitrogen Life Technologies, Inc. Fetal bovine serum (FBS) was obtained from HyClone 

Laboratories and heat-inactivated before use. Hoechst 33342 nuclear stain and Alexa Fluor 

488 hydroxylamine were purchased from Molecular Probes Life Technologies. Halt 

Protease Inhibitor Cocktail was purchased from Thermo Scientific. Phosphatase Inhibitor 

Cocktail B and 6-Carboxyfluorescein succinimidyl ester (CFSE, 5 mg/mL in DMSO) was 

purchased from Santa Cruz Biotechnology. Brefeldin A (GolgiPlug) was purchased from 

BD Biosciences. Anti-FLAG M2 Affinity Gel and Triton X-100 were purchased from 

Sigma-Aldrich. Human recombinant IL-2 was purchased from Peprotech and stored as a 

0.5 mg/mL solution in 100 mM AcOH. 

The following antibodies were used: anti-CD56-PE mAb (clone AF12-7H3; 

Miltenyi Biotec), anti-CD56-FITC mAb (clone HCD56; BioLegend) anti-CD3-FITC mAb 

(clone BW264/56; Miltenyi Biotec), anti-CD34-FITC mAb (clone AC136; Miltenyi 

Biotec), anti-Siglec-7-PE mAb (clone 6-434, BioLegend), anti-Siglec-9-PE mAb (clone 

K8, BioLegend), anti-CD2-FITC mAb (clone RPA-2.10, BD Pharmingen), mouse IgG1 κ-

PE isotype (clone MOPC-21, BioLegend), goat anti-mouse IgG κ-AF647 (lot 101944, 

Jackson ImmunoResearch), goat anti-human IgG,Fc-DyLight649 (lot 98136, Jackson 

ImmunoResearch), anti-biotin-DyLight649 mAb (clone 200-492-211, Jackson 

ImmunoResearch), anti-SHP-1/SH-PTP-1 mAb (clone D-11, Santa Cruz Biotech), anti-

phosphotrysine-HRP mAb (clone 4G10, Millipore), rabbit anti-Siglec-7 (clone H-48, Santa 
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Cruz Biotech), anti-CD107a/LAMP-1 mAb (clone H4A3, BioLegend), blocking anti-

Siglec-7 mAb(clone S7.7, BioLegend), blocking anti-Siglec-9 mAb (clone 191240, R&D 

Systems), humanized anti-CD22 mAb and anti-HER2 mAb (gift from D. Rabuka, 

Emeryville, CA), goat anti-mouse IgG-HRP (lot 97909, Jackson ImmunoResearch), 

donkey anti-rabbit IgG-HRP (clone sc-2077,Santa Cruz Biotech), mouse IgG1 κ isotype 

(clone MG1-45, BioLegend). Human recombinant Siglec-7-Fc chimera was purchased 

from R&D Systems. Fluorescein labeled elderberry bark Sambucus nigra lectin (SNA-

FITC) was purchased from Vector Laboratories. 

 

Cell culture and primary leukocyte isolation 

All cell lines were obtained from the American Type Culture Collection (ATCC) 

and maintained at 37 °C and 5% CO2 in a water-saturated incubator. Cell densities were 

counted using a hemocytometer and maintained between 1 × 10
5 

and 1 × 10
6 

cells/mL. 

Chinese Hamster Ovary (CHO) cells were maintained in Ham’s F12 media supplemented 

with 10% FBS, 100 units/ml penicillin and 0.1 mg/ml streptomycin (pen/strep). Jurkat, 

Daudi, K562, HL-60, H9, DU145, and NCI-N87 cells were maintained in RPMI-1640 

supplemented with 10% FBS and pen/strep. MCF-7, HT-29, and SK-N-SH cells were 

maintained in high glucose DMEM supplemented with 10% FBS and pen/strep. NK-92 

cells were maintained in α-MEM modified with ribonucleosides and deoxyribonucleotides 

and supplemented with 10% FBS, 10% horse serum, 0.1 mM β-mercaptoethanol, 0.02 mM 

folic acid, 0.2 mM inositol and 200 IU/mL human recombinant IL-2. Primary Porcine 

Aortic Endothelial Cells (PAOEC) were purchased from Genlantis (San Diego, CA) and 

maintained in PrimaPure Porcine Endothelial Cell Growth Medium. Human Bone Marrow 

CD34
+
 Hematopoietic Stem Cells were purchased from Stem Express (Placerville, CA) 

and expanded with StemSpan serum-free expansion medium supplemented with CC100 

cytokine cocktail containing human recombinant Flt-3 Ligand, Stem Cell Factor, IL-3, and 

IL-6 (StemCell Technologies). 

Primary leuokocytes were isolated from buffy coats obtained from the Red Cross 

(Oakland, CA) or the Blood Centers of the Pacific (San Francisco, CA). PBMC was 

obtained by dilution of buffy coats into PBS and density gradient centrifugation with 

Ficoll-Paque (GE Healthcare Life Sciences). PBMC was cultured in RPMI-1640 

containing 10% FBS (v/v) and pen/strep and used within 48 h. NK cells were isolated from 

PBMC by negative selection using a NK cell isolation kit (Miltenyi Biotec) according to 

the manufacturer’s protocol and cultured in RPMI-1640 containing 10% FBS (v/v). Cell 

purity was verified by flow cytometry to be > 90-95% CD56
+
/CD3

-
. Viability of all cells in 

culture was > 90% for each experiment. 

 

Glycopolymer loading and flow cytometry 

The glycopolymers were stored aliquoted at -20 ºC in PBS at 50 µM as calculated by % 

conjugation and phospholipid amount. For labeling, cells were harvested and resuspended 

in HBSS at 10
7
 cells/mL followed by incubation with glycopolymers at the indicated 

concentration (commonly 1 µM) for 45 min at room temperature. Cells were then washed 

in HBSS and complete media and kept on ice or used immediately for the desired 

experiment. For lectin labeling, cells were resuspended in 25 µL of 1% BSA/PBS 
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containing Ca
2+ 

and Mg
2+ 

and labeled with 0.4 µg/mL Siglec-7-Fc and 1 µg/mL anti-hIgG 

Fc-647 or 10 µg/mL SNA-FITC for 40 min on ice. Flow cytometry was performed on a BD 

Biosciences FACSCalibur flow cytometer and data analyzed using FlowJo software (Tree 

Star). 

 

Fluorescence Microscopy 

Jurkat cells were labeled with 1 µM AF488-Sia or Sia polymers at room temperature for 1 

h in HBSS. 2.5 × 10
5 

NK cells were added to 1.25 × 10
5 

target Jurkat cells (E:T ratio: 2:1) 

and incubated for 15 min in 100 µL DMEM at 37 °C. Cells were carefully transferred to a 

poly-L-lysine coated 8 chambered coverglass slide and allowed to settle for 15 min at 37 

°C. The cells were fixed by incubating in 4% paraformaldehyde/PBS at room temperature 

for 20 min. Cells were washed in 1% FBS/PBS and stained with anti-Siglec-7 (1/100) 

followed by anti-MsLC-647 (1/1,000) and anti-CD2-FITC (1/1,000) for 30 min on ice 

each. Nucleus was stained with 5 µg/mL Hoescht 33342 for 20 min. Images were acquired 

on a Zeiss 200M epifluorescence microscope and deconvolved using a nearest neighbor 

deconvolution algorithm. All images were analyzed using Slidebook 5.0 (Intelligent 

Imaging Innovations). 

 

NK cell degranulation and IFN-γ secretion 

Polymer-coated target Jurkat cells were mixed with 5 × 10
5
 PBMC at an effector to target 

ratio of 1 and incubated for 4 h at 37 °C. Control samples were incubated in 100 ng/mL 

PMA and 1µg/mL ionomycin to assess maximum activity. IFN-γ was measured by an IFN-

γ secretion assay-detection kit (PE) (Miltenyi Biotech) according to the manufacturer’s 

directions. For the degranulation assay, PBMC was treated with GolgiPlug (1/200 dilution) 

and anti-CD107a (1/100 dilution) during coculture and labeled with anti-MsIgG-647 and 

anti-CD56-PE on ice. Percent degranulation was assessed by gating on CD56
+
 cells and 

measuring mean proportion of CD107a
+
. 

 

Cell cytotoxicity assay  

Target cells were prelabeled by incubation with 5 µM CFSE in HBSS for 5 min, washed, 

and added to human PBMC or purified NK cells at the specified effector to target ratio in 

DMEM/F12, no phenol red with 10% FBS and cocultured for 4 h at 37 °C in 5% CO2. In a 

typical experiment 75 µL of target cells at 10
6
 cells/mL were added to a V-bottom 96-well 

plate containing 100 µL of PBMC or NK cells at varying ratios. Propidium iodide (20 

µg/mL, Sigma) was added to each sample and NK cell cytotoxicity was evaluated by flow 

cytometry as described.
70,71

 At least, 8,000 target cells were acquired after electronic gating 

on CFSE (FL-1) and the mean proportion of propidium iodide positive cells was 

determined. Percent cytotoxicity was calculated as 100 × (experimental % dead – 

spontaneous % dead)/(100 - spontaneous % dead). For antibody blocking experiments, NK 

cells were pre-incubated with 10 µg/mL Siglec-7 (S7.7), Siglec-9 (191240), or isotype 

control (IgG1, κ) for 30 min at 37 °C before addition of target cells. Sialidase treatment 

was performed by incubating target cells at 10
7
 cells/mL in 0.25% BSA/ 2 mM CaCl 

/MEM with 0.1 U/mL Vibrio cholerae sialidase for 1 h at 37 °C. The cells were washed 

twice in DMEM/F12 and HBSS before polymer coating and coculture with effector cells. 



159 

 

 

Generation of Siglec expressing NK-92 cells 

The human Siglec-7 and Siglec-9 coding sequences were PCR amplified from plasmids (a 

gift from Dr. James Paulson, Scripps Research Institute)
52

 using primers: 5’-

GTGGCAGATCTACCTCCAACCCCAGATATGC-3’ and 5’-GCCTCGAGCTACTTGT  

ATCATCGTCCTTATAGTCGGGATCCTTGGGGAT-3’ for Siglec-7 and 5’-GTGGC 

AGATCTACCTCTAACCCCAGACATGC-3’ and 5’-GCCTCGAGCTACTTGTCATCA 

TCGTCCTTATAGTCGGGATCCCTGTGGAT-3’ for Siglec-9. The PCR fragments were 

cloned into the pMSCV-puro retroviral vector (a gift from Dr. Mike Boyce, Duke 

University) at the BglII/XhoI sites. Viruses were produced by cotransfection with vectors 

containing gag/pol and VSV-G into HEK293T cells as previously described. 

 

Statistical analysis 

Data are shown as the mean ± standard deviation of at least three experiments. P values 

were calculated using paired Student's t-test. A P value of < 0.05 was considered 

significant. 
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