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Abstract 

The amino acid L-proline plays a critical role in many biological processes. 

Therefore, efforts have been made to understand and control its influence. Since 

glycosylation is a common post-translational modification known to affect the 

characteristics of peptides and proteins, in a series of experiments, the effects of 

glycosylation on the properties of L-proline in peptides have been investigated. 

A conformationally constrained C-glucosyl proline hybrid is introduced, which 

has the capacity to vary the N-terminal amide equilibrium in model peptides through 

derivatization of the carbohydrate scaffold. 

For the first time, a comprehensive study of the effects of O-glycosylation on the 

kinetics and thermodynamics of prolyl amide isomerization is reported. The O-

glycosylation of 4-hydroxy-L-proline has different effects on amide isomerization 

depending on the stereochemistry of the 4-hydroxyl group, which alters the orientation of 

the glycan with respect to the prolyl side chain. 4S-Galactosylation of 4-hydroxy-L-

proline affects both the amide isomer equilibrium and the rate of amide isomerization, 

whereas 4R-galactosylation does not measurably influence either parameter. However, 

close contacts between the carbohydrate and prolyl rings lead to changes in the 

conformation and stability of longer peptides. 

As an expansion on these initial model studies, the effects of prolyl O-

glycosylation on the properties of model peptides of two extremely important structural 

proteins are investigated. O-Galactosylation of 4R-hydroxy-L-proline residues in collagen 

model peptides does not preclude formation of the collagen triple helix, where the 

anomeric linkage of the Hyp O-glycan has slightly different influences on the 
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conformational stability of the peptides. Also, the O-galactosylation of Hyp residues in 

polyproline model peptides causes a large increase in conformational stability. In both 

cases, interactions between the glycan and the peptide backbone and changes in hydration 

are implicated in contributing to the conformational stabilization of the peptides. 

These studies demonstrate that both natural and unnatural glycosylation of L-

proline can be used as a means to control amide isomerization, and can increase the 

conformational stability of peptides, properties that will likely contribute to the 

development of new biomaterials. Also, these experiments provide further insight into the 

broad role glycosylation plays in affecting peptide and protein structure. 
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Chapter 1: Introduction and Background 

1.1 Introduction 

The purpose of this thesis is to study the effects of natural and unnatural 

glycosylation on the properties of L-proline in peptides, towards a greater understanding 

of their role in biology, and for the development of unnatural glycopeptides. This requires 

an understanding of two broad topics: how natural and unnatural glycosylation affects the 

properties of peptides and proteins, and the characteristics of L-proline and its role in 

nature. A background to the structure and function of carbohydrates in nature will be 

presented, with examples of the effects of carbohydrates on the conformation and 

stability of glycopeptides. The development of unnaturally linked glycopeptides, with 

examples of C-glycosyl amino acids and their use for improving glycopeptide stability, 

will also be discussed.  

Similarly, an introduction to the unique properties of L-proline and its role in 

nature will be presented, along with examples of how the modification of L-proline can 

be used to understand biological phenomena. Finally, the role of 4-hydroxy-L-proline 

analogues in understanding and improving upon the stability of collagen will be 

discussed, as well as the implications of 4-hydroxy-L-proline glycosylation on the 

polyproline II conformation, as found in hydroxyproline-rich glycoproteins. 
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1.2 Properties and Functions of Carbohydrates Found in Nature 

Carbohydrates play important and complex roles in nature, and while a great deal 

of information has been accumulated about their function, there is much left to be 

discovered. Understanding the function of carbohydrates in nature begins by considering 

their structure.1 

 

1.2.1 Carbohydrate Structure 

Carbohydrates, sugars, or saccharides, have the formal stoichiometry of Cn(H2O)n, 

and thus are worthy of their title derived from ‘hydrates of carbon’. The most common 

carbohydrates are hexoses, meaning they are composed of six carbon atoms, with an 

aldehyde functional group at position 1 in the carbon chain (Figure 1.2.1.1).1  
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Figure 1.2.1.1: Inversion of stereocenters leads to diversity in carbohydrates. 



 

3 

The remaining carbon atoms, being hydroxylated, create four stereogenic centers. 

Since each can exist in two possible configurations, there are a total of 16 possible 

hexoses. The inversion of one chiral center leads to a different hexose, for example, 

glucose (Glc) and galactose (Gal) differ only in the stereochemistry at carbon 4 (Figure 

1.2.1.1A). If all of the chiral centers are switched, then the two hexoses are enantiomers 

of each other, leading to the nomenclature of L- and D-sugars (Figure 1.2.1.1B). In some 

hexoses, certain hydroxyl groups are substituted by other functional groups, for example, 

glucosamine has an amino group attached to carbon 2 (Figure 1.2.1.1C). This is 

commonly modified in nature to an acetamide to form N-acetyl glucosamine (GlcNAc).1 

 

1.2.2 Carbohydrate Conformation 

In nature, hexose saccharides are usually found in a cyclised or ‘pyranose’ form.1 

This creates an additional stereogenic center at carbon 1, referred to as the anomeric 

carbon. The anomeric hydroxyl group can adopt either an axial orientation (α) or an 

equatorial orientation (β) (Figure 1.2.2.1).  
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OH

HO
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OH

α-D-glucose β-D-glucose
5 6

 

Figure 1.2.2.1: The α- and β-anomers of D-glucose in a 4C1 chair conformation.  

The preferred conformation of a pyranose carbohydrate ring is a ‘chair’ 

conformation, where four ring atoms form a plane, and the other ring atoms are placed 

above and below the plane; this conformation is preferred thermodynamically since it 
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minimizes steric interactions between hydrogen atoms or hydroxyl groups and the 

number of eclipsed ring dihedral angles.1 

 

1.2.3 Functions of Carbohydrates in Humans 

It is of great delight to glycobiologists that carbohydrates were long considered to 

only have a minor role in biology (for energy storage), but in the past 20 years they have 

been found to be involved in many fundamental biological processes, such as cellular 

communication and protein function (Table 1.2.3.1).2 However, carbohydrates do not act 

independently, and often are covalently-linked with other biomolecules, such as lipids 

and proteins. The resultant glycolipids and glycoproteins are referred to as 

glycoconjugates;1 here the focus will be on glycopeptides and glycoproteins.  

Table 1.2.3.1: Examples of the roles of carbohydrates in biological processes.2,4,5,6 

Carbohydrate Linkage Biological Roles 

N-linked glycans 

-protein trafficking 

-cellular communication 

-initiation of inflammation 

-host defense 

O-linked glycans 
-components of the extracellular matrix 

-molecular lubricants 

 

The post-translational modification of proteins and peptides by glycosylation 

causes a myriad of changes to their structure and function.2 This process is still poorly 

understood, but several underlying elements have been uncovered. It has been found that 
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carbohydrates are normally O-linked to the amino acids serine and threonine or N-linked 

to asparagine.2 Less common are O-linked 5-hydroxylysine, 4-hydroxyproline and 

tyrosine glycosides.3 The O-linked and N-linked glycans induce diverse functional roles, 

but can be broadly categorized: the O-linked glycopeptides typically have very large 

glycans, and are secreted outside the cell to form components of the extracellular matrix, 

as well as functioning as molecular lubricants (Table 1.2.3.1).4 The N-linked 

glycoproteins have smaller glycan structures, typically with a conserved core structure, 

but high variation in the outer regions.5 Examples of their function include protein 

trafficking, cellular communication, initiation of inflammation, and host defense.6  

Many biological responses induced by carbohydrates are caused by direct 

interaction between the glycan, or carbohydrate portion of a glycopeptide or protein, and 

a protein receptor.7 Interestingly, in these cases, the glycan composition is more 

important than the site of carbohydrate attachment, or glycosylation.8 Carbohydrates can 

also have effects on the physical properties of proteins: such as solubility, viscosity, 

charge, conformation and stability.6 In these cases, the site of glycosylation has a much 

greater effect than the glycan composition.6 Here the focus will be on the effects of 

carbohydrates on peptide and protein conformation and stability. 

 

1.2.4 Effects of Carbohydrates on Protein Conformation 

The process of understanding the role of carbohydrates on peptide or protein 

conformation begins by knowing the location of the glycans on the structure of the 

peptide or protein structure. Surveys of N-linked glycoproteins by Dwek and coworkers 

have shown that glycans are more likely to be found projecting outwards from proteins 
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and not buried within them.6 Also, there is a greater chance of a glycosylation site being 

at a transition point between secondary structure types.6 These are signs that 

carbohydrates exert their influence on the protein surface, and not at sites located within a 

protein. 

In some cases, glycosylation has no apparent effect on protein function, while in 

other cases glycosylation is critical for maintaining the native conformation, and thus 

function, of a protein.1 Being able to explain and predict these functional consequences 

from glycosylation remains a major pursuit of glycobiology (the study of the structure, 

biosynthesis, and biology of saccharides and glycoconjugates in nature).9 To this end, it is 

common practice to synthesize and study fragments of proteins, i.e. peptides, to model 

and understand the conformational influence of glycosylation. 

The influenza virus contains an antigenic glycoprotein, hemagglutinin, on its 

surface. An N-glycosylation site is found at a β-turn region of the protein, and is 

implicated in correct folding of the protein.10 Imperiali and coworkers were interested in 

understanding if the glycan (a tetradecasaccharide) induces the β-turn conformation. 

Instead of studying the full length protein, peptide fragments (9 amino acids) from the β-

turn region were used to model the effects of glycosylation on peptide conformation.11 

The first two residues of the native glycan, β(1-4)-linked N-acetylglucosamine (GlcNAc), 

were substituted by glucose (Glc) in various ways: GlcNAc disaccharides (7), Glc 

disaccharides (8), mixtures of the two (9,10), and a GalNAc monosaccharide (11) (Figure 

1.2.4.1).12 
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Figure 1.2.4.1: Glycosylated hemagglutinin model peptides. 

The averaged conformation of the peptides was assigned based on nuclear 

Overhauser effect (nOe) nuclear magnetic resonance (NMR) data and peptide coupling 

constants (3JHNα). The authors found that overall, glycosylation caused a conformational 

change in the peptide, from an extended conformation to a β-turn type conformation. The 

N-acetyl group of the sugar directly attached to asparagine was found to be critical for 

maintaining this β-turn conformation. Replacement of GlcNAc by Glc resulted in a loss 

of the β-turn conformation as identified by changes in nOe contacts. Similarly, the distal 

sugar was implicated in stabilizing the β-turn type conformation based on changes in 

backbone amide proton temperature coefficients and molecular modelling. Interestingly, 

there were no nOe contacts observed between the sugar and the peptide backbone. Thus, 

the influence of the carbohydrate on peptide conformation may be steric in origin, by 

limiting the conformational space available to the peptide, or the N-acetyl group may 

induce unique solvation properties which favour a more compact peptide conformation. 
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Further studies investigated the effect of the glycosidic linkage attached to 

asparagine.13 It was found that while the β-linked disaccharides induced a β-turn, the α-

linked disaccharides did not. Clearly, small changes in the glycan can affect peptide 

conformation and rigidity. This example likely reflects a broader trend in biology; it has 

been shown that nearly one quarter of N-glycosylated asparagines are located at β-turn 

regions.6,14 

Mucin glycopeptides are characterized by having large, serially O-α-N-acetyl 

galactosamine (GalNAc)-linked oligosaccharides, which are primarily used by the body 

to retain water at surfaces exposed to the environment for lubrication and protection.4,15 

Danishefsky and coworkers were interested in understanding the effects of these serially 

O-linked glycans on peptide conformation.16-18 The authors synthesized model 

pentapeptides (Ser-Thr-Thr-Ala-Val) with α-O-GalNAc-linked mono- (13) and 

disaccharides (14 and 15) at the serine and threonine residues (Figure 1.2.4.2).16  
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Figure 1.2.4.2: Clustered O-mucin glycosylated model peptides. 
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It was found by a combination of NMR experiments and computational 

calculations that the clustering of these O-linked glycans induced an extended 

conformation on the peptide. This was based on the large number of nOe contacts 

between the proximal O-α-GalNAc residue and the peptide backbone, a reduction in 

GalNAc amide proton chemical shift temperature dependencies, and 3JNH-Hα coupling 

constants inconsistent with extensive conformational averaging. Computational 

calculations indicated that the structural rigidity could be attributed to hydrogen-bonding 

interactions between the sugar and the peptide backbone. The authors postulated that the 

extended structure induced by O-α-GalNAc facilitates recognition events involving the 

glycan. 

 

Figure 1.2.4.3: Clustering of α-O-GalNAc glycans (coloured purple, light blue, and 

yellow) caused a stable, extended structure in the peptide backbone (coloured green, dark 

blue, black, and red) of 13; Ser1 and Val5 are labelled. [Reproduced with permission, J. 

Am. Chem. Soc. 2002, 124, 9833. Copyright 2002 American Chemical Society.] 
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This study also provides insight into the different influences from the inner and 

outer glycan residues and the native α- and abnormal β-linked sugars on peptide structure 

and stability. Interestingly, it was found that sugars attached beyond the first α-O-

GalNAc residue had no influence on the structure of the peptide. The distinct nOe 

fingerprint did not change as the number of sugar residues was increased from one to 

three. Also, while α-O-GalNAc was found to be critical for structural organization, the β-

O-linked sugars did not seem to induce any rigidity in the peptide. Based on uniformity 

of 1H and 15N chemical shifts, temperature dependence of amide proton chemical shifts, 

and comparison of backbone and side-chain coupling constants, the β-O-linked model 

peptide 14 resembled the non-glycosylated form 12 with a high degree of flexibility. 

Therefore, the anomeric linkage has a large influence on the structural properties of the 

peptide.  

These studies provide insight into the changes that can occur in protein secondary 

structure as a result of small changes in the glycan structure, such as the number of 

residues in the glycan, or a change in the anomeric linkage to the peptide or protein. It 

seems carbohydrates can both induce turns and rigidify the residues proximal to the 

glycosylation site. Because of these traits, carbohydrates may well play a crucial role in 

the protein folding pathway. The control of local environment has also proven to be of 

importance for the overall stability of a protein. 

 

1.2.5 Effects of Carbohydrates on Protein Stability 

Glycans affect not only the conformation, but also the stability of glycoproteins. 

Studies have found that removal of a glycan from a glycoprotein can make the protein 
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more susceptible to thermal denaturation19-21 and proteolytic degradation.22-26 As with the 

influence on conformation, even small changes in the glycan composition can have a 

large effect on protein stability. For example, PMP-C is a small protein consisting of 36 

amino acids, which is normally folded into a three-stranded β-sheet, and has a single L-

fucose residue O-linked to threonine in the sequence -Gly7-Lys-Thr*-Phe-Lys11- at the 

start of a β-strand.19 The protein acts by inhibiting the function of proteases.27  

         A   B 

Figure 1.2.5.1: A) Sum of 14 refined structures of fucoslated PMP-C, where the L-fucose 

residue is in red and the polypeptide backbone is in black; B) Thermal denaturation 

profiles of fucosylated and non-fucosylated PMP-C according to the chemical shift of 

Phe10 H4. [Reproduced with permission, Nature Structural Biology 1996, 3, 45. 

Copyright 1996 Nature Publishing Group.] 

The effects of the L-fucose residue on the protein were studied by comparing 

synthetic proteins with and without the attached L-fucose residue. Using NMR 

measurements and computational calculations, it was found that removal of the sugar had 
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almost no impact on the protein’s conformation. Careful analysis of nOe interactions 

showed that the single L-fucose residue had a short range of influence on the protein (~6 

Å); the L-fucose residue had nOe contacts to the adjacent amino acids phenylalanine10 

and lysine11 as well as arginine18 in a neighbouring β-stand (Figure 1.2.5.1A). Slower 

proton-deuteron exchange rates of amide protons involved in inter-strand hydrogen bonds 

in the vicinity of the L-fucose residue were indicative that fucosylation stabilizes the 

folded state of PMP-C. Interestingly, removal of the sugar did have an impact on the 

thermal stability of the protein, as determined by monitoring the change in chemical shift 

of H4 of Phe10 as a function of temperature (Figure 1.2.5.1B). The H4 resonance of Phe10 

was chosen because it is buried in the hydrophobic core of PMP-C in the folded state. It 

was observed that the non-glycosylated protein denatured at a temperature 20 degrees 

lower than the fucosylated form, which is a significant difference in thermal stability. 

Therefore, despite the seemingly short range of influence from the L-fucose residue, 

stabilization of one region of the β-sheet through local interactions affects the stability of 

the whole protein, by shifting the equilibrium to the folded state. 

Proteins have a finite lifetime in vivo, and are constantly being recycled through 

the action of proteases. There are indications that glycosylation may serve to protect 

proteins from proteolytic degradation and act as a mechanism by which organisms can 

regulate protein function.28,29 The human chorionic gonadotropin hormone (hCG) is a 

36.7 kDa heterodimeric glycoprotein composed of an α- and β-subunit.30,31 It has critical 

functions during pregnancy to maintain progesterone production.32,33 Analysis of hCG 

has found that the α-subunit is N-glycosylated at Asn52 and Asn78, where the glycan 

attached to Asn52 appears to be involved in signal transduction and the subunit 
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association process.34 In contrast, the glycan attached to Asn78 has not been shown to 

play any direct biological role, but in a similar approach to PMP-C, comparison of the 

glycosylated and non-glycosylated forms of the α-subunit has shown that removal of the 

glycan attached to Asn78 leads to rapid degradation in vivo, and also decreases the 

thermal stability of the α-subunit.35 NMR experiments indicated that the glycan linked to 

Asn78 forms extensive interactions with the protein.36,37 The majority of these 

interactions are hydrophobic in nature, and involve the side chains of the neighbouring 

amino acids leucine, isoleucine, and valine. Furthermore, the sugar appears to shield a 

hydrophobic pocket between two β–hairpins.37 Therefore, the carbohydrate may act to 

disrupt the association of proteases to key sites on the protein. These studies serve as 

examples for the manner in which glycosylation, even by a single carbohydrate residue, 

can increase the thermal stability of a protein and its resistance to proteolytic degradation 

through local interactions to the protein surface. Thus, this evidence suggests the 

possibility of using glycosylation to modulate the stability of proteins that are not 

normally glycosylated.    

 

1.3 The Development of Synthetic Glycopeptides 

Interest in the development of synthetic glycopeptides has arisen for several 

reasons. As the science of glycobiology has matured, so has a desire to understand the 

roles of specific glycoproteins. Synthetic peptides are required for several reasons: one, 

glycopeptides are present in very minute quantities in vivo, making isolation of a given 

glycoprotein in sufficient quantities quite difficult. Second, each glycopeptide can exist in 

many different glycoforms, which exacerbates the problem of isolation of specific 
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glycopeptides.1 For example, erythropoietin is a clinically useful stimulant of red blood 

cells for treatment of anaemia, but recombinant expression in Chinese hamster ovary 

cells produces 13 different glycoforms; this complicates the isolation and characterization 

process.38 Thus, emphasis has shifted from isolation to the chemical synthesis of 

glycoproteins and glycopeptides;39-43 this can ensure the production of sufficient 

quantities of glycopeptides with well-defined glycan structures, in order to correlate a 

specific glycan with a physiological outcome. 

 

1.3.1 C-linked Glycopeptides Increase Proteolytic Stability 

Since glycopeptides are involved in many important biological processes, there is 

also interest in developing synthetic glycopeptide-based therapeutics. However, all 

glycopeptides are susceptible in vivo to the action of glycosidases, which are enzymes 

that cleave the glycosidic bond.2,7 Also, the glycosidic bond is vulnerable to the often-

harsh conditions used in the synthetic chemistry. These drawbacks have spurred interest 

in developing unnaturally linked glycopeptides.44,45 Replacement of the oxygen or 

nitrogen atom in a glycosidic linkage by a carbon atom should effectively reduce all 

chance of hydrolysis. The so-called C-glycopeptides are expected to be completely stable 

to enzymatic cleavage by glycosidases under physiological conditions. Interestingly 

however, there are very few studies that have actually addressed this assumption.   

Glycoamidase, or N-glycanase is an enzyme known to cleave intact glycans from 

N-glycopeptides and N-glycoproteins through cleavage of the β-aspartyl-glucosylamine 

amide linkage.46,47 In a study of N-glycanase, Wang and coworkers compared the activity 

of the enzyme against a high-mannose N-glycopentapeptide and its C-linked 
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counterpart.48 The structural features of the selected N-glycopeptide and its C-

glycopeptide counterpart were identical, except for the replacement of the nitrogen atom 

in the glycosidic linkage with a methylene group (Figure 1.3.1.1).  

O

NHAc

OH

HO
O

N
H

H
N

NH2

O

OH
O

O
H
N

O

R

O

N
H

O

NH2

OH

O

NHAc

OH

O
O

O
OHO

HO
HO

O
OHO

O
HO

OO
HO

HO
HO

O
HO

HO
HO

O

O
HO

HO
HO

O

O
HO

HO
HO

OH

O
HO

HO
HO

O

O
HO

HO
HO

OH

O
HO

HO
HO

OH

16: R = CH2NH
17: R = NH

 

Figure 1.3.1.1: High-mannose N-glycopeptide 17 and its C-linked counterpart 16. 

The synthetic approach for the creation of the C-linked glycopeptide was based on 

synthesis of a C-glycosyl amino acid building block for incorporation into a model 

pentapeptide (H-Tyr-Ile-Asp-Ala-Ser-NH2) using fragment condensations (Scheme 

1.3.1.1). Catalytic hydrogenation of β-glycosyl cyanide 18 followed by N-Boc protection 

formed the protected glycosylmethylamine 19. Installation of the 2-position N-acetyl 

group and N-Boc deprotection was followed by coupling to Boc-Asp-OBn to give the C-

glycosyl amino acid 22. Successive deprotection and fragment condensation steps at the 

C- and N-termini of the C-glycosamino acid building block formed the desired C-linked 

GlcNAc pentapeptide 27.  
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Scheme 1.3.1.1: Synthesis of C-glycopeptide 27.48 

In contrast, for the N-glycosyl pentapeptide, the glycosylation step occurred after 

the pentapeptide was synthesized: The free β-carboxyl group of the aspartic acid residue 

was coupled to 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosylamine using 

HBTU to form the protected β-linked GlcNAc-N-pentapeptide. Deprotection afforded the 

naturally-linked model pentapeptide 28.  

For both the N- and C-glycopeptides, the high mannose Man9GlcNAc 

oligosaccharide was installed in a single enzymatic transfer using the enzyme endo-β-N-

acetylglucosaminidase (Endo-A) isolated from Arthrobacter protophormiae. The enzyme 

is capable of transferring Man5-9GlcNAc glycans selectively to the 4-position hydroxyl 

group of a terminal GlcNAc residue. To their delight, the authors found that the 

transglycosylation of Man9GlcNAc proceeded in 26% and 25% yield for the C- and N-

glycopeptides 16 and 17 after purification, respectively (Scheme 1.3.1.2).  
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Scheme 1.3.1.2: Transglycosylation step of 27 and 28 to make 16 and 17, respectively.48 

To determine the stability of the C-glycopeptide toward N-glycanases, the 

glycopeptide was incubated with various N-glycanases isolated from plant, bacteria and 

animal sources. In all cases, the authors found no changes to the C-glycopeptide after 

enzymatic incubation, or any presence of any hydrolytic products according to HPLC 

chromatography. In contrast, and as expected, the high mannose N-glycopeptide was 

found to be rapidly hydrolysed. Furthermore, the C-glycopeptide showed inhibitory 

activity (Ki) ranging from 1 to 160 µM for the different N-glycanases, indicating the 

glycopeptides can still bind to the enzyme binding site, but the cleavage step cannot 

occur. This study confirms that replacement of the natural N-glycosidic linkage by a C-

glycosidic linkage confers enzymatic resistance to glycosidases, such as N-glycanase.  
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1.3.2 C-Linked Glycopeptides Provide Insight into Biological Activity 

While C-glycosides provide increased resistance to enzymatic degradation, there 

are slight differences between O- and C-glycosides: a difference in dipole moment, a loss 

of the anomeric effect, and the loss of the ability to form hydrogen bonds.49-54 These 

discrepancies can either be viewed as a drawback of the analogues, or as in the following 

example, another means to understand the influence of the O-glycosidic linkage on 

biological activity. 

Rheumatoid arthritis is an autoimmune disease in which collagen, a key structural 

protein, is degraded, causing painful swelling of the joints.55 This results in bone erosion 

in peripheral joints. It is believed that collagen-derived peptide fragments are involved in 

stimulating the autoimmune response.  The sequence of amino acids required for 

stimulating an immune response, or epitope, includes a β-O-D-galactosyl-5R-hydroxy-L-

lysine residue (29 in Figure 1.3.2.1).56-58 While uncommon for most proteins, this is a 

common post-translational modification in collagen. 

H-Gly259-Ile-Ala-Gly-Phe

O

OHOH

HO

OH

Gly-Glu-Gln-Gly-Pro-Lys-Gly-Glu-Thr273-OH

R
NH2

N

OH

28 R = CH2

29 R = O  

Figure 1.3.2.1: Model collagen epitope C- and O-glycopeptides 28 and 29, respectively. 
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Having first demonstrated that the galactosylated hydroxylysine residue is critical 

for recognition by the T-cell receptor, Kihlberg and coworkers were interested in the 

impact of switching the O-linkage with a C-linked sugar (Figure 1.3.2.1).59 Thus, they 

synthesized a C-galactosyl hydroxylysine building block for incorporation into a model 

peptide in order to further evaluate the requirements for T-cell recognition, specifically 

related to the carbohydrate moiety. 

After consideration of several synthetic routes, the authors began by reacting the 

benzyl protected galactopyranosyl lactone 30 to form the carboxylic acid 31 in five steps 

(Scheme 1.3.2.1).60 This formed solely the β-anomer product, which is the same as the 

natural linkage.  
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Scheme 1.3.2.1: Synthesis of protected C-hydroxylysine building block 38. 
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Ozonolysis of the β-linked terminal alkene, followed by Jones oxidation of the 

resulting aldehyde gave the desired carboxylic acid 31, which was converted to a mixed 

anhydride derivative on treatment with pivaloyl chloride. Reaction with Evans chiral (S)-

4-benzyl-oxazolidin-2-one in the presence of n-butyllithium gave 32, which allowed a 

single diastereomer 33 to be formed in 88% yield upon treatment with allyl iodide and 

sodium hexamethyldisilazane. The Evans chiral auxiliary was subsequently removed 

using lithium aluminumhydride, and the primary alcohol was protected using the 

TBDMS group to give 35. Ozonolysis of the terminal alkene followed by Horner-

Emmons olefination using a protected glycine phosphonate 37 gave a 98:2 mixture of 

Z/E isomers 38. Asymmetric hydrogenation of 38 using Burk’s catalyst ([Rh-(S,S)-Et-

DuPHOS]OTf) gave >99:1 stereoselectivity for the 2S stereoisomer 39 (Scheme 1.3.2.2). 

Installation of the Boc-protected primary amino group over four steps to give 42 and 

further protecting group manipulation of the α-amino acid portion, produced the target C-

glycosylated building block 44. 
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Scheme 1.3.2.2: Synthesis of C-hydroxylysine building block 44. 
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Incorporation of the C-glycosylated building block 44 into the peptide epitope H-

Gly-Ile-Ala-Gly-Phe-Hyl*-Gly-Glu-Gln-Gly-Pro-Lys-Gly-Glu-Thr-OH 28 derived from 

collagen, known to induce a T-cell response, was accomplished by solid-phase peptide 

synthesis using an Fmoc-strategy. The naturally O-linked galactosylated hydroxylysine 

glycopeptide counterpart 29 was also synthesized in this manner.  

Using engineered cells (hybridomas) that express T-cells specific for collagen 

peptides as a model for collagen-induced arthritis, the authors were able to quantitatively 

monitor the immune response elicited upon exposure to the O- and C-glycopeptides. It 

was found that in a panel of hybridomas, 10 to 20-fold higher concentrations of the C-

glycopeptide 28 were required to elicit the same immune response compared to the 

naturally O-linked glycopeptide 29. The authors concluded that the O-glycosidic linkage 

is important for T-cell binding, and demonstrates the sensitivity of the T-cell receptor 

binding site in distinguishing between a methylene and glycosidic oxygen atom. Despite 

the lower activity, the C-glycopeptide is expected to be more resistant to enzymatic 

breakdown, and so an outcome of this work may be the development of robust collagen 

analogues as competitive inhibitors of T-cells for the therapeutic treatment of rheumatoid 

arthritis.58 As can be seen by these examples, C-glycopeptides have shown their merit, 

and this has resulted in an increased demand for non-natural linkages of carbohydrates 

and amino acids from glycobiologists as leads for developing bioactive compounds. 

 

1.4 C-Glycosyl Amino Acids  

1.4.1 The Extension of the Repertoire of C-Glycosylated Amino Acids  
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In order to meet the demand for unnaturally glycosylated amino acids, the past 20 

years have seen a great increase in the number of C-glycosylated amino acids, beyond the 

previous examples in which a methylene group has replaced the O- or N-glycosidic 

linkage.61-64 Dondoni defines C-glycosyl amino acids as an α-amino acid moiety carbon-

linked to the anomeric carbon of a carbohydrate, with part or all of the amino acid side 

chain being incorporated into the carbohydrate frame (Figure 1.4.1.1).61  
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Sugar Amino Acid C-Glycosyl Amino Acid

45 46

 

Figure 1.4.1.1: Comparison of SAAs and C-glycosyl amino acids 

Kessler has expanded on this definition, such that an amino and carboxyl group 

directly attached to a carbohydrate frame is referred to as a sugar amino acid (SAA),62 or 

using Schweizer’s terminology, a sugar amino acid hybrid (SAAH).65 Since this leads to 

a large class of compounds, the focus here will be on Dondoni’s classification of C-

glycosyl amino acids. 

 

1.4.2 Synthesis of a C-Glycosyl Glycine Amino Acid 

In 2001, Schweizer and Inazu developed a method for the synthesis of C-glycosyl 

glycines, which relied on an enolate addition of tert-butyl bromoacetate to protected D-

glycopyranonolactones, followed by amino substitution.66 For example, 2,3,4,6-tetra-O-

benzyl-D-glucono-1,5-lactone 47 was reacted with the enolate formed by the 
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deprotonation of tert-butyl bromoacetate with lithium bis(trimethylsilyl)amide at -78 °C, 

in 81% yield (Scheme 1.4.2.1).  
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Scheme 1.4.2.1: Synthesis of Schweizer and Inazu’s C-glycosyl glycine 51. 

The stereochemistry of the spirocyclic product 48 was assigned using nOe 

contacts between the H2 to the H5 and H7 sugar protons. Regioselective epoxide opening 

using triethylsilane under TMSOTf-promoted conditions at -78 °C afforded the 

functionalized C-glycoside 49 in 50% yield. Conversion to the C-glycosyl glycine ester 

50 in 80% yield was accomplished using trifluoromethanesulfonic anhydride in pyridine 

to activate the secondary alcohol, followed by nucleophilic displacement of the sulfonate 

ester using benzylamine. The ‘R’ stereochemistry of the α-amino group was deduced 

using a combination of molecular mechanics calculations, circular dichroism (CD), and 

NMR experiments. Deprotection of the amine and sugar hydroxyl groups was carried out 

by hydrogenation using Pearlman’s catalyst (Pd(OH)2) in  acidified methanol in 

quantitative yield to give the target building block 51. 
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1.4.3 Synthesis of a C-Glycosyl Phenylalanine Amino Acid 

In 2005, Ousmer and coworkers developed a C-glycosyl phenylalanine derivative, 

which relied on a Negishi cross-coupling reaction of a silyl protected D-glucal 52 and N-

Boc-p-iodo-L-phenylalanine tert-butyl ester 53 (Scheme 1.4.3.1);67 both are accessible 

using established high-yielding methods.68,69 Use of silyl protecting groups was required 

for compatibility with the cross-coupling conditions.  
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Scheme 1.4.3.1: Synthesis of Ousmer’s C-glycosyl phenylalanine building block. 

Treatment of the glucal 52 with tert-butyl lithium and zinc dichloride gave the 

transient organozinc derivative, which was coupled to Boc-Phe(4-I)-OtBu 53 using 

[Pd2(dba)3]·CHCl3 and the bulky tri-O-tolylphosphane to give the desired product 54 in 

90% yield. Regio- and stereoselective hydroxylation of the double bond was carried out 

by hydroboration, which was followed by oxidative quenching. The β-configuration of 

the C-glucoside was confirmed by a coupling constant of 9.6 Hz from the H1 and H2 
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protons of the carbohydrate ring. Protecting group manipulation of the sugar hydroxyl 

groups and the amino acid moiety gave Fmoc-protected p-(C-glucopyranosyl)-

phenylalanine 56, suitable for use in SPPS. 

These, and other C-glycosyl amino acids provide the opportunity to probe several 

concepts: first, to study the effects of glycosylating amino acids in peptides and proteins 

that are not normally glycosylated; second, the opportunity to study the functional 

consequences of incorporating an amino acid side chain into the carbohydrate structure, 

thereby restricting its conformational freedom.   

Interestingly, while there are many examples of C-glycosyl glycines, alanines, 

tyrosines, phenylalanines and tryptophans, almost no proline-based C-glycosyl amino 

acids exist.70,71 This is somewhat surprising as proline is unique among amino acids and 

plays specialized roles in protein function. The remainder of this chapter will be focused 

on proline: both its importance in biology and how proline analogues are used to 

understand and affect its properties. 

 

1.5 L-Proline 

1.5.1 L-Proline is Unique Among Amino Acids 

Consider the structure of the 20 proteinogenic amino acids: they are defined by an 

amino and carboxyl group attached to an α-carbon. A side chain also projects from the α-

carbon, which aside from glycine, makes the amino acid α-carbon a stereogenic center. 

Therefore, they can have ‘R’ or ‘S’ stereochemistry, which corresponds to the D- and L-

amino acids respectively. The L-amino acids predominate in nature, with few examples of 

D-amino acids. 
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Proline is the only proteinogenic amino acid in which the side chain is cyclised 

onto the backbone nitrogen. This formally makes proline a secondary amine, and confers 

special properties to proline when incorporated into a polypeptide. While flexible, the 

pyrrolidine ring of proline does restrict the movement of the atoms in the proline side 

chain. This is in part because the φ-angle, which can be freely rotated in all other amino 

acids, is fixed at –75° (Figure 1.5.1.1).72  
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Figure 1.5.1.1: Proline backbone dihedral angles. 

A survey of proline residues in the crystal structures of 50 different proteins 

indicated that the proline side chain commonly adopts two distinct conformations.72 

Proline is puckered in an envelope conformation, where the β- or γ-carbon project out of 

the plane defined by the other atoms in the pyrrolidine ring (Figure 1.5.1.2).  
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Figure 1.5.1.2: Proline γ-and β-exo and endo puckers; the γ- and β-atoms are labelled.  

If the γ-carbon projects from the opposite face to the prolyl carboxyl carbon, it is 

referred to as Cγ-exo. If the γ-carbon is projected onto the same face as the prolyl 
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carboxyl carbon then it is referred to as Cγ-endo. The same concept applies to the β-

puckers. L-Proline has a slight preference for adopting a Cγ-endo conformation.73-79 

The amide bonds that link amino acids in a polypeptide chain have a pseudo-

double bond character; through resonance stabilization, π-electrons are delocalised across 

the amide bond, which forces a planar ω-torsional angle of the amide bond. This creates 

two distinct amide conformations; the amino acid α-carbons can either be cis (ω is 0°) or 

trans (ω is 180°) with respect to each other across the amide bond (Figure 1.5.1.3). While 

the amide bond has double bond character, the term ‘conformation’ seems to be more 

appropriate than ‘configuration’ since the amide C-N bond is formally a single bond. 
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Figure 1.5.1.3: Proline cis and trans amide isomers. 

It has been calculated that for most amide bonds in peptides and proteins, the 

trans amide conformation is 8.3 kcal⋅mol-1 lower in energy than the cis amide 

conformation.80 This results in a strong bias for the trans conformation for amide bonds, 

with only 0.3% of amide bonds existing in the cis conformation in peptides at any one 

time (this corresponds to an amide equilibrium value Ktrans/cis of 332.3).81-82 In contrast, 

for proline, with a cyclized backbone, the trans amide isomer is only 1.9 kcal⋅mol-1 lower 

in energy compared to the cis amide isomer.80 This corresponds to nearly 5% cis amide 

conformation at any one time (Ktrans/cis of 19.0), which is a significant difference.82,83 The 
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origin of the smaller energetic difference between trans and cis amide bonds in proline 

compared to other amino acids is a result of several factors.  

 

1.5.2 Thermodynamics of Prolyl Amide Isomerization 

Comparative studies of model peptides in the form of Ac-Gly-Xaa-NHMe have 

shown that when Xaa = glycine, the trans conformation is approximately 8 kcal⋅mol-1 

lower in energy relative to the cis conformer as a result of four factors: steric repulsion 

between the α-carbons (1 kcal⋅mol-1), steric repulsion between the hydrogen atoms 

attached to the α-carbons (4-5 kcal⋅mol-1) (Figure 1.5.2.1), favourable hydrogen bonds 

only possible in the trans form (1-2 kcal⋅mol-1) and a conformational entropy difference 

(1-2 kcal⋅mol-1).80 The entropy difference arises from different hydration shells for the cis 

and trans isomers, with the cis conformer having a slightly more ordered solvent 

environment. 
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Figure 1.5.2.1: The trans and cis amide isomers of Ac-Gly-Gly-NHMe; the cis 

amide form suffers from an unfavourable steric interactions.  

Conversely, when Xaa = proline, there is less energetic discrepancy between the 

cis and trans forms since the cyclized side chain means that the α-carbon and δ-carbon 
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provide equivalent steric environments for the N-terminal amino acid α-carbon. The only 

energetic difference between the proline cis and trans isomers arises from a favourable n 

→ π* interaction from the lone pair on the prolyl N-terminal amide carbonyl oxygen to 

antibonding orbital of the prolyl C-terminal carbonyl carbon (Figure 1.5.2.2).80 This 

interaction is only possible for the trans amide conformation and accounts for the 2 

kcal⋅mol-1 energy difference between the cis and trans isomers, and is aligned because 

the pyrrolidine ring fixes the Cα-N bond φ-torsional angle at -75 °.72 

 

 

See Figure 1 on page 1189 of Hinderaker, M. P.; Raines, R.T. Prot. Sci. 2003, 12, 1188-

1194. 

 

 

 

Figure 1.5.2.2: A) Proposed n → π* electrostatic interaction present in the trans amide of 

N-formyl-L-proline methyl ester; B) Depiction of the n and π* molecular orbitals.  

This effect was further explored by Hodges and Raines, who proposed that the 

correct orientation for optimal n → π* interaction from the prolyl N-terminal amide 

carbonyl oxygen to the C-terminal carbonyl carbon is analogous to the approach of a 

nucleophile to the electrophilic carbon of an acyl group, and is strongest at the Bürgi-

Dunitz trajectory.85 They reasoned that if the trans isomer is stabilized through such an 

electrostatic interaction, it should be possible to modulate the population of the trans 
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amide isomer by changing the electrophilicity of the C-terminal carbonyl carbon using 

para-substituted phenyl esters of N-formyl proline (Figure 1.5.2.3).  

N

O

OH

O

R

Ktrans/cisR

NO2

CN

H

OMe

NMe2

4.13

3.95

2.12

2.01

1.67
 

Figure 1.5.2.3: Effect of substituted phenyl esters on trans/cis amide ratio (Ktrans/cis) in 

CDCl3 at 25 °C. 

Through their study, Hodges and Raines confirmed that the nature of the para-

substituent does affect the N-terminal trans/cis amide isomer equilibrium (Ktrans/cis): when 

X = NO2, an electron-withdrawing group, Ktrans/cis was 4.13, whereas an electron donating 

group such as X = NMe2, gave a Ktrans/cis of 1.67. The electron withdrawing substituent is 

implicated in lowering the energy of the π* orbital, bringing it closer in energy to the n 

orbital, thereby enhancing n → π* electron donation and stabilization of the trans amide 

isomer. The opposite is true for the electron donating substituents. Therefore, this work 

supports the role of an n → π* electrostatic interaction in influencing the N-terminal 

amide equilibrium. 

In peptides and proteins, the amino acid N-terminal to proline has a significant 

influence on the cis/trans amide equilibrium.85 Analysis of crystallographic databases 

supports much higher prolyl cis amide populations when aromatic residues are N-

terminal to proline.81 Taylor and coworkers used model peptides of the form Ac-Xaa-Pro-
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OMe to investigate the origins of a stabilizing effect on the cis amide conformation from 

aromatic residues in the Xaa position.86 Originally thought to arise through steric effects, 

Taylor instead proposed favourable overlap between the aromatic side chain and prolyl 

pyrrolidine ring  in 59 (Figure 1.5.2.4).  

N

H3CO

O

O
AcHN

59  

Figure 1.5.2.4: Proposed aromatic overlap of proline side chain that stabilizes the prolyl 

cis N-terminal amide conformation in Taylor’s model peptide. 

A large difference in the spatial orientation of the side chain exists between the cis 

and trans amide conformations, and this means that this overlap is only possible in the cis 

amide conformation. Evidence of the aromatic overlap of the proline side chain is 

provided by NMR studies, which shows that there is a much higher upfield shift of the 

proline α-hydrogen for the cis amide isomer relative to the trans isomer. This is 

explained as arising through shielding of the α-hydrogen by the aromatic ring. 

Polar amino acids, such as serine or threonine, N-terminal to proline have less of 

an effect on the prolyl amide equilibrium.81 However, glycosylation or phosphorylation 

of serine or threonine N-terminal to proline is known to have an effect on Ktrans/cis.87,88 

Pao and coworkers believed that glycosylation of serine N-terminal to proline could 

induce high prolyl cis amide content in a similar fashion to aromatic amino acids, which 

they perceived to arise via a steric influence.87 This study was done to help further define 

the role of glycosylation on peptide and protein conformational properties.  
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Using analogues of a Sendai Viral Nucleoprotein antigen, peptides of the form H-

Phe-Ala-Pro-Ser-Asn-Xaa-Pro-Ala-Leu-OH were synthesized using solid phase peptide 

synthesis, where the Xaa was Ser, Ser(α-GalNAc) or Ser(β-GlcNAc).87 Both anomers 

were studied to determine if the anomeric linkage affected the trans/cis equilibrium. 

Analysis by NMR found that the peptides adopted solely a trans amide conformation N-

terminal to proline. Therefore glycosylation N-terminal to proline greatly stabilizes the 

trans amide conformation, however, the authors provided little explanation for this 

phenomenon. 

In summary, as opposed to other amino acids, the N-terminal amide equilibrium 

of proline is governed only by a favourable n → π* electrostatic interaction. Amino acids 

N-terminal to proline can also greatly affect this equilibrium, though a full understanding 

of their influence has not been achieved.  

 

1.5.3 The Kinetics of Prolyl Amide Isomerization 

The N-terminal amide isomerization of proline in peptides and proteins is known 

to be very slow compared to other amino acids. Analysis of model peptides has found 

that for the typical secondary amide bond, such as an alanine-phenylalanine amide bond, 

the rate constants for cis-trans isomerization are 0.05 sec-1 (ktrans→cis) and 2.3 sec-1 

(kcis→trans) in water at 25 °C.89 In contrast, the typical isomerization rates for an alanine-

proline amide bond are 0.001 sec-1 (ktrans→cis) and 0.005 sec-1 (kcis→trans) in water at 25 

°C.90  As will be seen, this relatively slow amide isomerization has important 

implications for proline in protein folding. 
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Stein and coworkers investigated the energetic contributions to the isomerization 

energy barrier of prolyl amide isomerization.91 It was found that when the kinetic 

parameters of proline isomerization in several short model peptides is averaged, the 

energetic contributions to amide C-N bond rotation N-terminal to proline are entirely 

enthalpic in nature (∆H‡ = 19.0 ± 1.0 kcal⋅mol-1), while the entropic contribution is 

negligible (∆S‡ = 0.0 ± 1.0 cal⋅K⋅mol-1) at 25 °C. The enthalpic contribution to the 

activation energy is believed to arise solely from the loss of the resonance-stabilized 

amide bond; whereas the very small entropic contribution to proline isomerization 

indicates that the transition state has no solvent participation and/or little solvent 

reorganization, and therefore isomerization can be considered to be a unimolecular 

process.  

Several studies have given insight into the transition state structure with regards to 

prolyl amide isomerization, in which the effects of pH and solvent were considered.92 It 

was found that pH has no effect on prolyl isomerization between pH 5 and 9. This 

indicates that at physiological pH, prolyl isomerization proceeds without general acid-

base catalysis or involvement of the solvent. However, at extremes of pH, there is an 

increase in the rate of amide isomerization. It was also found that non-polar solvents 

increase the rate of prolyl amide isomerization, which indicates that the transition state 

for amide C-N bond rotation is non-polar relative to the ground state.91 It is now believed 

that the transition state is characterized by partial rotation about the amide bond, in which 

the polar amide bond resonance structures no longer apply, making the transition state 

less polar (Figure 1.5.3.1).  
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Figure 1.5.3.1: Relative energies of trans and cis amide isomers, and the transition state 

characterized by partial rotation of the amide bond and increased pyramidalization of the 

proline nitrogen atom. 

Insight into important biological processes can be obtained by considering the rate 

of amide isomerization N-terminal to proline. An example can be found in the study of 

Oxytocin and Arginine Vasopressin peptide hormones, carried out by Larive and 

Rabenstein.93 Both Oxytocin and Vasopressin are nonapeptides in which the first and 6th 

amino acids are linked through a disulfide bridge; proline is the first of three amino acids 

in a tripeptide tail attached to the macrocyclic hexapeptide ring (Figure 1.5.3.2).  
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Figure 1.5.3.2: Structure of Oxytocin with the trans Cys6-Pro7 amide bond highlighted. 

Oxytocin causes uterine contraction and milk ejection, while Vasopressin causes 

moderate constriction of blood vessels and acts on the kidneys to conserve water.94 The 

proline residue at position 7 is known to be required for optimal biological activity. Early 

work had established that the amide bond N-terminal to this proline residue is strongly 

biased towards a trans conformation (Ktrans/cis of 12 for Oxytocin, 15 for Arginine 

Vasopressin).95-97 The authors characterized the thermodynamics and kinetics of proline 

isomerization for both Oxytocin and Arginine Vasopressin in an attempt to understand 

the underlying factors that favour the trans amide conformation, which they postulated to 

be an intramolecular interaction between the hexapeptide ring and the tripeptide tail.  

The isomerization of the cysteine-proline amide bond is on a time-scale that is 

amenable to analysis by NMR magnetization transfer experiments, thus these 

experiments were used to calculate the rates of proline isomerization (Figure 1.5.3.3).  
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Figure 1.5.3.3: Integrated resonance intensity of the Cys6-NH proton of the cis isomer as 

a function of mixing time; the smooth line is the calculated least-squares fit of the data. 

[Reproduced with permission, J. Am. Chem. Soc. 1993, 115, 2833. Copyright 1993 

American Chemical Society.] 

The calculated isomerization rate from the trans to the cis isomer (ktrans→cis) for 

Oxytocin (0.0035 sec-1) and Arginine Vasopressin (0.0046 sec-1) were quite similar to 

Xaa-Pro isomerization rates in other peptides (ranging from 0.00064 to 0.0048 sec-1). 

However, the rate of isomerization from the cis to the trans isomer (kcis→trans) was much 

faster for Oxytocin (0.042 sec-1) and Arginine Vasopressin (0.067 sec-1) compared to Xaa-

Pro isomerization rates in other peptides (0.0013 to 0.0079 sec-1).98 This indicates that 

instead of a stabilizing effect on the trans conformer, there is a destabilizing effect on the 

cis amide conformer that lowers the activation energy barrier, and causes faster 

isomerization back to the trans isomer. The authors did not attempt to identify the 

destabilizing effects on the cis amide conformer in Oxytocin or Arginine Vasopressin. 

Regardless, the significant finding was that the rate of prolyl amide isomerization was 

shown to impact the biologically active conformation of two important peptide hormones.   
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Furthermore, their work supports the theory of a non-polar transition state for the 

amide bond N-terminal to proline. In methanol, the rates of isomerization for Oxytocin 

and Arginine Vasopressin in both directions (ktrans→cis and kcis→trans) were much faster 

than in water. A less polar solvent such as methanol would be expected to lower the 

enthalpic penalty for creating a non-polar transition state, thus lowering the free energy of 

the transition state. 

Because of the relatively slow isomerization rate of a proline N-terminal amide 

bond (second timescale), proline isomerization becomes the rate-determining step of 

protein folding.99 To aid in the protein folding process, Nature has developed a broad 

class of enzymes that are responsible for isomerizing the N-terminal amide bond of 

proline in proteins that are found ubiquitously, which perhaps is the best indication of the 

importance of proline in biology.99,100 The peptidylprolyl cis-trans isomerase (PPIase) 

enzymes catalyze the cis to trans isomerization of proline. There are many forms of 

PPIases, with distinct catalytic mechanisms and substrates.101 A common feature of 

PPIases is a hydrophobic pocket specific for binding the pyrrolidine side chain.102 It has 

been found that the enzymes can accommodate some variation in the pyrrolidine side 

chain.103 There is much work being done to understand the exact enzymatic mechanism 

for accelerating/catalyzing amide isomerization.103 It seems that PPIases can act through 

protonation of the prolyl nitrogen atom, nucleophilic attack of the prolyl C-terminal 

carbonyl group, and electrostatic stabilization of the transition state structure.102 The 

unique properties of proline are exploited by Nature to cause changes in protein structure, 

which has an impact on protein function. 
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1.5.4 Conformational Changes Induced by Proline Affect Protein Function 

Proline is often found in β-turn regions of proteins, which represent the most 

common type of reverse turn and an important structural motif.104 The β-turn consists of 

four amino acids, designated as i, i + 1, i + 2 and i + 3, from the N- to C-terminus, which 

induce a complete 180° turn in the direction of the polypeptide (Figure 1.5.4.1).  
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Figure 1.5.4.1: Proline at the i + 1 position of a β-turn. 

There are more than 10 types of β-turns, which differ mostly on the φ- and ψ-

torsional angles of the i + 1 and i + 2 residues.104 Typically, the turns exhibit an 

intramolecular hydrogen bond between the i and i + 1 residue. Proline is by far the most 

common amino acid found at the i + 1 position in type I and II β-turns. Also, proline is 

often found in the i + 2 position in Type VI β-turns, which are unique in requiring a cis 

amide conformation N-terminal to the i + 2 residue. Overall, these turns are induced by 

proline because it has reduced flexibility around its φ- and ψ-angles, which are 

predisposed to the ideal angles for β-turn formation at that position. 

In many cases, it is reverse turn regions of a peptide or protein that are directly 

involved in protein-protein interactions.105 Proline is often found either in a flanking 
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position of these binding sites, or within the turn region itself.106 For example, small 

peptide hormones, such as Angiotensin II and Bradykinin, have been shown to adopt β-

turn conformations when bound to their receptors. Proline is found in these binding 

regions. Since the receptors for these peptides are integral membrane proteins, this 

structural requirement has only been inferred through indirect binding studies.  

In 1992, Garcia and coworkers attempted to uncover the bioactive conformation 

of the vasoconstrictor Angiotensin II (Asp-Arg-Val-Try-Ile-His-Pro-Phe-His-Leu), which 

is extremely flexible in solution.107 Using the crystal structure of the peptide bound to a 

monoclonal antibody, acting as a surrogate receptor, they confirmed that Angiotensin II 

binds to the protein receptor through a turn region involving the Ile, His and Pro residues. 

The center of the turn was lodged in the deepest region of the binding site, which reflects 

its importance in the binding process. Similarly, extensive molecular modelling and 

NMR studies by Kyle and coworkers of the vasodilator Bradykinin (Arg-Pro-Pro-Gly-

Phe-Ser-Pro-Phe-Arg) found that the four terminal residues Ser-Pro-Phe-Arg in fact form 

a β-turn.108 This turn involves a hydrogen bond from the arginine backbone amide proton 

to the serine backbone carbonyl group. Later, Bradykinin analogues developed by 

Thurieau and coworkers indicated that this β-turn region is critical for high affinity 

binding to the Bradykinin B2 receptor.109 Since it is imperative to know the conformation 

of the bound peptide for developing potent analogues, these studies were of the utmost 

importance in the development of Angiotensin II and Bradykinin analogues for 

therapeutic use. In these instances, proline was found to induce β-turns in the binding 

regions of these important peptide hormones.  
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Apart from a role in binding interactions through reverse turns, proline itself can 

induce different biological responses simply though isomerization of its N-terminal amide 

bond. Because the isomerization of proline is slow, both cis and trans Xaa-Pro amide 

isomers effectively exist as different structural isomers in peptides and proteins. In 

certain cases, only one isomer is the active conformation of a peptide or protein. For 

instance, the proteins: staphylococcal nuclease,110 insulin,111 and salmon calcitonin112 are 

known to contain a cis Xaa-Pro amide bond in their active conformation. In other cases, 

both amide isomers can demonstrate biological activity; sometimes with different effects. 

For instance, it has been suggested that both the cis and trans Xaa-Pro amide isomers of 

the protein interleukin-2 tyrosine kinase have distinct biological activities.113  

Perhaps most excitingly, it recently has been found that isomerization of a single 

proline residue causes opening and closing of an ion gate. The 5-hydroxytryptamine type 

3 (5-HT3) receptors are known to associate and form ion pores upon neurotransmitter 

binding.114 These proteins contain a neurotransmitter-binding region separated from two 

antiparallel transmembrane helices (Figure 1.5.4.2). A single proline residue joins the 

antiparallel helices. Lummis and coworkers found that this proline residue is crucial for 

pore formation by altering the orientation of the two helices through prolyl cis-trans 

amide isomerization.115 When the proline residue adopts a trans-amide conformation, the 

helices are aligned parallel to each other, and no ion flow through the membrane is 

observed. If the same proline residue is in a cis-amide conformation, the helices are 

pinched together to form a pore, and ion flow is observed. It is believed that the 5-HT3 

neurotransmitter binding region may lock the crucial proline residue in a trans amide 



 

41 

conformation; neurotransmitter binding causes a conformation change, thus removing the 

constraint and permitting prolyl amide isomerization and thus, ion flow, to take place. 

 

Figure 1.5.4.2: Side and top-down views of the proposed ‘closed’ and ‘open’ forms of 5-

HT3 receptor subunits; 5-HT binding causes cis-trans isomerization of a key proline 

residue (coloured dark blue), and movement of the M3 and M2 helices, thereby allowing 

ion flow to take place. [Reproduced with permission from Macmillan Publishers Ltd: 

Nature 2005, 438, 248. Copyright 2005.] 

With such diverse effects on peptides and proteins, perhaps it is no surprise that 

proline has been called the most important amino acid when it comes to determining 

protein function and structure,116,117 and has led to numerous synthetic analogues of 

proline used for understanding biological processes. 

 

1.6 Proline Analogues Are Used to Control Prolyl Amide Isomerization 
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Since proline demonstrates fundamental influences on protein folding, structure 

and function, there is a significant interest in creating synthetic proline analogues to 

expand the understanding of proline in biology, and to use this knowledge to create 

therapeutics for treating disease. Specifically, incorporation of non-natural structural 

motifs or unnatural amino acids into peptides can be used for therapeutic development to 

prevent enzymatic breakdown of peptide bonds and thus improve bioavailability.118 Also, 

incorporation of non-natural amino acids is sometimes necessary to probe structure-

function relationships of proteins that are not accessible by the natural 20 amino acids. In 

order to study protein-protein interactions mediated through regions containing proline, 

the focus generally centers on controlling N-terminal amide isomerization.  

There are many approaches to controlling the N-terminal amide isomerization of 

proline. Generally, a peptide can be locked in either the cis or trans conformation through 

covalent linkages119-123 or simply biased towards one conformation through modification 

of the peptide backbone or proline side chain.124,125 Covalently linked analogues of prolyl 

cis and trans amide isomers usually involve larger structural changes to the peptide, and 

this approach has been criticized for creating peptide analogues with reduced receptor 

binding affinity.126 Furthermore, replacement of the Xaa-Pro motif by dipeptide isosteres 

has been criticized for limiting the potential development of combinatorial libraries of 

Xaa-Pro compounds.126 In other cases, instilling a bias in the cis/trans amide equilibrium 

is desirable because it still allows cis-trans isomerization to occur and can be used to 

study more nuanced protein folding and binding situations. This can be accomplished 

through modification of the proline side chain or the peptide backbone. However, only 

proline analogues in which the side chain has been modified are amenable for automated 
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solid phase peptide synthesis and protein engineering.126 Here, the focus will be on 

examples of synthetic analogues of proline in which the side-chain of proline has been 

substituted at the β- and δ-positions with alkyl substituents, and at the γ-position with 

electron withdrawing groups in order to influence the N-terminal amide cis/trans 

equilibrium, and for use in studying biological phenomena. 

 

1.6.1 Proline ββββ-Alkyl Substitution: 3,3-Dimethylproline 

Lubell and coworkers studied the effects of alkylation at the β-position of proline 

on its N-terminal amide equilibrium and rate of amide isomerization.127 The 3,3-

dimethylproline analogues were synthesized from the protected 4-oxoproline 62,128 which 

is accessible from 4R-hydroxy-L-proline 61 in three steps (Scheme 1.6.1.1).129  
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Scheme 1.6.1.1: Synthesis of protected a 3,3-dimethylproline building block.128,129 

The 4-oxoproline 62 can be regioselectively dialkylated at the 3-position upon 

treatment with potassium bis(trimethylsilyl)amide and iodomethane.128 Removal of the 4-

position ketone was carried out by reduction and deoxygenation steps. Finally, 

manipulation of the protecting groups gave the desired 3,3-dimethylproline building 
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block 65 which was incorporated into N-acetyl proline N′-methylamide model peptides 

for analysis of the effects of proline β-alkylation on the thermodynamics and kinetics of 

N-terminal amide isomerization.  

Lubell and coworkers found that in D2O, prolyl β-alkylation has no impact on the 

cis/trans amide equilibrium (Table 1.6.1.1).127 The model peptide containing L-proline 

exhibited a Ktrans/cis of 2.6, while the 3,3-dimethylproline model peptide had Ktrans/cis of 

2.3 as determined by integration of the cis and trans isomer 1H NMR signals.  

Table 1.6.1.1: Thermodynamic and kinetic parameters of 3,3-dimethylproline. 

Compounda Pucker Ktrans/cis
b kcis-to-trans (sec-1)c 

L-proline Cγ-endo 2.6 ± 0.3 2.0 ± 0.1 

3,3-dimethylproline Cγ-endo 2.3 ± 0.2 0.32 ± 0.07 

aIn the model peptide Ac-Xaa-NHMe; bCarried out in D2O at 25 °C; cCarried out 

in D2O at 60 °C. 

X-ray crystallographic analysis revealed that the proline analogue adopts a Cγ-

endo conformation. Therefore, the ring pucker of proline is not changed by β-alkylation. 

However, according to 13C NMR magnetization transfer experiments, 3,3-

dimethylproline significantly lowers the rate of amide isomerization compared to L-

proline. The cis-to-trans amide isomerization rate constant (kct) for the L-proline model 

peptide was 2.10 ± 0.09 sec-1 in D2O at 60 °C, while the rate constant (kct) for the 3,3-

dimethylproline model peptide was found to be 0.32 ± 0.07 sec-1 under the same 

conditions. The lower rate of isomerization for 3,3-dimethylproline was attributed to an 

unfavourable ψ angle of 150° caused by steric repulsion from the C-terminal amide group 
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with the β-position alkyl groups. This would place the C-terminal carbonyl group in a 

position to disfavour sp3 pyramidalization of the prolyl nitrogen atom, which is formed in 

the transition state of isomerization. Therefore, while β-alkylation has no impact on the 

prolyl cis/trans amide equilibrium, it does significantly lower the rate of amide 

isomerization. 

 

1.6.2 Proline δδδδ-Alkylation: 5-tert-butylproline 

Lubell and coworkers looked to modify prolyl N-terminal amide isomerization 

through installation of a bulky alkyl substituent, a tert-butyl group, at the δ-position of 

the prolyl side chain.126 

The synthesis of 5R- and 5S-tert-butylproline (tBuPro) was carried out in an 

enantioselective process starting from glutamic acid via an acylation/diastereoselective 

reductive amination sequence.130 Deprotonation of N-protected L-glutamic acid 66 using 

lithium bis(trimethylsilyl)amide was followed by C-acylation with pivaloyl chloride  to 

give 67 (Scheme 1.6.2.1).  
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Scheme 1.6.2.1: Synthesis of (2S,5R)-tert-butylproline building block 71. 



 

46 

Hydrolysis and decarboxylation of the γ-methyl ester using sodium hydroxide at 

high temperature followed by esterification of the acid using iodomethane gave the 

protected ester 69. Catalytic hydrogenation of the N-protecting group allowed both 

cyclization and subsequent reductive amination to occur. Carrying out the reaction in the 

presence of di-tert-butyl dicarbonate allowed simultaneous N-Boc protection; giving the 

target (2S,5R)-N-Boc-5-tert-butylproline methyl ester 70 with 90% diastereoselectivity 

and 50% overall yield. Hydrolysis provides the N-Boc protected building block 71. 

Access to 5S-tert-butylproline could be obtained by stereoselective reduction of the imine 

instead of using catalytic hydrogenation. 

Lubell and coworkers used model peptides of the form N-acetyl-proline-N′-

methylamide to show that 5-tert-butylproline increases the prolyl N-terminal cis amide 

content (Ktrans/cis of 1.0 and 0.52 for 5R-tBuPro and 5S-tBuPro, respectively) in D2O at 25 

°C compared to the model peptide containing L-proline (Ktrans/cis of 2.7), according to 

integration of 1H NMR signals (Figure 1.6.2.1).126  
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Figure 1.6.2.1: Unfavourable steric clash in trans amide form of 2S,5R-tert-butylproline; 

corresponding amide isomer equilibrium at 25 °C in D2O (±10%) and transition state free 

energy difference determined in D2O. 
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The authors attributed this effect to the 5-position tert-butyl group destabilizing 

the trans amide isomer through steric repulsion. Of note is that the effect of the tert-butyl 

group on the pucker of the pyrrolidine ring was not investigated. 

The energy barrier to amide isomerization (∆G‡) was also determined using 

magnetization transfer experiments and amide proton chemical shift coalescence 

experiments. It was found that the ∆G‡ for 5R-tBuPro was 3.9 ± 0.2 kcal⋅mol-1 lower in 

energy compared to L-proline, while there was no energy difference found between 5S-

tBuPro and L-proline in the model peptides (20.2 and 20.4 kcal⋅mol-1, respectively). This 

result was justified by the fact that the ψ-angle for 5R-tBuPro (~0°) was found to be 

different from 5S-tBuPro and L-proline (~125°) according to molecular mechanics 

calculations. A ψ-angle of 0° could allow the C-terminal NH group to interact with the 

prolyl nitrogen lone pair or the C-terminal carbonyl group, thereby affecting the 

pyramidalized transition state; this could account for the difference in ∆G‡. 

In 2000, Lubell and coworkers extended the scope of their work by replacing the 

L-proline residue in Oxytocin with 5-tert-butylproline.131 Oxytocin, as described earlier 

(Section 1.5.3), is a peptide hormone in which the first and 6th amino acids are linked 

through a disulfide bridge and proline is the first of three amino acids in a tripeptide tail 

attached to the macrocyclic ring. Oxytocin is used clinically during childbirth to induce 

rhythmic uterine contractions as well as to ease breast-feeding.132 It has been proposed 

that antagonists of Oxytocin function could be used to prevent pre-term labour.133,134 

Because of significant interest in developing synthetic analogues of Oxytocin, efforts 

have been made to further understand the biologically active conformation of Oxytocin, 

especially the conformation of the proline-linked tripeptide appendage.135-137  
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Lubell and coworkers found that replacing the L-proline residue in Oxytocin with 

5-tert-butylproline caused an increase in the cysteine-proline cis amide conformation 

(from 10% to 35% in 9:1 H2O/D2O at 30 °C, which corresponds to a decrease in Ktrans/cis 

from 9 to 1.9), based on NMR assignment. This is a smaller stabilization of the cis amide 

conformation based on previous studies with model peptides, which was attributed to 

inherent properties of Oxytocin that favour the trans amide isomer. By studying the 

biological activity of these Oxytocin analogues in rat models, Lubell found that tBuPro 

lowered both agonist activity and binding affinity relative the natural peptide by nearly 

400 times! This could indicate that the trans amide conformation is required for optimal 

agonist activity, or that the tert-butyl group interferes with receptor binding, or both.  

In a complementary study, when incorporated into inhibitors of Oxytocin 

function, tBuPro caused a slight increase in the antagonist activity with a 3-fold increase 

in binding affinity.138 In response to these results, the authors proposed that a cis amide 

conformation results in antagonist activity, while a trans amide conformation results in 

agonist activity of Oxytocin. In this way, tBuPro has been used to understand the activity 

of a biologically important peptide.  

 

1.6.3 Proline δδδδ-alkylation: The Pseudoprolines  

Originally developed as protected serine, threonine or cysteine building blocks, 

the pseudoprolines (denoted as ψPro) were developed to reduce α-epimerization, increase 

solubility, prevent self aggregation and improve coupling yields in solid phase peptide 

synthesis.140-142 The pseudoprolines H,H-ψPro 76 and Me,Me-ψPro 74 are accessible 
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from cyclocondensation of Ser, Thr, or Cys with formaldehyde 75 and acetone 73, 

respectively (Scheme 1.6.3.1).  
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Scheme 1.6.3.1: Serine in a Ac-Ala-Xaa-NHMe model peptide can be converted to 

Ser(ψH,HPro) 76 and Ser(ψMe,MePro) 74 using formaldehyde 75 and acetone 73, 

respectively, under acidic conditions; this leads to large changes in Ktrans/cis.  

Mutter and coworkers found that the amide bond N-terminal to a pseudoproline is 

highly influenced by the δ,δ-substituents on the pseudoproline side chain; the cis amide 

content of model peptides of the form Ac-Ala-ψPro-NHMe was varied from 33% for 

H,H-ψPro (Ktrans/cis = 2.1), which is similar to L-proline (18% or Ktrans/cis = 4.6), to >95% 

(Ktrans/cis = 0.05) for Me,Me-ψPro (in DMSO at 27 °C) according to NMR 

measurements.143 The authors proposed that in a similar fashion to 5-tert-butylproline, 

steric interactions play a major role in the ψPro’s influence on N-terminal amide 

isomerization.  

According to 1H NMR coupling constants, the pseudoprolines adopt a Cβ-exo 

pucker, regardless of the substitution, which is different from the Cγ-endo conformation 
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normally observed for L-proline.143 A key advantage of the pseudoprolines is that 

deprotection under acidic conditions restores the N-terminal trans amide conformation.144 

Thus, the pseudoprolines represent an accessible way to greatly modify cis amide content 

and peptide conformation. 

Mutter and coworkers incorporated the pseudoprolines Cys(ψH,HPro) and 

Cys(ψMe,MePro) into position 7 of the Oxytocin nonapeptide using SPPS to understand its 

bioactive conformation (Section 1.5.3).145 For the Cys(ψMe,MePro) analogue 77, NMR 

experiments were used to identify the major isomer (92%) as having a cysteine-

Cys(ψMe,MePro) cis amide bond (Ktrans/cis of 0.09). In biological tests, they found that 

when a cis amide conformation is fixed at this position, the Oxytocin analogue showed 

no agonist activity in vitro compared to the native peptide (Figure 1.6.3.1).  

Interestingly, the ψPro-Oxytocin analogue did exhibit equal binding affinity to the 

Oxytocin receptor compared to the native peptide. This indicates that as opposed to 

tBuPro, the methyl groups do not interfere with peptide binding, nor does a prolyl cis 

amide conformation preclude receptor binding. Mutter proposed that the initial binding of 

the Oxytocin peptide might have a cis amide conformation, but then isomerize to the 

trans conformation to produce the agonist effect.  
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Figure 1.6.3.1: A) Incorporation of Cys(ψMe,MePro) into Oxytocin stabilizes the cis amide 

conformation, leading to no agonist activity in vitro; B) Incorporation of Cys(ψH,HPro) 

causes little change in Ktrans/cis, but leads to increased agonist activity in vitro. 

The H,H-ψPro analogue 78, which had a lower cis amide content (7%) (Ktrans/cis 

of 13.3), exhibited a higher agonist activity compared to the native peptide (with cis 

amide content of 10% in D2O) (Ktrans/cis of 9.0) (Figure 1.6.3.1).145 This increase in 

activity was attributed to a lower barrier to cis-trans isomerization for H,H-ψPro 

compared to L-proline. This evidence supports the hypothesis that the binding and agonist 

activity of Oxytocin requires cis-to-trans amide isomerization of proline. A cis-to-trans 

conformational switch upon receptor binding to agonist activity has also been suggested 

for another peptide hormone: Thyroliberin.146 Thus, these examples likely indicate a 

broader role of proline isomerization in which both isomers, and the isomerization 

process play a role in biology. In summary, the pseudoprolines were useful in 
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demonstrating the importance of the conformation of the prolyl N-terminal amide bond 

on the biological activity of Oxytocin. This example also highlights the fact that this 

subtle process would not have been understood using covalently locked proline 

analogues; demonstrating the advantage of proline analogues in which only the side chain 

has been modified.  

Criticisms of pseudoprolines (oxazolidines and thiazolidines) are that they are 

acid labile, which limits their use in peptide synthesis.147 Also, the presence of a 

heteroatom alters the proline side-chain conformation and hydrophobicity compared to 

proline, which limits their use when retaining the conformation of the proline side chain 

is required. Also, as with tBuPro, the steric bulk on the prolyl side chain could affect 

binding interactions involving the proline side chain. 

The proline analogues developed so far have limited potential to be further 

derivatized once incorporated into a peptide for modulation of effect or development of 

combinatorial libraries. Furthermore, few proline analogues maintain the native pucker of 

L-proline, which, as will be seen, is critical for the function of certain proteins. A 

derivative of proline that comes close to satisfying these requirements is created via the 

naturally-occurring γ-position modification of the prolyl side chain. 

 

1.6.4 Proline γγγγ-Modification: 4-Hydroxyproline  

Hydroxylation at the 4-position of proline can be considered to be a naturally 

occurring modification of proline; it has effects on both the pucker and N-terminal amide 

equilibrium of proline. 
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Proline 4-hydroxylation in vertebrates occurs post-translationally through the 

action of prolyl-4-hydroxylase (P4H), of which there are two closely related forms (I and 

II).148 The enzyme, located in the lumen of the endoplasmic reticulum, acts on single-

stranded peptides (formation of a triple helix completely prevents hydroxylation by P4H). 

Poly-L-proline peptides are highly competitive inhibitors of P4H, which suggests the 

polyproline conformation is required for enzyme binding. The minimum sequence 

required for hydroxylation of Pro has been found to be the tripeptide sequence (Xaa-Pro-

Gly).149 It is known that the enzyme requires Fe2+, O2, 2-oxoglutarate and ascorbate as 

cosubstrates.150 The current model for catalysis is that the Fe2+ ion located in a 

hydrophobic pocket, is coordinated to the side chains of three amino acids (His412, 

His483 and Asp414) (Figure 1.6.4.1).  

 

Figure 1.6.4.1: Proposed mechanism of proline 4-hydroxylation: A) Fe2+ is coordinated 

by the side chains of His412, Asp414, and His 483; B) Fe2+ forms a complex with O2 and 

2-oxoglutarate; C) Formation of CO2 coincides with regio- and stereospecific 

hydroxylation of proline. [Reproduced from Matrix Biology 1998, 16, Kari I. Kivrikko 

and Johanna Myllyharju, pages 357-368. Copyright 1998 with permission from Elsevier] 
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During catalysis, 2-oxoglutarate is decarboxylated to form succinate; followed by 

one atom of O2 being incorporated into succinate, and the other onto the proline side-

chain.151,152 The ferryl ion (Fe3+O-) produced is reduced by ascorbate in order to 

regenerate the catalytic cycle. The hydroxylation of L-proline in the (Xaa-Pro-Gly) 

sequence occurs regio- and stereospecifically, presumably because of a selective binding 

pocket;153 hence, 4S-hydroxyproline is not produced by P4H in vertebrates. 

 Hydroxylation of L-proline modifies two important physical parameters of 

proline. First, hydroxylation tends to stabilize the proline side chain pucker, which 

depends on the stereochemistry of the 4-position oxygen atom (Figure 1.6.4.2).154 While 

4R-hydroxyproline (Hyp) adopts a Cγ-exo pucker, 4S-hydroxyproline (hyp) adopts a Cγγ-

endo type conformation.73-79,154-157 Second, hydroxylation affects the N-terminal amide 

cis/trans equilibrium, which also depends on the stereochemistry of the attached oxygen 

atom. It has been observed that Hyp stabilizes the N-terminal amide trans conformation 

(Ktrans/cis of 6.1) relative to proline (Ktrans/cis of 4.6), and hyp stabilizes the cis amide 

conformation (Ktrans/cis of 2.4).154  
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Figure 1.6.4.2: Differences in the pucker and amide isomer ratio (Ktrans/cis) between 4R- 

and 4S-hydroxyproline.   
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Raines and coworkers found that hydroxylation does not seem to influence the 

rate of N-terminal amide isomerization compared to L-proline in model peptides (in D2O 

at 37 °C) according to NMR magnetization inversion transfer experiments.155 

Interestingly, evidence indicates that the change in proline pucker and prolyl amide 

equilibrium that occurs upon 4-hydroxylation are directly related; this fact was 

discovered as a part of understanding an important protein rich in Hyp: collagen. 

 

1.7 Collagen 

1.7.1 Understanding the Structure of Collagen 

Collagen is the most abundant protein found in vertebrate species, a subphylum 

that includes animals, birds, and humans.158-160 In fact, collagen is found in nearly every 

human tissue and is the major protein component of skin, bones, ligaments, tendon, and 

cartilage.161 Collagen exists in the extracellular matrix as extended fibrillar structures, in 

which tropocollagen molecules have associated into characteristic fibrils, which then 

bundle into larger collagen fibers (Figure 1.7.1.1).162,163 
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Figure 1.7.1.1: Overview of collagen structure: tropocollagen molecules, composed of a 

characteristic amino acid sequence, combine to form fibrils, which form larger collagen 

fibers. [Reproduced with permission, Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 12285. 

Copyright 2006 the National Academy of Sciences, U.S.A.] 

On a molecular level, tropocollagen molecules are composed of three polypeptide 

chains, each in a left-handed polyproline II type conformation, twisted together into a 

right-handed triple helix.164-169 The amino acid sequence of each strand is a repeating 

tripeptide motif of (Gly-Xaa-Yaa)n, where glycine is found at every third position in the 

amino acid sequence. Glycine is required at every third position to allow tight packing of 

the three polypeptide strands; an amino acid with a larger side chain would preclude 

triple helix formation. The amino acid in the Xaa position is often L-proline, while the Yaa 

position amino acid is often (4R)-4-hydroxy-L-proline. There are normally approximately 

300 tripeptide repeats per collagen molecule, which gives a length of ~300 nm.170 Of note 

is that all of the amide bonds in the collagen molecule exist in a trans amide 

conformation. Because collagen is such a prevalent structural protein, and is implicated 

as a target of several disease states including osteogenesis imperfecta,171 rheumatoid 
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arthritis,172 and diabetes mellitus,173-174 much effort has been made to understand its 

structural properties and the origin of its thermal stability. 

In 1951, Pauling and Corey first proposed that collagen is composed of three 

parallel polypeptide chains that coiled into a helix.175 Their model was based on careful 

analysis of the fibre X-ray diffraction data available at the time. Three years later, Kartha 

and Ramachandran improved upon Pauling’s model by proposing that the polypeptide 

strands each adopt a left-handed helix and twist together to form a right-handed helix.164 

They also predicted that the glycine residue, known to be at every third position, would 

have to be placed at the interior of the triple helix axis to allow for the close association 

of the three strands. A final refinement to the model was made a year later in 1955 by 

Rich and Crick, who proposed a single systematic hydrogen bond between the 

polypeptide strands.167 

It was not until 1994, nearly 40 years later, that the structural model established 

by these researchers was confirmed through the work of Berman, Brodsky and 

coworkers, who solved the single crystal structure of collagen for high resolution analysis 

(0.19 nm).169 They affirmed that there are three left-handed strands twisted into a right-

handed triple helix, with a single hydrogen bond between the strands per tripeptide repeat 

(from the glycine NH to the proline carbonyl group). What was not expected was that a 

hydration network surrounded the triple helices involving hydrogen bonds with the 4-

hydroxyl groups of hydroxyproline residues (Figure 1.7.1.2).  
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Figure 1.7.1.2: Illustration of water mediated inter- and intrachain hydrogen bonds to the 

4-hydroxyl group of hydroxyproline residues observed in the crystal structure of Bella’s 

collagen model peptides. [Reproduced with permission, Science 1994, 266, 75. Copyright 

1994 the American Association for the Advancement of Science.] 

As it was known that collagen stability is highly correlated to hydroxyproline 

content,176-179 and that collagen folding is primarily an enthalpic process,180 it was 

postulated that hydroxyproline stabilizes the collagen triple helix through water-mediated 

hydrogen bonds. This spurred interest in understanding the role of 4-hydroxyproline in 

stabilizing the collagen triple helix. It has since been found that the stability of collagen is 

highly sensitive to hydroxyproline configuration181 and location182 in the tripeptide 

sequence. In a similar manner to the study of glycopeptides and glycoproteins, much of 

the understanding of collagen has arisen from the study of collagen model peptides. 
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1.7.2 Understanding the Role of 4-Hydroxyproline in Collagen Stability 

Brodsky and coworkers varied all 20 natural amino acids in the Xaa and Yaa 

positions of collagen model ‘guest’ peptides of the form Ac-(Gly-Pro-Hyp)3-Gly-Xaa-Yaa-

(Gly-Pro-Hyp)4-Gly-Gly-NH2.183 They found that of all the amino acid combinations, L-

proline in the Xaa position and 4-hydroxy-L-proline in the Yaa positions of the guest 

peptides provided the most stable collagens according to thermal melting experiments 

using circular dichroism (CD), where ellipticity is monitored as a function of 

temperature. Of note is that arginine in the Yaa position is nearly as effective at stabilizing 

the collagen triple helix as Hyp. However, for most species, large amounts of 

hydroxyproline indicate it is more relied upon for the stabilization of collagen, with the 

exception of several species of bacteria that form stable collagen molecules without the 

presence of hydroxyproline.184  

In 1976, Inouye, Sakakibara, and Prockop found that exchange of 4S-

hydroxyproline in place of 4R-hydroxyproline in the Yaa position of model peptides (Pro-

Yaa-Gly)10 precludes formation of the collagen triple helix according to similar thermal 

melting experiments (Table 1.7.2.1).181 Additionally, exchanging proline and 4-

hydroxyproline in the Xaa and Yaa positions in collagen model peptides of the form (Xaa-

Yaa-Gly)10, greatly reduced their melting temperature (Tm).182  
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Table 1.7.2.1: Moving 4R-hydroxyproline (Hyp) from the Yaa to the Xaa position or 

replacement with 4S-hydroxyproline (hyp) affects triple helix formation in collagen 

model peptides. 

Model Peptide Tm (± 2 °C)a 

[Pro-Pro-Gly]10 41 

[Pro-(4R)-Hyp-Gly]10 69 

[(4R)-Hyp-Pro-Gly]10 <5 

[Pro-(4S)-hyp-Gly]10 n.t.b 

aCarried out in 50 mM acetic acid; bNo thermal transition observed. 

Clearly, the position and stereochemistry of 4-hydroxyproline is very important 

for stabilizing collagen. For many years, this was attributed to a water network mediated 

through hydrogen bonds to 4-hydroxyproline.185 However, based on this theory, small 

changes in position and stereochemistry should not greatly affect the stability of the 

collagen triple helix as is observed. The work of Raines and coworkers gave some insight 

into this apparent contradiction. 

 

1.7.3 Insight into the Stabilization of Collagen from 4-Fluoroproline 

Raines and coworkers have significantly contributed to understanding the role of 

hydroxyproline in collagen and related peptides through the use of 4-fluoroprolines. 

Fluorine and hydrogen are considered to be isosteric despite minor differences in van der 

Waals radius, bond length and dipole moment of the C-F bond.186 However, organic 

fluorine is not expected to form hydrogen bonds and thus has little effect on aqueous 
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solvation.187,188 Using model peptides of the form N-acetyl-proline-N′-methyl ester, it was 

found that in a similar fashion to 4R-Hyp, 4R-fluroroproline (Flp) 79 induces a Cγ-exo 

pucker and shifts the N-terminal amide equilibrium to favour the trans amide 

conformation (Ktrans/cis of 6.1 versus 6.7 in D2O at 25 °C, respectively) (Figure 1.7.3.1).154  
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Figure 1.7.3.1: 4-Fluorination of proline has similar effects to 4-hydroxylation. 

Also, similar to 4S-hyp, 4S-fluoroproline 80 induces a Cγ-endo pucker and a 

higher cis amide content (Ktrans/cis of 2.4 versus 2.5 in D2O at 25 °C, respectively) relative 

to L-proline (with a Ktrans/cis of 4.6). Raines justified the similar changes in proline pucker 

as arising through ‘gauche effects’. When two electronegative atoms are vicinal to each 

other, they prefer to adopt a gauche conformational relationship.189 This allows for 

maximal σ-σ* electron donation through neighbouring hydrogen atoms, and favours a 

given pucker depending on the stereochemistry at the 4-position group (Figure 1.7.3.2).  
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Figure 1.7.3.2: Proposed ‘gauche effect’: The proline side chain will adjust in order to 

place electronegative atoms in a gauche orientation to maximize σ-σ* electron donation.  
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This stereoelectronic effect has different implications for Ktrans/cis depending the 

alignment of the favourable n → π* interaction from the lone pair on the prolyl N-

terminal amide carbonyl oxygen to antibonding orbital of the prolyl C-terminal carbonyl 

carbon caused by the different puckers (Section 1.5.1).154 The Cγ-exo pucker induced by 

4R-hydroxyproline causes a ψ-angle of 141°, which favours the n → π* interaction, and 

stabilizes the trans amide isomer, raising Ktrans/cis. In contrast, for 4S-hydroxyproline, the 

Cγ-endo pucker disfavours the optimal ψ-angle, perhaps of electrostatic repulsion 

between the 4-hydroxy group and the C-terminal carbonyl oxygen atom, thereby 

disfavouring the n → π* interaction, which destabilizes the trans amide isomer and 

lowers Ktrans/cis.190 

The proline analogue 4-fluoroproline also seems to cause an increase in the rate of 

N-terminal amide isomerization.155 This was explained in several ways, which centered 

on the fact that fluorine is a more electronegative atom than oxygen, and therefore can 

inductively withdraw more electron density from the prolyl nitrogen atom (Figure 

1.7.3.3).  
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Figure 1.7.3.3: Inductive effect on prolyl isomerization: A) Delocalized electron density 

in the prolyl N-terminal amide bond; B) Fluorination causes an inductive effect which is 

proposed to shift electron density onto the prolyl nitrogen, thereby increasing C-N single 

bond character and the rate of isomerization. 
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Evidence to support this theory came from finding a lower pKa of the prolyl 

nitrogen for 4-fluoroproline in model peptides of the form N-acetyl-proline-N′-

methylester. A decrease in pKa indicates a shift of electron density from the C-N bond 

onto the prolyl nitrogen.191,192 Also, the N-terminal amide carbonyl amide I vibrational 

mode was shifted to higher wavenumbers, which indicates an increase in carbonyl double 

bond character and implies an increase in single bond character of the amide C-N 

bond.193,194 Thus, through inductive electron-withdrawing effects, fluorine decreases the 

C-N double bond character, and lowers the barrier to amide isomerization. This effect 

was further supported by the work of Moroder and coworkers, who studied 4,4-

difluoroproline model peptides.195 They found that the inductive effect is additive, as the 

difluorinated proline analogues have even higher isomerization rates compared to the 4R- 

or 4S-fluoroproline model peptides. 

Apart from demonstrating the differences between 4-fluoroproline and 4-

hydroxyproline, perhaps most importantly, these studies highlight the important 

difference between L-proline and 4-hydroxy-L-proline. These results give insight into one 

reason as to why 4R-hydroxproline stabilizes collagen; it greatly favours the trans amide 

conformation, which is required for triple helix formation. The contribution of this effect 

to the stability of collagen becomes significant when multiple hydroxyproline residues 

are present. Raines boldly predicted that 4-fluoroproline incorporated into collagen 

peptides would greatly stabilize the triple helix, which was somewhat optimistic 

considering the small increase in the stabilization of the trans conformer from 4R-

fluoroproline (Ktrans/cis of 6.7 in D2O at 25 °C) compared to 4R-hydroxyproline (Ktrans/cis of 

6.1 in D2O at 25 °C).155 However, he was proven correct.  
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In 1998, Raines and coworkers published a seminal paper in the journal Nature in 

which he confirmed that in model peptides of the form (Pro-Yaa-Gly)10, the replacement 

of 4R-hydroxyproline by 4R-fluoroproline in the Yaa position greatly increased the 

stability of the collagen triple helix.196 The transition midpoint (Tm) between the triple 

helix and single strand states for the model peptides progressed from 41 °C for (Pro-Pro-

Gly)10 to 69 °C for (Pro-Hyp-Gly)10 to 91 °C for (Pro-Flp-Gly)10 (Table 1.7.3.1).  

Table 1.7.3.1: Incorporating 4R-fluoroproline (Flp) in the Yaa position stabilizes the 

collagen triple helix. 

Model Peptide Tm (± 1 °C)a 

(Pro-Pro-Gly)10 41 

(Pro-(4R)-Hyp-Gly)10 69 

(Pro-(4R)-Flp-Gly)10 91 

aCarried out in 50 mM acetic acid. 

Therefore, not only did fluoroproline provide a very stable form of collagen, but it 

also required that the model established for the reasoning behind the stability of collagen 

be modified. Since fluoroproline does not participate in hydrogen bonding,187-188 it means 

the stability that arises through hydroxyproline content does not arise from hydrogen 

bonding through water networks alone. Rather, Raines attributed the stability of the 

collagen triple helix to inductive effects arising from the 4-position fluorine substituent, 

which favours the N-terminal trans amide conformation. Raines speculated that chemical 

modification of the Hyp hydroxyl groups with electron-withdrawing substituents could 

enhance the stability of natural collagen, allowing new biomaterials to be produced. 



 

65 

However, the theory that inductive effects are the sole factor in the stabilization of 

the prolyl trans amide conformation now seems unlikely. The study by Moroder and 

coworkers of 4,4-difluoroproline found that while an inductive effect seems to be 

additive for the rate of isomerization, it is not for the prolyl amide equilibrium.195 The 

Ktrans/cis for Ac-4,4-F2Pro-OMe in water at 20 °C is 3.8, which is between that of Ac-4R-

Flp-OMe (Ktrans/cis  of 8.0) and Ac-4S-Flp-OMe (Ktrans/cis of 2.8) under similar conditions. 

If an inductive effect was directly responsible for the stabilization of the trans amide 

isomer, then a change in the stereochemistry at the 4-position would not drastically 

change the Ktrans/cis as was observed. Clearly, there are other factors mediating inductive 

effects and the prolyl amide equilibrium. 

 

1.7.4 Contributions of the Proline Pucker to the Stabilization of Collagen 

Further studies by Raines found that stabilization of the trans amide conformation 

arises indirectly from inductively electron-withdrawing groups favouring a particular 

proline pucker, which depends on the stereochemistry of the substituent.154 This influence 

of the stereochemistry of side-chain substituents on proline pucker has been known for 

many years, but it was Raines who reasoned that certain puckers allow for optimal 

alignment of the N-terminal amide carbonyl group to the C-terminal amide carbonyl to 

donate electron density in an n → π* fashion. It is known that the ψ-angle in a Cγ-exo 

conformation is 141°, which is near the ideal ψ-angle of 150° for alignment of the C=O 

to C=O bonds in the Burgi-Dunitz trajectory for a nucleophile approaching an 

electrophilic center (Section 1.5.1).197 Thus, the Cγ-exo conformation would be expected 

to favour the N-terminal trans amide conformation to exploit this interaction. Conversely, 
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in the Cγ-endo conformation, unfavourable electrostatic clashes between the non-bonded 

electrons on the fluoro and ester groups would be expected to disfavour this n → π* 

interaction.154  

A study by Raines using 2-acetyl-2-azabicyclo[2.1.1]hexane-3-carboxylic acid 

methyl ester (Ac-methano-Pro-OMe) was an attempt to tease apart the influence of 

inductive effects from pucker on Ktrans/cis.198 Since the pucker of 2-

azabicyclo[2.1.1]hexane is fixed, attaching fluoro and hydroxyl groups at the pseudo-Cγ-

position revealed the effects of induction without any change in the pucker (Figure 

1.7.4.1).  
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Figure 1.7.4.1: Amide isomer ratio of bridged model peptides in D2O at 25 °C. 

Interestingly, no change in the amide equilibrium was observed upon 

modification of the side chain by fluoro or hydroxyl groups in the bridged model peptides 

(all had a Ktrans/cis of 3.5 in D2O at 25 °C).  This study confirmed that changes in Ktrans/cis 

arise from changes in the proline pucker, and not from inductive effects. Furthermore, 

this work implicates the stabilization of the proline pucker as a key determinant in the 

stability of the collagen triple helix. 

Recent high-resolution crystal structures of collagen model peptides grown in 

microgravity have confirmed that proline residues in the Xaa position of the collagen 
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(Gly-Xaa-Yaa) tripeptide sequence adopt a Cγ-endo conformation, while hydroxyproline in 

the Y position adopts a Cγ-exo conformation.199 This reinforces the theory that for 

optimal packing of the polypeptide strands, adoption of the correct pucker is 

important.76,190 The authors modelled 4S-hydroxyproline in the Xaa position of the (Gly-

Xaa-Yaa) repeat, and found it created unfavourable steric interactions to the neighbouring 

chain.199 Therefore, it can be extrapolated that 4R-hydroxylation of proline favours the 

trans amide conformation, but also a Cγ-exo conformation, which explains why this 

residue stabilizes collagen in the Yaa position and destabilizes collagen when in the Xaa 

position. 

As a natural progression, by predisposing the amino acids in the (Gly-Xaa-Yaa) 

sequence to their favoured puckers for triple helix formation, one would expect to create 

a more stable triple helix. Raines and coworkers synthesized (Gly-4S-flp-4R-Flp)7 model 

peptides, since 4S-fluoroproline (denoted with the lower-case acronym flp) is known to 

adopt a Cγ-endo conformation and 4R-fluoroproline (Flp) is known to favour a Cγ-exo 

conformation.200 Interestingly, this approach actually caused a decrease in the stability of 

the collagen peptides. The CD spectrum of the model peptide (Gly-4S-flp-4R-Flp)7 had a 

Tm that was 8 °C lower than both (Gly-4S-flp-Pro)7 (Tm of 33 °C) and (Gly-Pro-4R-Flp)7 

(Tm of 45 °C) as determined by CD thermal melting experiments. This result was 

attributed to unfavourable steric interactions between the Xaa position 4S-fluoro group to 

a Yaa position 4R-fluoro group in an adjacent chain (Figure 1.7.4.2). Therefore, it seems 

the steric environment around the amino acid in the Xaa position is very crowded in the 

triple helix. 
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Figure 1.7.4.2: Space filling model of (Gly-4S-flp-4R-Flp)7 with the proposed 

unfavourable F⋅⋅⋅F interstrand interaction precluding triple helix formation. [Reproduced 

with permission, J. Am. Chem. Soc. 2005, 127, 15923. Copyright 2005 American 

Chemical Society.] 

 

1.7.5 Hydroxyproline Analogues Developed to Modulate the Stability of Collagen 

Raines and coworkers further explored the effect of proline pucker on collagen 

stability by using a steric influence rather than a stereoelectronic one to pre-organize the 

puckers of the Xaa and Yaa position residues to create optimal alignment of the collagen 

polypeptide strands. The proline analogue 2S,4R-methylproline (denoted with the lower-

case acronym mep) 82 was used to induce a Cγ-endo conformation and 2S,4S-

methylproline (Mep) 81 to induce a Cγ-exo conformation (Figure 1.7.5.1).201 The methyl 

groups prefer to adopt a pseudo-equatorial orientation on the pyrrolidine ring, which 

favours a given proline pucker in absence of any stereoelectronic effects.  
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Figure 1.7.5.1: 4-Methylgroups affect the prolyl pucker by adopting a pseudo-equatorial 

orientation; this causes a change in the amide equilibrium in D2O at 25 °C. 

The proline analogues were incorporated into collagen model peptides of the form 

(Xaa-Yaa-Gly)7 to mirror the preferred puckers in normal collagen. In the (Xaa-Yaa-Gly) 

sequence, 4R-methylproline (mep) and 4S-methylproline (Mep) were incorporated in the 

Xaa and Yaa positions to induce Cγ-endo and Cγ-exo puckers, respectively. It was found 

that the collagen model peptide (mep-Mep-Gly)7 adopted a triple helix based on its CD 

maxima (Figure 1.7.5.2A) and melting curve showing a two-state transition (Figure 

1.7.5.2B), which was equally stable compared to the collagen peptide (Pro-Hyp-Gly)7; 

both had a Tm of 36 °C. In this case, the methyl groups are predicted to radiate outward 

from the triple helix, and not cause any destabilizing steric interactions.  
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Figure 1.7.5.2: A) CD curve of the collagen model peptides incorporating Mep and mep; 

the positive maximum at 225 nm is indicative of the polyproline II helix and a triple 

helical fold; B) Thermal melting curves of (Pro-Mep-Gly)7 (red), (mep-Pro-Gly)7 (blue), 

and (mep-Mep-Gly)7 (black). [Reproduced with permission, J. Am. Chem. Soc. 2006, 

128, 8112. Copyright 2006 American Chemical Society.] 

The stabilization incurred upon incorporation of 4-methylproline seemed to be an 

additive process. The model peptides (Pro-Mep-Gly)7  and (mep-Pro-Gly)7  had melting 

temperatures of 29 °C and 13 °C, respectively (Figure 1.7.5.2). This could be a result of 

the large disparity in the stabilization of the trans amide isomer from the two proline 

analogues. In N-acetyl proline methylester peptide models, the Ktrans/cis for Mep was 7.4 

while the Ktrans/cis for mep was only 3.6 in D2O at 25 °C (Figure 1.7.5.1). Thus, even 

when the puckers in the Xaa and Yaa positions are predisposed to triple helix formation, 

stabilization of a trans amide conformation still has an impact on collagen stability. 

Therefore, there seems to be a duality (or overlap) from the influence of proline pucker 

and N-terminal trans amide stabilization.  

In this case, the authors proved that steric effects can replicate stereoelectronic 

effects on pucker conformation. Therefore, attachment of a heteroatom to the prolyl side 
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chain is not required for triple helix formation. Furthermore, previous work showed that 

stereoelectronic effects are not additive in (Gly-4S-flp-4R-Flp)7 peptides for affecting 

collagen stability, but the steric influence on pucker from mep and Mep is additive. The 

authors predict that application of the combined knowledge of both steric and 

stereoelectronic effects on influencing collagen stability will lead to the development of 

highly robust collagen for use in biomedicine and biotechnology. 

Several other notable approaches have been used to develop synthetic collagens, 

which include incorporating charged amino acids and acylation of hydroxyproline. Babu 

and Ganesh demonstrated that by replacement of 4-hydroxyproline by an ionizable group, 

such as 4R-aminoproline (Amp), the stability of the collagen triple helix in model 

peptides of the form Ac-Phe-(Pro-Amp-Gly)6-NH2 could exhibit pH dependence (Table 

1.7.5.1).202 At pH 3.0, the Tm for the model peptide Ac-Phe-(Pro-(4R)-Amp-Gly)6-NH2 

was found to be 60.0 °C compared to 27.0 °C for the model peptide with Hyp at the Yaa 

position. Similarly, at pH 12.0, the Tm was much higher for the model peptide which had 

Amp in the Yaa position (Tm of 56.6 °C compared to 39.6 °C); while at pH 9.0, there was 

no difference in the stability of the model peptide triple helices.  

Table 1.7.5.1: Effect of pH on the stability of collagen model peptides incorporating 4-

aminoproline and 4-hydroxyproline in the Yaa position. 

Model Peptide 
Tm (± 0.5 °C)a 

pH 3.0 pH 7.0 pH 9.0 pH 12.0 

Ac-Phe-(Pro-(4R)-Hyp-Gly)6-NH2 27.0 28.0 27.0 27.0 

Ac-Phe-(Pro-(4R)-Amp-Gly)6-NH2 60.0 56.5 26.0 49.0 

apH 3.0: 20 mM acetate buffer; pH 7.0: phosphate buffer; pH 9.0 and 12.0: 20 mM borate buffer. 
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The authors reasoned that at low pH, the protonated amine could enhance 

electron-withdrawing effects similar to 4-fluoroproline and also increase hydrogen 

bonding potential. At high pH, stabilization could also arise through hydrogen bonding 

interactions and the lack of charged repulsion between amino groups. Therefore, 

hydrogen bonding interactions from the Yaa position amino acids in collagen model 

peptides was attributed to having a large impact on the stability of the collagen triple 

helix. The Amp proline analogue was proposed to be an improvement over 4-

fluoroproline, since replacement of the hydroxyproline 4-hydroxyl group by a 4-amino 

group is more feasible chemically for naturally-occurring tropocollagen molecules.  

Raines and coworkers investigated the effects of acylation of hydroxyproline on 

collagen stability. Using model peptides of the form N-acetyl proline methylester, 

comparison of the proline Cγ-carbon 13C chemical shifts was done to estimate the 

electron-withdrawing effect from the acyl group (Figure 1.7.5.3).  
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Figure 1.7.5.3: 4-O-Acetylation of proline causes little change in the amide equilibrium, 

but does affect the chemical shift of the Cγ-atom at 25 °C in 1,4-dioxane-d8. 

It was found that there was an incremental increase in Cγ chemical shift upon 

acylation, from hydroxyproline (70.4 ppm) to acylated hydroxyproline (73.7 ppm) to 

trifluoroacyl hydroxyproline (78.5 ppm). These shifts were all less than was observed for 



 

73 

4-fluoroproline (93.3 ppm). Also, the stereochemistry of the 4-position substituent had no 

effect on the chemical shift, which indicates that it is an inductive electron-withdrawing 

effect.  

Acylation did not appear to have a significant effect of the N-terminal amide 

equilibrium: (4R)-O-acetylproline exhibited a Ktrans/cis of 3.3 ± 0.3 compared to 4.0 ± 0.4 

for 4R-hydroxyproline in model peptides in 1,4-dioxane at 25 °C (Figure 1.7.5.3). 

Trifluoroacyl modification of 4-hydroxyproline had no further effect on prolyl N-terminal 

amide equilibrium (3.3 ± 0.4). It was reasoned that the relatively small electron-

withdrawing effect would not translate into a measurable difference in pyramidalization 

of the prolyl nitrogen atom. Finally, acylation did not affect the preferred Cγ-exo and Cγ-

endo puckers of Hyp and hyp, respectively. Based on these results, the authors asserted 

that acylation would not preclude triple helix formation and could enhance the stability of 

the collagen triple helix.  

The model peptide (Pro-Hyp-Gly)10 was reacted with acetyl chloride in 6M HCl 

to form the corresponding acylated collagen model peptide (Pro-Hyp(OAc)-Gly)10. Mass 

spectrometry was used to confirm complete conversion to the target peptide. Raines and 

coworkers found that the acetylated collagen model peptide (Pro-Hyp(OAc)-Gly)10 had a 

Tm of 57.5 °C compared to 69 °C for (Pro-Hyp-Gly)10. Based on simple modelling, the 

decrease in stability of the acylated triple helix was attributed to steric repulsion between 

acyl groups and neighbouring chains. In summary, despite a small decrease in thermal 

stability, acylation of hydroxyproline does not preclude formation of the collagen triple 

helix. 
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1.7.6 Effects of Carbohydrates on Collagen Structure and Stability 

In nature, hydroxyproline residues in collagen are not known to be glycosylated; 

the effects of this modification have never been explored. However, 5R-hydroxy-L-lysine 

residues in the Yaa position of the collagen (Gly-Xaa-Yaa)n repeat are known to be β-O-

glycosylated with the glycans D-galactose and D-glucosylgalactose (Section 1.3.2).203-208 

These O-linked glycans have been implicated in the secretion and assembly of collagen 

fibrils,209-214 embryonic development and cell viability,215-216 and the interaction of 

collagen with protein receptors;217-221 however, a complete understanding of their 

function has yet to be achieved. Interest in understanding the effects of glycosylation of 

collagen also stems from the knowledge that non-enzymatic glycosylation (glycation) of 

collagen has been implicated in diseases such as diabetes mellitus173,174,222-226 and 

rheumatoid arthritis.172,227 Several studies have looked at the implications of non-specific 

glycation of collagen fibres.  

Brodsky and coworkers used solutions of D-ribose (0.2 M) to study the structural 

implications of non-specific glycation on collagen isolated from rat-tail tendon.222 They 

found this process had several effects, notably an expansion of the space between 

collagen fibres by ~10 % perpendicular to the axis of the collagen fibres. This was 

attributed to cross-link formation between collagen fibres mediated by the sugars, which 

pushes the collagen molecules apart. It was also found that the collagen fibres became 

increasingly insoluble with prolonged incubation with D-ribose. Furthermore, the authors 

observed disruption of the crystalline packing of the collagen fibres, which is associated 

to a change in the mechanical properties of collagen and compromises normal 

interactions with other components of the extracellular matrix. Therefore, there were 
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significant structural changes that resulted from glycation, which have implications for 

the effects of disease on collagen physiology. However, in this case the chemical 

modification of collagen was poorly controlled and characterized. 

Interestingly, in more detailed studies of collagen model peptides, glycosylation 

has been shown to stabilize the collagen triple helix. The cuticle collagen of a deep-sea 

worm, Riftia pachyptila, which lives near hydrothermal vents, has a β-O-galactosylated 

threonine residue in place of hydroxyproline in Yaa position of the collagen (Gly-Xaa-Yaa) 

repeat (Figure 1.7.6.1).228,229  
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Figure 1.7.6.1: The glycosylated collagen model peptide Ac-(Gly-Pro-Thr(β-D-Gal))10-

NH2 forms a stable triple helix, while Ac-(Gly-Pro-Thr)10-NH2 does not. 

A study carried out by Bächinger and coworkers found that the carbohydrate was 

essential for formation of the collagen triple helix.230,231 While the model peptide Ac-

(Gly-Pro-Thr(β-D-Gal))10-NH2 had a Tm of 41 °C, the peptide Ac-(Gly-Pro-Thr)10-NH2 

did not exhibit a thermal transition (Figure 1.7.6.2).  
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Figure 1.7.6.2: A) CD curves of Ac-(Gly-Pro-Thr)10-NH2 (black), Ac-(Gly-Pro-Thr(β-D-

Gal))10-NH2 (blue) at 5 °C,  and Ac-(Gly-Pro-Thr(β-D-Gal))10-NH2 (red) at 70 °C; B) 

Thermal melting curves shows a two-state transition for Ac-(Glyc-Pro-Thr(β-D-Gal))10-

NH2 (blue) and no transition for Ac-(Glyc-Pro-Thr)10-NH2 (black). [Reproduced with 

permission, FEBS letters, 2000, 473, 237. Copyright 2000 Elsevier Science B. V.] 

Therefore, it seems that the glycosylated threonine residue somehow stabilizes the 

triple helix in place of hydroxyproline. The authors proposed that in a similar manner to 

other O-glycosylated peptides, such as the mucins, the galactose residue instils an 

extended, rigid structure on the polypeptide strands. The galactose residue may also 

stabilize the triple helix through hydrogen bonding to the polypeptide backbone. This 

theory was supported by low exchange rates of backbone NH protons, which indicates 

that the sugar may shield the polypeptide backbone from the solvent. Bächinger 

suggested that in order to clarify the mechanism of stabilization incurred through 

glycosylation, further studies were required to determine if glycosylation affects the cis-

trans isomerization of the neighbouring proline residue and/or affects the conformation 

of the individual collagen strands. 
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1.8 Hydroxyproline-Rich Glycoproteins 

1.8.1 Hydroxyproline is Glycosylated in Plants Cell Wall Proteins 

Hydroxyproline is O-glycosylated in plants and algae, a fact first discovered by 

Derek Lamport in 1967.232 It is now known that hydroxyproline-rich glycoproteins 

(HRGPs) are extremely widespread in the plant kingdom and are the major protein 

components of plant cell walls, which form protective extracellular networks.233,234 These 

proteins are characterized by large amounts of hydroxyproline and serine, a polyproline II 

(PPII) type conformation (see section 1.8.2) and glycosylation by D-arabinose and D-

galactose.232-234 Hydroxyproline arabinosides are usually small, linear β-linked 

homooligosaccharides of 1-4 residues. Galactosylation of hydroxyproline results in the 

addition of larger β-linked heteropolysaccharides of D-arabinose and D-galactose.235 

Characterization of HRGPs by Homer and Roberts in 1979 isolated from 

Chlamydomonas reinhardtii revealed that the proteins have a rigid, rod-like polyproline 

II helical backbone with short oligosaccharide side-chains sticking out like a test tube 

brush.236 The functional consequences of glycosylation on HRGPs are still unclear, but 

efforts have been made to understand this modification. 

In 1980, molecular modelling by Lamport showed that β–linked tetra-

arabinosides attached to hydroxyproline in polyproline peptides would ‘nest’ with the 

polyproline II type helix and form three hydrogen bonds to the carbonyl groups of the 

peptide backbone.237 This indicated that the carbohydrate moiety may provide HRGPs 

with a rod-like structure and high tensile strength, in a similar fashion to the stability 

provided to collagen from the triple helix structure.  
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It was Lamport who suggested in 1976 that glycosylation of HRGPs increases 

their solubility, thermal stability, and resistance to proteolytic degradation through steric 

hindrance to proteases.232 These attributes may have been the selection pressure 

responsible for the evolutionary origin of HRGPs.238,239 Evidence of this was exemplified 

by the work of Esquerré-Tugayé, who found that hydroxyproline and glycosylation levels 

in plant cell walls are known to increase up to 10-fold after bacterial infection. While it 

has been accepted that glycosylation is important to the integrity of the plant cell wall and 

contributes to its stability, few studies have explored in detail the contributions to 

stability of HRGPs upon hydroxyproline glycosylation.     

In 2001, Ferris and coworkers compared the CD spectra of the glycosylated and 

non-glycosylated GP1 protein isolated from Chlamydomonas reinhardtii; an HRGP from 

the cell wall that carries a complex array of arabinogalactan residues, many of which are 

branched.240 They found that upon chemical deglycosylation using hydrogen 

fluoride/pyridine according to the protocol of van Holst and Varner,241 analysis by CD 

showed that there was a significant decrease in the net intensities of the spectrum 

extrema, which was correlated to a transition from a structured to a less structured 

molecule (Figure 1.8.1.1). The authors concluded that the carbohydrate side chains 

reinforce the PPII conformation of GP1.  
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Figure 1.8.1.1: CD spectra of native GP1 (solid line) and deglycosylated GP1 using HF 

(dashed line) at pH 7.0 in water. [Reproduced with permission, Biochemistry 2001, 40, 

2978. Copyright 2001 American Chemical Society.] 

The short oligoarabinosides and larger arabinogalactan polysaccharides that 

characterize HRGPs seem to have different effects on PPII conformation. In 2001, Shpak 

and coworkers studied the extensins, which are a major subgroup of HRGPs identifiable 

by a repetitive Ser-Hyp4 sequence, to explore the relationship between contiguous and 

non-contiguous hydroxyproline sequences on the glycoforms produced.235 Synthetic 

genes were delivered into cultured tobacco cells (Nicotiana tabacum) to produce 

polypeptides with sequences of (Ser-Pro1-4)n. These sequences were hydroxylated by P4H 

to form contiguous and non-contiguous hydroxyproline residues. It was found that the 

(Ser-Pro)n and (Ser-Pro3)n sequences led to non-contiguous hydroxylation, and were 

glycosylated with arabinogalactan polysaccharides. Similarly, (Ser-Pro2)n sequences also 

led to non-contiguous hydroxylation, but were glycosylated with both arabinogalactan 

polysaccharides and arabinose trisaccharides. Finally, (Ser-Pro4)n sequences led to 

contiguous hydroxylation, and were glycosylated predominantly with arabinose 

trisaccharides.  
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The effects of the carbohydrates on the stability of the model peptides was 

measured using CD by comparing the intensity of the extrema of the glycosylated and 

deglycosylated peptides. Deglycosylation was carried out using anhydrous hydrogen 

fluoride. It was found that the polysaccharides intermittently attached to (Ser-Pro)n and 

(Ser-Pro3)n sequences caused a slight decrease in the intensity of the CD maxima (Figure 

1.8.1.2A and B). Similarly, the mixture of glycans attached to (Ser-Pro2)n caused a slight 

decrease in CD maxima (Figure 1.8.1.2C). The authors correlated these decreases in 

intensity to destabilization of the polyproline conformation by intermittent O-D-

galactose-linked polysaccharides.  

 

Figure 1.8.1.2: CD curves of the extensin model peptides (Ser-Pro)n, (Ser-Pro2)n, and 

(Ser-Pro3)n in comparison to an ideal polyproline CD curve (black line); A) Comparison 

of deglycosylated (Ser-Pro)n (blue) to (Ser-Pro)n (red); B) Comparison of deglycosylated 

(Ser-Pro3)n (yellow) to (Ser-Pro3)n (orange); C) Comparison of deglycosylated (Ser-Pro2)n 

(lavender) to (Ser-Pro2)n (blue)  [Reproduced with permission, J. Biol. Chem. 2001, 276, 

11276. Copyright 2001 American Society for Biochemistry and Molecular Biology.] 
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In contrast, the arabinose oligosaccharides attached to the sequence (Ser-Hyp4)n 

caused a marked increase in the CD maxima, which was correlated with a stabilizing 

effect on the polyproline conformation (Figure 1.8.1.3).  

 

Figure 1.8.1.3: CD curves of the extensin model peptides (Ser-Pro4)n in comparison to an 

ideal polyproline CD curve (black line); deglycosylated (Ser-Pro4)n (dark green) to (Ser-

Pro4)n (light green). [Reproduced with permission, J. Biol. Chem. 2001, 276, 11276. 

Copyright 2001 American Society for Biochemistry and Molecular Biology.] 

Also, a shift from 206 nm to 201 nm in the minima of the negative absorption 

band was correlated with a direct interaction between the arabinooligosaccharides and the 

polypeptide backbone, which was attributed to stabilizing the PPII conformation. 

However, this was not corroborated by any other techniques. The authors concluded that 

the polypeptide sequence determines the type of glycan attached, which in turn affects the 

stability of the polyproline conformation of the HRGP and perhaps by extrapolation, the 

integrity of the plant cell wall. What remains to be investigated in well defined model 

peptides is if it is the first arabinose or galactose residue that is responsible for the change 

in polyproline conformation, or the larger glycan structure.  
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1.8.2 HRGPs Adopt a Polyproline II Conformation 

The polyproline conformation is an interesting secondary structure type. Two 

distinct conformational forms are known to exist: polyproline I (PPI) and polyproline II 

(PPII).242,243 Polyproline I is a more compact right-handed helix characterized by having 

all cis amide bonds, a helical pitch of 5.6 Å/turn, and 3.3 residues per turn.242 By 

comparison, polyproline II is a more extended left-handed helix with all trans amide 

bonds, a helical pitch of 9.3 Å/turn, and 3 residues per turn (Figure 1.8.2.1).243  

 

 

 

See Figure 1 on page 219 of Creamer, T. P. Proteins 1998, 33, 218-226. 

 

 

 

 

Figure 1.8.2.1: Illustration of an ideal PPII conformation (φ = -75°, ψ = +145°); A) Side-

view showing the extended conformation; B) Top-down view showing three-fold 

symmetry. 

Therefore, every fourth residue in the PPII helix is stacked on top of each other. 

Another distinct structural property of the polyproline conformation is that in the PPI 
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conformation, the carbonyl oxygen atoms are pointed inwards and are shielded by the 

pyrrolidine rings, while in the PPII conformation, they are pointed outwards and are 

exposed to the solvent. This means that interconversion between the polyproline I and II 

conformations can occur upon change in solvent polarity.244-246 Polar solvents favour the 

PPII conformation, while non-polar solvents favour the PPI conformation. 

To date, few examples exist of the PPI conformation in biology;247 however, the 

PPII conformation is common in both folded247-251 and unfolded proteins,252-261 including 

collagen (Section 1.7.1) and HRGPs (Section 1.8.1). The PPII conformation has now 

been implicated in numerous protein-protein recognition interactions.262 For example, Src 

homology 3 (SH3) domain binding sites are found in numerous intracellular proteins, 

such as kinases, lipases, and GTPases, and mediate protein-protein interactions through a 

proline-rich 7-9 amino acid sequence that adopts a PPII conformation.263 Therefore, 

stabilization of such a PP conformation is of interest in the pursuit of therapeutic 

applications of specific SH3 ligands. This reflects a broader interest in controlling PPII 

conformation to understand ligand-binding interactions in the process of developing new 

medicines. 

The rigid nature of the polyproline conformation also lends itself to applications 

as functional materials, such as molecular ‘rulers’,264-266 or as cell-penetrating 

compounds.267-269 However, in order to construct proline oligomers having enhanced 

biological activity and tailored physical characteristics, a greater understanding of the 

factors controlling polyproline conformation is required. 

In contrast to α-helices and β-sheets, the polyproline conformation exists without 

the formation of any systematic hydrogen bonding. This presents two problems: first, 
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assignment of the PP conformation by X-ray crystallography or NMR spectroscopy can 

be problematic, often leading to its incorrect assignment as a random coil.250,270 Circular 

dichroism is a useful method for identifying the PP conformations. The PPII 

conformation is characterized by a weak positive band between 220 and 230 nm and a 

strong negative band between 200 and 210 nm (Figure 1.8.3.1).253,271 The PPI 

conformation is almost a mirror opposite: a weak negative band between 230 and 240 nm 

and a strong positive band between 210 and 220 nm. 

 

 

See Figure 2 on page 454 of Kakinoki, S.; Hirano, Y.; Oka, M. Pept. Sci. 2005, 41, 453-

456. 

 

 

 

 

Figure 1.8.3.1: Typical CD spectra of PPII (solid line) and PPI (dashed line) 

conformations. 

Second, the origin for the significant stability of the polyproline conformation 

remains unclear. Most amino acids can adopt the PP conformation, but have different 

propensities to do so.272-277 Proline and hydroxyproline seem to be the most well 

predisposed to induce the PP conformation, because of favourable φ and ψ backbone 

angles; the φ-angle of Pro and Hyp is fixed at -75° because the prolyl side chain is 
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cyclised onto the polypeptide backbone. Furthermore, a ψ-angle of 150° leads to a 

favourable n → π* interaction from the amide carbonyl oxygen atom (Oi-1) to the amide 

carbonyl group (C’i=Oi) that stabilizes the PP helix. Aside from proline and 

hydroxyproline, glutamine (Gln), Lysine (Lys) and Arginine (Arg) are the most adept 

amino acids for stabilizing the PPII helix; this has been attributed to hydrogen bonding 

interactions between side chains and the peptide backbone.247,254 Similarly, solvent-

mediated hydrogen bonding has been implicated in hydroxyproline stabilizing the PPII 

helix in (Hyp-Hyp-Gly)10-NH2 peptides,278 although the role of water in stabilizing the 

PP conformation has been debated.252,279-283 Proline analogues have been used to learn 

more about factors affecting the stability of the PP conformation, both for understanding 

biological processes and in the development of potential functional materials and 

therapeutics. 

 

1.8.3 Proline Analogues Used to Tune the Polyproline Conformation 

The study of polyproline peptides is generally carried out using model peptides, 

which can give insight into the effects of conformational change even when they are 

extremely short. It has been shown by spectroscopic and computational methods that 

polyproline peptides begin to adopt a helical conformation in a sequence with as few as 

three proline residues,284 however most studies seem to use model peptides of 6-10 

residues.  

The effects of synthetic modification of polyproline peptides are generally 

measured by changes in the intensity of the CD maxima. Typically, stronger absorbance 

is correlated to a stronger propensity to form a specific conformation. Several proline 
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analogues modified at the γ-position have been used to stabilize the PPII conformation to 

understand its role in biological processes and for the development of molecular 

scaffolds. 

Protein kinases are responsible for protein phosphorylation, which is a common 

post-translational modification responsible for regulating protein function. What is still 

unclear is the conformation that is adopted by substrates that bind to the active site of 

protein kinases. In 2005, Madalengoitia and coworkers looked to prove that the cGMP-

dependent protein kinase (PKG) binds to a PPII type conformation using proline-

templated arginine (PTR) amino acids.285 Previous studies by the group had shown that 

oligoPTR peptides adopt a PPII conformation.286 Using the peptide model Arg-Arg-Gln-

Ala-Ile, one, two, or three PTR’s were inserted in the first three positions of the peptide. 

It was found that the control peptide displayed extremely low inhibitory activity (Ki of 10 

mM), while successive insertions of PTR increased the Ki to 76 ± 19 µM, which is 

similar to natural peptide substrates (Figure 1.8.3.1).  
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Figure 1.8.3.1: Proline-templated arginine amino acids are predisposed to form a PPII 

helix, and exhibit increased binding affinity compared to the native pentapeptide.   
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The authors attributed the increase in binding affinity to a lower net entropy loss 

upon binding from the conformationally constrained proline analogues, which have 

backbone torsional angles that approximate the ideal PPII type conformation. The authors 

concluded that protein kinases such as PKG bind to peptides in a PPII conformation. 

Other proline analogues, such as 4-azidoproline and 4-fluoroproline have also been 

shown to stabilize the PPII conformation, but different techniques have been used to 

establish this fact. 

In 2007, Kümin, Sonntag, and Wennemers constructed oligomers of 4-

azidoproline (Azp) of the form Ac-(Azp)9-OH, in order to stabilize the PPII 

conformation.287 The advantage of Azp is that the azide group can be functionalized 

using ‘click’ chemistry,288 and so are considered to be a proline-based molecular scaffold. 

Interestingly, 4-azidoproline exhibits a ‘gauche’ effect similar to 4-hydroxyproline and 4-

fluoroproline; therefore, the stereochemistry of the 4-position azido group affects the N-

terminal amide ratio (Ktrans/cis) (Figure 1.8.3.2).289  
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Figure 1.8.3.2: 4R- and 4S-Azidoproline instil similar changes in the pucker and amide 

isomer ratio (Ktrans/cis) as 4-hydroxy and 4-fluoroproline in D2O at 25 °C.   
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In model peptides of the form N-acetyl-proline methylester, the 4R-Azp 

stereoisomer 87 stabilized the N-terminal trans amide conformation (Ktrans/cis of 6.1 in 

D2O at 25 °C), while the 4S-Azp stereoisomer 88 stabilized the cis amide conformation 

relative to the unmodified amino acid (Ktrans/cis of 2.6 and 4.6 in D2O at 25 °C, 

respectively).  

In phosphate buffer, the CD spectrum of Ac-(4R-Azp)9-OH exhibited a maximum 

at 225 nm and a minimum at 207 nm, which is consistent with a PPII conformation.287 

The authors also measured the ability of 4R-Azp to stabilize the PPII conformation by 

monitoring its CD spectrum as the % n-propanol in water was progressively increased 

from 0 to 100% (Figure 1.8.3.3).  

 

Figure 1.8.3.3: CD spectra of Ac-(4R-Azp)9-OH (left) shows more resistance to changing 

from PPII to PPI, while Ac-(4S-Azp)9-OH (right) exhibits a more proportional change; 

phosphate buffer (red); 25% n-propanol in buffer (dark purple); 50% n-propanol in buffer 

(yellow); 75% n-propanol in buffer (aqua); 85% n-propanol in buffer (light purple); 90% 

n-propanol in buffer (black); 95% n-propanol in buffer (green); pure n-propanol (blue). 

[Reproduced with permission, J. Am. Chem. Soc. 2007, 129, 466. Copyright 2007 

American Chemical Society.]                 
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As n-propanol favours the PPI conformation, this experiment effectively tests the 

ability of a peptide to resist conformational change. Interestingly, it was found that the 

CD spectrum of Ac-(4R-Azp)9-OH did not change until the peptide was dissolved in pure 

n-propanol. Thus, the peptide is highly resistant to deviation from the PPII conformation. 

In contrast, based on the CD spectra, the conformation of Ac-(4S-Azp)9-OH changed 

immediately towards a PPI conformation with increasing % of n-propanol. Thus, the 4S-

Azp stereoisomer is easily converted to the PPI conformation. The unmodified peptide 

Ac-(Pro)9-OH exhibited a more gradual conversion to the PPI type helix with increasing 

amounts of n-propanol. The authors saw their azidoproline peptides as a means to tune 

the conformational stability of the PPII helix, while retaining the ability to derivatize the 

azido functional groups for the construction of functional materials. 

Horng and Raines used 4-fluoroproline to determine if stereoelectronic effects can 

be used to stabilize polyproline conformations.290 They incorporated both 4R-

fluoroproline (Flp) and 4S-fluoroproline (denoted with the lower-case acronym flp) into 

the model peptides H-(Flp)10-Gly-Tyr-OH (denoted (Flp)10) and H-(flp)10-Gly-Tyr-OH 

(denoted (flp)10). The poly-L-proline homooligomer H-(Pro)10-Gly-Tyr-OH (denoted 

(Pro)10) and 4R-hydroxyproline homooligomer H-(Hyp)10-Gly-Tyr-OH (denoted (Hyp)10) 

were also made for comparison. Raines and Horng found that the peptides (Pro)10, 

(Hyp)10, and (Flp)10 exhibited CD spectra consistent with a PPII type conformation in 

water, while flp seemed to adopt a conformation intermediate between PPII and PPI 

conformations (Figure 1.8.3.4). This was expected, since 4R-fluoroproline stabilizes the 

N-terminal trans amide bond, while 4S-fluoroproline stabilizes the N-terminal cis amide 

bond, and so should favour the PPII and PPI conformations, respectively. Interestingly, 



 

90 

the less intense maxima exhibited by (Flp)10 compared to both (Pro)10 and (Hyp)10 

indicates it has less PPII character. However, this does not translate into decreased 

stability of the PPII conformation. 

 

Figure 1.8.3.4: CD spectra of (Pro)10 (closed circles), (Hyp)10 (open circles), (Flp)10 

(open triangles), and (flp)10 (closed triangles) in 20 mM phosphate buffer. [Reproduced 

with permission, Protein Sci. 2006, 15, 74. Copyright 2006 The Protein Society.] 

The ability of (Flp)10 to stabilize the PPII conformation was assessed using 

temperature-dependent CD measurements. Raines and Horng found an apparent decrease 

in PPII content with increasing temperature for all the peptides, but without a clear 

transition to a high temperature state, which is suggested to be an extended β-strand 

conformation (Figure 1.8.3.5A).291-298  
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Figure 1.8.3.5: A) Thermal melting curves for (Pro)10, (Hyp)10, and (Flp)10 in 20 mM 

phosphate buffer; B) First derivative curves of the ellipticity versus temperature in A, and 

corresponding melting temperatures. [Reproduced with permission, Protein Sci. 2006, 15, 

74. Copyright 2006 The Protein Society.] 

Hinderaker and Raines have suggested that the barrier to this transition is due to 

differential hydration effects and/or hyperconjugation. Since no clear transition was 

observed, the first derivative curves were used to compare the conformational stability of 

each PPII helix (Figure 1.8.3.5B). The estimated Tm values were found to be 27 °C for 
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(Pro)10, and 53 °C for (Flp)10. Because of a highly non-cooperative transition for (Hyp)10, 

the results were less clear, but the Tm was attributed to being higher than for (Pro)10. 

Since 4-fluoroproline cannot hydrogen bond, another factor must responsible for 

stabilizing the PPII helix. The authors attributed the stabilization of the PPII helix from 4-

fluoroproline to stereoelectronic effects in which the 4-position electron-withdrawing 

group stabilizes the prolyl backbone angles of φ (-75°) and ψ (150°), and the N-terminal 

trans amide bond, which predisposes the peptide to a PPII conformation. 

These examples serve to illustrate that proline analogues can be used to modify 

the polyproline conformation and its conformational stability; the ability to further 

derivatize the polyproline peptide is seen as an advantage for developing functional 

materials such as molecular scaffolds. 
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Chapter 2: Thesis Objectives 

Towards an understanding of the effects of glycosylation on the properties of L-

proline, this thesis has two main goals. First, design and synthesize a C-glycosyl proline 

hybrid and investigate its ability to control N-terminal amide isomerization through 

derivatization of the carbohydrate scaffold. Second, to study the effects of both α- and β-

O-glycosylation on 4-hydroxy-L-proline (Hyp) in model compounds, as well as its 

influence on the conformational stability of appropriate model peptides.  

Many approaches exist for the synthesis of C-glycosides (Section 1.4.1), however, 

we chose to use the approach of 2,3,4,6-tetra-O-benzyl-α-D-glucopyranose which can be 

converted in excellent yield and stereoselectivity to the α-allyl C-glycoside using 

allyltrimethylsilane (Scheme 2.1).1  
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Scheme 2.1: Synthesis of 2-amino C-glycoside.1,2 

According to the procedure of Cipolla and coworkers, the benzyl protected C-

glycoside can be selectively deprotected at the 2-position using I2 followed by treatment 

with zinc under acidic conditions.2 Regioselective installation of the 2-amino group can 

be accomplished by consecutive oxidative and reductive amination steps to give the 
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gluco-stereoisomer in good yield. This provides a suitable starting point for incorporation 

of the prolyl side chain into the carbohydrate frame. 

Once the C-glycosyl proline hybrid has been developed, the aim will be to 

incorporate the building block into model peptides, and determine the effects of 

modification of the carbohydrate hydroxyl groups on the conformation and amide isomer 

equilibrium (Chapter 3). 

There are also many approaches for the synthesis of O-glycosylated 

hydroxyproline building blocks; however, few methods give both α- and β-anomeric 

products as desired in this case.3 The anomeric configuration is known to have different 

effects on peptide characteristics (Section 1.2.4). The use of O-benzyl protected 

thioglycosides provides both α- and β-anomers in high yields, although separation of the 

anomers becomes an issue. 

With the glycosylated hydroxyproline building block in hand, it will be 

incorporated into the conventional model amides: Ac-Xaa-NHMe or Ac-Xaa-OMe. Use of 

the former provides an amide at both N- and C-termini, but has been criticized for 

interference from a possible intramolecular hydrogen bond from the amide N-H group.4 

The latter does not suffer from this problem, but provides less peptide character (the 

contributions of the NH group to hydrogen bonds and the amide bond characteristics).  

The effects of O-glycosylation on the conformation, thermodynamics, and 

kinetics of amide isomerization for both 4R- (Chapter 4) and 4S-hydroxy-L-proline (hyp) 

(Chapter 5) will be investigated, with attempts to explain the basis of these effects. In 

accord with previous studies, measurement of these parameters will be carried out 
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primarily by NMR experiments: integration of amide isomer signals, van’t Hoff plots, 

nOe experiments, and magnetization inversion transfer experiments.  

While Hyp is found in important structural proteins in plants and animals, hyp is 

rarely found in nature,5 and has a different influence on the conformation of the 

pyrrolidine ring, as well as on amide isomerization (Section 1.6.4); it will provide an 

opportunity to study the effect of O-linked glycans projected from the opposite face of 

the prolyl side chain relative to Hyp on amide isomerization. 

Since Hyp is found in the important structural proteins: collagen (Section 1.7.1) 

and hydroxyproline-rich glycoproteins (HRGPs) (Section 1.8.1), model peptides 

incorporating O-glycosylated hydroxyproline residues will be synthesized to probe the 

effects of Hyp O-glycosylation on their conformational stability. 

Typically, model peptides of the form Ac-(Pro-Hyp-Gly-)7-10-NH2 have been used 

to probe the effects of Hyp substitution on collagen stability, since these peptides are 

known to form triple helices in solution. The effects of both α- and β-O-glycosylation of 

Hyp on the conformational stability of collagen model peptides will be investigated 

(Chapter 6); primarily using CD spectrometry, in accordance with conventional 

approaches. 

Similarly, model peptides of the form Ac-(Pro)6-9-NH2 have been used to study 

the effects of proline modification on the polyproline II conformation, as found in 

HRGPs and molecular scaffolds. Since HRGPs are characterized by glycans β-O-linked 

to Hyp through a D-galactose residue, the effects of β-O-glycosylation of Hyp on the 

conformational stability of polyproline model peptides will be investigated (Chapter 7); 

also primarily using CD spectroscopy, in accordance with conventional approaches. 



 

122 

2.1 References 

1) Brenna, E.; Fuganti, C.; Grasselli, P.; Serra, S.; Zambotti, S. Chem. Eur. J. 2002, 8, 

1872-1878. 

2) Cipolla, L.; Lay, L. Nicotra, F. J. Org. Chem. 1997, 62, 6678-6681. 

3) Arsequell, G.; Sarries, N.; Valencia, G. Tetrahedron Lett. 1995, 36, 7323-7326. 

4) Eberhardt, E. S.; Panasik, N. Jr.; Raines, R. T. J. Am. Chem. Soc. 1996, 118, 12261-

12266. 

5) Mauger, A. B. J. Nat. Prod. 1996, 59, 1205-1211. 



 

123 

Chapter 3: Tuning of the Prolyl Trans/Cis Amide Rotamer Population 
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3.1 Abstract 

We describe the synthesis of a fused bicyclic C-glucosyl proline hybrid (GlcProH) 

from commercially available 2,3,4,6-tetra-O-benzyl-D-glucopyranose. The GlcProH was 

incorporated into the model peptides Ac-GlcProH-NHMe and Ac-Gly-GlcProH-NHMe. 

Postsynthetic modifications can be introduced via derivatization of the carbohydrate 

scaffold. Conformational analysis of the GlcProH-modified model peptides shows that 

while the conformation of the GlcProH remains fixed, the prolyl N-terminal amide 

equilibrium (Ktrans/cis) can be varied with different modifications of the carbohydrate 

scaffold. Simple N-acyl derivatives studied by NMR spectroscopy showed that in CD3OD, 

there was an increase in the cis-amide content as the sugar substituents changed from 

benzyl (10%) to hydroxyl (22%) to acetate (36%). Similar effects were observed in 

DMSO-D6. The exact nature of the influence is unclear, but most likely arises through 

intramolecular interactions between sugar groups and the peptidic amide backbone. 

Overall, our GlcProH demonstrates variation in (Ktrans/cis) through tuning of the 

carbohydrate scaffold: a new concept in proline peptidomimetics. 
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3.2 Introduction 

Proline is uniquely endowed with a side chain that is fused onto the peptide 

backbone. This trait restricts the rotation about its ø dihedral angle, thereby reducing the 

energy difference between the prolyl amide cis- and trans-isomers, making them nearly 

isoenergetic. Thus, while most peptide amide bonds exist almost exclusively in the trans 

form, proline has a much greater propensity to form cis amide bonds; this makes proline 

crucial for inducing a reversal in peptide backbone conformation.1 Also, cis-trans 

isomerization of proline is of importance because it becomes the rate-determining step in 

the folding pathways of peptides and proteins.2 

Variation of the trans/cis ratio (Ktrans/cis) is of interest for understanding the 

behavior of peptides and proteins. Over the years a number of proline analogues have 

been developed to study the structural and biological properties of proline surrogates in 

peptides. This is done by controlling prolyl N-terminal amide isomerization, and thus 

reverse turn formation. Examples of amide geometry controlled through steric or 

stereoelectronic influences includes Cβ-, Cγ-, Cδ-substituted prolines,3-6 including 4-

fluoroproline,7 azaprolines,8 and pseudoprolines.9 

While these analogues have proved useful for inducing specific constraints on 

prolyl N-terminal amide isomerization, no one analogue can lay claim to the ability to 

shift the prolyl amide equilibrium towards both the cis and trans isomers.  In other words, 

different proline analogues are required to induce a desired bias in Ktrans/cis. This is in part 

because none of the present building blocks have strategic functional groups positioned 

for further derivatization in order to alter the amide equilibrium. This led us towards the 
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development of a proline analogue building block in which prolyl cis-trans isomerization 

could be tuned through simple chemistry, even after incorporation into a peptide. 

Our concept for a proline analogue was derived from glycosyl amino acids 

(GAAs), which are defined by an α-amino acid group (-CH(NH2)CO2H) either directly 

attached or carbon-linked to the anomeric carbon of a carbohydrate scaffold (furan- or 

pyran-).10 The relative rigidity of the furan or pyran ring combined with the 

polyfunctional nature of the carbohydrate scaffold, has inspired the design of unusual and 

conformationally constrained amino acids and novel peptidomimetics.  While there are 

many examples of C-glycosyl glycine, alanine, serine, and asparagine,10c few proline-

based GAAs exist.11  
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Figure 3.2.1: General structure of glucose proline hybrid (GlcProH). The carbohydrate 

scaffold is used as a template to constrain Cβ, Cγ, Cδ, and N of the pyrrolidine ring 

(shown in bold) of L-proline or (2S,4R)-hydroxyproline; P1, P2, and P3 are hydroxy-

derived substituents used to manipulate the steric and electronic properties of the 

GlcProH. 

We report here on the resulting novel fused bicyclic gluco-proline hybrid 

(GlcProH) GAA for use as a peptidomimetic to tune prolyl N-terminal amide 

isomerization. Our bicyclic GlcProH rigidly combines the molecular elements of 

carbohydrates (pyran-based polyol) with the unique features of proline (Figure 3.2.1). 
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The resulting GlcProH is a rigid, polyfunctional building block, which may find use as a 

proline mimetic, glycomimetic, or scaffold for combinatorial synthesis. Many 

conformationally constrained L-proline analogues have been developed12,13 but recently, 

fused bicyclic prolines have attracted interest due to their increased rigidity, which may 

permit better control of the trans/cis ratio.14-16 For instance, bicyclic proline analogues 

have been studied as angiotensin17 and thyroliberin18 analogues, which have served as 

building blocks for the synthesis of peptidomimetics.19 Because of its stable chair 

conformation, glucose provides an ideal scaffold to template proline since it freezes the 

orientation of four proline atoms (Cβ, Cγ, Cδ, N). Furthermore, the sugar hydroxyl groups 

lend themselves to derivatization of the building block as potential sites for influencing 

the peptide backbone conformation. It has been shown that hydroxylated amino acids can 

induce novel secondary structures in small peptides. For instance, incorporation of 

unprotected sugar amino acids into small peptides (opioid peptides and gramicidin S), 

prohibited the formation of the targeted secondary structural motif.20,21 Appearing instead 

were unusual turn structures stabilized by intramolecular hydrogen bonds between sugar 

hydroxyl groups and the peptidic amide backbone.22 

We envision that similar effects may also be observed with the GlcProH. For 

instance, we hope to influence peptide geometry via intramolecular polar interactions (H-

bonding) between the sugar substituents and the peptide backbone. Furthermore, through 

derivatization of the polyhydroxylated carbohydrate scaffold we hope to demonstrate the 

capacity to tune prolyl N-terminal amide isomerization. To test the effects of chemically 

modifying the carbohydrate hydroxyl groups on prolyl cis-trans isomerization, we will 

study simple N-acyl and N-glycyl model compounds. Modifications of the glycine-
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proline peptide motif are of particular interest since it is present in collagen,23 as well as 

small peptides found to have neuroprotective properties24 and the ability to inhibit HIV 

replication.25 Furthermore, the Gly-Pro-Gly peptide sequence is known to induce reverse 

turns.26 

 

3.3 Results 

3.3.1 Synthesis of N-Boc-GlcPro-Carboxylic Acid 1 

The synthesis of GlcProH 1 (Scheme 3.3.1.1) started from known amine 227 

which was synthesized in seven steps from commercially available 2,3,4,6 tetra-O-

benzyl-D-glucopyranose in an overall yield of 40%. Protection of the amino function as 

tert-butyloxycarbamate (Boc) afforded 3 in quantitative yield. Installation of the 

pyrrolidine ring was achieved via amino-iodocyclization in 50% CH2Cl2/ether to afford 

the bicyclic iodo-deriviative 4 in 90% yield as a single stereoisomer together with 5% 

unreacted 3.28 Attempts to substitute the iodo-function in 4 by hydroxide ion (KOH) or 

acetate failed, and produced complex mixtures containing tricyclic carbamate 5. 

However, high yields (92%) of 5 could be obtained by exposure of 4 to silver acetate in 

toluene.29 Hydrolysis of 5 using potassium hydroxide in methanol at elevated temperature 

provided the amino alcohol 6 in 78% isolated yield. Protection of the amino function in 6 

was accomplished using di-tert-butyl dicarbonate to yield the Boc-protected proline 

analogue 7 in 90% yield. Subsequently, the alcohol 7 was subjected to Jones oxidation to 

afford protected GlcProH 1 in 78% yield. To assign the stereochemistry of 1, 

esterfication using benzyl bromide and cesium carbonate in DMF afforded the protected 

GlcProH 8 in 40% yield from 7. 
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Scheme 3.3.1.1: Synthesis of N-Boc-GlcPro-Carboxylic Acid 1 

 

3.3.2 Assignment of Stereochemistry for N-Boc-GlcPro-Benzyl Ester 8 

The S-configuration at the 2-position of protected GlcProH 8 was identified on the 

basis of observed/unobserved nOe contacts shown in Figure 3.3.2.1. For instance, 

subjection of the H-2 signal in 8 to a one-dimensional GOESY30 experiment showed 

inter-proton effect to H-5 (0.8% nOe31 relative to the H-2 (dd) signal). By comparison, no 

interproton effects were observed between H-2 and H-9 or H-2 and H-8. 
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Figure 3.3.2.1: Configurationally relevant nOe interactions observed for 8. 
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3.3.3 Synthesis of N-Acetyl-GlcPro-N′-Methylamides 11-13 and Determination of 

Ktrans/cis 

With GlcProH 1 in hand we then explored the use of the building block in peptide 

chemistry. Initially, we focused on analogues for comparison with Ac-Pro-NHMe 17 that 

has frequently served as a model to study the cis-trans isomerization of proline.4,32 The 

synthesis of GlcProH-modified amides 11-13 is outlined in Scheme 3.3.3.1.  Acid 1 was 

directly coupled to methylamine using O-benzotriazol-yl-N,N,N′,N′-tetramethyluronium 

tetrafluoroborate (TBTU) as coupling reagent in MeCN to produce amide 9 in 95% yield. 

Deprotection of the amine giving 10 followed by acylation produced diamide 11 in 97% 

yield over 2 steps. In addition, removal of the benzylether protecting groups by catalytic 

hydrogenolysis in methanol provided the polyhydroxylated diamide 12, which was 

further acylated to afford diamide 13 in quantitative yield. 
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Scheme 3.3.3.1: Synthesis of N-Acetyl-GlcPro-N′-Methylamides 11-13. 

For each of 11-13, the ratio of trans/cis isomers was calculated by integrating as 

many well-resolved peaks as possible for each isomer, and taking the average of over all 
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peaks for respective isomers.32a The assignment of N-terminal amide geometry for both 

major and minor isomers of 11-16 was based on multiple GOESY experiments.30 For 

example, selective inversion of the H-8 proton in 11 (CD3OD) showed inter-proton effect 

to the N-terminal acetate singlet (5.2%) (Figure 3.3.3.1). By comparison, a very small 

(0.4%) inter-proton effect was observed between H-2 and the acetate methyl singlet, and 

weak or no interproton effects were observed between H-8 and H-2. As both H-8 and H-2 

lie on opposite faces of the pyrrolidine ring, nOe contact from H-8 to the N-terminal 

acetate singlet can be assigned as the trans isomer. Analysis was carried out in different 

NMR solvents to understand how the model compounds behaved in different solvent 

environments.  While it would be most desirable to study the GlcProHs in water, these 

results represent a proof of concept, and there is precedence for studying modifications of 

prolyl isomerization in non-aqueous environments.13,33  
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Figure 3.3.3.1: Representative conformationally relevant nOe interactions observed for 

GlcProH derived model compounds. Inter-proton effects for the trans amide rotamer 

were observed between H-8 and the N-acyl methyl group (compounds 11-13) or glycinyl 

protons (compounds 14-16). By comparison, very small or no inter-proton effects were 

observed between H-2 and the N-acyl methyl group (compounds 11-13) or glycinyl 

protons (compounds 14-16). 
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We found a significant variation of the cis content as the sugar substituents were 

varied (Table 3.3.3.1). In CD3OD, there was an increase in the cis-content as the sugar 

substituents changed from benzyl 11 (10%) to hydroxyl 12 (22%) to acetate 13 (36%). 

Analysis in DMSO-D6 produced very similar results, with the N-terminal amide cis 

content varying from benzyl 11 (13%) to hydroxyl 12 (20%) to acetate 13 (33%). 

Table 3.3.3.1: Trans/cis ratio[a] (Ktrans/cis) and % cis isomer of 11–13 in various solvents. 

Compound Solvent 

 CDCl3 D2O CD3OD DMSO-D6 

11 (R = Bn) >30 (<3%) n.s.[b] 9 (10%) 6.7 (13%) 

12 (R = H) n.s.[b] 5.7 (15%) 3.5 (22%) 4 (20%) 

13 (R = Ac) 6.7 (13%) n.s.[b] 1.8 (36%) 2 (33%) 
[a]Determined by 500 MHz NMR at 25 ºC; [b]not soluble. 

Overall, the Ktrans/cis for the unprotected GlcProH 12 (3.5 in CD3OD) was very 

similar to the L-proline model compound 17 (Ktrans/cis = 4),32b leaving the per-O-

benzylated 11 favoring the trans conformer (Ktrans/cis = 9 in CD3OD), and the per-O-

acylated 13 favoring the cis conformer (Ktrans/cis = 1.8 in CD3OD).  Also, CDCl3 gave 

higher Ktrans/cis than the more polar solvents (Ktrans/cis = 30 when R = OBn, Ktrans/cis = 6.7 

when R = OAc). 

 

3.3.4 Synthesis of N-Acetyl-Glycyl-GlcPro-N′-Methylamides 14-16 and 

Determination of Ktrans/cis 

GlcProH 10 was coupled to Fmoc-Gly-OH using benzotriazole-1-yl-oxy-tris-

pyrrolidino-phosphonium hexafluorophosphate (PyBOP) as coupling reagent, followed 
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by deprotection of the amino function and acylation providing the triamide 14 in 47% 

yield over 3 steps (Scheme 3.3.4.1). Deblocking of the carbohydrate moiety afforded 

polyhydroxylated peptide 15, which was further acylated to afford triamide 16. 

Again, the average of as many well-resolved peaks for the major and minor 

isomers was recorded to find the Ktrans/cis for respective compounds in each solvent. One-

dimensional GOESY experiments helped to assign the N-terminal amide geometry. The 

major isomer was assigned as the trans isomer based on interproton effect observed 

between H-8 and the glycyl α-protons (Figure 3.3.3.1) (for example a 6.1% nOe was 

observed for 14 in CD3OD). Furthermore, selective inversion of H-2 of the major isomer 

showed no interproton effect to either Hα1(Gly) or Hα2(Gly) (for example no such nOe was 

observed for 14 in CDCl3). Additionally, selective inversion of Hα2(Gly) of the minor 

isomer showed no interproton effect to H-8 of the minor isomer (for example no such 

nOe was observed for 16 in CD3OD). 
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Scheme 3.3.4.1. Synthesis of N-Acetyl-Glycyl-GlcPro-N′-Methylamides 14-16. 
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We found a very similar profile of Ktrans/cis for the Ac-Gly-GlcPro-NHMe model 

compounds 14-16 compared to the Ac-GlcPro-NHMe model compounds 11-13 (Table 

3.3.4.1). In CD3OD, there was an increase in the cis-content as the sugar substituent 

changed from benzyl 14 (<3%), to hydroxyl 15 (15%), to acetate 16 (25%). These results 

confirm that the substituents on the sugar are influencing Ktrans/cis. 

Table 3.3.4.1: Trans/cis ratio[a] (Ktrans/cis) and % cis isomer of 14–16 in various solvents. 

 

Compound Solvent 

 CDCl3 D2O CD3OD 

14 (R = Bn) 19 (5%) n.s.[b] >30 (<3%) 

15 (R = H) n.s.[b] 9 (10%) 5.7 (15%) 

16 (R = Ac) 4 (20%) n.s.[b] 3 (25%) 
[a]Determined by 500 MHz NMR at 25 ºC; [b]not soluble. 

Analysis of the coupling constants of the pyranose ring showed it exists in a chair 

conformation. For example, for 12 in CD3OD, J5,6 was 9.4Hz, while J6,7 was 9.6Hz and 

J7,8 was 9.0Hz (see Figure 3.3.2.1 for numbering). The average values of each coupling 

constant in comparison to the literature values match best to a Cγ-endo conformation for 

the pyrrolidine ring (Table 3.3.4.2).  
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Table 3.3.4.2: Comparison of Average Coupling Constants (Hz) for 11-16 Major and 

Minor isomers[a] with Cγ-endo and Cγ-exo puckers of 4-Fluoroproline and L-Proline. 
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Compound 3Jα,β1 3Jα,β2 3Jγ,β1 3Jγ,β2 3Jδ,γ1 

11-16 Major isomers 9.9 ± 0.3 1.0 ± 0.1 11.8 ± 0.3 7.4 ± 0.2 7.2 ± 0.1 

11-16 Minor isomers 9.3 ± 0.2 1.7 ± 0.3 10.9 ± 0.4 6.8 ± 0.2 7.1 ± 0.3 

4S-Fluoroproline34 (Cγ-endo) 10 3 4 1 4 

4R-Fluoroproline34 (Cγ-exo) 8 10 1 4 3 

L-Proline35 (Cγ-endo) 6-10 2-3 5-9 8-12 6-10 

L-Proline35 (Cγ-exo) 7-10 7-11 5-9 2-3 5-9 

[a]±standard error. 

Also, coupling constants indicate that the prolyl 4-position hydroxyl group 

(pyrano endocyclic oxygen) is oriented in an equatorial position relative to the 

pyrrolidine ring, which is not its preferred axial orientation.36 Perhaps most importantly, 

all coupling constant values changed very little as the sugar substituents were varied, 

even as the solvent was varied, and between the major and minor isomers in each case. 

Together, these results indicate that the rigid pyranose ring is restricting the 

conformational freedom of the pyrrolidine ring. 
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3.4 Discussion 

After developing a synthetic route to a novel sugar-proline analogue, we found 

through NMR experiments that N-terminal amide isomerization is dependent on the 

modification of the gluco-scaffold, but cannot be correlated to a significant variation in 

conformation.  

There could be a steric explanation for the trend in Ktrans/cis, as work by Lubell et 

al. has shown that the Ktrans/cis for prolyl N-terminal amide bonds can be influenced 

through steric effects.3,37 Alkyl-substituted proline derivatives such as 5-tert-butyl 

proline, force a very high cis N-terminal amide content (80%+) through steric repulsion 

of the N-terminal amino acid side chain and the 5-tert-butyl substituent on proline. Here, 

we chose model compounds that provide a minimal steric contribution to influence the 

Ktrans/cis. Thus, the N-terminal acetate or glycyl groups should provide little to no steric 

bias between the cis and trans isomers. If there were an explanation for the trend in 

Ktrans/cis based on sterics, then the deprotected sugar-proline hybrid (Ktrans/cis of 3.5 in 

CD3OD for 12) should provide the lowest steric influence, while the benzyl (Ktrans/cis of 

9.0 in CD3OD for 11) and acetate (Ktrans/cis of 1.8 in CD3OD for 13) substituents would 

provide greater steric bulkiness. However, the trend in Ktrans/cis does not follow the trend 

in increase in steric bulk of the sugar substituents (from 3.5 to 1.8 to 9.0 for 12, 13 and 11 

respectively).  This led us to consider other factors. 

A large amount of interest lies in studying the conformation of proline,4,8,23,32,38 

and modifications which alter the preferred conformation of the pyrrolidine ring.3-9,36,37,39 

We analyzed the coupling constants of the sugar and pyrrolidine rings in an attempt to 

consider the change in Ktrans/cis as a function of the change in the pucker of the pyrrolidine 
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ring. Raines and Krow et al. proved,7,36 through work with 4-fluoroproline model 

compounds, that as the stereochemistry of the 4-position EWG is varied, so is the pucker 

of the pyrrolidine ring (in an attempt to maximize the gauche effect). Consequently, as 

the pucker is changed the degree of n → π* donation from the N-terminal C=O to the C-

terminal C=O is also changed, thus affecting Ktrans/cis. In our case, one could imagine that 

as the substituents on the sugar are varied, the pucker of the pyrrolidine ring also 

changes, influencing n → π* donation and Ktrans/cis. Through NMR analysis of 11-16 we 

found several results; as the sugar substituents are varied, and even as the solvent is 

varied, the coupling constants are held within a very narrow range (Table 3.3.4.2). These 

results indicate that the pucker of the pyrrolidine ring does not vary as the substituents on 

the sugar scaffold are varied, and the change in Ktrans/cis cannot be explained in terms of a 

change in the pyrrolidine pucker.  

Most likely, simple intramolecular interactions between the sugar substituents and 

the peptide backbone are responsible for the observed variation in the prolyl N-terminal 

amide isomerization. For compounds 12 and 15 where R = H, there is the potential for a 

hydrogen bond between the 7-position hydroxyl group and the prolyl N-terminal amide 

carbonyl (a in Figure 3.5.1). This would stabilize the cis N-terminal amide isomer to 

some extent, and would not be possible for the trans isomer. For compounds 13 and 16 

where R = Ac, there is the potential for n → π* donation from the prolyl N-terminal 

amide carbonyl to the sugar 7-position acetate ester group (b in Figure 3.5.1). Molecular 

modeling analysis would be useful in determining the distances between the pertinent 

functional groups. 
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Figure 3.4.1: Proposed intramolecular interactions for 11, 12 and 13: (a) Cis amide 

rotamer isomer can be stabilized through an intramolecular hydrogen bond in 12; (b) Cis 

amide rotamer can also be stabilized through n → π* donation from the prolyl N-terminal 

amide to the acetate ester group at the 7-position of GlcProH in 13; (c) The interactions 

that stabilize the cis amide rotamer in 12 and 13 are not possible for 11; (d) Trans amide 

rotamer for 11-13 can be stabilized through n → π* donation or a hydrogen bond to the 

C-terminal amide; Analogous interactions can be envisaged for 14-16. 

This would stabilize the cis N-terminal amide isomer. The relative decrease in 

Ktrans/cis for 13 and 16 (Ktrans/cis of 1.8 and 3.0 respectively in CD3OD) compared to 12 

and 15 (Ktrans/cis of 3.5 and 5.7 respectively in CD3OD) may reflect a greater energetic 

stabilization of the cis amide ground state from n → π* donation relative to a hydrogen 

bond. Finally, for compounds 11 and 14 where R = Bn (c in Figure 3.5.1), the very high 
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trans content is of interest (In CD3OD, Ktrans/cis is 9 for compound 11, and Ktrans/cis is 30 

for compound 14). The interactions that stabilize the cis amide geometry for 12 and 13 

would not be possible with an ether-linked protecting group. Most likely there is a steric 

influence which orients the N-terminal amide such that it can maximize the n → π* 

donation to the C-terminal amide, thereby stabilizing the trans isomer. This n → π* 

donation is also probable for the trans isomers of 12 and 13 (d in Figure 3.4.1). There is 

also the potential for an intramolecular hydrogen bond from the N-terminal carbonyl to 

the C-terminal amide. Therefore, the overall Ktrans/cis must represent the equilibrium 

established between these competing interactions. 

 

3.5 Conclusions 

In order to extend the molecular repertoire of proline analogues, we became 

interested in the design and synthesis of a bicyclic sugar-proline hybrid. The resulting 

GlcProH is a rigid, polyfunctional building block, which may find use as a proline 

mimetic, glycomimetic, or scaffold for combinatorial synthesis. The GlcProH served as a 

building block in peptide synthesis and was incorporated into model peptides. Simple 

modifications of the sugar scaffold permitted tuning of the trans/cis amide rotamer 

population in various solvents. The cis rotamer population increased as the substituents 

on the sugar scaffold were varied (O-benzyl < OH (unprotected) < O-acetyl) in CD3OD 

and DMSO-D6. Until now, the ability to vary the N-terminal prolyl amide isomer ratio 

required the synthesis of proline surrogates by independent synthetic routes. However, 

our results demonstrate that one-step modifications of the hydroxyl groups on the 
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carbohydrate scaffold can be used to tune the conformational properties of GlcProH-

containing model peptides.   

 

3.6 Experimental Section 

(2S,3aR,5R,6R,7S,7aS)-1-(tert-Butyloxycarbonyl)-6,7-di-O-benzyl-octahydro-5-

(benzyl hydroxymethyl)-pyrano[3,2-b]pyrrole-2-carboxylic acid (1): Compound 7 

(0.125 g, 0.21 mmol) was dissolved in acetone (6 mL). The solution was cooled to 0°C.  

Fresh Jones’ reagent (0.75 mL, 6.3 mmol) was prepared, and was added dropwise. The 

reaction mixture was stirred for 30 minutes, before adding water (5 mL), then aq. 

saturated sodium bicarbonate (5 mL). The acetone was removed under reduced pressure. 

The product was extracted into CH2Cl2 (3 x 15 mL) then dried (Na2SO4), concentrated 

under reduced pressure and was normally used directly in the next reaction. Purification 

by flash chromatography using 3:1 ethyl acetate/methanol yielded 1 as a clear oil (0.100 

g, 0.17 mmol) (78.4%): [α]25
D = -12.8° (c 0.4 CH3OH); 1H NMR (500 MHz, CD3OD, 

298K) δ = 7.09-7.37 (m, 15H, aromatic), 4.38-4.76 (m, 7H, -OCH2Ph, H4), 4.25 (broad 

m, 1H, H2, H2 minor), 4.20 (dd apparent t, 0.8H, H7, J7,8 = 6.0Hz, J6,7 = 6.3Hz), 4.10 (dd 

apparent, 1H, H8, J8,9 = 6.6Hz), [4.06-4.10, m, 0.2H, H8], [4.01, dd apparent t, 0.2H, H7], 

3.80-3.89 (m, 1H, H5, H5 minor), 3.71 (dd, 0.8H, H10a, J10a,10b = 10.6Hz, J5,10a = 6.0Hz), 

[3.67-3.73, m, 0.2H, H10a], 3.59 (dd, 0.8H, H10b, J5,10b = 3.4Hz), [3.57-3.62, m, 0.2H, 

H10b], [3.55, dd apparent t, 0.2H, H6], 3.46 (dd apparent t, 1H, H6, J5,6 = 6.4Hz), 2.53 

(ddd, 1H, H3a, J3a,3b = 12.7Hz, H3a minor), 1.90-1.97 (m, 1H, H3b, H3b minor), 1.40 (s, 

7.2H, tert-butyl), [1.32, s, 1.8H, tert-butyl]; 13C NMR (75 MHz, CD3OD, 298K) δ = 

168.7, 156.1, 139.8, 139.7, 139.5, (81.9), 81.5, (79.8), 78.4, (76.9), 76.6, 74.9, 74.7, 
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(74.6), (74.5), 74.3, (74.2), 74.1, (73.9), 72.9, (70.4), 70.2, (59.9), 59.8, 33.9, (28.8), 28.6 

ppm; HRMS (ES) calc. for C35H40NO8 (M - H)-: 602.2759. Found (M - H)-: 602.2755. 

1-(2’-(tert-Butyloxycarbonyl)-amino-3’,4’,6’-tri-O-benzyl-2’-deoxy-αααα-D-

glucopyranosyl)-2-propene (3): Compound 2 (0.202 g, 0.43 mmol) was dissolved in 

methanol (4 mL). Addition of triethylamine (0.6 mL, 4.3 mmol) was followed by 

addition of di-tert-butyl dicarbonate (0.46 g, 2.1 mmol). The reaction mixture was stirred 

for 16 hours. All reagents and solvent were removed under reduced pressure to provide 3 

as a white solid (0.244 g, 0.43 mmol) (quant.): [α]25
D = +11.4° (c 3.7 CHCl3); mp 98-101 

ºC; 1H NMR (300 MHz, CDCl3, 298K) δ = 7.20-7.40 (m, 15H, aromatic), 5.85 (dddd, 

1H, -CH=CH2, J = 6.9Hz, J = 7.0Hz, J = 10.1Hz, J = 17.0Hz), 5.61 (d, 1H, NHBoc, J = 

9.8Hz), 5.02-5.17 (m, 2H, -CH=CH2), 4.46-4.87 (m, 6H, -OCH2Ph), 4.20 (dd, 1H, H5, J = 

6.1Hz, J = 6.2Hz), 3.95 (ddd, 1H, H1, J = 2.0Hz, J = 5.6Hz, J = 7.8Hz), 3.80-3.89 (m, 2H, 

H2, H6a), 3.68-3.79 (m, 2H, H3, H6b), 3.55-3.60 (m, 1H, H4), 2.17-2.39 (m, 2H, allylic), 

1.45 (s, 9H, tert-butyl); 13C NMR (75 MHz, CDCl3, 298K) δ = 155.8, 138.3, 137.8, 

137.6, 134.6, 127.4-128.6 (aromatic carbons), 117.1, 79.1, 74.9, 74.9, 73.4, 73.2, 72.1, 

71.8, 68.3, 68.0, 48.9, 35.5, 28.4 ppm; MS (ES) calc. for C35H43NO6 (M + Na)+: 596.30. 

Found (M + Na)+: 596.30; Anal. Calcd for C35H43NO6: 73.27 C, 7.55 H, 2.44 N. Found: 

73.43 C, 7.75 H, 2.19 N. 

2-iodomethyl-(2S,3aR,5R,6R,7S,7aS)-1-(tert-Butyloxycarbonyl)-6,7-di-O-benzyl-

octahydro-5-(benzyl hydroxymethyl)-pyrano[3,2-b]pyrrole (4): Compound 3 (0.29 g, 

0.51 mmol) was dissolved in 1:1 CH2Cl2/diethyl ether (10 mL). The solution was cooled 

to 0°C before addition of iodine (0.39 g, 1.5 mmol). After 1 hour, the reaction mixture 
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was warmed to ambient temperature before being worked-up by the addition of 20 mL 

saturated aq. sodium thiosulphate. With shaking, the solution became colorless. The 

product was extracted into CH2Cl2 (3 x 20 mL), dried (Na2SO4), concentrated and 

purified by flash chromatography using 5:1 hexanes/ethyl acetate. The product 4 was 

isolated as a single stereoisomer as a pale yellow oil (0.32 g, 0.46 mmol) (89.6%): [α]25
D 

= -23.9° (c 2.5 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.13-7.40 (m, 15H, 

aromatic), 4.32-4.78 (broad m, 8H), 3.64-4.08ppm (broad m’s, 5H), 3.55 (broad m, 1H), 

3.45ppm (broad t, 2H), 2.40 (broad m, 1H, H3a), 1.9 (m, 1H, H3b), 1.5ppm (s, 9H, tert-

butyl); 13C NMR (75 MHz, CDCl3, 298K) δ = 153.8, 138.8, 138.6, 138.4, 127.4-128.7 

(aromatic carbons), 80.7, 77.6, 74.2, 74.0, 73.7, 73.5, 72.5, 70.2, 69.4, 59.5, 56.8, 36.5, 

28.8, 14.8 ppm; MS (ES) calc. for C35H43INO6 (M + H)+: 700.21. Found (M + H)+: 

700.08. Calc. for C35H42INNaO6 (M + Na)+: 722.20.  Found (M + Na)+: 722.01; Anal. 

Calcd for C35H42INO6: 60.09 C, 6.05 H, 2.00 N. Found: 60.02 C, 5.74 H, 2.39 N.  

(2S,3aR,5R,6R,7S,7aS)-1-(tert-Butyloxycarbonyl)-6,7-di-O-benzyl-octahydro-5-

(benzyl hydroxymethyl)-pyrano[3,2-b]pyrrolo[1,2-c]-oxazol-3-one (5): Compound 4 

(0.28 g, 0.41 mmol) was dissolved in toluene (6 mL). Addition of silver acetate (0.68 g, 

4.1 mmol) made the solution instantly become colorless. The reaction was stirred for 16 

hours at ambient temperature. The reaction mixture was diluted with 10 mL ethyl acetate 

then was filtered through celite. The product was concentrated under reduced pressure 

then purified using flash chromatography using 1:1 hexanes/ethyl acetate to yield 5 as a 

white solid (0.19 g, 0.37 mmol) (92.1%): [α]25
D = +21.9° (c 2.0 CHCl3); mp 106-111 ºC; 

1H NMR (300 MHz, CDCl3, 298K) δ =  7.14-7.48 (m, 15H, aromatic), 4.95 (d, 1H, -

OCH2Ph, J = 11.1Hz), 4.88 (d, 1H, -OCH2Ph, J = 11.4Hz), 4.75 (d, 1H, -OCH2Ph, J = 
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11.4Hz), 4.68 (ddd, 1H, H9, J3a,9 = 1.0Hz, J3b,9 = 5.7Hz, J8,9 = 5.7Hz), 4.42-4.53 (m, 3H, -

OCH2Ph, H11a), 4.38 (d, 1H, -OCH2Ph, J = 12.2Hz), 4.08-4.20 (m, 2H, H11b, H2), 3.95 

(dd, 1H, H8, J7,8 = 6.3Hz), 3.72-3.82 (m, 1H, H5), 3.64-3.72 (m, 2H, H6, H7), 3.53-3.59 

(dd, 1H, H10a, J10b,10a = 10.6Hz, J5,10a = 4.7Hz), 3.47-3.53 (dd, 1H, H10b, J5,10b = 2.8Hz), 

2.10 (ddd, 1H, H3a, J2,3a = 5.3Hz, J3a,3b = 13.2Hz), 1.59 (ddd, 1H, H3b, J2,3b = 10.6Hz); 13C 

NMR (75 MHz, CDCl3, 298K) δ = 161.1, 138.4, 138.1, 138.0, 127.6-128.4 (aromatic 

carbons), 80.7, 76.9, 75.4, 74.7, 74.4, 73.5, 73.2, 69.5, 66.8, 65.7, 57.5, 38.1 ppm; MS 

(ES) calc. for C31H33NNaO6 (M + Na)+: 538.22. Found (M + Na)+: 538.22; Anal. Calcd 

for C31H33NO6: 72.21 C, 6.45 H, 2.72 N. Found: 72.17 C, 6.69 H, 2.57 N.  

2-hydroxymethyl-(2S,3aR,5R,6R,7S,7aS)-6,7-di-O-Benzyl-octahydro-5-(benzyl-

hydroxymethyl)-pyrano[3,2-b]pyrrole (6): Compound 5 (0.18 g, 0.35 mmol) was 

dissolved in methanol (8 mL). After addition of potassium hydroxide (1.5 g, 26.2 mmol) 

the solution was heated to reflux for 4 hours. The reaction mixture was then cooled to 

0°C followed by acidification by addition of 5 mL 3 M aq. HCl. The methanol was 

removed under reduced pressure. The reaction mixture was brought to pH 9 by addition 

of 20 mL aq. saturated sodium bicarbonate. The product was extracted into CH2Cl2 (4 x 

10 mL) then dried (Na2SO4), concentrated under reduced pressure and purified by flash 

chromatography using first 1:1 hexanes/ethyl acetate then 5:1 ethyl acetate/methanol to 

yield 6 as a pale yellow solid (0.15 g, 0.27 mmol) (78.4%): [α]25
D = +38.9° (c 2.8 

CHCl3); mp 91-94 ºC; 1H NMR (300 MHz, CDCl3, 298K) δ =  7.15-7.42 (m, 15H, 

aromatic), 4.45-4.65 (m, 6H, -OCH2Ph), 4.25-4.35 (m, 1H, H9), 4.05-4.11 (m, 1H, H5), 

3.82 (dd, 1H, H10a, J10a,10b = 10.2Hz, J5,10a = 6.7Hz), 3.77 (dd apparent t, 1H, H7, J7,8 = 

4.5Hz, J6,7 = 4.4Hz), 3.61 (dd, 1H, H10b, J5,10b = 5.1Hz), 3.56 (dd apparent t, 1H, H6, J5,6 = 
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4.2Hz), 3.41-3.51 (m, 2H, H11a, H2), 3.29 (broad s, 0.3H, NH), 3.25 (dd, 1H, H11b, J11a,11b 

= 12.1Hz, J11b,2 = 7.3Hz), 3.09 (dd, 1H, H8, J8,9 = 3.7Hz), 2.0 (ddd, 1H, H3a, J = 2.1Hz, J 

= 8.0Hz, J3a,3b = 14.0Hz), 1.59-1.69 (m, 1H, H3b, J = 6.0 Hz, J = 7.0Hz); 13C NMR (75 

MHz, CDCl3, 298K) δ = 138.1, 137.8, 137.5, 127.7-128.6 (aromatic carbons), 74.4, 73.9, 

73.4, 73.3, 72.8, 72.7, 71.8, 67.7, 64.1, 60.2, 57.4, 33.9 ppm; MS (ES) calc. for 

C30H36NO5 (M + H)+: 490.26.  Found (M + H)+: 490.39. Calc. for C30H35NNaO5 (M + 

Na)+: 512.24.  Found (M + Na)+: 512.36; Anal. Calcd for C30H35NO5: 73.59 C, 7.21 H, 

2.86 N. Found: 73.23 C, 7.52 H, 2.86 N.  

2-hydroxymethyl-(2S,3aR,5R,6R,7S,7aS)-1-(tert-Butyloxycarbonyl)-6,7-di-O-benzyl-

octahydro-5-(benzyl-hydroxymethyl)-pyrano[3,2-b]pyrrole (7): Compound 6 (0.048 

g, 0.098 mmol) was dissolved in methanol (4 mL). Addition of triethylamine (0.68 mL, 

4.9 mmol) was followed by addition of di-tert-butyl dicarbonate (0.11 g, 0.49 mmol). The 

reaction mixture was stirred for 16 hours. All reagents and solvent were removed under 

reduced pressure to provide 7 as a colorless oil (0.052 g, 0.088 mmol) (89.7%): [α]25
D = -

10.4° (c 2.0 CHCl3); 1H NMR (300 MHz, CDCl3, 313K) δ = 7.14-7.41 (m, 15H, 

aromatic), 4.36-4.90 (m, 8H, -OCH2Ph, H2, H11a), 3.95-4.14 (m, 3H, H11b, H9, H7), 3.85-

3.95 (m, 1H, H8), 3.52-3.88 (m, 4H, H5, H6, H10a, H10b), 2.31 (broad s, 1H, H3a), 1.75 

(broad singlet, 1H, H3b), 1.45 (s, 9H, tert-butyl); 13C NMR (75 MHz, CDCl3, 298K) δ = 

155.8, 138.4, 138.0, 137.9, 126.9-128.7 (aromatic carbons), 80.9, 75.2, 73.4, 73.2, 72.7, 

68.9, 66.8, 60.2, 59.8, 32.1, 29.7, 28.4, 22.7, 14.2 ppm; MS (ES) calc. for C35H44NO7 (M 

+ H)+: 590.31.  Found (M + H)+: 590.30; Anal. Calcd for C35H43NO7: 71.28 C, 7.35 H, 

2.38 N. Found: 71.03 C, 7.59 H, 2.33 N.  
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(2S,3aR,5R,6R,7S,7aS)-1-(tert-Butyloxycarbonyl)-6,7-di-O-benzyl-octahydro-5-

(benzyl-hydroxymethyl)-pyrano[3,2-b]pyrrole-2-carboxylic acid benzyl ester (8): 

Compound 7 (0.018 g, 0.029 mmol) was dissolved in DMF (3 mL). Addition of cesium 

carbonate (0.015 g, 0.045 mmol) was followed by addition of benzyl bromide (0.011 mL, 

0.089 mmol). The reaction mixture was stirred for 1 hour, and then the solvent was 

removed under reduced pressure. The reaction mixture was diluted with 10 mL water 

followed by extraction into CH2Cl2 (3 x 10 mL), dried over anhydrous Na2SO4, and 

concentrated under reduced pressure before being purified by flash chromatography using 

4:1 hexanes/ethyl acetate to yield 8 as a colorless oil (0.11 g, 0.18 mmol) (83.6%): [α]25
D 

= -14.2° (c 0.4 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.05-7.41 (m, 20H, 

aromatic), 5.19 (d, 1H, -OCH2Ph, J = 12.1Hz), 5.11 (d, 1H, -OCH2Ph, J = 12.3Hz), 4.35-

4.80 (m, 8H, -OCH2Ph, H2, H9), 4.28 (dd apparent t, 1H, H7, J7,8 = 5.6Hz, J6,7 = 5.7Hz), 

4.17 (dd apparent t, 1H, H8, J8,9 = 5.8Hz), 3.83-3.93 (m, 1H, H5), 3.70 (dd, 1H, H10a, 

J10a,10b = 10.4Hz, J5,10a = 6.3Hz), 3.57 (dd, 1H, H10b, J5,10b = 3.4Hz), 3.48 (dd apparent t, 

1H, H6, J5,6 = 5.8Hz), 2.40-2.55 (m, 1H, H3a), 1.80-2.00 (m, 1H, H3b), 1.38 (s, 9H, tert-

butyl); 13C NMR (75 MHz, CDCl3, 298K) δ = 172.9, 153.6, 138.4, 138.1, 138.1, 135.3, 

127.0-128.7 (aromatic carbons), 80.4, 76.0, 74.8, 73.6, 73.5, 73.4, 72.8, 71.2, 69.0, 66.8, 

58.8, 58.2, 33.0, 28.1 ppm; MS (ES) calc. for C42H47NNaO8 (M + Na)+: 716.32. Found 

(M + Na)+: 716.11; Anal. Calcd for C42H47NNaO8: 70.37 C, 6.61 H, 1.95 N. Found: 

70.44 C, 6.71 H, 1.88 N. 

(2S,3aR,5R,6R,7S,7aS)-1-(tert-Butyloxycarbonyl)-6,7-di-O-benzyl-octahydro-5-

(benzyl-hydroxymethyl)-pyrano[3,2-b]pyrrole-2-carboxamide N′-methylamide (9): 

Compound 1 (0.10 g, 0.16 mmol) was dissolved in acetonitrile (6 mL). Addition of 
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diisopropylethylamine (0.11 mL, 0.64 mmol) was followed by addition of TBTU (0.10 g, 

0.32 mmol) and methylamine hydrochloride (0.02 g, 0.32 mmol). The reaction mixture 

was stirred at ambient temperature for 4 hours. The reaction mixture was diluted with 15 

mL water followed by extraction into CH2Cl2 (3 x 15 mL), dried (Na2SO4), then 

concentrated under reduced pressure and purified by flash chromatography using 3:1 

ethyl acetate/hexanes to provide 9 as a clear oil (0.086 g, 0.14 mmol) (84.3%): [α]25
D = -

3.5° (c 0.4 CHCl3); 1H NMR (300 MHz, acetone-D6, 298K) δ =  7.15-7.45 (m, 15H, 

aromatic), 4.45-4.82 (m, 8H, -OCH2Ph, H2, H9), 4.39 (dd apparent t, 1H, H7, J7,8 = 5.3Hz, 

J6,7 = 5.3Hz), 4.28 (dd, 1H, H2, J = 5.9Hz, J = 7.9Hz), 4.11 (dd apparent t, 1H, H8, J8,9 = 

5.5Hz), 3.86-3.95 (m, 1H, H5), 3.78 (dd, 1H, H10a, J10a,10b = 10.5Hz, J5,10a = 6.1Hz), 3.68 

(dd, 1H, H10b, J5,10b = 3.8Hz), 3.55 (dd apparent t, 1H, H6, J5,6 = 5.7Hz), 2.80 (d, 3H, -

NHCH3), 2.42 (ddd, 1H, H3a, J = 6.3Hz, J = 8.1Hz, J = 13.4Hz), 1.89 (ddd, 1H, H3b, J = 

5.8Hz, J = 6.2Hz, J = 12.0Hz), 1.37 (s, 9H, tert-butyl); 13C NMR (75 MHz, acetone-D6, 

298K) δ = 173.8, 154.4, 139.7, 139.5 (2), 128.1-129.0 (aromatic carbons), 79.4, 76.5, 

75.9, 74.0, 73.4 (2), 72.9, 71.5, 69.9, 60.8, 59.3, 34.6, 28.2, 25.9 ppm; MS (ES) calc. for 

C36H44N2NaO7 (M + Na)+: 639.30. Found (M + Na)+: 639.27; Anal. Calcd for 

C36H44N2O7: 70.11 C, 7.19 H, 4.54 N. Found: 70.19 C, 7.43 H, 4.47 N. 

(2S,3aR,5R,6R,7S,7aS)-6,7-di-O-Benzyl-octahydro-5-(benzyl-hydroxymethyl)-

pyrano[3,2-b]pyrrole-2-carboxamide N′-methylamide (10):  Compound 9 (0.035 g, 

0.057 mmol) was dissolved in CH2Cl2 (1.5 mL). The reaction mixture was then cooled to 

0°C. Trifluoroacetic acid (0.5 mL, 6.73 mmol) was added slowly. After 1 hour the 

solution was co-distilled with toluene (2 x 5 mL), and was normally used directly in the 

next reaction. Purification by flash chromatography using 10:1 ethyl acetate/methanol 
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provided 10 as a clear oil (0.027 g, 0.14 mmol) (93.1%): [α]25
D = -11.2° (c 1.0 CHCl3); 

1H NMR (500 MHz, CDCl3, 298K) δ = 7.58 (broad q, 1H, -NHCH3), 7.20-7.38 (m, 15H, 

aromatic), 4.47-4.62 (m, 6H, -OCH2Ph), 4.18-4.27 (m, 1H, H2), 4.04-4.14 (m, 1H, H5), 

3.78-3.91 (m, 2H, H9, H10a), 3.73 (broad dd, 1H, H7, J7,8 = 3.9Hz, J6,7 = 3.8Hz), 3.65 (dd, 

H10b, J10a,10b = 10.2Hz, J5,10b = 5.6Hz), 3.59 (broad dd, 1H, H6, J5,6 = 3.8Hz), 2.89 (broad 

dd, 1H, -NH, J = 3.0Hz, J = 3.3Hz), 2.78 (d, 3H, -NHCH3, J = 5.0Hz), 2.36 (ddd, 1H, H3a, 

J = 1.96Hz, 9.6Hz, 14.4Hz), 1.95 (ddd, 1H, H3b, J = 5.0Hz, 7.0Hz, 14.4Hz); 13C NMR (75 

MHz, CDCl3, 298K) δ = 175.3, 138.1, 137.8, 137.6, 127.6-128.6 (aromatic carbons), 

74.2, 73.5, 73.3, 72.8, 72.6, 72.4, 71.6, 67.6, 60.9, 58.8, 36.7, 25.7 ppm; MS (ES) calc. 

for C31H37N2O5 (M + H)+: 517.27. Found (M + H)+: 517.30; Anal. Calcd for C31H36N2O5: 

72.07 C, 7.02 H, 5.42 N. Found: 72.11 C, 7.13 H, 5.36 N. 

(2S,3aR,5R,6R,7S,7aS)-1-Acetyloctahydro-6,7-di-O-benzyl-5-(benzyl-

hydroxymethyl)-pyrano[3,2-b]pyrrole-2-carboxamide N′-methylamide (11): 

Compound 10 (0.029 g, 0.056 mmol) was dissolved in pyridine (2 ml) followed by 

addition of acetic anhydride (0.053 mL, 0.56 mmol). The reaction mixture was stirred for 

15 hours, then the solvent and reagents were removed under reduced pressure and the 

product was purified by flash chromatography using 10:1 ethyl acetate/methanol to 

provide 11 as a white solid (0.030 g, 0.054 mmol) (97% over 2 steps): [α]25
D = +49.6°(c 

1.0 CHCl3); decomposed at 142-147 ºC; 1H NMR (500 MHz, CDCl3, 298K, 0.036M) δ =  

7.23-7.41 (m, 13H, aromatic), 7.11-7.20 (m, 2H, aromatic), 5.97 (broad q, 1H, -NHCH3), 

4.98 (ddd, 1H, H9, J3a,9 = 11.7Hz, J3b,9 = 7.3Hz, J8,9 = 7.4Hz), 4.93 (d, 1H, -OCH2Ph, J = 

11.2Hz), 4.80 (d, 1H, -OCH2Ph, J = 10.8Hz), 4.52-4.64 (m, 4H, -OCH2Ph), 4.25 (dd 

apparent d, 1H, H2, J2,3a = 9.5Hz, J2,3b = 0.8Hz), 4.03 (dd, 1H, H8, J7,8 = 9.2Hz), 3.63-3.78 
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(m, 4H, H5, H6, H10a, H10b), 3.57 (dd apparent t, 1H, H7, J6,7 = 9.0Hz), 2.82 (d, 3H, -

NHCH3, J = 4.2Hz), 2.35 (ddd, 1H, H3a, J3a,3b = 12.3Hz), 2.15 (s, 3H, -COCH3), 2.05 

(ddd, 1H, H3b); 13C NMR (75 MHz, CDCl3, 298K) (major conformer) δ = 172.1, 171.6, 

137.8, 137.7, 137.5, 127.8-128.5 (aromatic carbons), 83.0, 78.0, 75.9, 74.9, 73.7, 73.6, 

73.3, 68.8, 60.1, 57.8, 28.4, 26.4, 22.9 ppm; HRMS (ES) calc. for C33H39N2O6 (M + H)+: 

559.2802. Found (M + H)+: 559.2801.  

(2S,3aR,5R,6R,7S,7aS)-1-Acetyloctahydro-6,7-dihydroxy-5-(hydroxymethyl)-

pyrano[3,2-b]pyrrole-2-carboxamide N′-methylamide (12): Compound 11 (0.027 g, 

0.048 mmol) was dissolved in methanol (10 mL). Addition of Pearlman’s catalyst (20% 

palladium hydroxide on carbon) (0.030 g, approx. 0.028 mmol) was followed by addition 

of 1M aq. HCl (0.072 mL, 0.072 mmol). The reaction mixture was stirred vigorously 

under hydrogen atmosphere (10 psi) for 4.5 hours, after which it was flushed with 

nitrogen and filtered. The product was then concentrated under reduced pressure to 

provide 12 as a clear oil (0.014 g, 0.048 mmol) (quant.): [α]25
D = +20.5° (c 1.0 CHCl3); 

1H NMR (500 MHz, D2O, 298K, 0.035M) δ =  4.55-4.64 (m, 0.85H, H9), 4.32 (dd 

apparent d, 0.85H, H2, J2,3a = 10.2Hz, J2,3b = 1.3Hz), [4.11, dd, 0.15H, H8, J8,9 = 7.7Hz, 

J7,8 = 8.0Hz], 3.99 (dd, 0.85H, H8, J8,9 = 7.2Hz, J7,8 = 9.2Hz), 3.70 (dd, 0.85H, H10a, J5,10a 

= 2.2Hz, J10a,10b = 12.4Hz), [3.67-3.72, m, 0.15H, H10a], 3.62 (dd, 0.85H, H10b, J5,10b = 

5.0Hz), [3.60, dd, 0.15H, H10b, J = 1.7Hz, J = 12.5Hz], 3.51-3.56 (m, 0.85H, H5), 3.51 (dd 

apparent t, 0.85H, H7, J6,7 = 9.9Hz, H7 minor), [3.45-3.50, m, H5], [3.35, dd, 0.15H, H6, 

J5,6 = 9.9Hz], 3.32 (dd apparent t, 0.85H, H6, J5,6 = 9.7Hz), [2.63, s, 0.45H, –COCH3], 

2.58 (s, 2.55H, –COCH3), 2.55 (ddd, 0.85H, H3a, J3a,9 = 11.7Hz, J3b,3a = 13.5Hz, H3a 

minor), 2.10 (s, 2.55H, -NHCH3), [1.93, ddd, 0.15H, H3b, J2,3b = 1.8Hz, J3b,9 = 6.7Hz, 
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J3a,3b = 12.9Hz], [1.83, s, 0.45H, –COCH3], 1.79 (ddd, 0.85H, H3b, J3b,9 = 7.8Hz, H3b 

minor); 13C NMR (75 MHz, D2O, 298K) (major conformer) δ = 174.6, 174.4, 74.5, 73.8, 

73.3, 68.6, 61.5, 61.0, 58.1, 28.3, 26.1, 22.3 ppm; HRMS (ES) calc. for C12H20N2O6Na 

(M + Na)+: 311.1212. Found (M + Na)+: 311.1214.  

(2S,3aR,5R,6R,7S,7aS)-1-Acetyloctahydro-6,7-O-acetyl-5-(hydroxymethyl-O-acetyl)-

pyrano[3,2-b]pyrrole-2-carboxamide N′-methylamide (13):  Compound 12 (0.014 g, 

0.048 mmol) was dissolved in pyridine (1 mL). Acetic anhydride (0.046 mL, 0.48 mmol) 

was added and the reaction mixture was stirred at ambient temperature for 15 hours. All 

solvent and reagent were removed under reduced pressure providing compound 13 as a 

clear oil (0.020 g, 0.048 mmol) (quant.): [α]25
D = +53.3°(c 0.3 CHCl3); 1H NMR (500 

MHz, CDCl3, 298K, 0.036 M) δ =  6.37 (broad q, 0.87H, -NHCH3), [5.97, broad q, 

0.13H, -NHCH3], [5.25, dd, 0.13H, H7], 5.22 (dd apparent t, 0.87H, H7, J7,8 = 9.8Hz, J6,7 

= 10.0Hz), 5.10 (ddd, 0.87H, H9, J3a,9 = 11.8Hz, J3b,9 = 7.1Hz, J8,9 = 7.3Hz), [5.03, dd, 

0.13H, H6, J6,7 = 9.5Hz, J5,6 = 9.2Hz], 4.99 (dd apparent t, 0.87H, H6, J5,6 = 9.9Hz), [4.70, 

ddd, 0.13H, H9, J3a,9 = 11.6Hz, J3b,9 = 6.8Hz, J8,9 = 7.0Hz], [4.54, dd, 0.13H, H8, J7,8 = 

7.8Hz], [4.41, dd, 0.13H, H2, J2,3a = 9.4Hz, J2,3b = 1.5Hz], 4.27-4.35 (m, 1.87H, H2, H10a, 

H10a minor), 4.19 (dd, 0.87H, H8), 4.08 (dd, 1H, H10b, J5,10b = 2.4Hz, J10a,10b = 12.5Hz, 

H10b minor), 3.98 (ddd, 0.87H, H5, J5,10a = 4.3Hz), [3.89, ddd, 0.13H, H5, J5,10b = 2.6Hz, 

J5,10a = 4.9Hz], [2.84, d, 0.39H, -NHCH3, J = 4.8Hz], 2.81 (d, 2.61H, -NHCH3, J = 

4.8Hz), [2.73, ddd, 0.13H, H3a, J3a,3b = 12.8Hz], 2.48 (ddd, 0.87H, H3a, J2,3a = 9.8Hz, J3a,3b 

= 12.3Hz), 2.13 (s, 2.61H, –COCH3), 2.09, (s, 3H, –COCH3, –COCH3 minor), 2.06 (s, 

2.61H, –COCH3), [2.04, s, 0.39H, –COCH3], [2.03, s, 0.39H, –COCH3], [2.02, s, 0.39H, 

–COCH3], 2.00-2.05 (m, 0.87H, H3b), 2.01 (s, 2.61H, –COCH3), [1.86, s, 0.39H, –
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COCH3]; 13C NMR (75 MHz, CDCl3, 298K) (major conformer) δ = 171.8, 170.7, 170.3, 

169.9, 169.5, 73.9, 73.8, 69.7, 68.0, 62.2, 58.6, 58.1, 28.2, 26.4, 22.0, 20.9, 20.7, 20.6 

ppm; HRMS (ES) calc. for C18H27N2O9 (M + H)+: 415.1711. Found (M + H)+: 415.1711.  

N-Acetyl-glycyl-(2S,3aR,5R,6R,7S,7aS)-6,7-di-O-benzyl-octahydro-5-(benzyl-

hydroxymethyl)-pyrano[3,2-b]pyrrole-2-carboxamide N′-methylamide (14): 

Compound 10 (0.105 g, 0.203 mmol) was dissolved in N,N-dimethylformamide (6 mL) 

and the solution was cooled to 0°C. The reaction was stirred under inert atmosphere.  

Diisopropylethylamine (0.212 mL, 1.218 mmol) and PyBOP (0.317 g, 0.609 mmol) were 

added and the solution was stirred for 10 min. Fmoc-Gly-OH (0.181 g, 0.609 mmol) was 

added and the reaction mixture was stirred for a further 5 min. before being allowed to 

warm to ambient temperature where it stirred for 18 hours. The red solution was diluted 

with ethyl acetate, washed with 1 M HCl (10 mL), then brine (10mL), dried and 

evaporated giving a red oil. The product was purified by flash chromatography using 

ethyl acetate, giving a white solid product (0.0 85g) (53%), along with unreacted starting 

material (0.025 g) (24%). The coupled product was dissolved in 4 mL dichloromethane, 

cooled to 0°C, and treated with piperidine (1 mL). The reaction mixture was stirred for 1 

hour before the solvent and reagents were removed under reduced pressure, leaving a 

white solid. The intermediate was dissolved in 4 mL pyridine followed by addition of 

acetic anhydride (0.5 mL). The reaction mixture was stirred for 15 hours, then the solvent 

and reagents were removed under reduced pressure and the product was purified by flash 

chromatography using 10:1 ethyl acetate/methanol to provide 14 as a clear oil (0.059 g, 

0.096 mmol) (47.1%) (over 3 steps): [α]25
D = +23.5° (c 1.0 CHCl3); 1H NMR (500 MHz, 

CDCl3, 298K, 0.033 M) δ = 7.10-7.38 (m, 15H, aromatic), 6.30 (t, 1H, -NH(Gly), -NH(Gly) 
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minor), 6.22 (q, 1H, -NHCH3, -NHCH3 minor), 4.95 (d, 0.95H, -OCH2Ph, J = 11.3Hz), 

4.83 (ddd, 0.95H, H9, J3b,9 = 7.6Hz, J3a,9 = 12.0Hz, J8,9 = 7.2Hz), 4.75 (d, 0.95H, -

OCH2Ph, J = 10.8Hz), 4.51-4.64 (m, 4.15H, -OCH2Ph, -OCH2Ph minor, H9 minor), 

[4.22, dd, 0.05H, H8, J8,9 = 6.5Hz, J7,8 = 8.2Hz], 4.17 (dd apparent d, 0.95H, H2, J2,3b = 

1.0Hz, J2,3a = 9.7Hz), 4.05-4.13 (m, 1.9H, H8, Hα1(Gly), H2 minor), 4.02 (dd, 0.95H, 

Hα2(Gly), JHα2(Gly),NH = 4.1Hz, JHα1(Gly),Hα2(Gly) = 17.1Hz), 3.68-3.76 (m, 2H, H7, H10a, H7 

minor, H10a minor), 3.61-3.67 (m, 2.1H, H5, H10b, H5 minor, H10b minor, Hα2(Gly) minor, 

Hα1(Gly) minor), 3.53 (dd apparent t, 0.95H, H6, J6,7 = 9.7Hz, J5,6 = 9.4Hz), [3.52-3.58, m, 

0.05H, H6], [2.80, d, 0.15H, -NHCH3, J = 5.0Hz], 2.74 (d, 2.85H, -NHCH3, J = 5.0Hz), 

2.36 (ddd, 1H, H3a, J3a,3b = 12.5Hz, H3a minor), 1.99 (ddd, 1H, H3b, H3b minor), 1.92 (s, 

3H, –COCH3, -COCH3 minor); 13C NMR (75 MHz, CDCl3, 298K) δ = 171.5, 170.5, 

169.5, 137.8, 137.6, 137.3, 127.7-128.8 (aromatic carbons), 81.8, 78.2, 75.7, 74.8, 73.8, 

73.7, 73.4, 68.7, 59.0, 58.4, 42.9, 28.6, 26.4, 22.7 ppm; HRMS (ES) calc. for 

C35H41N3O7Na (M + Na)+: 638.2837. Found (M + Na)+: 638.2841.  

N-Acetyl-glycyl-(2S,3aR,5R,6R,7S,7aS)-6,7-dihydroxy-5-(hydroxymethyl)-

octahydro-pyrano[3,2-b]pyrrole-2-carboxamide N′-methylamide (15): Compound 14 

(0.020 g, 0.032 mmol) was dissolved in methanol (5 mL). Addition of Pearlman’s 

catalyst (20% palladium hydroxide on carbon) (0.020 g, approx. 0.019 mmol) was 

followed by addition of 1 M aq. HCl (0.010 mL, 0.010 mmol). The reaction mixture was 

stirred vigorously under hydrogen atmosphere (10 psi) for 4.5 hours, after which it was 

flushed with nitrogen and filtered. The product was then concentrated under reduced 

pressure to provide 15 as a yellow oil (0.012 g, 0.035 mmol) (quant.): [α]25
D = -2.5°(c 0.6 

CHCl3); 1H NMR (500 MHz, D2O, 298K, 0.035M) δ =  4.57-4.66 (m, 0.9H, H9), 4.47 (d, 
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0.9H, Hα1(Gly), JHα1(Gly),Hα2(Gly) = 17.2Hz), 4.35 (dd apparent d, 1H, H2, J2,3a = 10.3Hz, J2,3b 

= 1.0Hz, H2 minor), [4.14, dd apparent t, 0.1H, H8, J8,9 = 7.2Hz, J7,8 = 7.7Hz], 4.01 (dd, 

0.9H, H8, J8,9 = 7.2Hz, J7,8 = 9.0Hz), 3.97 (d, 0.9H, Hα2(Gly)), [3.87, d, 0.1H, Hα1(Gly), 

JHα1(Gly),Hα2(Gly) = 17.1Hz], 3.70 (dd, 1H, H10a, J5,10a = 2.3Hz, J10a,10b = 12.2Hz, H10a minor), 

3.62 (dd, 1H, H10b, J5,10b = 5.0Hz, H10b minor), [3.45-3.51, m, 0.1H, H5], 3.50-3.58 (m, 

1.9H, H5, H7, H7 minor), [3.36, dd, 0.1H, H6], 3.32 (dd apparent t, 0.9H, H6, J6,7 = 9.9Hz, 

J5,6 = 9.5Hz), [2.64, s, 0.3H, -NHCH3], 2.58 (s, 2.7H, -NHCH3), 2.54 (ddd, 1H, H3a, J3a,9 = 

11.2Hz, J3a,3b = 12.7Hz, H3a minor), 1.90 (s, 2.7H, –COCH3), 1.79 (ddd, 1H, H3b, J3b,9 = 

7.7Hz, H3a minor); 13C NMR (75 MHz, D2O, 298K) δ = 175.0, 174.4, 171.3, 74.5, 73.8, 

73.5, 68.8, 61.1, 60.4, 58.6, 42.4, 27.9, 26.2, 22.0 ppm; HRMS (ES) calc. for 

C14H23N3O7Na (M + Na)+: 368.1428. Found (M + Na)+: 368.1427.  

N-Acetyl-glycyl-(2S,3aR,5R,6R,7S,7aS)-6,7-di-O-acetyl-5-(hydroxymethyl-O-acetyl)-

octahydro-pyrano[3,2-b]pyrrole-2-carboxamide N′-methylamide (16):  Compound 15 

(0.012g, 0.035 mmol) was dissolved in pyridine (1 mL).  Acetic anhydride (0.034 mL, 

0.35 mmol) was added and the reaction mixture was stirred at ambient temperature for 15 

hours.  All solvent and reagent were removed under reduced pressure and the product 

was purified by flash chromatography using 10:1 ethyl acetate/methanol to provide 16 as 

a clear oil (0.014 g, 0.030 mmol) (74%): [α]25
D = +37.3°(c 0.3 CHCl3); 1H NMR (500 

MHz, CDCl3, 298K, 0.03 M) δ = 6.56 [broad q, 0.2H, -NHCH3, J = 4.6Hz], [6.39, broad 

dd, 0.2H, -NH(Gly)], 6.31 (dd, 0.8H, -NH(Gly)), 6.16 (q, 0.8H, -NHCH3, J = 4.6Hz), [5.27, 

dd, 0.2H, H7, J7,8 = 8.3, J6,7 = 9.1Hz], 5.19 (dd apparent t, 0.8H, H7, J7,8 = 9.4Hz, J6,7 = 

9.9Hz), 5.03 (ddd, 0.8H, H9, J3a,9 = 11.8Hz, J3b,9 = 7.5Hz, J8,9 = 7.2Hz), [5.00-5.05, m, 

0.2H, H6], 4.99 (dd apparent t, 0.8H, H6, J5,6 = 9.8Hz), [4.84, ddd, 0.2H, H9, J3a,9 = 
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10.9Hz, J3b,9 = 6.7Hz, J8,9 = 7.3Hz), [4.52, dd apparent t, 0.2H, H8, J = 7.7Hz), 4.44 (dd, 

1H, Hα1(Gly), JHα1(Gly),NH = 6.3Hz, JHα1(Gly),Hα2(Gly) = 17.4Hz, H2 minor), 4.26-4.35 (m, 1.8H, 

H2, H10a, H10a minor), 4.23 (dd, 0.8H, H8), 4.08 (dd, 1H, H10b, J5,10b = 2.3Hz, J10a,10b = 

12.2Hz, H10b minor), 3.97 (ddd, 0.8H, H5, J5,10a = 4.2Hz), [3.86-3.92, m, 0.4H, H5, 

Hα1(Gly)], 3.86 (dd, 0.8H, Hα2(Gly), JHα2(Gly),NH = 3.1Hz), [3.56, dd, 0.2H, Hα2(Gly), JHα2(Gly),NH 

= 3.5Hz, JHα1(Gly),Hα2(Gly) = 16.9Hz], [2.83, d, 0.6H, -NHCH3, J = 4.6Hz], 2.80 (d, 2.4H, -

NHCH3, J = 4.6Hz), [2.68, m, 0.2H, H3a, J2,3a = 9.5Hz, J3a,3b = 12.6Hz], 2.55 (ddd, 0.8H, 

H3a, J2,3a = 10.0Hz, J3a,3b = 12.5Hz), 2.13 (s, 2.4H, –COCH3), 2.09 (s, 3H, –COCH3), 

1.98-2.04 (m, 1H, H3b, H3b minor), [2.02, s, 0.6H, –COCH3], 2.01 (s, 3H, –COCH3, –

COCH3 minor), 1.99 (s, 3H, –COCH3, –COCH3 minor); 13C NMR (75 MHz, CDCl3, 

298K) δ = (major conformer) 171.4, 170.7, 170.4, 170.4, 169.4, 168.8, 73.6, 73.4, 69.8, 

68.1, 62.1, 58.6, 57.1, 41.9, 28.1, 26.5, 22.9, 20.9, 20.7, 20.5 ppm; HRMS (ES) calc. for 

C20H29N3O10Na (M + Na)+: 494.1745. Found (M + Na)+: 494.1743.  
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4.1 Abstract 

Glycosylation (galactosylation) of (2S,4R)-4-hydroxyproline (Hyp) in the peptide 

mimic N-acetyl-Hyp-N′-methylamide does not influence the isomer equilibrium nor the 

rate of isomerization between the cis- and trans-prolyl amides in water. However, 

glycosylation of Hyp results in a downfield shift (6.5-8 ppm) of the Cγ atom of proline 

that is consistent with an enhanced inductive effect. Moreover, nOe experiments on the α- 

and β-linked glycosylated Ac-Hyp-NHMe amides indicate proximity between the 

galactose and pyrrolidine rings. This study strongly suggests that glycosylation of Hyp 

will have important implications on peptide backbone conformation. 
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4.2 Introduction 

Glycosylation is a common post-translational modification of proteins implicated 

in cellular recognition processes and controlling protein conformation.1 Typically, 

carbohydrates are O-linked to serine (Ser) and threonine (Thr) or N-linked to asparagine 

(Asn). Glycosylation of (2S,4R)-4-hydroxyproline (Hyp) is widespread in the plant 

kingdom and occurs in Hyp-rich glycoproteins (HRGPs) that are associated with the cell 

walls of algae and flowering plants.2 HRGPs are characterized by extensively 

glycosylated Hyp sequences that contain O-glycosidic linkages between the pyranose D-

galactose and the furanose L-arabinose.2 Although HRGPs are broadly implicated in 

many aspects of plant growth and development3 and cell wall stability,2 no information is 

available about the structural and conformational implications of Hyp-glycosylation on 

peptide backbone conformation.  

Hyp and proline (Pro) are unique among the proteinogenic amino acids since they 

are characterized by limited rotation of the ø dihedral angle (Figure 4.2.1) as their side 

chain is fused to the peptide backbone.  
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Figure 4.2.1: Cis-trans isomerization of reference diamides 1-3 and the galactosylated 

Hyp model amides 4a and 4b.  
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As a consequence, there is a reduction in the energy difference between the prolyl 

amide cis- and trans-isomers, making them nearly isoenergetic; this leads to higher cis N-

terminal amide content relative to the other amino acids. Moreover, the isomerization of 

the prolyl amide bond has been shown to be the rate-determining step in the folding 

pathways of many peptides and proteins.4  

 

4.3 Results 

Herein we describe the effects of galactosylation of Hyp on the conformation as 

well as the thermodynamics and kinetics of prolyl N-terminal amide isomerization. 

Compounds 4a Ac-Hyp(α-D-Gal)-NHMe and 4b Ac-Hyp(β-D-Gal)-NHMe were selected 

as glycopeptide mimics, while Ac-Pro-NHMe 1, Ac-Hyp-NHMe 2 and Ac-Hyp(O-tert-

butyl)-NHMe 3 served as non-glycosylated reference compounds (Figure 4.2.1). 

The synthesis of 1 was carried out by coupling Fmoc-Hyp-OH 10 to methylamine 

hydrochloride using TBTU in the presence of N,N-diisopropylethylamine, followed by 

Fmoc-deprotection under basic conditions, and N-terminal acylation using acetic 

anhydride in pyridine (Scheme 4.3.1). The synthesis of 3 was carried out in a similar 

fashion starting from commercially available Fmoc-Hyp(O-tert-butyl)-OH 11. The model 

peptide Ac-Hyp-NHMe 2 was synthesized in 92% yield by O-tert-butyl deprotection of 3 

under acidic conditions.  
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Scheme 4.3.1: Synthesis of diamides 1, 2 and 3. 

The synthesis of 4a and 4b began was carried out by glycosylation of Fmoc-Hyp-

OH 5 using 2,3,4,6-tetra-O-benzyl-thio-β-D-galactopyranoside16 9 in the presence of 

boron trifluoride diethyletherate, N-iodosuccinimide and catalytic amounts of silver 

triflate to yield a mixture of diastereomers 6a and 6b in 48% yield (Scheme 4.3.2). 

Separation of the anomers could be carried out after C-terminal amidation using TBTU in 

the presence of N,N-diisopropylethylamine to yield nearly a 1:1 mixture of 7a and 7b in 

87% yield.  
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Scheme 4.3.2: Synthesis of the glycosylated hydroxyproline building blocks 7a and 7b. 
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Installation of the N-acetyl group was carried out by N-Fmoc deprotection using 

piperidine in dichloromethane followed by N-acylation using acetic anhydride in pyridine 

to give 8a and 8b in 78% yield (Scheme 4.3.3). Removal of the benzyl ether protecting 

groups by catalytic hydrogenation in methanol/ethyl acetate gave the model amides 4a 

and 4b in 17% and 16% overall yield from 5, respectively. 
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Scheme 4.3.3: Synthesis of the diamides 4a and 4b. 

The trans rotamers in compounds 1-4b were assigned on the basis of higher C-δ 

NMR chemical shifts relative to the cis rotamer5 and nOe transfer between H-δ of proline 

to the N-acyl protons in selective 1D GOESY experiments.6 The relative amounts of cis 

and trans isomers were determined by integrating and averaging as many distinct proton 

signals as possible for both the major and minor isomers in the 1H NMR spectra.7 In D2O 

at 37 °C, the trans/cis isomer ratio equilibrium constants (Ktrans/cis) for 4a (3.41 ± 0.30) 

and 4b (3.37 ± 0.28) are nearly identical to those of 2 (3.52 ± 0.05) and 3 (3.34 ± 0.15) 

and the observed differences are within the experimental errors (Table 4.3.2). 
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Table 4.3.1: Rates of prolyl amide isomerization for 1-4b. 

Amide kcis-to-trans
[a] (sec-1) ktrans-to-cis

[b] (sec-1) 

1 0.81 ± 0.02 0.31 ± 0.02 

2 0.73 ± 0.01 0.25 ± 0.01 

3 0.77 ± 0.02 0.27 ± 0.01 

4a 0.83 ± 0.05 (0.82 ± 0.06) 0.27 ± 0.02 (0.27 ± 0.03) 

4b 0.61 ± 0.04 (0.57 ± 0.05) 0.21 ± 0.02 (0.19 ± 0.02) 
[a]Carried out in D2O at 67°C; [b]Calculated from kct and equilibrium (Kt/c); [c]Carried 

out in phosphate buffer pH = 7.4 at 67 °C. 

The kinetics of cis/trans isomerization for compounds 1-4b were determined by 

1H-NMR spectroscopy inversion transfer experiments8 in D2O at elevated temperature. 

At 67ºC, the cis-to-trans rate constant of isomerization (kct) of the α-glycosylated Hyp 

model peptide 4a (kct = 0.83 sec-1) is very similar to that of the hydroxyproline model 

peptide 2 (kct of 0.73 sec-1) and 3 (kct = 0.77 sec-1), while the β-anomer 4b gave slightly 

lower rates (kct = 0.61 sec-1). A similar trend was observed for the trans-to-cis rate 

constants of compounds 1-4b (Table 4.3.1). At physiological temperature the rates are 

too slow to be differentiated by this assay. 

The effects of temperature on kct and ktc were analyzed by Eyring plots9 (Figures 

4.3.1 and 10.7-10.11) and values for ∆H‡ and ∆S‡ were calculated from linear least 

squares fits of the data in these plots and are presented in Table 4.3.2. The activation 

parameters demonstrate that the free energy barriers to isomerization of compounds 1-4b 

are enthalpic in origin. The effects of temperature on the values of Ktrans/cis = (kct/ktc) were 

measured directly by NMR spectroscopy and the resulting data were analyzed by van’t 
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Hoff plots (Figure 4.3.2). Values for ∆H° and ∆S° were calculated from linear least-

squares fits of these plots (Table 4.3.3). In all cases studied, the trans isomer of 1-4b is 

more stable than the cis isomer. Moreover, the values of Kt/c for 1-4b are dependent on 

temperature such that the trans isomer becomes increasingly favoured as the temperature 

decreases. 

Table 4.3.2:  Activation enthalpies (∆H‡) and entropies (∆S‡) as derived from Eyring 

plots in D2O for 1-4b.  

Amide 

cis-to-trans[a] trans-to-cis[a] 

∆H‡ ∆S‡ ∆G‡
300K

[b] ∆H‡ ∆S‡ ∆G‡
300K

[b] 

(kcal⋅  
mol-1) 

(cal⋅  
mol-1⋅K-1) 

(kcal⋅   
mol-1) 

(kcal⋅   
mol-1) 

(cal⋅  
mol-1⋅K-1) 

(kcal⋅   
mol-1) 

1 20.6 1.2 20.2 21.3 1.4 20.9 

2 20.2 0.1 20.2 21.1 0.5 21.0 

3 21.8 4.7 20.4 22.7 5.4 21.1 

4a 20.4 0.6 20.2 20.6 1.0 20.3 

4a 22.4 6.2 20.6 23.3 6.6 21.3 
[a]Error limits obtained from the residuals of the linear least squares fitting of the data to 

equation ln(k/T) = (-∆H‡/R)(1/T) + ∆S‡/R + ln(kB/h) were 1-2% for compounds 1, 2 and 

3-6% for compounds 3, 4a, and 4b; where kB is the Boltzmann constant and h is Planck’s 

constant; [b]Calculated using the equation ∆G‡ = ∆H‡ - T∆S‡. 
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Figure 4.3.1: Representative Eyring plot of the rates of cis-trans isomerization (kct) 

(green squares) and trans-cis isomerization (ktc) (pink squares) relative to temperature 

for 4a, with best fit lines (black line). 
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Figure 4.3.2: Comparison of van’t Hoff plots of the model diamides 1 (grey circles), 2 

(blue squares), 3 (black circles), 4a (green squares), 4b (red triangles), with best fit lines 

(black line). 
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Table 4.3.3: Thermodynamic parameters for cis-trans isomerization of 1-4b. 

Amide 
∆H°[a] ∆S°[a] Ktrans/cis

[b] 

(kcal⋅mol-1) 
(cal⋅  

mol-1⋅K-1) 
(37 °C) 

1 -0.95 ± 0.01 -0.87 ± 0.02 3.03 ± 0.08 

2 -1.33 ± 0.03 -1.76 ± 0.09 3.52 ± 0.05 

3 -1.29 ± 0.02 -1.72 ± 0.06 3.34 ± 0.15 

4a -1.27 ± 0.02 -1.64 ± 0.07 3.41 ± 0.30 

4a -1.30 ± 0.03 -1.77 ± 0.10 3.37 ± 0.28 
[a]Error limits obtained by linear least-squares fitting the data of the van’t 

Hoff plots to equation ln Kt/c = (-∆H°/R)(1/T) + ∆S°/R; [b]Carried out in D2O; 

± SE determined by integration of the 1H NMR signals from two or more sets 

of trans/cis isomers. 

The pucker of Hyp (2S,4R) in model peptide 2 in solution has been previously 

assigned to the Cγ-exo conformation on the basis of observed 3J-coupling constants.10 

The prolyl ring pucker for compounds 3, 4a, and 4b were similarly established as the Cγ-

exo conformation on the basis of 1H NMR coupling constants by comparison to literature 

values. For example, in compound 4a we observed both 3Jα,β1 and 3Jα,β2 couplings 

constants to be 8.2 Hz. Based on the dihedral angles of respective puckers, expected 

coupling constants for the Cγ-exo conformer are 7-10 Hz and 7-11 Hz, respectively, 

whereas those for Cγ-endo are 6-10 Hz and 2-3 Hz, respectively, due to the Karplus 

equation. Other couplings are characteristic for the Cγ-exo pucker (see Table 10.2).  

Previous reports have shown that inductive effects in the γ-position of proline 

exert a significant influence on the thermodynamics and kinetics of prolyl amide bond 
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isomerization.11 To assess the inductive effect caused by glycosylation of hydroxyproline 

we determined the 13C-NMR chemical shifts of the Cγ atom, which can indicate electron 

withdrawal by pendant functional groups,12 and have previously been used to correlate 

the electron-withdrawing effects in various Cγ-substituted proline analogs.11c The 

observed 13C-NMR chemical shifts (δCγ(trans)) indicate that electron withdrawal increases 

in the order hydroxyl (δCγ = 69.9 ppm) (2) < tert-butoxyl (δCγ = 70.1 ppm)  (3) < α-

galactosyl (δCγ = 76.5 ppm)  (4a) < β-galactosyl (δCγ = 77.9 ppm)  (4b) (see Table 10.1). 

It should be noted that chemical shift can be affected by other factors, including 

anisotropy, steric effects, and Van der Waals effects. However, anisotropy has little 

influence on 13C chemical shift, and if steric effects play a role, then the tert-butyl group 

of 3 should have a similar greater influence on the 13C chemical shift than 1 and 2, which 

is not observed.      

To determine the extent of interaction between the galactose and prolyl rings, we 

performed nOe transfer experiments with compounds 4a and 4b in D2O. Selective 

inversion of one of the H-β protons in 4a by a selective GOESY6 experiment resulted in a 

1.5% resonance transfer to a peak at δ = 3.83 ppm corresponding to the overlapped 

signals of both H-4 and H-5 of galactose (Figure 4.3.3A). By comparison, selective 

inversion of H-2 in 4b produced nOe transfer (3.0%) to H-α of Hyp (Figure 4.3.3B). 

These results suggest that galactosylation of Hyp induces close contacts between distant 

positions in the carbohydrate and pyrrolidine rings.  
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Figure 4.3.3: Relevant nOe interactions between the prolyl ring and the carbohydrate 

ring for A) Ac-Hyp(α-D-Gal)-NHMe (4a) and B) Ac-Hyp(β-D-Gal)-NHMe (4b). 

 

4.4 Discussion 

We have found that glycosylation of Hyp in compounds 4a and 4b has no 

apparent effect on the isomer equilibrium (Ktrans/cis) nor on the rate of isomerization (ktc, 

ktc) in water between the cis and trans isomers when compared to unglycosylated 

reference compounds 1-3. However, glycosylation of Hyp provides an inductive electron 

withdrawing effect on the prolyl ring. The magnitude of the change in 13C-NMR 

chemical shift (6.5-8 ppm) has been correlated to the strength of the inductive effect, and 

is similar to a downfield shift of 8 ppm observed when a trifluoroacetate group was 

attached to Hyp in Ac-Hyp-OMe.11c The effect is slightly larger for Ac-Hyp(β-D-Gal)-

NHMe 4b (by 1.5 ppm) compared to the α-anomer 4a. It is known that (4R)-

electronegative substituents stabilize the Cγ-exo pucker of proline in peptide mimics11 

and contribute to enhanced stability of the triple helix in collagen.13 Moreover, it has been 

established both from computational14 and experimental studies15 that stabilization of the 

Cγ-exo ring pucker favours the prolyl trans amide isomer. Our results therefore suggest 

that glycosylation of Hyp may lead to additional stabilization of the Cγ-exo ring pucker of 
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Hyp. However, this stabilization does not translate in a measurable increase on Ktrans/cis 

for peptide mimics 4a and 4b when compared to unglycosylated 2. Most likely the 

stabilization of the trans isomer in compounds 4a and 4b is too small to be differentiated 

and remains within the experimental error. Any stabilization of the Cγ-exo ring pucker 

may be more apparent in larger glycopeptides that contain two or more glycosylated Hyp 

units; where the effect may be additive.  

Perhaps more importantly, nOe experiments show that the glycosylation of 2 

results in distant contacts between the proline and galactose rings, suggesting that 

galactosylation of Hyp induces conformational constraint into glycopeptides. Very likely 

this is the result of increased steric strain induced upon glycosylation. Additionally, 

glycosylation of Hyp may also affect other properties including solvation, solubility and 

thermostability.  

 

4.5 Conclusions 

While there is no significant influence on prolyl N-terminal amide isomerization, 

the presence of both an enhanced inductive effect and Gal-Pro contacts between distant 

positions in 4a and 4b suggests that glycosylation of Hyp will have important 

implications on peptide backbone conformation in HRGPs and glycosylated Hyp-

containing peptides. 

 

4.6 Experimental Section 

General 
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Thin-Layer chromatography was performed on Si250F precoated plates of silica 

gel (250µm). Column chromatography was performed on SilicaFlash P60 silica gel (40-

63µm). Reagent grade solvents were used without further purification. Spectra were 

assigned based on 2D COSY and 2D HSQC experiments. For 1H NMR, minor isomers 

are listed between square brackets. For 13C NMR, when assigned, carbon peaks for the 

minor isomer are listed in brackets. 

 

General Procedures 

Preparation of N-Fmoc-N′-methylamide amino acids 

The amino acid (1.0 eq) was dissolved in anhydrous DMF, followed by addition 

of TBTU (1.5 eq), diisopropylethylamine (3.0 eq) and methylamine hydrochloride (1.5 

eq). The solution was stirred at ambient temperature for 1.5 hrs. The reaction mixture was 

diluted with 20 mL water, followed by extraction (EtOAc), drying (Na2SO4), and 

concentration under reduced pressure for purification by flash chromatography. 

 

Preparation of N-Acetyl-N′-methylamide amino acids 

The amino acid (1.0 eq) was dissolved in 1:1 (v/v) DCM/piperidine, stirred for 3 

hours at ambient temperature, then co-distilled with toluene (3 x 10 mL). The crude 

product was then dissolved in 1:1 Ac2O/pyridine, and the mixture was stirred at ambient 

temperature for 4 hours. The solution was concentrated under reduced pressure, and then 

was co-distilled with toluene (3 x 10 mL) before purification by flash chromatography. 
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N-Acetyl-L-proline N′-methylamide (1) : The general preparation methods were 

followed: C-terminal amidation of (2S)-Fmoc-Proline 10 (0.2 g, 1.175 mmol, 1.0 eq) 

using TBTU (0.566 g, 1.76 mmol, 1.5 eq), DIPEA (0.614 mL, 3.52 mmol, 3.0 eq), and 

methylamine hydrochloride (0.119 g, 1.76 mmol, 1.5 eq) in anhydrous DMF (5 mL). N-

terminal acylation of the crude product was performed using 1:1 (v/v) DCM:piperidine (4 

mL), then 1:1 Ac2O/pyridine (4 mL). The reaction mixture was purified by flash 

chromatography using first ethyl acetate, then 9:1 ethyl acetate/methanol to yield 1 as a 

clear oil (0.181 g, 1.063 mmol) (83.0%): [α]25
D = -1.4° (c 1.0 CHCl3); 1H NMR (300 

MHz, D2O, 298K) δ =  [4.46, dd, 0.25H, Proα
cis, J = 3.0Hz, J = 8.7Hz], 4.30 (dd, 0.75H, 

Proα
cis, J = 4.1Hz, J = 8.8Hz), 3.52-3.70 (m, 1.5H, Proγ1

trans
, Proγ2

trans), [3.39-3.54, m, 

0.5H, Proγ1
cis

, Proγ2
cis], [2.75, s, 0.75H, -NHCH3

cis], 2.70 (s, 2.25H, -NHCH3
trans), [2.26-

2.35, m, 0.25H, Proβ1
cis], 2.15-2.27 (m, 0.75H, Proβ1

trans), 2.09 (s, 2.25H, –COCH3
trans), 

[1.95, s, 0.75H, –COCH3
cis], 1.85-2.01 (m, 3H, Proβ1

trans, Proβ1
cis, Proδ1

trans, Proδ1
cis, 

Proδ2
trans, Proδ2

cis); 13C NMR (75 MHz, D2O, 298K) δ = 175.3, (175.2), (173.9), 173.7, 

(62.3), 60.8, 49.1, (47.4), (31.9), 30.3, (26.3), 26.2, 24.5, (22.9), 21.8, (21.6).  

N-Acetyl-trans-4-hydroxy-L-proline N′-methylamide (2) : Compound 3 (0.095 g, 

0.392 mmol) was dissolved in 1:1 (v/v) TFA/DCM (4 mL), stirred for 30 minutes at 0ºC, 

then co-distilled with toluene (3 x 6 mL). The product was purified by flash 

chromatography using 10:1 ethyl acetate/methanol to yield 2 as a clear oil (0.067 g, 0.36 

mmol) (92.0%): [α]25
D = -26.7° (c 0.3 CH3OH); 1H NMR (300 MHz, D2O, 298K) δ =  

[4.57, dd, 0.23H, Proα
cis, J2,3a = 8.1Hz], 4.50-4.56 (m, 0.77H, Proγ

trans), [4.45-4.50, m, 

0.23H, Proγ
cis], 4.40 (dd, 0.77H, Proα

trans, J2,3a = 8.4Hz, J2,3b = 8.5Hz), 3.79 (dd, 0.77H, 

Proδ1
trans, Jγ,δ1 = 4.1Hz, Jδ1,δ2 = 11.8Hz), [3.69, dd, 0.23H, Proδ1

cis, Jγ,δ1 = 3.9Hz, Jδ1,δ2 = 
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12.7Hz], 3.61 (dd, 0.77H, Proδ2
trans, Jγ,δ2 = 3.5Hz), [3.53, dd, 0.23H, Proδ2

cis, Jγ,δ2 = 

4.5Hz], [2.75, s, 0.69H, -NHCH3
cis], 2.71 (s, 2.31H, -NHCH3

trans), [2.35-2.48, m, 0.23H, 

Proβ1
cis], 2.29 (ddd, 0.77H, Proβ1

trans, Jβ1,γ = 4.4Hz, Jβ1,β2 = 13.7Hz), [2.17, 0.23H, Proβ2
cis, 

Jβ2,γ = 4.7Hz, Jα,β2 = 7.9Hz, Jβ1,β2 = 13.7Hz], 2.09 (s, 2.31H, –COCH3
trans), 2.17 (0.77H, 

Proβ2
trans, Jβ2,γ = 4.5Hz), [1.96, s, 0.69H, –COCH3

cis]; 13C NMR (75 MHz, D2O, 298K) δ 

= 174.7, (174.6), (174.3), 173.8, 69.9, (68.6), (60.5), 59.3, 56.5, (54.7), (39.6), 38.0, 

(26.3), 26.2, 21.9, (21.0). 

4-O-(tert-Butyl)-N-acetyl-trans-4-hydroxy-L-proline N′-methylamide (3): The general 

preparation methods were followed: C-terminal amidation of (2S,4R)-Fmoc-tert-butyl-

hydroxyproline 11 (0.263 g, 0.642 mmol, 1.0 eq) using TBTU (0.205 g, 0.963 mmol, 1.5 

eq), DIPEA (0.336 mL, 1.926 mmol, 3.0 eq), and methylamine hydrochloride (0.119 g, 

1.76 mmol, 1.5 eq) in anhydrous DMF (5 mL). N-terminal acylation of the crude product 

was performed using 1:1 DCM:piperidine (6 mL), then 1:1 Ac2O/pyridine (6 mL). The 

reaction mixture was purified by flash chromatography using 40:1 ethyl acetate/methanol 

to yield 3 as a clear oil (0.050 g, 0.206 mmol) (78.0%): [α]25
D = -21.6° (c 0.9 CHCl3); 1H 

NMR (300 MHz, D2O, 298K) δ =  [4.55, dd, 0.23H, Proα
cis, J = 5.4Hz, J = 8.4Hz], 4.42-

4.52 (m, 0.77H, Proγ
trans), [4.42-4.48, m, 0.23H, Proγ

cis], 4.39 (dd, 0.77H, Proα
trans, J = 

6.5Hz, J = 8.3Hz), 3.88 (dd, 0.77H, Proδ1
trans, Jγ,δ1 = 5.8Hz, Jδ1,δ2 = 11.1Hz), [3.68, dd, 

0.23H, Proδ1
cis, Jγ,δ1 = 6.0Hz, Jδ1,δ2 = 12.3Hz], 3.43 (dd, 0.77H, Proδ2

trans, Jγ,δ2 = 4.6Hz), 

[3.41, dd, Proδ2
cis, Jγ,δ2 = 4.8Hz], [2.75, s, 0.69H, -NHCH3], 2.70 (s, 2.31H, -NHCH3), 

2.09-2.37 (m, 2H, Proβ1
trans, Proβ1

cis, Proβ2
trans, Proβ2

cis), 2.07 (s, 2.31H, –COCH3
trans), 

[1.94, s, 0.69H, –COCH3
cis], 1.21 (s, 6.93H, tert-butyltrans), [1.20, s, 2.07H, tert-butylcis]; 

13C NMR (75 MHz, D2O, 298K) δ = 174.7, (174.5), (174.0), 173.6, 76.6, (76.5), 70.1, 
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(68.9), (60.6), 59.2, 55.4, (53.7), (39.1), 37.6, 27.6, (26.3), 26.2, 21.9, (20.9); HRMS (ES) 

calc. for C12H22N2NaO3 (M + Na)+: 265.1528. Found (M + Na)+: 265.1530. 

4-O-(2,3,4,6-Tetra-O-benzyl-α,β-D-galactopyranosyl)-N-fluorenylmethoxycarbonyl-

trans-4-hydroxy-L-proline N′-methylamide (7a,b): (2S,4R)-Fmoc-hydroxyproline 5 

(1.092 g, 3.08 mmol, 1.0 eq) was dissolved in MeCN (10 mL), followed by addition of 

2,3,4,6-tetra-O-benzyl-thio-β-D-galactopyranoside 9 (2.398 g, 3.70 mmol, 1.2 eq) and 

BF3·OEt (0.389 mL, 3.08 mmol, 1.0 eq). The solution was cooled to 0°C and stirred for 

ten minutes. Then, AgOTf (0.154 g, 0.617 mmol) and NIS (0.973 g, 4.32 mmol, 1.4 eq) 

were added, at which point the solution turned red. The mixture was allowed to return to 

ambient temperature, and stirred for an additional 2.5 hours before being concentrated 

under reduced pressure. The resulting residue was re-dissolved in ethyl acetate (20 mL).  

This solution was washed with 1:1 saturated sodium bicarbonate (aq)/saturated sodium 

thiosulphate (aq) (5 x 20 mL), dried (Na2SO4) and concentrated under reduced pressure. 

The product was purified by flash chromatography using 4:4:1 CH2Cl2/ethyl 

acetate/methanol to yield a mixture of diastereomers 6a,b recovered as a white solid 

(1.284 g, 1.466 mmol) (48.0%). 

The general procedure for C-terminal amidation was carried out on the mixture of 

diastereomers 6a,b (0.200 g, 0.228 mmol, 1.0 eq) using TBTU (0.109 g, 0.342 mmol, 1.5 

eq), DIPEA (0.120 mL, 0.684 mmol, 2.0 eq), and methylamine hydrochloride (0.022 g, 

0.342 mmol, 1.0 eq) in anhydrous DMF (5 mL). The products were purified by flash 

chromatography using 2:1 ethyl acetate/hexanes to yield first 7a (0.084 g, 0.098 mmol) 

and then 7b (0.088 g, 0.100 mmol) (87.0%):  
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7a: [α]25
D = +14.2° (c 2.0 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.72-7.81 (m, 

2H, aromatic), 7.47-7.64 (m, 2H, aromatic), 7.18-7.46 (m, 24H, aromatic), 6.31 (broad q, 

0.65H, -NHCH3), [5.42, broad q, 0.35H, -NHCH3], 4.96 (d, 1H, -OCH2Ph, J = 11.6Hz), 

4.91 (broad d, 1H, H1), 4.67-4.87 (m, 3H, -OCH2Ph), 4.62 (d, 1H, -OCH2Ph, J = 12.3Hz), 

4.58 (d, 1H, -OCH2Ph, J = 11.6Hz), 4.11-4.53 (m, 7H, -OCH2Ph, H4, H5, H6a, H6b, Proγ, 

Proα), 4.05 (dd, 1H, H2, J = 3.6Hz, J = 10.1Hz), 3.94-4.01 (m, 2H, -C(O)OCH2CH), 3.90 

(broad dd, 1H, H3), 3.44-3.84 (m, 4H, Proδ1, Proδ2, -C(O)OCH2CH), 2.73 (d, 2H, -

NHCH3
trans, J = 4.3Hz), [2.58, broad d, 1H, -NHCH3

cis], 2.42-2.54 (m, 1H, Proβ1), 2.26-

2.40 (m, 1H, Proβ2); 13C NMR (75 MHz, CDCl3, 298K) δ = 171.6, 155.9, 143.9, 143.7, 

141.3, 138.8, 138.6, 137.9, 127.0-128.6 (aromatic carbons), 125.1, 120.0, 97.5, 78.8, 

76.4, 75.0, 74.8, 73.6, 73.3, 73.1, 70.0, 69.5, 67.7, 67.3, 59.4, 51.8, 47.2, 35.0, 26.3; 

HRMS (ES) calc. for C55H56N2NaO9 (M + Na)+: 911.3884. Found (M + Na)+: 911.3887. 

7b: [α]25
D = -23.7° (c 1.4 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.70-7.81 (m, 

2H, aromatic), 7.47-7.64 (m, 2H, aromatic), 7.14-7.45 (m, 24H, aromatic), 6.28 (broad q, 

0.75H, -NHCH3), [5.37, broad q, 0.25H, -NHCH3], 4.95 (d, 1H, -OCH2Ph, J = 11.7Hz), 

4.68-4.86 (m apparent d, 4H, -OCH2Ph), 4.58 (d, 1H, -OCH2Ph, J = 11.7Hz), 4.50-4.58 

(m, 1H, Proγ), 3.98-4.50 (m, 7H, -OCH2Ph, H1, H5, H6a, H6b, Proα), 3.87-4.96 (m, 1H, -

C(O)OCH2CH), 3.73-3.86 (m, 2H, H3, Proδ1), 3.45-3.72 (m, 5H, H2, H4, Proδ2, -

C(O)OCH2CH), 2.75 (d, 2.25H, -NHCH3
trans, J = 4.7Hz), [2.61, broad d, 0.75H, -

NHCH3
cis], 2.41-2.55 (m, 1H, Proβ1), 2.08-2.30 (m, 1H, Proβ2); 13C NMR (75 MHz, 

CDCl3, 298K) δ = 171.5, 156.1, 143.8, 143.7, 141.3, 138.7, 138.5, 138.4, 137.8, 127.4-

128.6 (aromatic carbons), 127.2, 125.2, 120.0, 102.4, 82.2, 79.2, 75.2, 74.7, 73.5, 73.4, 
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73.3, 72.9, 68.6, 67.8, 58.9, 52.9, 47.1, 33.8, 26.4; HRMS (ES) calc. for C55H56N2NaO9 

(M + Na)+: 911.3884. Found (M + Na)+: 911.3880. 

4-O-(2,3,4,6-Tetra-O-benzyl-α,β-D-galactopyranosyl)-N-acetyl-trans-4-hydroxy-L-

proline N′-methylamide (8a,b): The general preparation method was followed for N-

terminal acylation of 7a (0.080 g, 0.090 mmol) using 1:1 DCM:piperidine (4 mL), then 

1:1 Ac2O/pyridine (4 mL). The reaction mixture was purified by flash chromatography 

using 10:1 ethyl acetate/methanol to yield 8a as a clear oil (0.050 g, 0.071 mmol) 

(78.0%) (a similar procedure was used for 7b): 

8a: [α]25
D = +0.84° (c 1.0 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.22-7.40 (m, 

20H), 6.76 (broad q, 1H, -NHCH3, J = 4.6Hz), 4.94 (d, 1H, -OCH2Ph, J = 11.4Hz), 4.71-

4.88 (m, 4H, H1, -OCH2Ph), 4.52-4.67 (m, 3H, Proγ, -OCH2Ph), 4.35-4.52 (m, 3H, Proα, -

OCH2Ph), 4.04 (dd, 1H, H2, J = 3.6Hz, J = 10.1Hz), 3.93-4.00 (m, 2H, H4, H5), 3.88 (dd, 

1H, H3, J = 2.2Hz, J = 10.1Hz), 3.65 (dd, 1H, Proδ1, J = 5.5Hz, J = 10.5Hz), 3.56-3.45 (m, 

3H, H6a, H6b, Proδ2), 2.72 (d, 3H, -NHCH3, J = 4.6Hz), 2.58-2.62 (m, 1H, Proβ1), 2.11-

2.15 (m, 1H, Proβ2), 1.99 (s, 3H, –COCH3); 13C NMR (75 MHz, CDCl3, 298K) δ = 171.3, 

170.8, 138.6, 138.5 (2), 137.9, 127.3-128.6 (aromatic carbons), 98.1, 78.9, 76.9, 76.4, 

74.9, 74.8, 73.8, 73.6, 72.9, 70.1, 69.2, 58.4, 53.2, 33.9, 26.2, 22.5; HRMS (ES) calc. for 

C42H48N2NaO8 (M + Na)+: 731.3308. Found (M + Na)+: 731.3312. 

8b: [α]25
D = -0.11° (c 1.0 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.20-7.40 (m, 

20H), 6.89 (broad q, 1H, -NHCH3, J = 4.7Hz), 4.94 (d, 1H, -OCH2Ph, J = 11.7Hz), 4.67-

4.84 (m, 4H, -OCH2Ph), 4.62 (d, 1H, -OCH2Ph, J = 11.6Hz), 4.48-4.58 (m, 2H, Proα, 

Proγ), 4.36-4.47 (m, 3H, H1, -OCH2Ph), 3.87 (dd apparent d, 1H, H4, J = 3.0Hz, J = 
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3.0Hz), 3.77 (dd, 1H, H2, J = 7.8Hz, J = 9.7Hz), 3.60-3.71 (m, 2H, Proδ1, Proδ2), 3.47-

3.60 (m, 4H, H3, H5, H6a, H6b), 2.74 (d, 3H, -NHCH3, J = 4.6Hz), 2.57-2.68 (m, 1H, 

Proβ1), 1.97-2.08 (m, 1H, Proβ2), 2.04 (s, 3H, –COCH3); 13C NMR (75 MHz, CDCl3, 

298K) δ = 171.3, 170.9, 138.6, 138.5, 138.4, 137.8, 127.3-128.7 (aromatic carbons), 

103.1, 82.2, 79.2, 77.5, 75.2, 74.6, 73.5 (2), 73.4, 73.1, 68.9, 57.7, 54.0, 33.0, 26.2, 22.5; 

HRMS (ES) calc. for C42H48N2NaO8 (M + Na)+: 731.3308. Found (M + Na)+: 731.3309. 

4-O-(α,β-D-Galactopyranosyl)-N-acetyl-trans-4-hydroxy-L-proline N′-methylamide 

(4a,b): Compound 8a (0.050 g, 0.048 mmol, 1.0 eq) was dissolved in 4:1 methanol/ethyl 

acetate (5 mL). After addition of Pearlman’s catalyst (20% palladium hydroxide on 

carbon) (0.050 g, approx. 0.047 mmol, 1.0 eq), the reaction flask was flushed with N2 for 

5 minutes. The reaction mixture was then stirred vigorously under hydrogen atmosphere 

(10 psi) for 4 hours, after which it was flushed with nitrogen and filtered. The product 

was then concentrated under reduced pressure to provide 4a as a clear oil (0.024 g, 0.069 

mmol) (quant.) (a similar procedure was used for 8b):  

4a: [α]25
D = +82.0° (c 0.3 CH3OH); 1H NMR (500 MHz, D2O, 298K) δ = 4.93 (d, 0.8H, 

H1
trans, J = 3.2Hz), [4.89, d, 0.2H, H1

cis, J = 3.3Hz], [4.52, dd apparent t, 0.2H, Proα
cis, J = 

7.7Hz, J = 7.9Hz], 4.38-4.42 (m, 0.8H, Proγ
trans), [4.33-4.37, m, 0.2H, Proγ

cis], 4.32 (dd 

apparent t, 0.8H, Proα
trans, J = 8.3Hz, J = 8.4Hz), 3.80-3.86 (m, 2H, H4

trans, H4
cis, H5

trans, 

H5
cis), [3.72-3.77, m, 0.2H, Proδ1

cis], 3.63-2.71 (m, 3.6H, H2
trans, H2

cis, H3
trans, H3

cis, 

Proδ1
trans, Proδ2

trans), 3.57-3.63 (m, 2H, H6a
trans, H6a

cis, H6b
trans, H6b

cis), [3.45, dd, 0.2H, 

Proδ2
cis, J = 4.4Hz, J = 12.8Hz], [2.64, s, 0.6H, -NHCH3

cis], 2.60 (s, 2.4H, -NHCH3
trans), 

[2.44-2.53, m, 0.2H, Proβ1
cis], 2.39 (ddd, 0.8H, Proβ1

trans, J = 2.5Hz, J = 8.2Hz, J = 
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13.4Hz), [2.14, ddd, 0.2H, Proβ2
cis, J = 5.5Hz. J = 7.3Hz, J = 13.4Hz], 1.94-2.04 (m, 0.8H, 

Proβ2
trans), 1.99 (s, 2.4H, –COCH3

trans), [1.85, s, 0.6H, –COCH3
cis]; 13C NMR (75 MHz, 

D2O, 298K) δ = 174.7, (174.6), (174.3), 173.8, 98.3, (98.1), 76.5, (74.8), 71.87, (71.85), 

69.65, (69.62), 68.44, (68.38), 61.7, (60.8), 59.6, 53.9, (52.0), (38.2), 36.5, (26.3), 26.2, 

21.9, (21.1); HRMS (ES) calc. for C14H24N2NaO8 (M + Na)+: 371.1430. Found (M + 

Na)+: 371.1438. 

4b: [α]25
D = -22.5° (c 0.7 CH3OH); 1H NMR (500 MHz, D2O, 298K) δ = 4.62-4.67 (m, 

0.8H, Proγ
trans), [4.60, dd apparent t, 0.2H, Proα

cis, J = 7.9Hz, J = 8.1Hz], [4.57-4.61, m, 

Proγ
cis], 4.48 (d, 0.8H, H1

trans, J = 8.1Hz), [4.46, d, 0.2H, H1
cis, J = 8.1Hz], 4.40 (dd 

apparent t, 0.8H, Proα
trans, J = 8.3Hz, J = 8.3Hz), [3.94-3.98, m, 0.2H, Proδ1

cis], 3.89-3.94 

(m, 1H, H4
trans, H4

cis), 3.79-3.89 (m, 1.6H, Proδ1
trans, Proδ2

trans), 3.66-3.78 (m, 3H, H5
trans, 

H5
cis, H6a

trans, H6a
cis, H6b

trans, H6b
cis), 3.63 (dd, 0.8H, H3

trans, J = 3.1Hz, J = 10.0Hz), [3.61-

3.65, m, 0.2H, H3
cis], [3.58, dd, 0.2H, Proδ2

cis, J = 4.3Hz, J = 12.9Hz], 3.46 (dd, 0.8H, 

H2
trans, J = 7.9Hz, J = 10.0Hz), [3.43-3.48, m, 0.2H, H2

cis], [2.77, s, 0.6H, -NHCH3
cis], 

2.72 (s, 2.4H, -NHCH3
trans), [2.55-2.62, m, 0.2H, Proβ1

cis], 2.44-2.51 (m, 0.8H, Proβ1
trans), 

[2.18-2.25, m, 0.2H, Proβ2
cis], 2.11 (s, 2.4H, –COCH3

trans), 2.03-2.10 (m, 0.6H, Proβ2
trans), 

[1.96, s, 0.6H, –COCH3
cis]; 13C NMR (75 MHz, D2O, 298K) δ = 174.6, (174.5), (174.3), 

173.7, (102.1), 102.0, 77.9, (76.7), (75.7), 75.6, (73.04), 73.02, (70.93), 70.90, 68.9, 61.3, 

(60.4), 59.2, 55.0, (53.2), (49.2), (37.5), 35.7, (26.3), 26.2, 21.9, (21.0); HRMS (ES) calc. 

for C14H24N2 NaO8 (M + Na)+: 371.1430. Found (M + Na)+: 371.1432.  
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Chapter 5: The Implications of (2S,4S)-Hydroxyproline 4-O-

Glycosylation on Prolyl Amide Isomerization 
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5.1 Abstract 

The conformation of peptides and proteins is often influenced by glycans O-linked 

to serine (Ser) and threonine (Thr). (2S,4R)-4-Hydroxproline (Hyp), together with L-

proline (Pro), are interesting targets for O-glycosylation as they have a unique influence 

on peptide and protein conformation. In previous work, we found that glycosylation of 

Hyp does not affect the N-terminal amide trans/cis ratio (Ktrans/cis) nor the rate of amide 

isomerization in model amides. The stereoisomer of Hyp, (2S,4S)-4-hydroxyproline (hyp), 

is rarely found in nature, and has a different influence on the conformation of the 

pyrrolidine ring as well as on Ktrans/cis. Glycans attached to hyp would be expected to be 

projected from the opposite face of the prolyl side chain relative to Hyp; the impact this 

would have on Ktrans/cis was unknown. Measurement of 3J coupling constants indicates 

that the glycan has little impact on the Cγ-endo conformation instilled by hyp. As a result, 

it was found that the D-galactose residue oriented from a Cγ-endo pucker affects both 

Ktrans/cis and the rate of isomerization, which is not found to occur when projected from a 



 

181 

Cγ-exo pucker; this reflects the different environments delineated by the proline side 

chain. The enthalpic contributions to the stabilization of the trans amide isomer may be 

due to disruption of intramolecular interactions present in hyp; the change in enthalpy is 

balanced by a decrease in entropy incurred upon glycosylation. Since the different 

stereoisomers Hyp and hyp, project the O-linked carbohydrates in opposite spatial 

orientations, these glycosylated amino acids may be useful for understanding how the 

projection of a glycan from the peptide or protein backbone exerts its influence. 

 

5.2 Introduction 

 Glycosylation is a common post-translational modification of proteins in 

eukaryotes, as well as for bacteria and archaea.1 Aside from direct involvement in various 

biological processes involving protein-carbohydrate recognition,2 glycosylation also 

affects protein conformation and folding,2a,b receptor binding and signalling,2a,b 

enhancement of the thermal stability of proteins,3 protection against proteolytic 

degradation,4 hydration and hydrophilicity,5 and may facilitate membrane penetration.6 In 

order to explore the effect of glycosylation on peptide backbone conformation, many 

small model glycopeptides and glycopeptide mimics have been prepared over the years.7 

These studies have concluded that the nature of the glycosidic linkage not only influences 

the presentation of the carbohydrate moiety, but also influences peptide backbone 

conformation.2d,8 Typically, carbohydrates are O-linked to serine (Ser) and threonine 

(Thr) or N-linked to asparagine (Asn). The O-glycosylation of (2S,4R)-4-hydroxyproline 

(Hyp) is widespread in the plant kingdom, and occurs in hydroxyproline-rich 

glycoproteins (HRGPs) that are associated with the cell walls of algae and flowering 
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plants.9 The stereoisomer of Hyp, (2S,4S)-4-hydroxyproline (hyp), is rarely found in 

nature, having been isolated from extracts of the sandalwood tree Santalum album, 

several species of fungi, and the cyanobacteria Lyngbya majuscula.10 

Proline (Pro), along with Hyp and hyp, exhibit unique properties among 

proteinogenic amino acids. First, these amino acids are characterized by limited rotation 

of the φ dihedral angle, as their side chain is fused to the peptide backbone. As a result, 

there is a reduction in the energy difference between the prolyl amide cis (ω = 0°) and 

trans (ω = 180°) isomers making them nearly isoenergetic (Figure 5.2.1);11 this leads to 

higher cis N-terminal amide isomer content relative to the other amino acids.  
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Figure 5.2.1: Proline cis amide isomers showing relevant backbone torsional angles as 

well as the trans amide isomer with the n → π* interaction between the N-terminal amide 

carbonyl oxygen to the C-terminal carbonyl carbon. 

Second, prolyl cis-trans isomerization is often the rate-determining step in the 

folding pathways of many peptides and proteins11a,12 and third, Pro and Hyp induce β-

turns and extended helical structures (polyproline helix) in peptides that are crucial in 

protein-protein and protein-peptide interactions.13,14 Moreover, both Pro and Hyp play an 

important role in the stability of structural proteins such as collagen,15 and have been 

implicated in contributing to the stability of HRGPs, such as the extensins.16 As a result, 
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there is a growing interest in understanding and controlling prolyl N-terminal amide 

isomerization in biological processes.  

The prolyl cis-trans isomerization equilibrium has been proposed to be governed 

by an n → π* interaction between the oxygen lone pair from the prolyl N-terminal amide 

C=O to the antibonding orbital of the C-terminal C=O (Figure 5.2.1).11,17-20 This 

interaction is analogous to the approach of an amino nucleophile to a carbonyl group.59 

There is a significant amount of evidence that this interaction does occur,60 however the 

expected changes in bond angle and bond length in the C-terminal C=O are not observed 

in the crystal structure of proline model peptides,32 therefore the n → π* interaction 

remains a model that is only analogous to the Bürgi-Dunitz approach of a nucleophile.  

Recent studies have shown that 4-hydroxylation and attachment of other electron-

withdrawing groups have a further influence on cis-trans isomerization through inductive 

and stereoelectronic effects,17,21-25 which affect the n → π* interaction through changes to 

the conformation of the pyrrolidine ring26,27 and the prolyl backbone ψ dihedral 

angle.17,21-25 It has also been shown that carbohydrates can affect cis-trans isomerization, 

as Ser O-glycosylated with either α-linked N-acetyl galactosamine or β-linked N-acetyl 

glucosamine N-terminal to Pro stabilizes the trans amide conformation.28 Recently, our 

group has developed several unnaturally C-glycosylated Pro analogues, which have 

demonstrated a strong ability to vary the prolyl N-terminal amide equilibrium (Ktrans/cis).29  

In terms of clarifying the effects of 4-O-glycosylation of Hyp, as found in 

HRGPs, we demonstrated in earlier work that both α- and β-glycosylation of Hyp in 

model amides had no apparent effect on the isomer equilibrium constant or the rate of 

amide isomerization.30 However, our results indicated that galactosylation of Hyp may 
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cause an inductive electron-withdrawing effect on the prolyl ring. It is known that (4R)-

electronegative substituents stabilize the Cγ-exo pucker of proline.17,21-25 Moreover, nOe 

experiments indicated that glycosylation of Hyp resulted in distant contacts between the 

proline and galactose rings, which indicates that glycosylation induces conformational 

constraint into glycopeptides. Based on these results, we became interested in studying 

how galactosylation of hyp, the stereoisomer of Hyp, influences the thermodynamics and 

kinetics of prolyl amide cis-trans isomerization. We anticipated that O-glycosylation of 

hyp may have a different impact on N-terminal amide isomerization since 4S-

hydroxylation causes the hydroxyl group to be projected from the opposite face of the 

prolyl side chain relative compared to its stereoisomer (Figure 5.2.2).  
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Figure 5.2.2: The Cγ-exo pucker of Hyp would place the sugar below the plane of 

the proline ring, while the Cγ-endo pucker of hyp would place the sugar above the plane 

of the proline side chain. 

While Hyp has been found to adopt a Cγ-exo conformation, hyp is associated with 

a Cγ-endo conformation;31-35 the closely related Cβ-exo conformation has also been 

suggested.36,37 This conformational switch has been attributed to a stereoelectronic effect, 

in which the 4-hydroxyl group prefers to adopt a gauche orientation with the prolyl 



 

185 

nitrogen atom.17,21-25 This gauche orientation is stabilized by hyperconjugative σ(Cβ-H) 

→ σ*(Cγ-O) and σ(Cδ-H) → σ*(Cγ-O) interactions.61 As a result, Hyp favours the trans 

amide conformation relative to Pro because the Cγ-exo pucker forces a ψ-angle of 150°, 

which is ideal for a favourable n → π* interaction; this interaction between the N-

terminal amide carbonyl oxygen to the C-terminal carbonyl carbon has been shown to 

stabilize the trans amide (Figure 5.3.1).17,21-25 In contrast, the Cγ-endo conformation 

associated with hyp has been shown to disfavour the trans amide conformation because 

of an unfavourable ψ dihedral angle for the same n → π* interaction, which has been 

attributed to several factors: experimental and computational methods indicate that a 

hydrogen bond likely exists between the 4-hydroxyl group and the C-terminal carbonyl 

oxygen atom in hyp, as well as electrostatic repulsion between 4-position oxygen atom 

and the C-terminal carbonyl oxygen atom;17,35 both of these factors likely force the prolyl 

ψ-angle into a poor orientation for the n → π* interaction, resulting in hyp favouring the 

cis amide conformation relative to Pro and Hyp.  

Since glycosylation of hyp effectively places the carbohydrate moiety on a 

different face of the proline side chain relative to Hyp, it may have a different impact on 

proline isomerization. We explored the effects of glycosylation of (2S,4S)-4-

hydroxyproline on prolyl conformation, and the kinetics and thermodynamics of prolyl 

amide isomerization using the monosaccharide D-galactose attached in both α-and β-

anomeric configurations. Galactose was selected due to the occurrence of Hyp-Gal 

linkages in HRGPs.9,16 

 

5.3 Results 
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5.3.1 Synthesis 

Model peptides of the form, N-acetyl-Pro-N′-methyl ester are well established for 

studying subtle effects of modification of the proline side chain on N-terminal amide 

isomerization.17,21-25,26,38 This prevents intramolecular hydrogen bonding and γ-turn 

formation observed in N-acetyl proline N-methylamide model peptides.39 Therefore, the 

model amides Ac-Hyp-OMe (1), Ac-[Hyp(α-D-Gal)]-OMe (2), Ac-[Hyp(β-D-Gal)]-OMe 

(3), Ac-hyp-OMe (4), Ac-[hyp(α-D-Gal)]-OMe (5), and Ac-[hyp(β-D-Gal)]-OMe (6) 

were synthesized using different strategies depending on the commercial availability of 

each proline derivative (Schemes 5.3.1.1 and 5.3.1.2).  
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Scheme 5.3.1.1: Synthesis of 1, 2, and 3. a) Ac2O, Et3N, MeOH, 25 °C, 2h, 95%; b) i) 

Fmoc-OPfp, NaHCO3, acetone/H2O (3:1), 25 °C, 3h. ii) 2,3,4,6-Tetra-O-benzyl-thio-β-D-

galactopyranoside, BF3⋅OEt2, AgOTf, NIS, CH3CN, 0 to 25 °C, 2h, 35% overall yield; c) 

i) CH2Cl2/piperidine (1:1), 25 °C, 3h. ii) Ac2O, Py, 25 °C, 4h, 78% overall yield; d) 

H2/Pd(OH)2-C, MeOH/ethyl acetate (4:1), 25 °C, 4h, quantitative. 
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Model amides having both α- and β-anomeric linkages were made for comparison 

to explore how the nature of the glycosidic linkage impacts prolyl amide cis-trans 

isomerization. The synthesis of 1 was carried out by selective N-acylation of 7 using 

acetic anhydride and triethylamine in methanol in 95% yield (Scheme 5.3.1.1). The 

glycosylated 4R-hydroxyproline model peptides 2 and 3 were obtained through N-Fmoc 

protection of 7 using 9-fluorenylmethyl pentafluorophenyl carbonate under mild basic 

conditions, followed by glycosylation using 2,3,4,6-tetra-O-benzyl-thio-β-D-

galactopyranoside40 in the presence of boron trifluoride dietherate, N-iodosuccinimide 

and catalytic amounts of silver triflate to yield both the α- (8a) and β- (8b) linked 

products in 35% yield over two steps. Slightly more of the α-linked product is formed 

under these conditions. Installation of the N-acetyl group was carried out by N-Fmoc 

deprotection using piperidine in dichloromethane followed by N-acylation using acetic 

anhydride in pyridine to give 9a and 9b in 78% yield. Removal of the benzyl ether 

protecting groups by catalytic hydrogenation in methanol gave the model amides 2 and 3 

in 27% overall yield from 7. Assignment of the α- and β-anomers was carried out by 

measuring the 1H NMR 3JH1,H2 coupling constant, which for 2 was 1.9 Hz indicative of 

the gauche dihedral angle expected for the α-anomer, while 3JH1,H2 was 8.0 Hz for 3 

indicative of the trans diaxial relationship expected for the β-anomer. 

The synthesis of the 4S-model amides was carried out in a similar fashion 

beginning from 10 (Scheme 5.3.1.2). N-Boc deprotection using trifluoroacetic acid in 

dichloromethane at 0 °C gave 4 in 94% yield after N-acylation using standard conditions. 

Glycosylation of 10 was carried out using the same conditions as for 7. It was found that 

separation of the α- and β-glycosides required replacement of the N-Boc group with the 
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N-Fmoc protecting group, which was carried out using standard conditions to give 11a 

and 11b in 32% yield, with slightly more of the α-anomer formed. Installation of the N-

acetyl group to give 12a and 12b followed by removal of the benzyl ether protecting 

groups was carried out using the same conditions as for 8a and 8b, to give the model 

peptides 5 and 6 in 25% overall yield over three steps.  
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Scheme 5.3.1.2: Synthesis of 4, 5, and 6. a) i) TFA/CH2Cl2 (1:1), 0 °C, 1.5h. ii) Ac2O, 

Et3N, MeOH, 25 °C, 2h, 94% overall yield; b) i) 2,3,4,6-Tetra-O-benzyl-thio-β-D-

galactopyranoside, BF3⋅OEt2, AgOTf, NIS, CH3CN, 0 to 25 °C, 2.5h. ii) TFA/CH2Cl2 

(1:1), 0 °C, 1.5h. iii) Fmoc-OPfp, NaHCO3, acetone/H2O (3:1), 25 °C, 2h, 32% overall 

yield; c) i) CH2Cl2/piperidine (1:1), 25 °C, 3h. ii) Ac2O, Py, 25 °C, 4h, 78% overall yield; 

d) H2/Pd(OH)2-C, MeOH/ethyl acetate (4:1), 25 °C, 4h, quantitative. 
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5.3.2 IR spectroscopic study 

The frequency of the amide I vibrational mode (vamide), which results primarily 

from the amide C=O stretching vibration, has been correlated to changes in the bond 

order of the amide C=O group.41 In D2O, vamide for the model compounds 1, 2, and 3 were 

nearly identical, with maxima at 1612, 1611.5 and 1611.5 cm-1, respectively (see Table 

11.1). Similarly, nearly identical maxima of 1612, 1611, and 1613 cm-1 were exhibited by 

4, 5, and 6, respectively. Therefore, for compounds 1-6, no change in the amide carbonyl 

I vibrational mode was found to occur upon α- or β-glycosylation or by inversion of 

stereochemistry at the 4-position. A slightly more pronounced effect was observed in a 

study of 4-fluoroproline (Flp) in Ac-Flp-OMe model compounds, which showed a vamide 

maxima shift of 3 cm-1 in D2O relative to 4R-hydroxyproline in similar model 

compounds.21  

 

5.3.3 NMR spectroscopic studies 

Full assignment of 1H NMR spectra of 1-6 was carried out using COSY and 

HSQC experiments. Assignment of the major isomer as the trans amide isomer for 1-6 

was established using selective one-dimensional GOESY42 experiments, which showed 

interproton effects from the N-acetyl methyl group to the prolyl δ-protons (1.1-2.4% nOe 

relative to the N-acetate singlet signal). By comparison, this interaction was not observed 

in the minor isomer.  
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5.3.4 Prolyl side-chain conformation  

The prolyl ring pucker of the major isomers was established for 1-6 by 

comparison of 1H NMR coupling constants to literature values (see Table 11.2).43 The 

prolyl puckers for 1-3 were assigned to a Cγ-exo pucker based on 3Jα,β1 of 8.2-8.3 Hz, and 

3Jα,β2 of 8.5-8.7 Hz. The coupling constants for the Cγ-exo pucker are expected to be 7-10 

and 7-11 Hz, respectively. In contrast, the prolyl puckers for 4-6 were assigned to a Cγ-

endo pucker based on 3Jα,β1 of 7.8-9.8 Hz, and 3Jα,β2 of 2.4-4.3 Hz. The coupling 

constants for the Cγ-endo pucker are expected to be 6-10 and 2-3 Hz, respectively. These 

results are as expected relative to other experimental17,21-25,31-33,43 and computational34,44-

46 measurements. The coupling constants for 4 and 6 were nearly identical at 25 °C, while 

5 deviated slightly.  

 

5.3.5 Cγγγγ Inductive effect 

Changes in 13C chemical shifts have been used to estimate the electron-

withdrawing effect of a substituent on the prolyl side-chain.47 Therefore, measurement of 

the Cγ-carbon chemical shifts of the model compounds 1-6 was used to assess the relative 

changes in electron-withdrawing ability incurred upon glycosylation. A significant 

change in the shift of the Cγ-carbon (~9 ppm) was found to occur upon glycosylation for 

the 4R model compounds (78.9, 77.6 ppm compared to 69.9 ppm for 2, 3 and 1, 

respectively) and the 4S model compounds (80.3, 80.6 ppm compared to 69.9 ppm for 5, 

6 and 4, respectively). Therefore, glycosylation appears to cause a local electron-

withdrawing effect. This is similar in magnitude to the 13Cγ chemical shift observed from 
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the attachment of a trifluoroacetate group to similar model peptides of ~8 ppm, but more 

than a simple acyl group which caused only a shift of ~3 ppm.33 

 

5.3.6 nOe experiments 

To determine the extent of interaction between the galactose and prolyl rings, 

selective nOe transfer experiments were performed on the galactosylated model peptides 

2, 3, 5 and 6 in D2O (Figure 5.3.6.1).  
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Figure 5.3.6.1: Relevant nOe interactions between the prolyl side chain and the 

carbohydrate ring for 1-6. These experiments indicate that close contacts exist between 

the rings when D-galactose is α-linked to Hyp, but not when α-linked to hyp. 

Furthermore, both α- and β-linked D-galactose seem to be oriented away from the proline 

side chain when O-linked to hyp. Thus, Hyp and hyp have different impacts on the 

orientation of the glycans. 
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For compound 2, it was found that selective inversion of Hypβ1 resulted in a 0.9% 

and 1.2% resonance transfer to the peaks at δ = 3.96 ppm and δ = 3.99 ppm, which 

correspond to the H3 and H5 protons of galactose, respectively. This suggests that α-

galactosylation of Hyp results in close contact between distant positions in the galactose 

and prolyl rings (Figure 5.3.6.1). The overlap of the hydrophobic α-face of D-galactose 

with the pyrrolidine ring of proline in 2 resembles other hydrophobic galactose-protein 

interactions found in several crystal structures.48,49 In contrast, selective inversion of 

Hypβ1 in 3 only showed resonance transfer to H1 of galactose (1.5%), and no other sugar 

protons. However, there was greater overlap of the galactose protons in the 1H spectrum 

of 3, which made assignment of nOe contacts with certainty more difficult. Selective 

inversion of the Hypβ1/Hypβ2 signal in 5 and 6 only showed an nOe contact to H1 of 

galactose (0.7 and 0.4%, respectively), but not other sugar protons. Therefore, the 

galactose ring in the glycosylated 4S-hyp model peptides 5 and 6 is likely located distally 

to the proline ring (Figure 5.3.6.1).  

 

5.3.7 Measurement of Ktrans/cis 

The ratio of trans/cis isomers (Ktrans/cis) was established by integrating as many 

well-resolved peaks as possible for each isomer, and taking the average for all peaks for 

each respective isomer (Table 5.3.7.1).20 As previously found, glycosylation of 4R-Hyp 

does not affect Ktrans/cis in D2O (1-3 had Ktrans/cis of 5.9-6.2).30 However, it was found that 

the glycosylation of 4S-hyp does affect Ktrans/cis. The α- and β-linked sugars in 5 and 6, 

respectively, were found to stabilize the prolyl N-terminal trans amide conformation to 

an equal extent (Ktrans/cis of 2.9 in D2O at 25 °C) compared to 4 (Ktrans/cis of 2.4). This is in 
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contrast to previous studies of 4-O-modification of hyp, which saw a slight stabilization 

of the cis amide isomer. Taylor et al. found that O-methylation of hyp in Ac-Phe-4S-hyp-

NHMe model peptides caused a decrease in Ktrans/cis from 1.9 to 1.4 in D2O at 25 °C.36 

However, this result is complicated by the prolyl N-terminal L-phenylalanine residue, 

which is known to stabilize the cis amide isomer through interaction with the prolyl side 

chain.14b Similarly, Jenkins et al. found that O-acylation of hyp in Ac-4S-hyp-OMe 

model compounds caused a decrease in Ktrans/cis from 1.8 ± 0.4 to 1.6 ± 0.2 in D2O at 25 

°C, although these values were within experimental error.33  

Table 5.3.7.1: Thermodynamic parameters for 1-6. 

Compound Ktrans/cis
[a] 

∆H°cis→trans 

(kcal⋅mol-1)[b] 

∆S°cis→trans  

(cal⋅mol-1⋅K-1)[b] 

∆G°300K 

(kcal⋅mol-1)[c] 

1 6.2 ± 0.1 -1.43 ± 0.04 -1.17 ± 0.11 -1.08 ± 0.07 

2 6.0 ± 0.1 -1.42 ± 0.12 -1.14 ± 0.37 -1.08 ± 0.23 

3 5.9 ± 0.2 -1.45 ± 0.13 -1.38 ± 0.41 -1.04 ± 0.25 

4 2.4 ± 0.1 -0.29 ± 0.08 0.79 ± 0.25 -0.53 ± 0.16 

5 2.9 ± 0.3 -0.94 ± 0.13 -1.03 ± 0.42 -0.63 ± 0.26 

6 2.9 ± 0.1 -0.91 ± 0.05 -0.96 ± 0.16 -0.62 ± 0.10 
[a]Carried out in D2O at 24.8 °C; ±SE determined by integration of two or more sets of 

trans/cis isomers; [b]Error limits obtained by linear least-squares fitting of the van’t Hoff 

plots to equation ln Kct = (-∆H°/R) (1/T) + ∆S°/R; [c]Calculated using ∆G° = ∆H°-T∆S°.  
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5.3.8 Thermodynamics 

The effect of temperature on Ktrans/cis of compounds 1-6 was measured by NMR 

spectroscopy and the resulting van’t Hoff plots are shown in Figure 5.3.8.1. This assumes 

that the enthalpic and entropic energy differences between the cis and trans amide 

isomers are independent of temperature; the linear van’t Hoff plots indicate this 

assumption is likely valid.21,33,38,50 

 

Figure 5.3.8.1: van’t Hoff plots for 1-6 in D2O. 

We found that in all cases, the Ktrans/cis was found to decrease with increasing 

temperature. Compound 4 was slightly anomalous by exhibiting less temperature 

dependence on Ktrans/cis relative to the other model compounds. Accordingly, ∆H° and 

∆S° could be calculated from the least-squares fits of the van’t Hoff plots. In all cases, 

∆H° was < 0, which correlates well to other studies of proline model peptides (Table 

5.3.7.1).21,38,51,52 The differences in Ktrans/cis were reflected in ∆H° and ∆S°, with no 

significant differences in ∆H° between 1-3 (∆H° of -1.43 ± 0.04, -1.42 ± 0.12, and -1.45 
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± 0.13 kcal⋅mol-1, respectively) or ∆S° (∆S° of -1.17 ± 0.11, -1.14 ± 0.37, and  -1.38 ± 

0.41 cal⋅mol-1⋅K-1, respectively). In contrast, there was an increase of 0.6 kcal⋅mol-1 in the 

enthalpic difference in 5 and 6 (∆H° of -0.94 ± 0.13 and -0.91 ± 0.05 kcal⋅mol-1, 

respectively) relative to 4 (∆H° of -0.29 ± 0.08 kcal⋅mol-1). Also, there seemed to be 

different entropic contributions to the ground state energy difference (∆G°) between the 

cis and trans amide isomers, as glycosylation seemed to cause the system in the trans 

amide conformation to become more ordered in 5 and 6 (∆S° of -1.03 ± 0.42 and -0.96 ± 

0.16 cal⋅mol-1⋅K-1, respectively), whereas the system when 4 adopted a trans amide 

conformation was more disordered (∆S° of +0.79 ± 0.25 cal⋅mol-1⋅K-1).  

 

5.3.9 Kinetics 

The rates of cis-trans amide isomerization were calculated for 1-6 using 1H NMR 

magnetization inversion transfer experiments in 0.1 M phosphate buffer (pH 7.2).21,30,31,53 

These experiments were performed at elevated temperature, since at physiological 

temperature the kinetic rates are too slow to be determined by this assay. It was found 

that the glycosylated hyp model compounds 5 and 6 exhibited an increase in the rate of 

isomerization (kcis→trans of 0.59 ± 0.06 sec-1 and 0.71 ± 0.04 sec-1, respectively) relative to 

the unglycosylated model peptide 4 (kcis→trans of 0.44 ± 0.04 sec-1) at 67 °C (Table 

5.3.9.1). This is in contrast to the glycosylated Hyp compounds 2 and 3 which showed 

almost no difference in the rate of isomerization (kcis→trans of 0.85 ± 0.02 sec-1 and 0.77 ± 

0.01 sec-1, respectively) compared to the unglycosylated model compound 1 (kcis→trans of 

0.81 ± 0.01 sec-1) at 67 °C, which is consistent with previous work.30 
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Table 5.3.9.1: Kinetic parameters for 1-6.  

Compound kcis→trans
[a] (sec-1) ktrans→cis

[b] (sec-1) 

1 0.81 ± 0.01 0.18 ± 0.01 

2 0.85 ± 0.01 0.19 ± 0.01 

3 0.77 ± 0.02 0.18 ± 0.02 

4 0.44 ± 0.04 0.20 ± 0.01 

5 0.59 ± 0.06 0.25 ± 0.03 

6 0.71 ± 0.04 0.30 ± 0.02 
[a]Carried out in 0.1 M phosphate buffer pH = 7.2 at 67.3 

°C, the temperature was calibrated using an ethylene 

glycol standard, error values obtained using the linear 

least-squares fit of the data (in Figures 11.7-11.12); 

[b]Calculated from kcis→trans and amide isomer equilibrium 

(Ktrans/cis) at 67.3 °C. 

 

5.4 Discussion 

The change in the 13Cγ chemical shift of 5 and 6 relative to 4 of ~10 ppm (and 

similarly for 2 and 3 relative to 1) is indicative that glycosylation may cause a local 

electron-withdrawing effect. An increased electron-withdrawing ability has been 

attributed to stabilizing a given pucker through a stereoelectronic effect.17,21-25,54 This 

likely explains why glycosylation does not significantly change the prolyl pucker for 1-3 

and 4-6 as determined by the measurement of 3J coupling constants. However, since 

changes in Ktrans/cis have been correlated to a change in the prolyl pucker, the stabilization 
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of the trans amide isomer in 5 and 6 relative to 4 cannot be explained by such a 

conformational change in this case.26,27 

The local electron-withdrawing effect caused by glycosylation may diminish the 

intramolecular electrostatic repulsion between 4-hydroxyl group and the C-terminal 

carbonyl oxygen atom in 5 and 6.35 This would allow the prolyl ψ-angle to relax from 

180° closer to the optimal angle of 150° for the favourable n → π* interaction that has 

been estimated to contribute 0.7 kcal⋅mol-1 to the stability of the trans amide isomer.22,55 

As this is specific for the Cγ-endo conformation, it would explain the lack of effect in 

compounds 1-3, which have Cγ-exo puckers.  

The effect of glycosylation on the intramolecular hydrogen bond in hyp on 

Ktrans/cis should also be considered as it has been estimated to contribute 1.5 kcal⋅mol-1 to 

stabilizing the Cγ-endo conformation, and thus to the cis amide isomer.35 The glycosidic 

linkage would be expected to eliminate this intramolecular interaction, and since nOe 

experiments indicated the sugar is not proximal to the prolyl side chain, it is unlikely to 

be restored through the sugar hydroxyl groups. The removal of the intramolecular 

hydrogen bond should destabilize the Cγ-endo conformation in 5 and 6 and thereby 

destabilize the cis amide isomer. This would also explain why there is no impact from 

glycosylation on the Ktrans/cis in 1-3, since it has no equivalent intramolecular hydrogen 

bond. However, Taylor et al. have downplayed the effects of the intramolecular hydrogen 

bond as O-methylation of hyp had little effect on Ktrans/cis.36  

The proposed reduction of the intramolecular electrostatic repulsion and loss of 

the intramolecular hydrogen bond, which have an influence on the enthalpic contributions 

(∆H°) to the ground state energy difference (∆G°) between the trans and cis amide 
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isomers, seem to be counteracted by a decrease in entropy (∆S°) incurred upon 

glycosylation in compounds 4-6 (Table 5.3.7.1). Here, glycosylation had an impact on the 

entropic difference beyond what was established between the prolyl trans and cis amide 

isomers in 4-6, which itself has been attributed to differences in solvation.52,56 

Interestingly, this effect is less apparent for 1-3, therefore the influence of solvation 

differences seem to be specific to the face of the proline side chain.  

NMR magnetization inversion transfer experiments indicated that the hyp model 

compounds 1-3 have faster amide isomerization rates overall compared to 4-6. Improta et 

al. have calculated that the prolyl nitrogen is more pyramidalized in the Cγ-exo pucker 

relative to the Cγ-endo pucker,35 which would facilitate isomerization for 1-3 that have a 

Cγ-exo pucker, compared to 4-6 with a Cγ-endo pucker. This is in contrast to the findings 

of Beausoleil et al. who found the reverse effect: hyp had a faster rate than Hyp in Ac-

Xaa-NHMe model amides in D2O at 60 °C (2.05 ± 0.50 and 1.46 ± 0.13 sec-1, 

respectively).31 This was attributed to the intramolecular hydrogen bond in hyp reducing 

coulombic repulsion between the C-terminal carbonyl oxygen atom and the prolyl 

nitrogen, however the values were within experimental error.  

Glycosylation caused an increase in the rate of isomerization of 5 and 6 (kcis→trans 

of 0.59 ± 0.04 and 0.71 ± 0.06 sec-1, respectively) relative to 4 (0.44 ± 0.04 sec-1), 

whereas an increase in isomerization rate was not observed in 1-3 (Table 5.3.9.1). In 

contrast, the acylation of hyp by Jenkins et al. caused no observable increase in the rate 

of amide isomerization.33 Changes in cis-trans amide isomerization have been correlated 

to an inductive electron-withdrawing effect from prolyl γ-substituents,21,23 in which the γ-

position group withdraws electron density from the peptide bond thereby increasing N-
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pyramidalization,17,35 and reducing the C-N bond order;57 this effectively weakens the 

amide bond and enables isomerization to occur.36 While glycosylation does appear to 

cause a local electron-withdrawing effect, it does so for both 4S- and 4R-stereoisomers, 

and therefore does not explain the relative increase in isomerization rate for 5 and 6 

compared to 4, with no change between 1-3.  

An increase in C=O bond order is indicative of a lower C-N bond order, and has 

been used to explain the increase in the rate of isomerization of 4-fluoroproline.23 Here, 

perhaps because of a weaker electron-withdrawing effect, glycosylation of both the 4R- 

and 4S-hydroxyproline model compounds did not affect the amide I vibrational mode 

maxima, and therefore also cannot be used to explain the change in the rate in 

isomerization of 5 and 6 compared to 4. Therefore, the basis for the increase in the rate of 

amide isomerization in 5 and 6 relative to 4, while there is no effect in 1-3 remains 

unclear. 

 

5.5 Conclusions 

While the glycosylation of 4R-hydroxyproline was not found to affect amide 

isomerization, the glycosylation of 4S-hydroxyproline affects both the prolyl N-terminal 

amide equilibrium and the rate of amide isomerization. Here, we found that both α- and 

β-anomeric linkage to 4S-hydroxyproline in 5 and 6 stabilizes the trans amide 

conformation relative to the unglycosylated model compound 4. Glycosylation does not 

significantly alter the Cγ-endo conformation of 4 induced by the 4S-hydroxylation, but 

does cause a local electron-withdrawing effect; this likely reduces repulsion between the 

4-oxygen atom and the C-terminal carbonyl group and allows the ψ-angle to relax closer 
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to 150° to restore the n → π* interaction that stabilizes the trans amide isomer. The 

change in Ktrans/cis for 5 and 6 relative to 4 may also be due to the loss of an 

intramolecular hydrogen bond that is specific to the 4S-stereoisomer. This interaction is 

likely not restored in 5 and 6 since the sugar was not found to form close contacts to the 

prolyl side chain. Regardless of their origin, the enthalpic contributions to ∆G° seem to 

be offset by entropic changes, which create a more ordered environment for the trans 

amide isomer in 5 and 6 relative to 4; resulting in only a small net change in Ktrans/cis. The 

glycosylation of 4S-hydroxyproline does seem to cause a small increase in rate of amide 

isomerization, but it is not reflected in the amide I vibrational mode and thus the bond 

order of the N-terminal amide group. Therefore, the cause of the increase in the rate 

remains unclear.  

The different stereoisomers of 4-hydroxyproline provide an opportunity to 

understand how each face of the prolyl ring has an influence on Ktrans/cis. Furthermore, 

Hyp and hyp can be used to rigidly project a glycan in opposite spatial orientations; 

therefore, these building blocks may be useful for studying carbohydrate binding 

interactions and influences of glycans on peptide and protein structure in which the 

orientation of the glycan is important.58 

 

5.6 Experimental section 

General procedures: Reagent grade solvents were used without further purification. 

Thin-layer chromatography was performed on Si250F precoated plates of silica gel 

(250µm). Column chromatography was performed on SilicaFlash P60 silica gel (40-

63µm). NMR spectra were assigned based on 2D COSY and 2D HSQC experiments. For 
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1H NMR, minor isomers are listed between square brackets. For 13C NMR, when 

assigned, carbon peaks for the minor isomer are listed in brackets. 

 

General Preparation of N-Acetyl-N′-methyl ester amino acids: The amino acid (1.0 

eq) was dissolved in 3:1 (v/v) DCM/piperidine, stirred for 2 hours at ambient 

temperature, then co-distilled with toluene (3 x 10 mL). The crude product was then 

dissolved in 1:1 acetic anhydride/pyridine, and the mixture was stirred at ambient 

temperature for 4 hours. The solution was concentrated under reduced pressure, and then 

was co-distilled with toluene (3 x 10 mL) before purification by flash chromatography. 

 

Preparation of 4-O-Galactopyranosyl-N-acetyl-N′-methyl ester amino acids: The 

amino acid (1.0 eq) was dissolved in methanol. The catalyst, (20% palladium hydroxide 

on carbon) was added (approx. 0.5 eq), and the flask was flushed with N2 for 5 minutes. 

The reaction mixture was then stirred under hydrogen gas (10 psi) for 6 hours, after 

which it was flushed with nitrogen and filtered. The product was then concentrated under 

reduced pressure. 

 

N-Acetyl-trans-4-hydroxy-L-proline methyl ester (1): Compound 7 (0.250 g, 1.38 

mmol,) was dissolved in methanol (2 mL), followed by the addition of triethylamine 

(0.77 mL, 5.52 mmol, 4.0 eq) and acetic anhydride (0.78 mL, 8.28 mmol, 6.0 eq). The 

reaction was stirred for 2 hours at ambient temperature before being concentrated under 

reduced pressure. The product was purified by flash chromatography using 9:1 ethyl 

acetate/methanol to yield 1 as a white solid (0.244 g, 1.31 mmol) (95.0%): [α]25
D = -
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83.3° (c 0.7 CH3OH); mp  75-78ºC; 1H NMR (500 MHz, D2O, 298K) δ = [4.83, dd, 

0.14H, Proα
cis, Jα, β1 = 8.0Hz, Jα, β2 = 7.6Hz], 4.61 (dddd, 0.86H, Proγ

trans, Jβ1,γ = 2.1Hz, 

Jβ2,γ = 4.4, Jγ,δ1 = 4.4Hz, Jγ,δ2 = 1.9Hz), 4.54 (dd, 0.86H, Proα
trans, Jα, β1 = 8.4Hz, Jα, β2 = 

8.6Hz), [4.51-4.57, m, 0.14H, Proγ
cis], 3.85 (dd, 0.86H, Proδ1

trans, Jδ1,δ2 = 13.7Hz), [3.83, 

s, 0.4H, –COCH3
cis],  3.79 (s, 2.6H, –COCH3

trans), [3.71, dd, 0.14H, Proδ1
cis, Jγ,δ1 = 2.2Hz, 

Jδ1,δ2 = 12.6Hz], 3.66 (dd, 0.86H, Proδ2
trans), [3.56, dd, 0.14H, Proδ2

cis, Jγ,δ2 = 4.5Hz], 

[2.50, ddd, 0.14H, Proβ1
cis, Jβ1,γ = 1.7Hz, Jβ1,β2 = 13.7Hz], 2.39 (ddd, 0.86H, Proβ1

trans, 

Jβ1,β2 = 13.7Hz), [2.34-2.40, m, 0.14H, Proβ2
cis], 2.18 (ddd, 0.86H, Proβ2

trans), 2.14 (s, 

2.6H, –NCOCH3
trans), [2.03, s, 0.4H, –NCOCH3

cis]; 13C NMR (75 MHz, D2O, 298K) δ = 

172.9, (172.7), (170.8), 170.2, 69.6, (68.0), (58.7), 57.5, 55.9, (54.3), (52.7), 52.2, (39.6), 

37.8, 22.1, (21.5) ppm; MS (ES) calc. for C8H13NNaO4 (M + Na)+: 210.07.  Found (M + 

Na)+: 209.73. 

4-O-(α-D-Galactopyranosyl)-N-acetyl-trans-4-hydroxy-L-proline methyl ester (2): 

The general preparation method was followed for O-debenzylation of 9a (0.153g, 0.215 

mmol) to yield 2 as a clear oil (0.075 g, 0.215 mmol) (quant.): [α]25
D = +105.9° (c 0.3 

CH3OH); 1H NMR (500 MHz, D2O, 338K) δ = 5.07 (d, 0.8H, H1, J = 1.9Hz), [5.03, broad 

d, 0.2H, H1], [4.83, dd, 0.2H, Proα
cis, J = 7.1Hz, J = 7.6Hz], 4.54-4.61 (m, 1.6H, Proγ

trans, 

Proα
trans), [4.51, dddd, 0.2H, Proγ

cis, J = 1.4Hz, J = 5.0Hz, J = 5.0Hz, J = 7.5Hz], 3.98-

4.01 (m, 1H, H5), 3.93-3.98 (m, 1H, H3, J = 6.0Hz, J = 6.2Hz), 3.71-3.89 (m, 8.8H, H2, 

H4, H6a, H6b, Proδ1, Proδ2
trans, -CO2CH3), [3.59, dd, 0.2H, Proδ2

cis, J = 5.0Hz, J = 12.9Hz], 

[2.67, ddd, 0.2H, Proβ1
cis, J = 7.5Hz, J = 7.6Hz, J = 13.4Hz], 2.58 (ddd, 0.8H, Proβ1

trans, J 

= 5.3Hz, J = 7.9Hz, J = 13.3Hz), [2.43, ddd, 0.2H, Proβ2
cis, J = 5.0Hz, J = 7.1Hz, J = 

13.4Hz], 2.23 (ddd, 0.8H, Proβ2
trans, J = 5.0Hz, J = 8.3Hz, J = 13.3Hz), 2.13 (s, 2.4H, -
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NCOCH3
trans), [2.01, s, 0.6H, -NCOCH3

cis]; 13C NMR (75 MHz, D2O, 298K) δ = 179.6, 

(179.2), (178.8), 178.2, 102.9, (102.8), 81.3, (79.4), 76.6, (76.5), 74.3, (74.2), 73.0, 

(72.9), 66.3, (64.1), 62.9, (58.4), 58.3, 58.0, (56.2), 53.9, (41.8), 40.4, 26.3, (25.7) ppm; 

MS (ES) calc. for C14H23NNaO9 (M + Na)+: 372.13. Found (M + Na)+: 372.03.  

4-O-(β-D-Galactopyranosyl)-N-acetyl-trans-4-hydroxy-L-proline methyl ester (3): 

The general preparation method was followed for O-debenzylation of 9b (0.100g, 0.141 

mmol) to yield 3 as a clear oil (0.049 g, 0.141 mmol) (quant.): [α]25
D = -33.6° (c 0.5 

CH3OH); 1H NMR (500 MHz, D2O, 338K) δ = [4.81, dd, 0.2H, Proα
cis, J = 7.3Hz, J = 

7.8Hz], 4.66-4.73 (m, 0.8H, Proγ
trans), [4.59-4.65, m, 0.2H, Proγ

cis], 4.55 (dd, 0.8H, 

Proα
trans, J = 8.2Hz, J = 8.2Hz), 4.49 (d, 0.8H, H1

trans, J = 8.0Hz), [4.47, d, 0.2H, H1
cis, J = 

8.3Hz], 3.92-3.99 (m, 1.2H, H4, Proδ1
cis), 3.86-3.92 (m, 1.6H, Proδ1

trans, Proδ2
trans), [3.85, 

s, 0.6H, -CO2CH3
cis], 3.74-3.83 (m, 4.4H, H6a, H6b, -CO2CH3

trans), 3.64-3.74 (m, 2H, H3, 

H5), [3.61, dd, 0.2H, Proδ2
cis, J = 4.7Hz, J = 12.9Hz], 3.52 (dd, 0.8H, H2

trans, J = 8.6Hz, J 

= 9.1Hz), [3.82-3.53, m, 0.2H, H2
cis], [2.60-2.69, m, 0.2H, Proβ1

cis], 2.55 (ddd, 0.8H, 

Proβ1
trans, J = 2.4Hz, J = 8.2Hz, J = 13.4Hz), [2.42, ddd, 0.2H, Proβ2

cis, J = 5.6Hz, J = 

6.6Hz, J = 13.4Hz], 2.21 (ddd, 0.8H, Proβ2
trans, J = 8.2Hz, J = 10.0Hz, J = 13.4Hz), 2.14 

(s, 2.4H, -NCOCH3
trans), [2.02, s, 0.6H, -NCOCH3

cis]; 13C NMR (75 MHz, D2O, 298K) δ 

= 179.5, (179.1), (178.8), 178.2, (106.8), 106.6, 82.6, (81.3), (80.3), 80.2, (77.65), 77.61, 

(75.54), 75.48, 73.5, 65.9, (63.7), 62.6, 59.3, (58.4), 58.0, (57.3), (53.9), (41.2), 39.6, 

26.3, (25.7) ppm; MS (ES) calc. for C14H23NNaO9 (M + Na)+: 372.13. Found (M + Na)+: 

372.03.  
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N-Acetyl-cis-4-hydroxy-L-proline methyl ester (4): Compound 10 (0.050 g, 0.204 

mmol, 1.0 eq) was dissolved in DCM (5 mL) and cooled to 0°C, before addition of TFA 

(5 mL). After stirring for 1.5 hrs, the solution was co-distilled with toluene (3 x 6 mL) 

and concentrated under reduced pressure. The residue was then re-dissolved in methanol 

(2 mL), followed by the addition of triethylamine (0.112 mL, 0.816 mmol, 4.0 eq) and 

acetic anhydride (0.113 mL, 1.224 mmol, 6.0 eq). The reaction was stirred for 2 hours 

before concentration, and purification with 9:1 ethyl acetate/methanol to yield 4 as a clear 

oil (0.036 g, 0.192 mmol) (94.7%): [α]25
D = +89.9° (c 0.7 CH3OH); 1H NMR (500 MHz, 

D2O, 298K) δ = [4.82, dd, 0.3H, Proα
cis, Jα, β2 = 3.2Hz, Jα, β1 = 6.7Hz], 4.65 (dd, 0.7H, 

Proα
trans, Jα, β2 = 2.4Hz, Jα, β1 = 9.6Hz), 4.57 (dddd, 0.7H, Hγ

trans, Jγ,δ2 = 1.0Hz, Jβ2,γ = 

2.5Hz, Jγ,δ1 = 4.6Hz, Jβ1,γ = 4.6Hz), [4.51-4.54, m, 0.3H, Hγ
cis], 3.84 (dd, 0.7H, Proδ1

trans, 

Jδ1,δ2 = 11.6Hz), [3.80, s, 0.9H, -CO2CH3
cis], 3.77 (s, 2.1H, -CO2CH3

trans), [3.64, dd, 0.3H, 

Proδ1
cis, Jγ,δ1 = 4.4Hz, Jδ1,δ2 = 13.4Hz], 3.61 (dd, 0.7H, Proδ2

trans), [3.47, 0.3H, Proδ2
cis, Jγ,δ2 

= 1.0Hz], 2.41-2.52 (m, 1.3H, Proβ1, Proβ2
cis), 2.22 (ddd, 0.7H, Proβ2

trans, Jβ1,β2 = 14.2Hz), 

2.14 (s, 2.1H, -NCOCH3
trans), [2.08, s, 0.9H, -NCOCH3

cis]; 13C NMR (75 MHz, D2O, 

298K) δ = (174.7), 174.5, (174.4), 173.8, 69.9, (68.8), (59.8), 57.9, 56.1, (54.9), (53.5), 

53.3, (38.8), 37.3, 21.7, (21.5) ppm; MS (ES) calc. for C8H13NNaO4 (M + Na)+: 210.07. 

Found (M + Na)+: 209.73. 

4-O-(αααα-D-Galactopyranosyl)-N-acetyl-cis-4-hydroxy-L-proline methyl ester (5): The 

general preparation method was followed for O-debenzylation of 12a (0.087g, 0.123 

mmol) to yield 5 as a clear oil (0.043 g, 0.123 mmol) (quant.): [α]25
D = +93.6° (c 0.3 

CH3OH); 1H NMR (500 MHz, D2O, 298K) δ = 4.90 (d, 0.75H, H1
trans, J = 3.8Hz), [4.88, 

d, 0.25H, H1
cis, J = 3.8Hz], [4.69, dd, 0.25H, Proα

cis, J = 1.1Hz, J = 9.2Hz], 4.53 (d, 0.75H, 
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Proα
trans, J = 4.3Hz, J = 7.8Hz), 4.34-4.38 (m, 0.75H, Proγ

trans), [4.30-4.33, m, 0.25H, 

Proγ
cis], 3.78-3.87 (m, 2.5H, H3

trans, H5, Proδ1
trans), [3.71-3.75, m, 0.25H, H3

cis], 3.45-3.71 

(m, 8.25H, H2, H4, H6a, H6b, Proδ1
cis, Proδ2, -CO2CH3), [2.48-2.55, m, 0.25H, Proβ1

cis], 

2.26-2.37 (m, 1.75H, Proβ1
trans, Proβ2), 1.98 (s, 2.25H, -NCOCH3

trans), [1.92, s, 0.75H, -

NCOCH3
cis]; 13C NMR (75 MHz, D2O, 298K) δ = (174.39), (174.34), 174.2, 173.8, 99.1, 

(98.7), 77.9, (76.3), 72.1, (71.6), 69.75, 69.69, (69.5), 68.4, (68.3), 61.7, (61.3), (59.8), 

57.9, 54.5, (53.6), 53.4, (36.4), 35.1, 21.64, (21.59) ppm; MS (ES) calc. for 

C14H23NNaO9 (M + Na)+: 372.13. Found (M + Na)+: 372.03.   

4-O-(ββββ-D-Galacteopyranosyl)-N-acetyl-cis-4-hydroxy-L-proline methyl ester (6): The 

general preparation method was followed for O-debenzylation of 12b (0.047g, 0.066 

mmol) to yield 6 as a clear oil (0.023 g, 0.066 mmol) (quant.): [α]25
D = -40.6° (c 0.7 

CH3OH); 1H NMR (500 MHz, D2O, 338K) δ = [5.09, dd, 0.3H, Proα
cis, J = 1.3Hz, J = 

9.2Hz], 4.86-4.98 (m, 1.7H, Proγ, Proα
trans), 4.73 (d, 0.7H, H1

trans, J = 8.2Hz), [4.71, d, 

0.3H, H1
cis, J = 8.2Hz], 4.20-4.25 (m, 1H, H4), 4.16 (dd, 0.7H, Proδ1

trans, J = 4.8Hz. J = 

11.8Hz), 4.02-4.13 (m, 5.7H, H5, H6a, Proδ2
trans, -CO2CH3), 3.90-3.99 (m, 2.6H, H3, H6b, 

Proδ1
cis, Proδ1

cis), 3.75 (dd, 0.7H, H2
trans, J = 7.5Hz, J = 9.6Hz), [3.71, dd, 0.3H, H2

cis, J = 

8.0Hz, J = 10.0Hz], [2.90-2.96, m, 0.3H, Proβ1
cis], 2.79-2.90 (m, 1H, Proβ1

trans, Proβ2
cis), 

2.67-2.74 (m, 0.7H, Proβ2
trans), 2.43 (s, 2.1H, -NCOCH3

trans), [2.34, s, 0.9H, -NCOCH3
cis]; 

13C NMR (75 MHz, D2O, 298K) δ = (175.0), 174.7, (174.3), 173.8, 102.3, (102.0), 78.3, 

(77.0), 75.6, (75.5), 72.9, (71.2), 71.1, 68.9, 61.3, (59.9), 58.0, 54.2, (53.7), 53.5, (52.9), 

(37.6), 35.9, 21.7, (21.5) ppm; MS (ES) calc. for C14H23NNaO9 (M + Na)+: 372.13. 

Found (M + Na)+: 372.03. 

 



 

206 

5.7 References  

1) a) Weerepana, E.; Imperiali, B. Glycobiology 2006, 16, 91R-101R; b) Messner, P. J. 

Bacteriol. 2004, 186, 2517-2519; c) Eichler, J.; Adams, M. W. Microbiol. Mol. Biol. Rev. 

2005, 69, 393-425. 

2) a) Varki, A. Glycobiology 1993, 3, 97-130; b) Dwek, R. A. Chem. Rev. 1996, 96, 683-

720; c) Reuter, G.; Gabius, H. J. Cell. Mol. Life Sci. 1999, 55, 368-422; d) Petrescu, A. J.; 

Milac, A. L.; Petrescu, S. M.; Dwek, R. A.; Wormald, M. R. Glycobiology 2004, 14, 103-

114. 

3) a) Mer, G.; Hietter, H.; Lefèvre, J.-F. Nat. Struc. Biol. 1996, 3, 45-53; b) Imperiali, B.; 

Rickert, K. W. Proc. Natl. Acad. Sci.U. S. A. 1995, 92, 97-101. 

4) a) Fisher, J. F.; Harrison, A. W.; Bundy, G. L.; Wilkinson, K. F.; Rush, B. D.; Ruwart, 

M. J. J. Med. Chem. 1991, 34, 3140-3143; b) Mehta, S.; Meldal, M.; Duus, J. O.; Bock, 

K. J. Chem. Soc., Perkin Trans. 1, 1999, 1445-1451. 

5) Imperiali, B. Acc. Chem. Res. 1997, 30, 452-459. 

6) Bilsky, E. J.; Egleton, R. D.; Mitchell, S. A.; Palian, M. A.; Davis, P.; Huber, J. D.; 

Jones, H.; Yamamura, H. I.; Janders, J.; Davis, T. P.; Porreca, F.; Hruby, V. J.; Polt, R. J. 

Med. Chem. 2000, 43, 2586-2590. 

7) a) Meyer, B.; Moller, H. Top. Curr. Chem. 2007, 267, 187-251; b) Specker, D.; 

Wittman, V. Top. Curr. Chem. 2007, 267, 65-107. 



 

207 

8) a) Bosques, C. J.; Tschampel, S. M.; Woods, R. J.; Imperiali, B. J. Am. Chem. Soc. 

2004, 126, 8421-8425; b) O’Connor, S. E.; Imperiali, B. Chem. Biol. 1998, 5, 427-437; c) 

Pao, Y.-L.; Wormarld, M. R.; Dwek, R. A.; Lellouch, A. C. Biochem. Biophys. Res. 

Commun. 1996, 219, 157-162; d) Liang, R.; Andreotti, A. H.; Kahne, D. J. Am. Chem. 

Soc. 1995, 117, 10395-10396. 

9) a) Lamport, D. T. A. Nature 1967, 216, 1322-1324; b) Lamport, D. T. A. Recent Adv. 

Phytochem. 1977, 11, 79-115; c) Knox, R. B.; Clarke, A.; Harrison, S.; Smith, P.; 

Marchalonis, J. J. Proc. Natl. Acad. Sci. U.S.A. 1976, 73, 2788-2792; d) Showalter, A. M. 

Plant Cell 1993, 5, 9-23; e) Bowles, D. J. Annu. Rev. Biochem. 1990, 59, 873-907; f) 

Josè-Estanyol, M.; Puigdomènech, P. Plant Physiol. Biochem. 2000, 38, 97-108; g) 

Sommer-Knudsn, J.; Bacic, A.; Clarke, A. E. Phytochemistry 1998, 47, 483-497; h) 

Kieliszewski, M. J. Phytochemistry 2001, 57, 319-323; i) Khashimova, Z. S. Chem. Nat. 

Comput. 2003, 39, 229-236. 

10) Mauger, A. B. J. Nat. Prod. 1996, 59, 1205-1211. 

11) a) Brandts, J. F.; Halvorson, H. R.; Brennan, M. Biochemistry 1975, 14, 4953-4963; 

b) MacArthur, M. W.; Thornton, J. M. J. Mol. Biol. 1991, 218, 397-412; c) Stein, R. L. 

Adv. Protein Chem. 1993, 44, 1-24. 

12) Fischer, G.; Schmid, F. X. Biochemistry 1990, 29, 2205-2212. 

13) a) Sapse, A. M.; Mallah-Levy, L.; Daniels, S. B.; Erickson, B. W. J. Am. Chem. Soc. 

1987, 109, 3526-3529; b) Tanaka, S.; Scheraga, H. A. Macromolecules 1974, 7, 698-705; 

c) Rose, G. D.; Gierasch, L. M.; Smith, J. A. Adv. Protein Chem. 1985, 37, 1-109. 



 

208 

14) a) Halab, L.; Gosselin, F.; Lubell, W. D. Biopolymers 2000, 55, 101-122; b) Halab, 

L.; Lubell, W. D. J. Am. Chem. Soc. 2002, 124, 2474-2484; c) Kakinoki, S.; Hirano, Y.; 

Oka, M. Polym. Bull. 2005, 53, 109-118. 

15) a) Berg, R. A.; Prockop, D. J. Biochem. Biophys. Res. Commun. 1973, 52, 115-120; 

b) Persikov, A. V.; Ramshaw, J. A. M.; Kirkpatrick, A.; Brodsky, B. Biochemistry 2000, 

39, 14960-14967. 

16) a) Van Holst, G. J.; Varner, J. E. Plant Physiol. 1984, 74, 247-251; b) Shpak, E.; 

Barbar, E.; Leykam, J. F.; Kieliszewski, M. J. J. Biol. Chem. 2001, 276, 11272-11278; c) 

Ferris, P. J.; Waffenschmidt, S.; Umen, J. G.; Ishida, K.; Kubo, T.; Lau, J.; Goodenough, 

U. W. Plant Cell 2005, 17, 597-615. 

17) Bretscher, L. E.; Jenkins, C. L.; Taylor, K. M.; DeRider, M. L.; Raines, R. T. J. Am. 

Chem. Soc. 2001, 123, 777-778.  

18) Hodges, J. A.; Raines, R. T. Org. Lett. 2006, 8, 4695-4697. 

19) a) Zimmerman, S. S.; Scheraga, H. A. Macromolecules 1976, 9, 408-416; b) 

Zimmerman, S. S.; Scheraga, H. A. Biopolymers 1977, 16, 811-843. 

20) Taylor, C. M.; Hardré, R.; Edwards, P. J. B.; Park, J. H. Org. Lett. 2003, 5, 4413-

4416. 

21) Eberhardt, E. S.; Panasik, N.; Raines, R. T. J. Am. Chem. Soc. 1996, 118, 12261-

12266.  



 

209 

22) DeRider, M. L.; Wilkens, S. J.; Waddell, M. J.; Bretscher, L. E.; Weinhold, F.; 

Raines, R. T.; Markley, J. L. J. Am. Chem. Soc. 2002, 124, 2497–2505.  

23) Renner, S.; Alefelder, J. H.; Bae, N.; Budisa, R.; Huber, L.; Moroder, L. Angew. 

Chem. Int. Ed. 2001, 40, 923-925. 

24) Cadamuro, S. A.; Reichold, R.; Kusebauch, U.; Musiol, H.-J.; Renner, C.; Tavan, P.; 

Moroder, L. Angew. Chem. Int. Ed. 2008, 47, 2143-2146. 

25) Sonntag, L.-S.; Schweizer, S.; Ochsenfeld, C.; Wennemers, H. J. Am. Chem. Soc. 

2006, 128, 14697-14703. 

26) Jenkins, C. L.; Lin, G.; Duo, J.; Rapolu, D.; Guzei, I. A.; Raines, R. T.; Krow, G. R. 

J. Org. Chem. 2004, 69, 8565-8573. 

27) Shoulders, M. D.; Hodges, J. A.; Raines, R. T. J. Am. Chem. Soc. 2006, 128, 8112-

8113. 

28) Pao, Y.-L.; Wormarld, M. R.; Dwek, R. A.; Lellouch, A. C. Biochem. Biophys. Res. 

Commun. 1996, 219, 157-162. 

29) a) Owens, N. W.; Braun, C.; Schweizer, F. J. Org. Chem. 2007, 72, 4635-4643; b) 

Zhang, K.; Schweizer, F. Synlett 2005, 20, 3111-3115; c) Zhang, K.; Schweizer, F. Carb. 

Res. 2009 (In Press); d) Zhang, K.; Teklebrhan, R. B.; Schreckenbach, G.; Wetmore, S.; 

Schweizer, F. J. Org. Chem. 2009 (In Press). 

30) Owens, N. W.; Braun, C.; O’Neil, J. D.; Marat, K.; Schweizer, F. J. Am. Chem. Soc. 

2007, 129, 11670-11671. 



 

210 

31) Beausoleil, E.; Sharma, R.; Michnick, S. W.; Lubell, W. D. J. Org. Chem. 1998, 63, 

6572-6578. 

32) Panasik Jr., N.; Eberhardt, E. S.; Edison, A. S.; Powell, D. R.; Raines, R. T. Int. J. 

Pept. Protein Res. 1994, 44, 262-269. 

33) Jenkins, C. L.; McCloskey, A. I.; Guzei, I. A.; Eberhardt, E. S.; Raines, R. T. 

Biopolymers 2005, 80, 1-8. 

34) Vitagliano, L.; Berisio, R.; Mastrangelo, A.; Mazzarella, L.; Zagari, A. Protein Sci. 

2001, 10, 2627–2632. 

35) Improta, R.; Benzi, C.; Barone, V. J. Am. Chem. Soc. 2001, 123, 12568-12577. 

36) Taylor, C. M.; Hardré, R.; Edwards, P. J. B. J. Org. Chem. 2005, 70, 1306-1315. 

37) Shamala, N.; Row, T. N. G.; Venkatesan, K. Acta Crystallogr. B 1976, B32, 3267-

3270. 

38) a) Eberhardt, E. S.; Loh, S. N.; Hinck, A. P.; Raines, R. T. J. Am. Chem. Soc. 1992, 

114, 5437-5439; b) Eberhardt, E. S.; Loh, S. N.; Raines, R. T. Tetrahedron Lett. 1993, 

34, 3055-3056. 

39) a) Matsuzaki, T.; Iitaka, Y. Acta Crystallogr. 1971, B27, 507-516; b) Liang, G.-B.; 

Rito, C. J.; Gellman, S. H. Biopolymers 1992, 32, 293-301. 

40) Griffin, F. K.; Paterson, D. E.; Murphy, P. V.; Taylor, R. J. K. Eur. J. Org. Chem. 

2002, 1305-1322. 



 

211 

41) a) Krimm, S.; Bandekar, J. in Advances in Protein Chemistry, Vol. 38 (Eds: 

Anfinsen, C. B.; Edsall, J. T.; Richards, F. M.), Academic Press, New York, 1986, pp. 

181-364; b) Jackson, M.; Mantsch, H. H. Crit. Rev. Biochem. Molec. Biol. 1995, 30, 95-

120. 

42) GOESY is a selective 1D NOESY experiment, see: Stonehouse, J.; Adell, P.; Keeler, 

J.; Shaka, A. J. J. Am. Chem. Soc. 1994, 116, 6037-6038. 

43) a) Gerig, J. T.; McLeod, R. S. J. Am. Chem. Soc. 1973, 95, 5725-5729; b) Cai, M.; 

Huang, Y.; Liu, J.; Krishnamoorthi, R. J. Biomol. NMR 1995, 6, 123-128; c) Haasnoot, C. 

A. G.; De Leeuw, F. A. A. M.; De Leeuw, H. P. M.; Altona, C. Biopolymers 1981, 20, 

1211-1245. 

44) Song, I. K.; Kang Y. K. J. Phys. Chem. B 2006, 110, 1915-1927. 

45) Benzi, C.; Improta, R.; Scalmani, G.; Barone, V. J. Comput. Chem. 2002, 23, 341-

350. 

46) Lam, J. S. W.; Koo, J. C. P.; Hudáky, I.; Varro, A.; Papp, J. G.; Penke, B.; 

Csizmadia, I. G. J. Mol. Struct. 2003, 666, 285-289. 

47) Friebolin, H. in Basic One- and Two-Dimensional NMR Spectroscopy, 3rd ed., Wiley-

VCH, New York, 1998. 

48) Quiocho, F. A. Ann. Rev. Biochem. 1986, 55, 287-315. 

49) Vyas, N. K.; Vyas, M. N.; Quiocho, F. A. Science 1988, 242, 1290-1295. 



 

212 

50) Stauffer, D. A.; Barrans Jr., R. E.; Dougherty, D. A. J. Org. Chem. 1990, 55, 2762-

2767. 

51) Radzicka, A.; Pedersen, L.; Wolfenden, R. Biochemistry 1988, 27, 4538-4541;  

52) Troganis, A.; Gerothanassis, I. P.; Athanassiou, Z.; Mavromoustakos, T.; Hawkes, G. 

E.; Sakarellos, C. Biopolymers 2000, 53, 72-83. 

53) Beausoleil, E.; Lubell, W. D. J. Am. Chem. Soc. 1996, 118, 12902-12908. 

54) However, there may be a slight destabilization of the pucker as Alabugin et al. have 

proposed that there is an inverse relationship between hyperconjugative acceptor ability 

of the C-X bond and the electronegativity of X: Alabugin, I. V.; Zeidan, T. A. J. Am. 

Chem. Soc. 2002, 124, 3175-3185. 

55) Hinderaker, M. P.; Raines, R. T. Protein Sci. 2003, 12, 1188-1194. 

56) Bagger, H. L.; Fuglsang, C. C.; Westh, P. Eur. Biophys. J. 2006, 35, 367-371. 

57) Pauling, L. in The Nature of the Chemical Bond, 3rd ed., Cornell University Press, 

Ithaca, NY, 1960, pp. 281-282. 

58) a) Wormald, M. R.; Dwek, R. A. Structure 1999, 7, R155-R160; b) White, K. D.; 

Cummings, R. D.; Waxman, F. J. J. Immunol. 1997, 158, 426-435. 

59) Burgi, H. B.; Dunitz, J. D.; Shefter, E. J. Am. Chem. Soc. 1972, 95, 5065-5067. 

60) Hinderaker, M. P.; Raines, R. T. Prot. Sci. 2003, 12, 1188-1194. 



 

213 

61) O’Hagan, D.; Bilton, C.; Howard, J. A. K.; Knight, L.; Tozer, D. J. J. Chem. Soc., 

Perkin Trans. 2 2000, 605-607. 

 



 

214 

Chapter 6: The Effects of 4R-Hydroxy-L-Proline O-Glycosylation on the 

Stability of Collagen Model Peptides 

Neil W. Owens*#§∞ and Frank Schweizer*§∞ 

*Designed research; #Performed research; §Analyzed data; ∞Wrote the paper 

N

O

H
N

R

NH2

O

O
N

O 7

O

OHOH

HO

OH
O

O

OHOH

HO

OH
O

1: R = OH

2: R =

3: R =

Tm

42

44

40

Collagen Model Peptide

 

6.1 Abstract 

The modification of 4R-hydroxy-L-proline (Hyp) in collagen model peptides has 

frequently been used to probe the role of Hyp in the stability of collagen and for the 

development of collagen-based biomaterials. Here, we report on the effects of Hyp O-

glycosylation on the stability of collagen model peptides. Glycosylation is a common 

post-translational modification of proteins known to affect protein hydration, 

conformation, and thermal stability. Collagen model peptides were synthesized using a 

fragment condensation approach. We found Hyp glycosylation does not preclude triple 

helix formation, and the melting temperature (Tm) of the collagen model peptides was 

influenced by the anomeric linkage of the glycan; α-O-linked galactosylation led to a 

slight stabilization of the triple helix, while β-O-galactosylation had a slight destabilizing 

effect. The reasons behind this effect remain unclear, but are likely due to differences in 

hydration. 
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6.2 Introduction 

Collagen is the predominant structural protein in humans and other animals,1 

where it forms extended fibrous networks that give tissues their structural integrity.2 

These collagen fibres are composed of bundles of tropocollagen molecules, which have a 

characteristic tertiary structure of three polypeptide strands, each in a left-handed 

polyproline II (PPII) conformation, twisted into a right-handed triple helix.3-5 The 

polypeptide strands have a repeating Xaa-Yaa-Gly sequence, where Xaa is often L-proline 

(Pro) and Yaa is often 4R-hydroxy-L-proline (Hyp). Typically, there are ~300 repeats of 

the Xaa-Yaa-Gly sequence per strand in the collagen molecule. 

While much information has been garnered about the structure of collagen, a 

complete understanding of the stabilization of the collagen triple helix has yet to be 

achieved. However, analysis of collagen model peptides has shed light on the critical 

requirements for collagen stability, especially on the role of Hyp.6-8 Hyp content 

correlates well to the stability of the collagen triple helix,9-11 for several reasons: it seems 

that through a stereoelectronic effect Hyp stabilizes the N-terminal trans amide 

conformation,12 which in turn stabilizes the PPII conformation present in each strand of 

the triple helix. Also, experimental12,13 and computational14,15 methods indicate that Hyp 

adopts a Cγ-exo conformation, and recent studies have emphasized that this predisposes 

the backbone dihedral angles in the Yaa position for optimal packing of the three 

polypeptide strands.16-18 Overall, it has been estimated that Hyp in the Yaa position 

contributes 0.2 kcal⋅mol-1 per tripeptide repeat to the stability to the collagen triple 

helix,9,10,19 such that its presence can offset an adverse pucker in the Xaa position.20-22  
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The contributions of hydrogen bonds formed through the 4-hydroxyl group of 

Hyp to a water network surrounding the collagen triple helix,24-26 became marginalized 

for several reasons: there is rapid exchange of water molecules bound to collagen with 

bulk solvent,27 collagen stability increases in anhydrous environments,28 and replacement 

of Hyp with 4-fluoroproline, which forms very weak hydrogen bonds,29 forms hyper-

stable triple helices.19,30 However, the role of hydration in the stabilization of collagen 

remains controversial.31 Crystal structures of collagen model peptides consistently show 

that the peptides are significantly hydrated,5,16,21-23,25,26,32-35 which has been shown to 

increase when Hyp replaces Pro in the Yaa position.36,37 Recently, it has been proven 

experimentally that this hydration does contribute thermodynamically to the stabilization 

of collagen.36 Furthermore, hydrogen bonding interactions involving solvent molecules 

have been used to explain the increased stability of collagen model peptides in which 

Hyp has been replaced with threonine (Thr) and aminoproline (Amp).38,39 Similarly, the 

β-D-galactosylation of Thr in Ac-(Gly-Pro-Thr)10-NH2 collagen model peptides was 

found to induce triple helix formation, where shielding the triple helix from strong 

interactions with water molecules was attributed to the carbohydrates, thereby stabilizing 

interchain N-H to C=O hydrogen bonding interactions.40 

Glycosylation is a common post-translational modification of proteins41,42 known 

to increase protein hydration and solubility,43 as well as influence protein folding and 

conformation,41 protect against proteolytic degradation,44 and enhance the thermal 

stability of proteins.45-46 While protein glycosylation has been broadly attributed to 

increasing the free energy difference between the unfolded and folded state of the 

protein,47 there is controversy as to whether glycans affect the entropy or enthalpy of the 
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system and whether these effects mainly influence the folded or unfolded state.48 A recent 

in silico thermodynamic analysis of engineered SH3 domain variants by Shental-Bechor 

and Levy found that with no direct contacts between the glycan and the polypeptide 

backbone, glycosylation did not change the overall free energy of folded state, but rather 

enthalpically destabilized the unfolded state;47 the bulky glycans reduced the number of 

favourable intermolecular interactions possible. Overall, the thermodynamic stabilization 

was more strongly correlated to the number of glycans attached to the protein rather than 

the size of the glycan. 

Hydration plays an important role in the protein folding process of peptides and 

proteins and the stability of their native structure.84 As mentioned above, glycosylation 

can further affect the hydration of peptides and proteins by changing the hydration levels 

of the peptide backbone and increasing the solubility of hydrophobic regions; these 

effects are dependent on the glycan size and stereochemistry.85 It is often differences in 

hydration that can lead to entropic and enthalpic differences between the folded and 

unfolded states of a glycoprotein and thus their thermodynamic stability. 

Typically, glycans are O-linked to serine (Ser) and Thr or N-linked to asparagine 

(Asn). The O-glycosylation of 5R-hydroxy-L-lysine (Hyl) residues,49 while relatively 

uncommon,50 is known to occur in collagen molecules.51 The glycans D-galactose and D-

glucosylgalactose β-O-linked to Hyl have been implicated in the secretion and assembly 

of collagen fibrils,52,53 embryonic development and cell viability,53,54 and the interaction 

of collagen with protein receptors,55,56 however their role is still not fully understood. The 

O-glycosylation of Hyp is not known to occur in humans at all, but is widespread in the 

plant kingdom in the form of hydroxyproline-rich glycoproteins (HRGPs).57,58-60 These 



 

218 

glycoproteins are associated with forming the protective extracellular network of plant 

cell walls for algae and flowering plants. The HRGPs are characterized by a PPII 

conformation and short homooligomers of L-arabinofuranose and larger heteropolymers 

of L-arabinofuranose and D-galactopyranose.57,58,61 The functional consequences of 

glycosylation are still unclear, but indications are that glycosylation contributes to the 

stability of the PPII conformation in HRGPs.58,61,62 

Since Hyp O-glycosylation has been associated with stabilizing the PPII 

conformation in HRGPs, a similar effect may be observed for collagen. While 

glycosylation has been attributed with increasing the stability of many proteins including 

variants of collagen,40,63 O-modification of Hyp has rarely been investigated.64 Hyp O-

glycosylation should have an interesting effect on the hydration of collagen in a similar 

fashion to other glycoproteins. In previous work, we demonstrated that O-galactosylation 

of Hyp in model amides of the form Ac-Xaa-NHMe did not affect the Cγ-exo 

conformation of Hyp or reduce its trans amide isomer content (Table 6.2.1).65 We report 

here on the effects of Hyp O-glycosylation on the stability of collagen model peptides. 

Table 6.2.1: Effect of Glycosylation on the Trans/Cis Amide Isomer Ratio (Ktrans/cis) and 

Prolyl Pucker[a] 

Model Amide Ktrans/cis (25 °C) Pucker 

Ac-L-Pro-NHMe 3.2 ± 0.1 Cγ-endo 

Ac-Hyp-NHMe 3.9 ± 0.1 Cγ-exo 

Ac-Hyp(α-D-Gal)-NHMe 3.7 ± 0.1 Cγ-exo 

Ac-Hyp(β-D-Gal)-NHMe 3.7 ± 0.1 Cγ-exo 
[a]From Chapter 4. 



 

219 

6.3 Results 

We chose to use D-galactose (Gal) as the O-glycan because of the similar Hyp-

Gal linkage found in HRGPs.57,58,61 Monosaccharides as glycans are rarely found in 

nature, but have shown the capacity to significantly contribute to protein stability.45,66 We 

built the following model peptides: Ac-(Pro-Hyp-Gly)7-NH2 (1), Ac-[Pro-Hyp(α-D-Gal)-

Gly]7-NH2 (2), and Ac-[Pro-Hyp(β-D-Gal)-Gly]7-NH2 (3) (Figure 6.3.1).  
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Figure 6.3.1: Collagen model peptides 1-3. 

Collagen model peptides of the form (Pro-Hyp-Gly)n have been shown to have 

essentially the same 7/2-helix symmetry and 20 Å axial repeat as native collagen, and so 

represent an appropriate model for studying the triple-helix folding transition of 

collagen.32,34,67 Model peptides with both α- and β-anomeric linkages were made for 

comparison to explore how the nature of the glycosidic linkage impacts the stability of 

the triple helix; the anomeric linkage is known to affect peptide and protein 

conformation.68 
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6.3.1 Synthesis of Ac-(Pro-Hyp-Gly)7-NH2 (1) 
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Scheme 6.3.1.1: Synthesis of protected dipeptide 15. 

Model peptide 1 was synthesized by condensation of units of Fmoc-Pro-Hyp-Gly-

OH (17) using rink amide MBHA resin, TBTU, and DIPEA. Tripeptide 17 was 

synthesized by coupling Fmoc-L-Hyp(tBu)-OH (13) with H-Gly-OtBu using TBTU and 

DIPEA in DMF to give the dipeptide 14 in 94% yield (Scheme 6.3.1.1). N-Fmoc 

deprotection using 4:1 DCM/piperidine gave the dipeptide 15 in 90% yield. This was 

followed by coupling of 15 to Fmoc-L-Pro-OH under similar conditions to form the 

protected tripeptide 16 in 80% yield over two steps (Scheme 6.3.1.2). Then, simultaneous 

N-Boc and O-tBu deprotection using 1:1 DCM/TFA gave the tripeptide 17 in 56% 

overall yield from 13, suitable for solid-phase peptide synthesis of 1. 
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Scheme 6.3.1.2: Synthesis of the building block Fmoc-Pro-Hyp-Gly-OH 17. 
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6.3.2 Synthesis of Ac-[Pro-Hyp(αααα-D-Gal)-Gly]7-NH2 (2) and Ac-[Pro-Hyp(ββββ-D-Gal)-

Gly]7-NH2 (3) 

Model peptides 2 and 3 were synthesized by condensation of units of Fmoc-Pro-

Hyp(α-D-Gal)-Gly-OH (12a) and Fmoc-Pro-Hyp(β-D-Gal)-Gly-OH (12b), respectively, 

using rink amide MBHA resin, TBTU, and DIPEA. Synthesis of tripeptides 12a and 12b 

began with the glycosylation of Fmoc-L-Hyp-OH (4) using benzyl 1-thio-2,3,4,6-tetra-O-

benzyl-β-D-galactopyranoside69 (5) in the presence of boron trifluoride diethyletherate, 

N-iodosuccinimide and catalytic amounts of silver triflate to yield a mixture of the α- and 

β-anomers, which could not readily be separated (Scheme 6.3.2.1).  
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Scheme 6.3.2.1: Synthesis of glycosylated dipeptides 7a and 7b. 

Treatment with N,N′-diisopropylcarbodiimide and pentafluorophenol gave the 

corresponding pentafluorophenyl esters,70 which allowed separation of 6a and 6b in 83% 

yield over two steps. Nearly twice as much of the α-anomer as the β-anomer is made 

under these conditions. Coupling of 6a and 6b to H-Gly-OtBu using DIPEA in DMF 

gave the corresponding glycosylated dipeptides 7a and 7b in 44% and 40% yield. 
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In separate pathways, N-Fmoc deprotection under standard conditions to give 8a 

and 8b was followed by coupling to Boc-L-Pro-OH using PyBOP and DIPEA in DMF to 

give the protected tripeptides 9a and 9b in 67% yield over two steps (Scheme 6.3.2.2). 
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Scheme 6.3.2.2: Synthesis of glycosylated tripeptides 9a and 9b. 

Removal of the benzyl ether protecting groups by catalytic hydrogenation in 

methanol gave 10a and 10b, which was followed by O-acetylation using pyridine/acetic 

anhydride (8:1) to give 11a and 11b (Scheme 6.3.2.3).  
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Scheme 6.3.2.3: Synthesis of protected tripeptides 11a and 11b. 
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Simultaneous N-Boc and O-tBu deprotection using 1:1 DCM/TFA followed by 

installation of the N-Fmoc group using Fmoc-OPfp under mild basic conditions gave the 

target α- (12a) and β-O-galactosylated (12b) tripeptides in 59% yield over two steps and 

17% yield overall from 4 (Scheme 6.3.2.4). 
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Scheme 6.3.2.4: Synthesis of glycosylated tripeptide fragments 12a and 12b. 

 

6.3.3 Circular dichroism spectra of 1-3 

The far-ultraviolet CD spectra of 1-3 at 25 °C indicate a maximum positive 

ellipticity near 225 nm and negative ellipticity at 202 nm, which is indicative of a PPII 

helix and a triple helical fold (Figure 6.3.3.1).30 Both glycosylated model peptides 2 and 3 

showed less intensity in the maxima at 225 nm compared to 1, with ellipticity of 2800 

and 3500 compared to 4400 deg⋅cm2⋅dmol-1, respectively. Therefore, glycosylation seems 

to cause some distortion of the PPII conformation, with Ac-[Pro-Hyp(α-D-Gal)-Gly]7-

NH2 deviating more than Ac-[Pro-Hyp(β-D-Gal)-Gly]7-NH2 compared to Ac-(Pro-Hyp-

Gly)7-NH2. 
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Figure 6.3.3.1: Smoothed CD curves of 1-3 in water at 25 °C. 

Comparison of the CD spectra at 25 °C to that of 70 °C shows that the CD curves 

for 1-3 change significantly, with a decrease in the intensity of both positive and negative 

maxima to the point that there is no positive band at all (Figures 6.3.3.2-6.3.3.4). The 

higher temperature CD spectra are indicative of a random coil conformation.30 

 

Figure 6.3.3.2: CD curve of 1 in water at 25 °C and 70 °C at 1 nm intervals. 
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Figure 6.3.3.3: CD curve of 2 in water at 25 °C and 70 °C at 1 nm intervals. 

 

Figure 6.3.3.4: CD curve of 3 in water at 25 °C and 70 °C at 1 nm intervals. 
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6.3.4 Conformational stability of 1-3 

The molar ellipticity as a function of temperature was monitored for 1-3 at 225 

nm in 5 °C intervals (Figure 6.3.4.1).  

 

Figure 6.3.4.1: Melting curves of 1-3 in water. The best fit curves of the data points 

(each point was recorded in duplicate, giving error values of ± 0.2-5.0%) for 1-3 were 

calculated using a two-state transition model (See Section 6.6.3). 

The melting curve of 1 shows a cooperative transition with a calculated Tm of 42 

±1 °C, which is consistent with previous work.12,71 The melting curves of 2 and 3 showed 

less cooperative transitions compared to 1, but are similar to other collagen model 

peptides.22,38,40,72 The Tm values for 2 and 3 are 44 and 40 ±1 °C, respectively (Table 

6.3.4.1). Therefore, it seems that galactose α-linked to Hyp residues in the Yaa position 

leads to a slight stabilization of the collagen triple helix, while galactose β-linked to Hyp 

causes a slight destabilization. 
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Table 6.3.4.1: Effect of α- and β-Galactose on the conformational stability of the 

collagen triple helix. 

Peptide Tm (±1 °C) 
∆HVH 

(KJ⋅mol-1) 
∆SVH 

(J⋅deg⋅mol-1) 

Ac-(Pro-Hyp-Gly)7-NH2 (1) 42 152 ± 35 482 ± 112 

Ac-(Pro-Hyp(α-Gal)-Gly)7-NH2 (2) 44 529 ± 193 1670 ± 608 

Ac-(Pro-Hyp(β-Gal)-Gly)7-NH2 (3) 40 322 ± 80 1030 ± 255 

The van’t Hoff enthalpy (∆HVH) and entropy (∆SVH) values for the triple-helix to 

single–coil transition were calculated by fitting the unfolding curves to a two-state 

transition model. The enthalpy difference between the folded and unfolded states 

increased significantly upon glycosylation (Table 6.3.4.1). The ∆HVH was much higher 

for both Ac-[Pro-Hyp(α-D-Gal)-Gly]7-NH2 (2) (∆HVH of 529 ± 193 KJ⋅mol-1) and Ac-

[Pro-Hyp(β-D-Gal)-Gly]7-NH2 (3) (∆HVH of 322 ± 80 KJ⋅mol-1) compared to Ac-(Pro-

Hyp-Gly)7-NH2 (∆HVH of 152 ± 35 KJ⋅mol-1) (1). The ∆HVH value for 1 is within 

experimental error of similar collagen model peptides;22,36,73,74 large error values are 

known to be associated with parameters derived from the van’t Hoff equation.74 The 

anomeric linkage also had an effect on ∆HVH as α-O-galactosylation in 2 lead to a larger 

enthalpy difference relative to β-O-galactosylation in 3. These increases in ∆HVH are 

mirrored by large increases in ∆SVH for 2 and 3 (∆SVH of 1670 ± 608 and 1030 ± 255 

J⋅deg⋅mol-1, respectively) compared to 1 (∆SVH of 482 ± 112 J⋅deg⋅mol-1). Therefore, the 

solvated folded states of 2 and 3 appear to be much more ordered than the corresponding 

solvated unfolded peptides than is the case for their unglycosylated counterpart 1. 
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6.4 Discussion 

Based on the positive CD maxima at 225 nm and negative maxima at 202 nm, as 

well as the transition observed in the thermal melt experiments, it seems glycosylation of 

4R-hydroxy-L-proline in collagen model peptides does not preclude triple helix 

formation. Indication that O-glycosylation would not affect collagen triple helix 

formation came from previous work using Ac-Hyp(α-D-Gal)-NHMe and Ac-Hyp(β-D-

Gal)-NHMe model peptides, where it was shown that glycosylation does not affect two 

major determinants of collagen stability: the prolyl N-terminal trans-cis amide 

equilibrium (Ktrans/cis) and the Cγ-exo pucker of Hyp that is required in the Yaa position of 

collagen (Table 6.2.1).65 Similarly, Jenkins and coworkers found that O-acylation of 

hydroxyproline in (Pro-Hyp-Gly)10 model peptides did not affect Ktrans/cis or the Cγ-exo 

pucker and did not preclude triple helix formation.64 However, in contrast to O-

glycosylation, O-acylation caused a decrease in Tm (57.5 °C) relative to its unmodified 

counterpart (69 °C). This was attributed to destabilizing steric interactions between the 

O-acyl group and the Xaa position side chain in neighbouring strands. In host-guest model 

peptide studies, amino acids with bulky side chains such as phenylalanine caused greater 

destabilization in the Yaa position relative to the Xaa position, which could be attributed to 

similar unfavourable steric interactions.7,75 Therefore, it would be predicted that the O-

glycans linked to Hyp in the Yaa position should cause some steric interaction with the 

neighbouring strand, which may be responsible for the decreased intensity of the CD 

positive maxima at 225 nm indicative of a decrease in PPII character (Figure 6.3.3.1). 

However, any steric repulsion caused by Hyp O-glycosylation does not translate into a 

significant decrease in Tm. 
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Here, the anomeric linkage of D-galactose to Hyp in the collagen model peptides 

1-3 had different effects on the Tm of the triple helix (Figure 6.3.4.1). While Ac-[Pro-

Hyp(α-D-Gal)-Gly]7-NH2 (2) had a slight stabilizing effect (Tm of 44 ±1 °C) relative to 

Ac-(Pro-Hyp-Gly)7-NH2 (1) (Tm of 42 ±1 °C), Ac-(Pro-Hyp(β-D-Gal)-Gly)7-NH2 (3) had 

a slight destabilizing effect (Tm of 40 ±1 °C). The anomeric linkage alters the orientation 

of glycans, and therefore may cause different intra- and intermolecular interactions with 

the collagen peptide backbone or with surrounding solvent molecules. Study of Ac-

Hyp(α-D-Gal)-NHMe and Ac-Hyp(β-D-Gal)-NHMe model amides indicates that the α-

linked sugar may interact preferentially with the proline side chain, while the β-linked 

sugar may extend away from the proline side chain into the solvent.65 Additional studies 

are required to understand the effect of the anomeric configuration on the orientation of 

the glycan with respect to the collagen triple helix structure. 

The van’t Hoff enthalpy (∆HVH) and entropy (∆SVH) differences between the 

folded and unfolded states were calculated to be much larger for the glycosylated 

collagen model peptides 2 and 3 compared to the unmodified peptide 1 (Table 6.3.4.1). 

This is likely due to a combination of factors, which includes changes in the hydration 

sphere surrounding the triple helix as well as possible interplay between the glycans and 

the polypeptide backbone in the folded and unfolded states. While the role of hydration in 

stabilizing the collagen triple helix remains controversial, there is renewed interest in 

understanding its overall contribution.31,34,35-37 Recently, Nishi and coworkers found that 

replacement of Pro with Hyp in the Yaa position of (Pro-Yaa-Gly)10 caused an increase in 

hydration upon triple-helix formation according to an increased partial molar volume (V); 

this translated into a higher enthalpy (∆H) and entropy difference (∆S) between the 
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folded and unfolded states of the model peptides.36 This, together with crystal structures 

of collagen model peptides which show Hyp participating in interchain water bridges, 

indicated that the larger ∆H for (Pro-Hyp-Gly)10 was due to an increased number of 

hydrogen bonds to hydrated water molecules. Glycosylation would be expected to 

amplify this effect since carbohydrates have multiple hydroxyl groups. Therefore, the 

increase in ∆HVH in 2 and 3 relative to 1 may be due to an increased number of 

intermolecular interactions involving water molecules in the folded state. The restricted 

motion of the water molecules surrounding the triple helix would be expected to offset 

the increase in ∆HVH because of a large entropic (∆SVH) penalty, presumably from a much 

more ordered hydration shell in the folded state;36,37 such an increase in ∆SVH is observed 

(Table 6.3.4.1). Additionally, glycosylation may destabilize the unfolded state of the 

triple helix by precluding formation of favourable intermolecular interactions or by 

causing the unfolded state to become more ordered. Computational studies of model 

glycoproteins by Shental-Bechor and Levy found that glycosylation stabilizes the folded 

state of a protein mainly by acting on its unfolded state.47 Further study of these O-

glycosylated collagen model peptides should provide more insight into the exact nature of 

the influence from the Hyp O-glycans on the folding of the collagen triple helix. 

 

6.5 Conclusions 

Hyp is known to play a critical role in the stability of collagen: the most prevalent 

protein found in humans and animals. The O-glycosylation of Hyp is not known to occur 

in humans, but does occur in plant HRGPs, where it is implicated in stabilizing the PPII 

conformation. Here, we found that O-glycosylation of Hyp in collagen model peptides 
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did not preclude formation of the triple helix, but may slightly alter the PPII 

conformation of each coil. The anomeric linkage of the glycan influenced the stability of 

the triple helix: α-O-galactosylation had a slight stabilizing effect, while β-O-

galactosylation slightly destabilized the triple helix. The origin of this altered stabilization 

remains unclear. Glycosylation seems to have a significant effect on the thermodynamics 

of collagen folding; differences in hydration are likely involved.  

The study of collagen model peptides has led to the development of triple helical 

scaffolds with useful properties: inhibitors of metalloproteases,76 thermostable 

biomaterials,12,19,30 and the ability to mimic and modulate the interactions of collagen 

with its many binding partners.77,78 Further study of Hyp O-glycosylated collagen model 

peptides and similar derivatives may lead to the development of novel functionalized 

collagens which may find use as biomaterials in the fields of biomedicine79 and 

bioengineering,80 and could give insight into collagen-related disorders attributed to non-

enzymatic glycosylation and glycation.81  

 

6.6 Experimental Procedures 

6.6.1 General Experimental 

Protected amino acids were purchased from Bachem (Bachem Bioscience, Inc., 

King of Prussia, PA). Reagent grade solvents were used without further purification. 

Thin-Layer chromatography was performed on Si250F pre-coated glass plates of silica 

gel (250 µm). Column chromatography was performed on SilicaFlash P60 silica gel (40-

63 µm).  
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NMR Spectra were obtained using a Bruker AMX-500 NMR spectrometer 

equipped with a triple resonance (1H, 13C, 15N) gradient inverse probehead. Spectra were 

assigned based on 2D COSY and HSQC experiments. For 1H NMR, minor isomers are 

listed between square brackets. When multiple isomers are observed, the isomers are 

listed as H, H’ and H’’. For 13C NMR, when assigned, carbon peaks for the minor isomer 

are listed in brackets. 

A Waters Micromass ZQ 2000 mass spectrometer was used for electrospray 

ionization (ESI) mass spectrometry measurements. The matrix assisted laser 

desorption/ionization (MALDI) data was acquired using a prototype quadrupole-

quadrupole-TOF (QqTOF) mass spectrometer with photon pulses from a 20-Hz nitrogen 

laser (VCL 337ND, Spectra-Physics, Mountain-View, CA) with 300 mJ energy/pulse. 

The sample solution (~0.5 µL) was loaded onto a stainless steel target with the same 

volume of the saturated matrix solution (DHB in 1:1 (v/v) acetonitrile-water) and allowed 

to air dry.  

 

4-O-(2,3,4,6-Tetra-O-benzyl-α,β-D-galactopyranosyl)-N-fluorenylmethoxycarbonyl-

trans-4-hydroxy-L-proline N′-pentafluorophenyl ester (6a,b). Initially, (2S,4R)-Fmoc-

hydroxyproline 4 (1.00 g, 2.83 mmol, 1.0 eq) was dissolved in MeCN (10 mL), followed 

by addition of 2,3,4,6-tetra-O-benzyl-thio-β-D-galactopyranoside 5 (2.201 g, 3.40 mmol, 

1.2 eq) and BF3·OEt (0.355 mL, 2.83 mmol, 1.0 eq). The solution was cooled to 0 °C and 

stirred for ten minutes. Then, AgOTf (0.141 g, 0.566 mmol, 0.2 eq) and NIS (0.891 g, 

3.96 mmol, 1.4 eq) were added, at which point the solution turned red. The mixture was 

allowed to return to ambient temperature, and stirred for an additional 2.5 hours before 
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being concentrated under reduced pressure. The resulting residue was re-dissolved in 

ethyl acetate (20 mL).  This solution was washed with 1:1 saturated sodium bicarbonate 

(aq)/saturated sodium thiosulphate (aq) (5 x 20 mL), dried (Na2SO4) and concentrated 

under reduced pressure. The resultant mixture of diastereomers could not be readily 

separated, but were crudely purified by flash chromatography using first 10:10:1 

DCM/EtOAc/MeOH then 4:4:1 DCM/EtOAc/MeOH to yield the mixture of 

diastereomers as a clear oil (1.58 g, 1.81 mmol) (64.0%). The mixture of diastereomers 

(1.58 g, 1.81 mmol, 1.0 eq) were dissolved in anhydrous THF (20 mL), and the solution 

was cooled to 0 ºC before addition of N,N′-diisopropylcarbodiimide (0.841 mL, 5.43 

mmol, 3.0 eq) and pentafluorophenol (1.00 g, 5.43 mmol, 3.0 eq). The solution was 

stirred for 30 minutes at 0 ºC, followed by one additional hour at ambient temperature. 

The THF was removed under reduced pressure, after which the reaction mixture was 

redissolved in DCM and was washed with water (30 mL), and brine (30 mL) before 

drying (Na2SO4), and concentration under reduced pressure. The reaction mixture was 

purified by flash chromatography using 5:1 hexanes/EtOAc to yield first 6a as a clear oil 

(1.058 g, 1.02 mmol) (56.1%) then 6b also as a clear oil (0.508 g, 0.488 mmol) (26.9%) 

(83.0% overall).  

6a: [α]25
D = + 2.5° (c 1.5 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ =  7.71-7.81 (m, 

2H, aromatic), 7.49-7.64 (m, 2H, aromatic), 7.15-7.46 (m, 24H, aromatic), 4.67-5.03 (m, 

6H, H1, Hypα, -OCH2Ph), 4.16-4.66 (m, 8H, H5, Hypγ, Hypδ1, Hypδ2, -OCH2Ph), 4.06 

(dd, 1H, H2, J = 3.8Hz, J = 10.1Hz), 3.82-4.01 (m, 3H, H3, H4, -C(O)OCH2CH), 3.70-

3.82 (m, 2H, H6a, H6b), 3.37-3.60 (m, 2H, -C(O)OCH2CH), 2.68-2.84 (m, 1H, Hypβ1), 

2.24-2.44 (m, 1H, Hypβ2); 13C NMR (75 MHz, CDCl3, 298K) δ = (168.8), 168.5, 154.8, 
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(154.2), (144.1), 143.80, 143.77, (143.5), 141.33, 141.31, (141.2), (138.7), 138.6, 

(138.52), 138.44, 137.9, 124.8-128.6 (aromatic carbons), 120.0, (119.9), 97.9, (97.2), 

78.8, (77.2), 76.4, (76.3), 76.2, 75.0, 74.8, (74.3), (73.6), 73.5 (2), (73.4), (73.3), 73.2, 

70.42, (70.40), (69.42), 69.36, (68.4), 67.9, 57.9, (57.6), (51.9), 51.8, 47.1, (37.7), 36.5; 

MS (ES) calc. for C60H52F5NNaO10 (M + Na)+: 1065.04.  Found (M + Na)+: 1065.18. 

6b: [α]25
D = -21.6° (c 1.2 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ =  7.70-7.80 (m, 

2H, aromatic), 7.49-7.65 (m, 2H, aromatic), 7.14-7.45 (m, 24H, aromatic), 4.87-5.01 (m, 

1H, -OCH2Ph), 4.69-4.87 (m, 5H, Hypα, -OCH2Ph), 4.49-4.69 (m, 2H, Hypγ, -OCH2Ph), 

4.31-4.48 (m, 5H, H1, H5, Hypδ1, -OCH2Ph), 4.17-4.31 (m, 1H, Hypδ2), 3.74-4.00 (m, 4H, 

H2, H3, H4, -C(O)OCH2CH), 3.45-3.64 (m, 4H, H6a, H6b, -C(O)OCH2CH), 2.52-2.72 (m, 

1H, Hypβ1), 2.15-2.39 (m, 1H, Hypβ2); 13C NMR (75 MHz, CDCl3, 298K) δ = (168.8), 

168.5, 154.9, (154.1), (144.1), 143.9, 143.7, (143.5), 141.3, (141.2), (138.50), 138.46, 

138.32 (2), (138.29) (2), (137.8), 137.7, 127.0-128.7 (aromatic carbons), 125.2, (125.0), 

120.0, (119.9), (102.8), 102.5, 82.4, (82.3), 79.2, 76.5, (75.9), 75.7, (75.5), 74.7, (74.6), 

73.7, (73.64), 73.60, 73.3, (73.2), 73.1, (72.9), 68.8, (68.7), (68.4), 68.0, 57.6, (57.4), 

(53.5), 53.1, (47.14), 47.08, (36.9), 35.5; MS (ES) calc. for C60H52F5NNaO10 (M + Na)+: 

1065.04.  Found (M + Na)+: 1065.10. 

4-O-(2,3,4,6-Tetra-O-benzyl-α,β-D-galactopyranosyl)-N-fluorenylmethoxycarbonyl-

trans-4-hydroxy-L-proline N′-glycyl tert-butyl ester (7a,b). Compound 6a (0.100 g, 

0.096 mmol, 1.0 eq) was dissolved in anhydrous DMF (6 mL), before addition of DIPEA 

(0.067 mL, 0.38 mmol, 4.0 eq) and H-Gly-OtBu • HCl (0.032 g, 0.19 mmol, 2.0 eq). The 

solution was stirred for one hour at ambient temperature, before addition of water (15 
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mL) and ethyl acetate (15 mL). The organic layer was separated and dried (Na2SO4), then 

concentrated under reduced pressure for purification by flash chromatography using 3:2 

hexanes/EtOAc to yield 7a as a clear oil (0.080 g, 0.081 mmol) (84.2%) (a similar 

procedure was used for 7b). 

7a: [α]25
D = +9.5° (c 5.0 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ =  7.70-7.85 (d, 

2H, aromatic, J = 7.4Hz), 7.48-7.68 (m, 2H, aromatic), 7.17-7.46 (m, 24H, aromatic), 

6.83 (broad t, 0.6H, Gly-NH, J = 4.6Hz), [6.13, broad t, 0.4H, Gly-NH], 4.96 (d, 1H, -

OCH2Ph, J = 11.5Hz), 4.93 (d, 1H, H1, J = 3.8Hz), 4.69-4.89 (m, 3H, -OCH2Ph), 4.14-

4.68 (m, 9H, Hypα, Hypγ, -OCH2Ph, -C(O)OCH2CH, -C(O)OCH2CH), 3.45-4.12 (m, 

10H, H2, H3, H4, H5, H6a, H6b, Hypδ1, Hypδ2, -Gly-CH2), 2.34-2.56 (m, 1.6H, Hypβ1, 

Hypβ2
trans), 2.17-2.33 (m, 0.4H, Hypβ2

cis), 1.47 (s, 6H, tert-butyl), [1.44, s, 3H, tert-butyl]; 

13C NMR (75 MHz, CDCl3, 298K) δ = (171.89), 171.4, 168.6, 155.9, (155.1), 143.89, 

143.81, 141.3, 138.8, 138.56, 138.55, 137.9, 124.9-128.6 (aromatic carbons), 120.0, 97.5, 

82.2, 78.8, 77.3, 76.4, (76.2), 75.0, 74.8, 73.6, (73.3), 73.2, 70.1, 69.3, 67.9, 59.4, 51.9, 

47.2, 42.2, (41.8), (37.6), 35.4, (29.7), 28.1; MS (ES) calc. for C60H64N2NaO11 (M + 

Na)+: 1012.15.  Found (M + Na)+: 1012.21. 

7b: [α]25
D = -19.6° (c 3.0 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.70-7.81 (d, 

2H, aromatic, J = 7.3Hz), 7.47-7.66 (m, 2H, aromatic), 7.18-7.43 (m, 24H, aromatic), 

6.84 (broad t, 0.8H, Gly-NH, J = 5.4Hz), [6.03, broad t, 0.2H, Gly-NH], 4.95 (d, 1H, -

OCH2Ph, J = 11.8Hz), 4.68-4.87 (m, 4H, -OCH2Ph), 4.63 (d, 1H, -OCH2Ph, J = 11.8Hz), 

4.52-4.60 (m, 0.8H, Hypα
trans), 4.13-4.52 (m, 7.2H, H1, H2, Hypα

cis, Hypγ, -OCH2Ph, -

C(O)OCH2CH), 3.43-4.04 (m, 10H, H3, H4, H5, H6a, H6b, Hypδ1, Hypδ2, -C(O)OCH2CH, -
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Gly-CH2), 2.13-2.58 (m, 2H, Hypβ1, Hypβ2), 1.46 (s, 7.2H, tert-butyl), [1.28, s, 1.8H, tert-

butyl]; 13C NMR (75 MHz, CDCl3, 298K) δ = 171.2, 168.5, 156.1, 143.9, 143.8, 141.3, 

138.6, 138.4, 137.8, 127.0-128.6 (aromatic carbons), 125.2, 119.9, 102.6, 82.2, 82.1, 

79.2, 77.3, 75.3, 74.7, 73.55, 73.48, 73.43, 73.1, 68.8, 67.9, 58.9, 53.1, 47.1, 42.2, 33.9, 

(29.7), 28.1; MS (ES) calc. for C60H64N2NaO11 (M + Na)+: 1012.15.  Found (M + Na)+: 

1012.17. 

4-O-(2,3,4,6-Tetra-O-benzyl-α,β-D-galactopyranosyl)-trans-4-hydroxy-L-proline N′-

glycyl tert-butyl ester (8a,b). Compound 7a (0.975 g, 0.99 mmol, 1.0 eq) was dissolved 

in DCM (40 mL), then cooled to 0 ºC before slow addition of piperidine (10 mL). The 

solution was allowed to warm to ambient temperature over one hour, before 

concentration under reduced pressure. The product was purified by flash chromatography 

using 2:1 EtOAc/hexanes to yield 8a as a clear oil (0.560 g, 0.73 mmol) (74.1%) (a 

similar procedure was used for 8b). 

8a: [α]25
D = +36.0° (c 0.5 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ =  8.04 (t, 1H, 

Gly-NH, J = 5.3Hz), 7.20-7.43 (m, 20H, aromatic), 4.35-4.98 (m, 9H, H1, -OCH2Ph), 

4.22-4.30 (m, 1H, Proγ), 3.82-4.08 (m, 7H, H2, H3, H4, H5, Hypα, Gly-CH2), 3.47-3.57 

(m, 2H, H6a, H6b), 3.05 (dd, 1H, Hypδ1, J = 1.5Hz, J = 12.9Hz), 2.67 (dd, 1H, Hypδ2, J = 

3.0Hz, J = 12.9Hz), 2.36 (ddd, 1H, Hypβ1, J = 0.5Hz, J = 9.1Hz, J = 14.0Hz), 2.01 (ddd, 

1H, Hypβ2, J = 5.3Hz, J = 7.6Hz, J = 14.0Hz),  1.48 (s, 8H, tert-butyl), [1.43, s, 1H, tert-

butyl]; 13C NMR (75 MHz, CDCl3, 298K) δ = 174.9, 169.1, 138.71, 138.65, 138.64, 

137.9, 127.3-128.6 (aromatic carbons), 96.3, 82.0, 78.9, 78.4, 76.5, 74.9, 74.8, 73.8, 73.5, 



 

237 

72.9, 69.7, 68.9, 59.9, 52.1, 41.5, 37.2, 28.1; MS (ES) calc. for C45H55N2O9 (M + H)+: 

767.93.  Found (M + H)+: 767.89. 

8b: [α]25
D = -12.0° (c 1.2 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = [8.08, t, 0.3H, 

Gly-NH, J = 5.4Hz], 7.52 (t, 0.7H, Gly-NH, J = 5.6Hz), 7.18-7.40 (m, 20H, aromatic), 

4.54-4.98 (m, 6H, -OCH2Ph), 4.26-4.48 (m, 4H, H1, Proγ, -OCH2Ph), 3.67-4.02 (m, 4H, 

H2, H5, Gly-CH2), 3.25-3.62 (m, 6H, H3, H4, H6a, H6b, Hypα, Hypδ1), 2.67-2.83 (m, 1H, 

Hypδ2), 2.23-2.46 (m, 1H, Hypβ1), 2.02-2.16 (m, 0.7H, Hypβ2
trans), [1.89-2.02, m, 0.3H, 

Hypβ2
cis], [1.47, s, 2.7H, tert-butyl], 1.42, (s, 6.3H, tert-butyl); 13C NMR (75 MHz, 

CDCl3, 298K) δ = 174.8, (173.8), (169.1), 168.9, 138.60, (138.58), 138.51, (138.47), 

138.45, (138.41), 137.9, (137.8), 127.4-128.7 (aromatic carbons), (102.9), 102.4, 82.3, 

(82.0), 81.9, (81.5), (79.4), 79.3, 77.2, 75.3, 74.6, (74.5), 73.6, (73.51), 73.48, 73.3, 

(73.1), 73.0, (68.9), 68.6, 64.6, 59.7, (58.9), (53.7), (41.51), 41.46, (36.8), 36.5, (29.7), 

28.1; MS (ES) calc. for C45H55N2O9 (M + H)+: 767.93.  Found (M + H)+: 767.95. 

N-tert-Butyloxycarbonyl-L-prolyl-[4-O-(2,3,4,6-tetra-O-benzyl-α,β-D-

galactopyranosyl)]-trans-4-hydroxy-L-proline N′-glycyl tert-butyl ester (9a,b). 

Compound 8a (0.550 g, 0.072 mmol, 1.0 eq) was dissolved in anhydrous DMF (20 mL), 

and was cooled to 0 ºC before addition of DIPEA (0.500 mL, 2.87 mmol, 4.0 eq), PyBOP 

(0.746 g, 0.143 mmol, 2.0 eq) and Boc-(2S)-Pro-OH (0.308 g, 0.143 mmol, 2.0 eq). The 

solution stirred for 15 minutes at 0 ºC and then was stirred at ambient temperature for an 

additional 4 hours. The reaction mixture was diluted with water (20 mL) and the product 

was extracted into EtOAc (2 x 20 mL). The organic layer was dried (Na2SO4) and 

concentrated under reduced pressure for purification by flash chromatography using 2:1 
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EtOAc/hexanes to yield 9a as a clear oil (0.630 g, 0.081 mmol) (91.1%) (a similar 

procedure was used for 9b). 

9a: [α]25
D = -3.5° (c 1.3 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ =  [8.39, t, 0.16H, 

-Gly-NH, J = 5.9Hz], 7.18-7.45 (m, 20H, aromatic), 7.14 (t, 0.42H, -Gly-NH, J = 5.4Hz), 

[6.99, t, 0.42H, -Gly-NH, J = 5.4Hz], 4.21-5.03 (m, 12H, H1, Hypα, Hypγ, Proα, -

OCH2Ph), 3.79-4.11 (m, 6.16H, H2, H3, H4, H5, H6a, -Gly-CH2), 3.29-3.79 (m, 5.84H, 

H6b, Proδ1,δ2, Hypδ1,δ2, -Gly-CH2), 2.36-2.67 (m, 1H, Hypβ1), 1.66-2.30 (m, 5H, Hypβ2, 

Proβ1,β2, Proγ1,γ2), [1.45, s, 3H, tert-butyl], 1.43 (s, 9H, tert-butyl), [1.42, s, 3H, tert-butyl], 

[1.38, s, 3H, tert-butyl]; 13C NMR (75 MHz, CDCl3, 298K) δ = (172.8), 172.3, (172.2), 

(171.5), 171.2, (170.9), (168.9), 168.6, (168.3), (154.8), 154.5, (153.9), (138.81), 

(138.78), (138.73), 138.7 (3), (138.53), (138.47), (138.1), 137.95, (137.92), 127.2-128.6 

(aromatic carbons), (98.9), 98.4, (96.4), (82.1), 81.7, (81.4), (79.9), 79.8, (79.6), 78.9, 

(78.7), (77.9), 77.5, (77.2), 76.5, (75.8), (75.1), 74.9, (74.84), 74.79, (73.7), 73.55, 

(73.48), (73.43), (73.11), 73.07, 73.05, (72.9), (72.5), (70.2), 70.0, (69.8), (69.3), 69.0, 

(68.7), (59.6), 58.85, (58.75), 58.5, (57.9), (57.4), (51.8), 51.6, (50.8), (47.1), 46.9, (46.6), 

(42.2), 41.89, (41.83), (37.8), 33.77, (33.72), (29.9), 29.2, (29.1), (28.49), 28.46, (28.42), 

28.0, (24.6), 24.1, (23.5); MS (ES) calc. for C55H69N3NaO12 (M + Na)+: 987.14.  Found 

(M + Na)+: 987.24. 

9b: [α]25
D = -26.3° (c 1.0 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ =  [8.44, t, 

0.15H, -Gly-NH, J = 6.1Hz], 7.19-7.46 (m, 20.3H, aromatic, -Gly-NH), 7.14 (t, 0.55H, -

Gly-NH, J = 5.5Hz), 4.25-5.03 (m, 12H, H1, Hypα, Hypγ, Proα, -OCH2Ph), 3.30-4.07 (m, 

12H, H2, H3, H4, H5, H6a, H6b, Proδ1,δ2, Hypδ1,δ2, -Gly-CH2), [2.62-2.73, m, 0.15H, Hypβ1], 
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[2.51-2.62, m, 0.3H, Hypβ1], 2.25-2.49 (m, 0.7H, Hypβ1, Hypβ2), 1.66-2.24 (m, 6H), 

[1.44, s, 4.05H, tert-butyl], 1.43 (s, 4.95H, tert-butyl), [1.42, s, 2.7H, tert-butyl], [1.41, s, 

1.35H, tert-butyl], 1.37 (s, 4.95H, tert-butyl); 13C NMR (75 MHz, CDCl3, 298K) δ = 

172.9, (172.2), (171.7), (171.38), (171.34), 170.9, 168.7, (168.3), (154.8), (154.5), 153.9, 

(138.64), (138.59), 138.53, 138.47, 138.46, (138.44), (138.3), (137.9), (137.81), 137.79, 

127.4-128.6 (aromatic carbons), 103.7, (102.8), (102.7), 82.16, (82.12), (82.08), 81.9, 

(81.6), (81.4), (79.9), 79.8, (79.3), (79.23), 79.19, 78.2, (77.3), (75.4), 75.3, (75.1), (74.8), 

74.7, (74.6), (73.6), 73.5 (3), (73.3), 73.2, (72.9), 68.9, (68.7), (68.5), 59.3, (58.5), 58.1, 

(57.4), 52.7, (52.5), (52.2), (47.1), (46.8), 46.5, (42.2), 41.9, (41.7), (36.9), 33.0, (32.8), 

29.9, (29.3), (28.9), 28.5, (28.4), 28.0, (24.5), (24.2), 23.4; MS (ES) calc. for 

C55H69N3NaO12 (M + Na)+: 987.14.  Found (M + Na)+: 987.18. 

N-tert-Butyloxycarbonyl-L-prolyl-(4-O-α,β-D-galactopyranosyl)-trans-4-hydroxy-L-

proline N′-glycyl tert-butyl ester (10a,b). Compound 9a (0.250 g, 0.26 mmol, 1.0 eq) 

was dissolved in 4:1 methanol/ethyl acetate (25 mL). After addition of Pearlman’s 

catalyst (20% palladium hydroxide on carbon) (0.150 g, approx. 0.15 mmol, 0.6 eq), the 

reaction flask was flushed with Ar(g) for 5 minutes. The reaction mixture was then stirred 

vigorously under hydrogen atmosphere (10 psi) for 4 hours, after which it was flushed 

with nitrogen and filtered. The product was then concentrated under reduced pressure to 

provide 10a as a clear oil (0.150 g, 0.25 mmol) (96.2%) (a similar procedure was used for 

10b). 

10a: [α]25
D = -1.8° (c 1.4 CH3OH); 1H NMR (300 MHz, D2O, 298K) δ = 5.07 (d, 0.9H, 

H1, J = 3.7Hz), [5.01, d, 0.1H, H1],  4.48-4.68 (m, 3H, Hypα, Hypγ, Proα), 3.67-4.03 (m, 
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10H, H2, H3, H4, H5, H6a,6b, Hypδ1,δ2, -Gly-CH2), 3.33-3.54 (m, 2H, Proδ1,δ2), 2.53-2.74 

(m, 1H, Hypβ1), 2.22-2.41 (m, 1H, Proβ1), 2.02-2.19 (m, 1H, Hypβ2), 1.76-1.97 (m, 3H, 

Proβ2, Proγ1,γ2), 1.43 (s, 8.1H, tert-butyl), [1.42, s, 0.9H, tert-butyl], 1.37 (s, 8.1H, tert-

butyl), [1.34, s, 0.9H, tert-butyl]; 13C NMR (75 MHz, D2O, 298K) δ = (174.5), 174.2, 

174.1, (173.9), 170.7, (156.5), 156.1, 99.4, (98.7), 84.2, (82.1), 82.0, 78.6, (77.3), 72.1, 

(71.9), (69.69), 69.66, 69.59, (68.6), 68.5, 61.7, 59.8, 58.9, (58.7), 53.3, (53.1), (47.5), 

46.9, 42.7, (42.6), 35.9, 29.8, (29.4), (28.13), 28.09, (27.6), 27.5, (24.4), 23.8; MS (ES) 

calc. for C27H45N3NaO12 (M + Na)+: 626.65.  Found (M + Na)+: 626.69. 

 10b: [α]25
D = -54.1° (c 2.5 CH3OH); 1H NMR (300 MHz, D2O, 298K) δ = 4.40-4.76 (m, 

4H, Hypα, Hypγ, Proα, H1), 3.55-4.09 (m, 9H, H3, H4, H5, H6a,6b, Hypδ1,δ2, -Gly-CH2), 

3.30-3.54 (m, 3H, H2, Proδ1,δ2), 2.39-2.66 (m, 1H, Hypβ1), 2.21-2.38 (m, 1H, Proβ1), 2.00-

2.21 (m, 1H, Hypβ2), 1.75-1.96 (m, 3H, Proβ2, Proγ1,γ2), 1.43 (s, 9H, tert-butyl), [1.42, s, 

3H, tert-butyl], 1.37 (s, 6H, tert-butyl); 13C NMR (75 MHz, D2O, 298K) δ = (174.4), 

174.3, 174.2, (173.8), 170.7, (168.7), (156.5), 156.1, 102.2, (101.8), 84.2, 82.3, (82.1), 

(77.8), 77.5, (75.7), 75.5, 73.3, (72.9), 70.9, (68.98), 68.92, 61.4, (59.21), 59.18, 58.8, 

(58.7), 53.9, (47.5), 46.9, 42.64, (42.59), 35.2, (34.8), 29.9, (29.3), 28.1, 27.6, (24.4), 

23.9; MS (ES) calc. for C27H45N3NaO12 (M + Na)+: 626.65.  Found (M + Na)+: 626.77. 

N-tert-Butyloxycarbonyl-L-prolyl-[4-O-(2,3,4,6-tetra-O-acetyl-α,β-D-

galactopyranosyl)]-trans-4-hydroxy-L-proline N′-glycyl tert-butyl ester (11a,b). 

Compound 10a (0.125 g, 0.207 mmol) was dissolved in 8:1 (v/v) pyridine/Ac2O (4.5 

mL), and the mixture was stirred at ambient temperature for 16 hours. The solution was 

concentrated under reduced pressure, and then was co-distilled with toluene (3 x 10 mL) 
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before purification by flash chromatography using 4:1 ethyl acetate/hexanes to yield 11a 

as a clear oil (0.102 g, 0.13 mmol) (63.8%) (a similar procedure was used for 11b). 

11a: [α]25
D = +23.1° (c 1.0 CHCl3); 1H NMR (500 MHz, CDCl3, 298K) δ = [8.46, t, 

0.3H, -Gly-NH’’,  J = 6.0Hz], 7.27 (t, 0.35H, -Gly-NH, J = 5.5Hz), [7.24, t, 0.35H, -Gly-

NH’, J = 5.5Hz], 5.38-5.47 (m, 1H, H4), 5.16-5.32 (m, 1.7H, H2, H3, H3’), 4.99-5.14 (m, 

1.3H, H1, H3’’), 4.78 (dd, 0.35H, Hypα, J = 3.4Hz, J = 8.2Hz), [4.71, dd, 0.3H, Hypα’’, J 

= 2.8Hz, J = 8.2Hz], 4.52-4.61 (m, 0.65H, Hypγ, Hypγ’’), [4.47, dd, 0.35H, Hypα’, J = 

4.5Hz, J = 8.7Hz], 4.41 (dd, 0.35H, Proα, J = 4.2Hz, J = 8.4Hz), 4.17-4.38 (m, 2H, H5, 

Hypγ’, Proα’, Proα’’), 3.99-4.16 (m, 2H, H6a, H6b), 3.31-3.98 (m, 6H, Hypδ1,2, Proδ1,2, -

Gly-CH2), [2.56-2.70, m, 0.65H, Hypβ1’, Hypβ1’’], 2.48-2.56 (m, 0.35H, Hypβ1), [2.38-

2.48, m, 0.35H, Hypβ2’], 1.74-2.24 (m, 16.65H, Hypβ2, Hypβ2’’, Proβ1,2, Proγ1,γ2, -

COCH3), 1.32-1.50 (m, 18H, tert-butyl); 13C NMR (75 MHz, CDCl3, 298K) δ = (172.8), 

(172.5), 172.1, 171.1, (170.9), (170.65), (170.62), 170.61, (170.55), 170.50, (170.4), 

(170.18), (170.15), 170.12, 169.93, (169.89), (169.7), (168.6), (168.5), 168.3, 154.8, 

(154.5), (153.7), (96.8), (96.0), 95.8, (82.0), (81.8), 81.5, 80.1, (79.8), (79.7), 77.3, (76.5), 

(74.6), (68.1), 68.0, (67.9), (67.8), 67.7, (67.3), (67.26), 67.24, 66.9, (66.8), 61.9, (61.8), 

(61.7), (59.5), 58.58, (58.52), (58.2), (57.9), 57.3, (51.4), 51.2, (51.0), (47.1), 46.8, (46.6), 

(42.1), (41.9), 41.8, 37.7, (33.5), (33.2), (30.0), 29.3, (29.2), 28.4, 27.9, 24.6, (24.2), 

(23.5), 20.8, 20.7, 20.65, 20.59; MS (ES) calc. for C35H53N3NaO16 (M + Na)+: 794.80.  

Found (M + Na)+: 794.74. 

11b: [α]25
D = -37.1° (c 1.0 CHCl3); 1H NMR (500 MHz, CDCl3, 298K) δ = [8.45, t, 

0.15H, -Gly-NH’’, J = 6.0Hz], 7.48 (t, 0.45H, -Gly-NH, J = 5.3Hz), [7.33, t, 0.4H, -Gly-
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NH’, J = 5.3Hz], 5.27-5.38 (m, 1H, H4), 5.02-5.14 (m, 1H, H2), 4.90-4.99 (m, 1H, H3), 

4.70 (dd, 0.45H, Hypα, J = 3.1Hz, J = 8.4Hz), [4.65, dd, 0.4H, Hypα’, J = 2.8Hz, J = 

8.3Hz], 4.47-4.58 (m, 1.7H, H1, H1’, Hypγ, Hypγ’), [4.45, d, 0.15H, H1’’, J = 7.8Hz], 

4.33-4.39 (m, 0.45H, Proα), [4.28-4.33, m, 0.55H, Hypα’’, Proα’], [4.23-4.28, m, 0.3H, 

Hypγ’’, Proα’’], 4.01-4.15 (m, 2H, H6a, H6b), 3.96 (dd, 0.45H, -Gly-CH2a, J = 6.7Hz, J = 

17.9Hz), 3.29-3.90 (m, 6.55H, H5, Hypδ1, Hypδ2, Proδ1, Proδ2, -Gly-CH2a’, -Gly-CH2a’’, -

Gly-CH2b), 2.51-2.62 (m, 0.6H, Hypβ1, Hypβ1’’), [2.35-2.45, m, 0.4H, Hypβ1’], [2.20-

2.30, m, 0.15H, Hypβ2’’], 1.70-2.20 (m, 16.85H, Hypβ2, Hypβ2’, Proβ1,β2, Proγ1,γ2, -

COCH3), 1.27-1.46 (m, 18H, tert-butyl); 13C NMR (75 MHz, CDCl3, 298K) δ = (173.0), 

172.3, (171.7), 171.2, (170.8), (170.4), 170.3, 170.2, (170.06), 170.01, 169.22, (169.18), 

168.5, (168.4), (168.2), (154.8), 154.5, (153.7), (101.2), (100.6), 100.0, (81.9), 81.6, 

(81.4), (79.99), 79.87, (79.7), (78.4), 77.3, (77.2), (75.8), (70.9), (70.8), 70.7 (2), (68.7), 

68.5, 67.0, (66.8),  61.3, (61.2), 58.9, (58.1), (57.9), 57.8, (57.3), (52.13), (52.08), 51.9, 

(47.1), 46.8, (46.5), (42.1), (41.9), 41.6, (37.1), (32.6), 32.3, 29.9, (29.6), (29.2), (28.9), 

(28.41), 28.37, 27.9, (24.5), 24.2, (23.4), (20.74), (20.69), (20.66), 20.62 (3), 20.5; MS 

(ES) calc. for C35H53N3NaO16 (M + Na)+: 794.80.  Found (M + Na)+: 794.77. 

N-Fluorenylmethoxycarbonyl-L-prolyl-[4-O-(2,3,4,6-tetra-O-acetyl-α,β-D-

galactopyranosyl)]-trans-4-hydroxy-L-proline N′-glycine (12a,b). Compound 11a 

(0.110 g, 0.14 mmol, 1.0 eq) was dissolved in DCM (4 mL), and then cooled to 0 ºC. 

After slow addition of TFA (4 mL), the solution was stirred for 15 minutes at 0 ºC 

followed by an additional 2 hours at ambient temperature before being co-distilled with 

toluene (2 x 10 mL). The resultant pale yellow oil was then suspended in 2:1 

acetone/water (6 mL). Addition of NaHCO3 (0.115 g, 1.4 mmol, 10.0 eq) caused 
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evolution of gas and a pH of 9. This was followed by addition of 9-fluorenylmethyl 

pentafluorophenyl carbonate (0.167 g, 0.42 mmol, 3.0 eq) dissolved in acetone (2 mL). 

After stirring for 2 hours, the solvent was removed under reduced pressure and the 

mixture was re-dissolved in water (10 mL) and EtOAc (10 mL). After the pH was 

adjusted to 5 using formic acid, the product was extracted into EtOAc (4 x 10 mL). The 

organic layer was dried (Na2SO4) and concentrated under reduced pressure for 

purification by flash chromatography using first 6:1 DCM/MeOH then 5:1 DCM/MeOH 

to yield 12a as a clear oil (0.070 g, 0.084 mmol) (59.0% over 2 steps) (a similar 

procedure was used for 12b). 

12a: [α]25
D = +21.9° (c 2.0 CH3OH); 1H NMR (300 MHz, CDO3D, 298K) δ = 7.75-7.89 

(m, 2H, aromatic), 7.55-7.70 (m, 2H, aromatic), 7.25-7.51 (m, 4H, aromatic), 5.02-5.53 

(m, 4H, H1, H2, H3, H4), 3.64-4.71 (m, 12H, H5, H6a, H6b, Hypα, Hypγ, Hypδ1, Proα, -

C(O)OCH2CH, -C(O)OCH2CH -Gly-CH2), 3.32-3.64 (m, 3H, Hypδ2, Proδ1,δ2), 1.75-2.69 

(m, 18H, Hypβ1,β2, Proβ1,β2, Proγ1,γ2, -COCH3); 13C NMR (75 MHz, CDO3D, 298K) δ = 

174.3, (174.2), (173.9), 173.8, (173.6), 173.4, 172.31, (172.2), (172.1), 172.0, 171.9, 

(171.7), 171.5, (171.4), 156.5, (156.2), 145.5, (145.3), (142.7), 142.6, (129.0), 128.8, 

(128.3), 128.2, 126.3, (126.12), (121.1), 120.9, (98.3), 96.8, (78.9), 77.7, 69.7, (69.6), 

69.1, 68.9, (68.8), (68.6), (68.4), 68.2, (63.3), 63.1, 60.6, (60.5), 59.8, (59.3), 53.1, (52.6), 

42.97, 42.79, 36.7, (36.5), (30.9), 30.3, 25.4, (24.1), 20.8, (20.74), 20.71, 20.64, 20.55, 

(20.51); MS (ES) calc. for C41H47N3NaO16 (M + Na)+: 860.29.  Found (M + Na)+: 

860.32. 
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12b: [α]25
D = -26.5° (c 1.0 CH3OH); 1H NMR (500 MHz, CDO3D, 298K) δ = 7.74-7.87 

(m, 2H, aromatic), 7.55-7.67 (m, 2H, aromatic), 7.25-7.48 (m, 4H, aromatic), 5.31-5.40 

(m, 1H, H4), 5.00-5.18 (m, 2H, H2, H3), 4.68-4.78 (m, 1H, H1), 4.31-4.63 (m, 4.3H, Hypα, 

Hypγ’, Proα, -C(O)OCH2CH), 4.02-4.30 (m, 4.7H, H5, H6a, H6b, Hypγ, -C(O)OCH2CH), 

3.33-3.97 (m, 6H, Hypδ1,2, Proδ1,δ2, -Gly-CH2), 1.68-2.34 (m, 18H, Hypβ1,β2, Proβ1,β2, 

Proγ1,γ2, -COCH3); 13C NMR (75 MHz, CDO3D, 298K) δ = (173.8), 173.6, (173.4), 170.0, 

172.0 (2), 171.9, 171.5, 171.3, (156.6), 156.3, 145.8, (145.1), 142.6, (142.5), (128.94), 

128.90, (128.5), 128.3, (126.4), 126.3, (121.1), 121.0, 102.0, (101.5), 79.58, (79.51), 

(72.2), 72.1, 70.33, (70.31), (68.97), 68.91, (68.6), 68.2, 63.0, (60.45), 60.37, (60.1), 59.3, 

(54.3), 53.9, 43.93, 43.87, 36.1, 30.9, (30.1), (25.3), 23.9, 20.8, 20.7, 20.6, 20.3; MS (ES) 

calc. for C41H47N3NaO16 (M + Na)+: 860.29.  Found (M + Na)+: 860.37. 

N-Fluorenylmethoxycarbonyl-(4-O-tert-butyl)-trans-4-hydroxy-L-proline N′-glycyl 

tert-butyl ester (14). Compound 13 (3.04 g, 7.42 mmol, 1.0 eq) was dissolved in 

anhydrous DMF (40 mL), and was cooled to 0 ºC before addition of DIPEA (3.88 mL, 

22.3 mmol, 3.0 eq), TBTU (3.58 g, 11.1 mmol, 1.5 eq) and H-Gly-OtBu • HCl (1.56 g, 

9.28 mmol, 1.25 eq). The solution stirred for 1 hour at 0 ºC and then was diluted with 

water (100 mL) and the product was extracted into EtOAc (3 x 100 mL). The organic 

layer was dried (Na2SO4) and concentrated under reduced pressure for purification by 

flash chromatography using 1:1 EtOAc/hexanes to yield 14 as a white foam (3.63 g, 6.95 

mmol) (93.6%): [α]25
D = -22.5° (c 1.4 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 

7.70-7.83 (m, 2H, aromatic), 7.48-7.67 (m, 2H, aromatic), 7.21-7.47 (m, 4H, aromatic), 

7.01 (broad t, 0.65H, -Gly-NH), [6.04, broad t, 0.35H, -Gly-NH], 4.06-4.62 (m, 5H, 

Hypα, Hypγ, -C(O)OCH2CH, -C(O)OCH2CH), 3.72-4.00 (m, 2H, -Gly-CH2), 3.66 (dd, 
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1H, Hypδ1, J = 6.5Hz, J = 10.7Hz), 3.24-3.45 (m, 1H, Hypδ2), 2.34-2.56 (m, 0.65H, 

Hypβ1), 1.87-2.29 (m, 1.35H, Hypβ2, Hβ1’), 1.45 (s, 9H, tert-butyl), 1.21 (s, 9H, tert-

butyl); 13C NMR (75 MHz, CDCl3, 298K) δ = 171.5, 168.6, 156.1, 143.8, 141.3, 127.7, 

127.1, 125.1, 119.9, 82.2, 77.2, 74.1, 69.5, 69.3, 67.8, 59.1, 53.2, 47.2, 42.1, (38.8), 36.3, 

28.3, 28.0; MS (ES) calc. for C30H38N2NaO6 (M + Na)+: 545.26.  Found (M + Na)+: 

545.31. 

(4-O-tert-Butyl)-trans-4-hydroxy-L-proline N′-glycyl tert-butyl ester (15). Compound 

14 (3.50 g, 6.70 mmol, 1.0 eq) was dissolved in DCM (40 mL), and then was cooled to 0 

ºC before slow addition of piperidine (10 mL). The solution was stirred for 30 min before 

being co-distilled with toluene (3 x 15 mL). The product was purified by flash 

chromatography using 12:1 EtOAc/MeOH to yield 15 as a white solid (1.80 g, 5.99 

mmol) (89.6%); [α]25
D = -23.3° (c 0.2 CHCl3); mp  83-87ºC; 1H NMR (300 MHz, 

CDCl3, 298K) δ = 7.96 (t, 1H, -Gly-NH, J = 5.4Hz), 4.03-4.12 (m, 1H, Hypγ), 3.74-3.95 

(m, 3H, Hypα, -Gly-CH2), 2.75-2.90 (m, 2H, Hypδ1,δ2), 2.34 (broad s, 1H, -Pro-NH), 

1.89-2.13 (m, 2H, Hypβ1,β2), 1.40 (s, 9H, tert-butyl), 1.10 (s, 9H, tert-butyl); 13C NMR 

(75 MHz, CDCl3, 298K) δ = 175.1, 169.1, 81.8, 73.5, 72.2, 59.8, 54.9, 41.4, 39.1, 28.4, 

28.0; MS (ES) calc. for C15H29N2O4 (M + H)+: 301.21.  Found (M + H)+: 301.10; MS 

(ES) calc. for C15H28N2NaO4 (M + Na)+: 323.19.  Found (M + Na)+: 323.07. 

N-Fluorenylmethoxycarbonyl-L-prolyl-(4-O-tert-butyl)-trans-4-hydroxy-L-proline 

N′-glycyl tert-butyl ester (16). Initially, Fmoc-Pro-OH (0.362 g, 1.07 mmol, 1.5 eq), 

TBTU (0.459 g, 1.43 mmol, 2.0 eq) and DIPEA (0.500 mL, 2.86 mmol, 4.0 eq) were 

dissolved in anhydrous DMF (4 mL). The mixture was cooled to 0 ºC, and the flask was 
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flushed with Ar(g). In a separate flask, compound 15 (0.215 g, 0.716 mmol, 1.0 eq) was 

dissolved in anhydrous DMF (4 mL), and was also flushed with Ar(g). The solution 

containing 15 was then added dropwise by syringe to the mixture containing Fmoc-Pro-

OH, TBTU and DIPEA. The resulting solution was stirred for 30 minutes at 0 ºC 

followed by an additional 2 hours at ambient temperature before being diluted with water 

(40 mL). The product was extracted into EtOAc (3 x 40 mL), and then the organic layer 

was dried (Na2SO4) and concentrated under reduced pressure for purification by flash 

chromatography using 3:2 EtOAc/hexanes to yield 16 as a clear oil (0.394 g, 0.636 

mmol) (88.7%): [α]25
D = -42.9° (c 3.1 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 

[8.09, t, 0.25H, -Gly-NH’’,  J = 5.9Hz], 7.70-7.81 (m, 2H, aromatic), 7.49-7.68 (m, 2H, 

aromatic), 7.23-7.44 (m, 4.4H, aromatic, -Gly-NH), [7.20, t, 0.35H, -Gly-NH’, J = 

5.6Hz], 4.76 (dd, 0.4H, Hypα, J = 2.2Hz, J = 8.2Hz), 4.14-4.63 (m, 5.6H, Hypα’, Hypα’’, 

Hypγ, Proα, -C(O)OCH2CH, -C(O)OCH2CH), 3.41-4.04 (m, 5.75H, Hypδ1, Hypδ2, Hypδ2’, 

Proδ1,δ2, -Gly-CH2), [3.15, dd, 0.25H, Hypδ2’’, J = 7.3Hz, J = 9.4Hz], [2.60, ddd, 0.25H, 

Hypβ1’’, J = 2.5Hz, J = 6.0Hz, J = 12.5Hz], 2.37-2.52 (m, 0.75H, Hypβ1, Hypβ1’), 1.68-

2.32 (m, 5H, Hypβ2, Proβ1,β2, Proγ1,γ2), 1.43 (s, 6.75H, tert-butyl), [1.36, s, 2.25H, tert-

butyl], 1.14-1.21 (m, 9H, tert-butyl); 13C NMR (75 MHz, CDCl3, 298K) δ = 172.3, 

(172.1), (171.5), (171.4), 171.3, (171.1), 168.6, (168.5), (168.3), (155.2), 154.9, (154.4), 

(144.4), 144.2, (143.9), 141.3, (141.2), (141.1), (127.74), (127.68), 127.6, (127.08), 

127.05, (127.02), 125.3, (125.1), (125.0), (119.97), 119.92, (81.9), 81.8, (81.4), (74.1), 

(74.0), 73.9, 70.2, (70.1), (67.8), 67.5, (67.0), (59.5), 58.5, 58.4, (57.9), (57.7), (52.9), 

52.8, (52.5), (47.4), 47.3, (47.12), (47.09), 46.8, (42.1), 41.9, (39.1), 34.7, (34.6), (30.3), 
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(29.4), 29.2, 28.3, (28.2), 28.0, (27.9), (24.7), 24.3, (22.9); MS (ES) calc. for 

C35H45N3NaO7 (M + Na)+: 642.32.  Found (M + Na)+: 642.26. 

N-Fluorenylmethoxycarbonyl-L-prolyl-trans-4-hydroxy-L-proline N′-glycine (17). 

Compound 16 (0.218 g, 0.352 mmol, 1.0 eq) was dissolved in DCM (4 mL), and then 

cooled to 0 ºC. After slow addition of TFA (4 mL), the solution was stirred for 1 hour at 0 

ºC followed by an additional 1.5 hours at ambient temperature before being co-distilled 

with toluene (2 x 10 mL). The resultant white solid was then suspended in water (6 mL), 

before adjusting the pH to 9-10 using 5% (v/v) NaHCO3 (1.5 mL). The aqueous layer was 

washed with EtOAc (3 x 6 mL) before the pH was adjusted to 3 using formic acid. After 

leaving the solution at 4 ºC overnight, large amounts of white precipitate were visible in 

the flask, which were filtered off and vacuum dried to yield 17 as a white solid (0.134 g, 

0.264 mmol) (74.9%): [α]25
D = -64.5° (c 0.6 CH3OH); mp  176-181 ºC; 1H NMR (500 

MHz, CD3OD, 298K) δ = 7.72-7.86 (m, 2H, aromatic), 7.51-7.68 (m, 2H, aromatic), 

7.23-7.44 (m, 4H, aromatic), 4.27-4.67 (m, 5H, Hypα, Hypγ, Proα, -C(O)OCH2CH), 4.16-

4.26 (m, 1H, -C(O)OCH2CH), 4.02 (dd, 1H, -Gly-CH2a, J = 6.2Hz, J = 17.8Hz), 3.76 (dd, 

1H, -Gly-CH2b, J = 2.1Hz, J = 17.8Hz), 3.64-3.74 (m, 1.5H, Hypδ1, Hypδ2), 3.36-3.62 (m, 

2.5H, Hypδ2’, Proδ1,δ2), 1.77-2.43 (m, 6H, Hypβ1,β2, Proβ1,β2, Proγ1,γ2); 13C NMR (75 MHz, 

CD3OD, 298K) δ = 174.6, (174.5), 173.43, (173.41), 172.83, (172.81), 156.7, (156.4), 

145.4, (145.2), 142.7, (142.6), 128.8, (128.4), (128.3), 128.2, 126.2, (126.1), 120.9, 71.1, 

(70.7), 68.7, 60.5, (60.0), (59.8), 59.5, 56.0, (55.7), 48.6, 47.9, 41.9, 38.6, (38.5), (31.1), 

30.1, 25.2, (24.1); MS (ES) calc. for C27H30N3O7 (M + H)+: 508.21.  Found (M + H)+: 

508.00. MS (ES) calc. for C27H29N3NaO7 (M + Na)+: 529.18.  Found (M + Na)+: 529.22. 
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6.6.2 Peptide Synthesis and Purification 

Peptides 1-3 were synthesized by segment condensation of their corresponding 

Fmoc-protected tripeptides using solid-phase chemistry on an Argonaut Quest 210 

peptide synthesizer (Argonaut Technologies, San Carlos, CA). Peptide couplings were 

carried out in 5 mL reaction vessels using Rink Amide MBHA resin for 1-3 on a 40, 12, 

and 16 µmol scale, respectively. The Fmoc-protected resin was allowed to swell in dry 

DCM for 1 hour, and then was washed with DMF. Fmoc deprotection was carried out 

using piperidine in DMF (1:4). Coupling steps were carried out by pre-activation of the 

tripeptide fragment (3.0 eq) with TBTU (4.0 eq) and DIPEA (8.0 eq) in dry DMF. All 

couplings were allowed to react for 2.5 hours at room temperature. After coupling of the 

first and last tripeptides, acetylation was performed using acetic anhydride in pyridine 

(1:9) for capping of any unreacted sites and of the N-terminus of the peptide, 

respectively. O-Acetate deprotection of 2 and 3 was carried out using methanol/hydrazine 

hydrate (6:1) (2 x 3 hours).82 This deprotection step was carried out for 3 after the peptide 

was cleaved from the resin in order to limit acid-catalyzed de-glycosylation of the β-

linked sugars. Cleavage from the resin was accomplished using 

TFA/triisopropylsilane/water (18:1:1). The resin was washed with TFA and DCM before 

concentration by co-distillation with toluene. 

The peptides were purified by semi-preparative HPLC using a Waters HPLC 

system and a Vydac C-18 reversed-phase 5 µm particle size (250 mm x 10 mm) column 

(W. R. Grace & Co., Deerfield, IL). A linear gradient of 0 to 40% solvent B (CH3CN) in 

solvent A (H2O) was used at a flow rate of 1 mL/min. Detection of the products was 

achieved using a photodiode array monitoring at λ = 210 nm. Analytical HPLC was 
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carried out using an Atlantis C-18 5 µm particle size (150 mm x 4.6 mm) column (Waters 

Corp., Milford, MA) using the same solvent gradient. Peptides 1-3 were ≥90% pure 

according to both analytical HPLC and MALDI mass spectrometry.  Peptide 1 Ac-(Pro-

Hyp-Gly)7-NH2: [M + H+] Calc. for C86H125N22O29: 1929.8983. Found: 1929.8962; 

Peptide 2 Ac-(Pro-Hyp(α-D-Gal)-Gly)7-NH2: [M + H+] Calc. for C128H195N22O64: 

3064.2681. Found: 3064.2949; Peptide 3 Ac-(Pro-Hyp(β-D-Gal)-Gly)7-NH2: [M + Na+] 

Calc. for C128H194N22NaO64: 3086.2500. Found: 3086.3054. 

 

6.6.3 Circular Dichroism Spectroscopy 

Peptides were dried under vacuum for 48 hours prior to weighing, and then were 

dissolved in pure water at an approximate concentration of 0.1-0.2 mg/mL (0.12-0.26 

mM). The solutions were left to equilibrate at 4 °C for 6 days.  The pH of the samples of 

1-3 was determined at 25 °C after a two-point calibration (pH 4.0 and 10.0) to be 5.6, 6.1, 

and 5.2, respectively. Relative concentrations were confirmed by UV-Vis absorbance 

measurements at 210 nm.12 Thermal melt experiments of 1-3 were carried out on a Jasco 

J-810 spectropolarimeter (Jasco Inc., Easton, MD) equipped with a Peltier thermoelectric 

temperature control system, by monitoring the ellipticity at 225 nm from 5 to 70 °C. 

Fluctuation in the temperature contributes to an error of ±1.0 °C to measurement of the 

temperature and represents the greatest source of error. The CD intensity and wavelength 

of the spectropolarimeter were calibrated using solutions of d-10-camphorsulphonic 

acid.83 A scan was run from 200 to 250 nm in duplicate at 5 °C intervals using a scanning 

rate of 10 nm/min, response time of 4 sec, data pitch of 0.1 nm, and bandwidth of 2 nm. 

The baseline was corrected by subtraction of the solvent spectra, and for 2 and 3 the 
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spectrum of D-galactose (0.84 mM) was subtracted. After a 15 min heating period 

between temperatures, the sample was allowed to equilibrate for 15 min before data 

acquisition; giving an approximate heating rate of 0.16 °C/min. The reversibility of the 

thermal denaturation was judged by recovery of the signal at 25 °C at 225 nm (by 85-

92%) at the conclusion of the experiment. The molar ellipticity per mean residue ([θ]) 

was calculated from the average spectrophotometer output (millidegrees) at 225 nm using 

the formula:  

[θ] = (M ⋅ θ) / (10 ⋅ c ⋅ l ⋅ n) 

where M is the molecular weight of the sample (g⋅mol-1), θ is the CD signal 

(millidegrees), c is the peptide concentration in g⋅L-1, l is the path length of the cell (cm), 

and n is the number of amide bonds in the peptide (22). The temperature at the midpoint 

of the thermal transition (Tm) as well as the van’t Hoff enthalpy (∆HVH) and entropy 

(∆SVH) values were determined by fitting the molar ellipticity at 225 nm to a two-state 

model using Mathematica v6.0 (Wolfram Research, Inc) according to the equation: 

y = (∆N + mN*x) + (Exp-[(∆Hm + x*∆Sm)/(R*x)])*(∆U + mU*x) 
1 + Exp(-[(∆Hm + x*∆Sm)/(R*x)]) 

 
where y is the optical parameter (mdeg), x is the temperature (Kelvin), ∆Hm and 

∆Sm are the differences between the folded and unfolded enthalpy and entropy at the 

transition midpoint (Tm), respectively, mN and mU are the slopes of the curve before and 

after the transition, respectively, and ∆N and ∆U are the zero temperature optical values 

of the fully folded and unfolded forms of the triple helical model peptide, respectively. 

The error values calculated for ∆H and ∆S are reported based on the confidence interval 

calculated for each parameter. The value of Tm was calculated according to: 
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Tm = ∆H/∆S 

The corresponding error value in Tm was calculated using the asymptotic standard 

error for ∆H and ∆S according to the equation: 

σT = [(σ∆H
2/∆H2) + (σ∆S

2/∆S2)]1/2 

Where σT is the relative uncertainty in Tm, σ∆H is the uncertainty in ∆H, and σ∆S is 

uncertainty in ∆S. The calculated error in Tm (±0.15-0.25 °C) was less than the 

instrumental error. 

The cooperativity of the transitions was quantified by calculating the temperature 

range (∆T) over which 80% of the unfolding occurs and corresponds to a Keq range of 

0.25 to 4.0. For 1-3, the ∆T values were found to be 15.1 °C, 4.4 °C, and 7.0 °C, 

respectively. 
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7.1 Abstract 

The polyproline II (PPII) conformation, present in the major structural proteins 

of both plants and animals, has inspired the development of rigid molecular scaffolds for 

understanding the role of the PPII conformation in biology, and for the development of 

functional materials. Here, we synthesized a series of model polyproline peptides Ac-

(Pro)9-NH2 (1), Ac-(Hyp)9-NH2 (2), and Ac-[Hyp(β-D-Gal)]9-NH2 (3) to investigate the 

effects of Hyp O-glycosylation on the conformational stability of the PPII helix, as found 

in the hydroxyproline-rich glycoproteins found in plant cell walls. We found that 

contiguous O-galactosylation of Hyp residues causes a decrease in the intensity of CD 

maxima, which may be due to shielding of the amide groups from the carbohydrate rings. 

Thermal melting experiments show that O-galactosylation causes the transition from the 

PPII to β-strand conformation to occur at a much higher temperature; this has 

implications for the role of Hyp O-glycosylation as found in nature, and for the 

development of conformationally rigid scaffolds that allow for further functionalization. 
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7.2 Introduction 

The polyproline type II (PPII) conformation, characterized as a left-handed helix 

(φ = -78° and ψ = 146°) with 3 amino acid residues per turn and all trans amide bonds (ω 

= 180°),1-3 has attracted attention because of the discovery of its presence in both folded4-

6 and unfolded7-16 protein structures. The PPII conformation has now been implicated in 

numerous protein-protein recognition interactions,6,17 as well as playing an important role 

in the protein folding process.12,15,18 Improved understanding of the characteristics of the 

PPII conformation has come from crystallographic,1,2,19 spectroscopic,2,20-22 and 

computational23 analysis of model peptides. Both L-proline (Pro) and (4R)-hydroxy-L-

proline (Hyp) have demonstrated the highest propensity for forming the PPII 

conformation among the naturally occurring amino acids,24-28 likely because their φ- and 

ψ-angles are ideally predisposed to do so; the φ-angle of Pro and Hyp is fixed at -75° 

because the prolyl side chain is cyclised onto the polypeptide backbone. Furthermore, a 

ψ-angle of 150° has been theorized to lead to a favourable n → π* interaction from the 

amide carbonyl oxygen atom (Oi-1) to the amide carbonyl group (C’i=Oi).29 Therefore, 

Pro and Hyp-rich domains of polypeptides bestow the extended PPII conformation with 

considerable structural stability. 

Nature has exploited the structural rigidity of the PPII conformation, as 

exemplified by its prevalence in both animal and plant structural proteins. Collagen is the 

most abundant structural protein found in humans and animals,30 and is characterized by 

three polypeptide strands of the repeating sequence (Xaa-Yaa-Gly), where Xaa is often Pro 

and Yaa is often Hyp; each strand adopts a PPII helix, which associate to form a right-

handed triple helix.31 Also, the hydroxyproline-rich glycoproteins (HRGPs) are extremely 
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widespread in the plant kingdom;32,33 they are the major protein components of the 

extracellular matrix of algae and land plants and have been found to be critical for proper 

cell wall formation.34 Of several subclasses of HRGPs, the extensins are the main 

insoluble proteins associated with the cell wall;35 they are characterized by a rigid PPII 

conformation, large amounts of Hyp and serine (Ser), and extensive O-glycosylation of 

Hyp residues, which is a unique post-translational modification of proteins.32 The Hyp O-

linked glycans are usually small (1-4 residues), linear β-linked homooligosaccharides of 

D-arabinose and larger heteropolysaccharides of D-galactose, D-arabinose, and smaller 

amounts of other sugars.32 Glycosylation patterns of HRGPs seem to be based on peptide 

sequence: contiguous Hyp residues lead to Hyp O-arabinosylation, while non-contiguous 

Hyp residues lead to a mixture of Hyp O-arabinosylation and O-galactosylation.36,37 The 

functional consequences of glycosylation on HRGPs remains unclear, but efforts have 

been made to understand this modification. It has been suggested that the 

oligosaccharides increase HRGP solubility,32 resistance to proteolytic degradation,32 and 

thermal stability,38-41 however the extent of this stabilization has never been quantified or 

studied in well-defined peptides. 

The structural rigidity of the PPII conformation has inspired the development of 

molecular scaffolds that adopt predictable and well-defined conformations.42 Proline-rich 

peptides that adopt a PPII conformation have the added advantages of being capable of 

crossing cell membranes43-45 and being non-antigenic.46 Therefore, these peptides have 

been used as molecular spacers,47 molecular rulers,48 cell-penetrating compounds,43,45,49 

and as antibiotics.43,50 However, there are indications that the polyproline conformation is 

not completely rigid;51 proline is susceptible to isomerization from the trans to the cis 
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amide conformation, which causes local variation in the PPII structure. Thus, there is 

interest in developing polyproline derivatives in order to influence the conformational 

stability of the PPII conformation; both for understanding the role of PPII in biological 

contexts, such as in protein folding, and for the development of biocompatible 

biomaterials that have improved conformational stability.52 Recently, polyproline 

derivatives have been developed by incorporating proline analogues such as (2S,4R)-4-

fluoroproline (Flp) and (4R)-4-azidoproline (Azp). Horng and Raines found that 

homooligomers of Flp increased the thermal stability of the PPII conformation relative to 

Pro.53 The estimated melting temperatures (Tm) were found to be 27 °C for (Pro)10, and 

53 °C for (Flp)10. Similarly, homooligomers of Azp prepared by Kümin and coworkers 

stabilized the PPII conformation as determined by spectroscopic analysis.54 The ability of 

these proline analogues to stabilize the PPII conformation has been attributed to the 4-

electron withdrawing group stabilizing the Cγ-exo conformation of the proline side chain 

through a stereoelectronic effect, which in turn stabilizes the trans amide configuration. 

Recent work by our group found that Hyp O-galactosylation as found in HRGPs, 

seemed to cause an increased electron withdrawing effect in model diamides, as 

determined by an increase in the 13C chemical shift of the Cγ atom.55 This did not 

translate into a measurable increase in the stability of the trans amide bond as determined 

by measurement of the trans/cis amide equilibrium (Ktrans/cis) or the prolyl Cγ-exo pucker, 

but does indicate that glycosylation of Hyp residues will not preclude PPII helix 

formation. This provides the opportunity to study the effects of Hyp O-glycosylation on 

the stability of the PPII conformation in well-defined model peptides. We report here on 

the synthesis and characterization of O-glycosylated hydroxyproline model peptides. Our 
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aim is to gain further insight into the extent of stabilization of the PPII conformation 

brought about by a naturally-occurring Hyp O-glycosylation and for the development of 

structurally rigid scaffolds that can be applied as functional materials. 

 

7.3 Results 

7.3.1 Synthesis of model peptides 1-3 

In a similar fashion to Horng53 and Kümin,54 we constructed model polyproline 

homooligomers: Ac-(Pro)9-NH2 (1), Ac-(Hyp)9-NH2 (2) and Ac-[Hyp(β-D-Gal)]9-NH2 

(3) (Figure 7.3.1.1).  
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Figure 7.3.1.1: Model polyproline peptides 1-3. 

The N- and C-termini were amidated to prevent interference from charged groups. 

Contiguous glycosylation of the Hyp residues allow for maximum overlap of the sugar 

residues; with 3 residues per turn in the PPII helix, every fourth sugar residue is stacked 

on top of each other.1-3 

The model peptides 1-3 were synthesized using solid-phase coupling of their 

Fmoc-protected building blocks on a 30-100 µM scale. The Fmoc-[Hyp(β-D-Gal)]-OH 

building block was synthesized based on the procedure of Arsequell, Sàrries, and 

Valencia using the Lewis acid BF3·OEt2 to promote the addition of 1,2,3,4,6-penta-O-

acetyl-β-D-galactopyranoside56 to commercially available Fmoc-Hyp-OH, which gives 
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only the β-anomer in 67% yield (Scheme 7.3.1.1).57 The assignment of the β-anomer was 

confirmed by the 3JH1,H2 coupling constant of 8.0 Hz. 
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5 4  

Scheme 7.3.1.1: Synthesis of Fmoc-[Hyp(β-D-Gal)]-OH (4). 

 

7.3.2 Circular dichroism spectra of model peptides 1-3 

Analysis of the far-UV circular dichroism (CD) spectra of 1-3 in water at 25 °C 

shows that all the peptides exhibit positive maxima between 220 and 230 nm and 

negative maxima between 200 and 210 nm, which are characteristic of the PPII 

conformation (Figure 7.3.2.1).8,58  

 

Figure 7.3.2.1: CD spectra of 1-3 in water at 25 °C at an approximate concentration of 

0.4 mM, however all samples have the same relative concentration based on far 

ultraviolet (UV) absorbance measurements at 210 nm. 



 

269 

The peptide Ac-(Hyp)9-NH2 (2) showed a more intense positive band (λmax at 225 

nm, [θ] of 6600 deg⋅cm2⋅dmol-1) relative to Ac-(Pro)9-NH2 (1) (λmax at 228 nm, [θ] of 

2300 deg⋅cm2⋅dmol-1) but a weaker negative band (λmin at 204 nm, [θ] of -31,000 and -

37,000 deg⋅cm2⋅dmol-1, respectively), which is consistent with previous work.53,59 The O-

glycosylated model peptide Ac-[Hyp(β-D-Gal)]9-NH2 (3) also exhibited a stronger 

positive band (λmax at 224 nm of 4200 deg⋅cm2⋅dmol-1) relative to Ac-(Pro)9-NH2 (1), but 

a weaker negative band (λmin at 204 nm, [θ] of -14,500 deg⋅cm2⋅dmol-1) relative to both 1 

and 2. The relative band strength ρ is the ratio of the maximum positive ellipticity to the 

maximum negative ellipticity, and has been used to interpret changes in CD spectra of 

poly(proline) and poly(hydroxyproline).59 The ρ values for Ac-(Pro)9-NH2 and Ac-

(Hyp)9-NH2 were found to be 0.06 and 0.21 respectively, which correlates well to 

previous studies of poly(proline) (0.06) and poly(hydroxyproline) (0.19),59 while ρ for 

Ac-[Hyp(β-D-Gal)]9-NH2 was higher than both 1 and 2 at 0.29. Changes in ρ value have 

previously been attributed to conformational changes or changes in interactions between 

solvent molecules and peptide backbone carbonyl groups.59 

 

7.3.3 Conformational stability of model peptides 1-3 

The CD spectra of 1-3 were monitored at 225 nm between 5 and 90 °C in pure 

water. Similar to other model peptides that exhibit PPII curves, there was a decrease in 

ellipticity at 225 nm as the temperature was increased (Figures 7.3.3.1-7.3.3.3).7,21,22,25,60-

62  
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Figure 7.3.3.1: Overlay of CD spectra of 1 from 5 to 90 °C in 5 °C intervals in water 

from 200 to 250 nm. An isodichroic point is apparent at 220 nm. 

 

Figure 7.3.3.2: Overlay of CD spectra of 2 from 5 to 90 °C in 5 °C intervals in water 

from 200 to 250 nm. An isodichroic point is apparent at 215 nm. 
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Figure 7.3.3.3: Overlay of CD spectra of 3 from 5 to 90 °C in 5 °C intervals in water 

from 200 to 250 nm. An isodichroic point is apparent at 211 nm. 

An isodichroic point was found for peptides 1-3 at 220, 215, and 211 nm, 

respectively, which has been observed for related model peptides and is indicative of a 

coexistence of two conformations (Figures 7.3.3.1-7.3.3.3).61-63 Plots of ellipticity ([θ]) at 

225 nm as a function of temperature for 1-3 exhibit subtle sigmoidal-type curves, which 

is further evidence of a coexistence of two conformations (Figure 7.3.3.4). 

 

Figure 7.3.3.4: Ellipticity at 225 nm of 1-3 in water from 5 to 90 °C in 5 °C intervals; 

Each data point was recorded in duplicate, giving error values of ± 0.2-6.0%. 
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The melting temperature (Tm) of 1-3 was estimated by taking the first-derivative 

of consecutive data points of molar ellipticity at 225 nm at various temperatures as seen 

in Figures 7.3.3.5-7.3.3.7.53 The first-derivative data points were then fit using a spline 

curve to show the region of greatest change in slope. The Tm for Ac-(Hyp)9-NH2 (Tm of 

38 ± 3 °C) was estimated to be higher compared to Ac-(Pro)9-NH2 (Tm of 22 ± 3 °C), 

while the conformational transition occurred at a much higher temperature for Ac-

[Hyp(β-D-Gal)]9-NH2 (Tm of 70 ± 3 °C).  
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Figure 7.3.3.5: Spline curve of the first-derivative of the plot of 1 in Figure 7.3.3.4. 
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Figure 7.3.3.6: Spline curve of the first-derivative of the plot of 2 in Figure 7.3.3.4. 



 

273 

0 20 40 60 80 100
-80

-70

-60

-50

-40

-30

-20

-10

0

Temperature (οοοοC)

d[
θθ θθ]

22
5/

dT

 

Figure 7.3.3.7: Spline curve of the first-derivative of the plot of 3 in Figure 7.3.3.4. 

 

7.4 Discussion 

7.4.1 Relative differences in the CD curves of the model peptides 

The changes in the CD maxima of Ac-(Pro)9-NH2 (1) relative to Ac-(Hyp)9-NH2 

(2) (Figure 7.3.2.1) may be accounted for by differences in their PPII conformation as 

determined by X-ray diffraction.59 Brahmachari and coworkers found two different 

crystalline forms of polyHyp, one very similar to the crystal structure of polyproline,1 and 

a different form that involved intramolecular hydrogen bonds from the 4-hydroxyl group 

of the Hypi residue to the Hypi-1 carbonyl oxygen atom. Evidence for the second form 

was supported by IR studies that found water molecules are not strongly bound to 

polyHyp and a similar viscosity for poly(Pro) and poly(Hyp),64 which would be expected 

if the 4-OH group was involved in intramolecular hydrogen bonding interactions. 

Furthermore, while the proline side chains of Ac-(Pro)9-NH2 are expected to be a mixture 

of Cγ-endo and Cγ-exo conformations,65 the prolyl side chains of Ac-(Hyp)9-NH2 are 
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expected to be fixed solely in the Cγ-exo conformation.66 Since CD is sensitive to the 

side-chain conformation of proline, the differences in the CD spectra may be due to this 

difference.67 However, oligoproline model peptides incorporating 4R- and 4S-

azidoproline54 and fluoroproline,53 which fix the prolyl pucker in a Cγ-exo and Cγ-endo 

conformation, respectively, did not exhibit similar relative differences in CD maxima. 

This indicates that the pucker change is not likely responsible for the differences in the 

intensity of the CD bands. 

The CD spectra of Ac-[Hyp(β-D-Gal)]9-NH2 (3) relative to Ac-(Hyp)9-NH2 (2) 

shows a decrease in the relative intensity of both the positive and negative maxima 

(Figure 7.3.2.1), which may be attributed to a distortion of the PPII conformation.10,27,68 

Analysis of PPII model peptides by Kelly and coworkers has shown that incorporation of 

non-proline residues in polyproline peptides (from PPP to PAAP) leads to a similar 

decrease in the CD maxima of 3 to 2.25 While this was correlated to a change in PPII 

conformation, the peptides were still considered to have significant PPII character. 

Overall, the molar ellipticities of 3 at λmax and λmin are consistent with naturally occurring 

HRGPs, such as GP1 (isolated from Chlamydomonas reinhardtii) and tomato extensin, 

which suggests that 3 adopts a similar PPII conformation to HRGPs.40 The galactose 

residue may play some role in changing the PPII conformation of 3 as contiguous O-

arabinosylation of extensin Ser-(Hyp)4 model peptides has been found to increase the 

intensity of CD maxima.37 Therefore, it seems that either galactose residues inherently 

alter the PPII conformation, or the glycan size is important. 

Interpretation and rationalization of changes in CD spectra of the PPII 

conformation is not a straightforward process.69 Horng and Raines found that when Hyp 
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was replaced with 4-fluoroproline (Flp) in model polyproline peptides, a significant 

decrease in the intensity of the CD maxima was also observed.53 Flp is known to stabilize 

the trans amide conformation and the Cγ-exo pucker relative to proline in a similar 

fashion to Hyp O-glycosylation.55 Stabilization of these parameters that would be 

expected to maintain the PPII conformation, but caused an apparent decrease in PPII 

content based on the CD spectra. The authors gave no explanation for this apparent 

contradiction. Insight into the decrease in the intensity of the CD maxima of 3 may come 

from analysis of the ρ value, which is higher for 3 compared to 2 (0.29 and 0.21, 

respectively). An increase in ρ has been correlated to decreased solvation of the peptide 

backbone carbonyl groups.70 Therefore, glycosylation may shield the peptide backbone 

carbonyl groups from solvent water molecules, which may account for the changes in the 

CD bands due to changes in the absorption of the amide groups. Regardless of the 

apparent change in PPII conformation in Ac-[Hyp(β-D-Gal)]9-NH2 relative to Ac-(Hyp)9-

NH2, it may be misleading to interpret the decrease in CD maxima as destabilization of 

the PPII conformation. 

 

7.4.2 Relative differences in the thermal melting curves of the model peptides 

Monitoring the decrease in ellipticity as a function of temperature showed the 

presence of both a slight sigmoidal-type curve and an isodichroic point, which indicates 

that the polyproline peptides 1-3 underwent a conformational transition as the 

temperature was raised in aqueous conditions (Figures 7.3.3.1-7.3.3.4). Previous studies 

have shown that based on the measurement of 3JαN of polyproline model peptides, while 

the PPII conformation is favoured at low temperatures, it exists in equilibrium with the 
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energetically similar71 β-strand conformation (φ = -120° and ψ = 120°), which becomes 

more favoured at high temperature.60,61,72-76 The β-strand conformation is characterized 

by a weak to no positive band near 220 nm and a negative band at 200 nm.60,61,72-76,89,90 

The higher temperature state is unlikely to be a random coil type conformation, which 

does not exhibit a net positive cotton effect.77  

The melting of the PPII helix has previously been attributed to a non-cooperative 

transition, where destruction of the hydration shell leads to alteration or loosening of the 

PPII helix.62 Here, the peptides 1-3 showed a distinctive transition based on the CD 

melting curves. The sharpness of the transition seems to depend on the peptide 

sequence.75 Model peptides incorporating non-proline residues: alanine (Ala), glycine 

(Gly), and lysine (Lys) have exhibited both linear25,26,60,61,73,78 and non-linear21,62,68,74 

types of conformational transitions. Horng and Raines found a linear decrease in 

ellipticity with no clear thermal transition for the polyproline peptides: H-(Pro)10-Gly-

Tyr-OH and H-(Flp)10-Gly-Tyr-OH, but approximated Tm values of 27 °C and 53 °C 

based on first-derivatives curves of the temperature-dependent CD spectra.53 The 

derivative of the H-(Hyp)10-Gly-Tyr-OH curve showed no clear inflection point, but was 

assumed to be between 27 and 53 °C. Therefore, while Flp exhibited a decrease in the 

intensity of its CD maxima, it was attributed to thermally stabilizing the PPII 

conformation relative to Hyp and Pro. Here, a similar effect is observed since Ac-

[Hyp(β-D-Gal)]9-NH2 showed less intense CD maxima relative to Ac-(Hyp)9-NH2, but 

according to first-derivatives curves of the temperature-dependent CD spectra, the 

thermal transition occurred at a much higher temperature (Tm of 70 ± 3 °C compared to 
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38 ± 3 °C, respectively). Therefore, it seems contiguous O-glycosylation of Hyp 

significantly stabilizes the PPII conformation. 

While a complete understanding of the stabilization of the PPII helix has yet to be 

achieved, hydrogen bonding interactions between the amino acids side chain to backbone 

nitrogen and carbonyl groups have been implicated.4,9 This is based on the study of 

model peptides, which has found that after Pro and Hyp, glutamine (Gln), arginine (Arg) 

and lysine (Lys) have the highest propensity to form PPII helices. This may explain the 

origin of the increase in thermal stabilization of Ac-(Hyp)9-NH2 relative to Ac-(Pro)9-

NH2, which is supported by experimental study, and  Ac-[Hyp(β-D-Gal)]9-NH2 compared 

to Ac-(Hyp)9-NH2; the multiple sugar groups may form stabilizing hydrogen bonds to the 

peptide backbone in the PPII conformation, leading to considerable conformational 

stability. Stabilization of the trans amide conformation and the prolyl pucker has been 

attributed to stabilizing the PPII conformation.53 Previous work has shown that Hyp O-

glycosylation does not lead to a measurable increase in the stabilisation of the trans 

amide conformation,55 but this may require longer peptides to become apparent. 

Hydration has also been proposed to contribute to the stability of the PPII 

conformation;60,63,79 The increase in stabilization upon contiguous O-glycosylation in Ac-

[Hyp(β-D-Gal)]9-NH2 relative to Ac-(Hyp)9-NH2 may be due to the change in solvation. 

Glycosylation is known to affect the hydration of peptides and proteins,80 and restrict the 

conformational freedom of peptides and proteins,81,82 however the exact mechanism by 

which this is accomplished remains unclear. 
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7.5 Conclusions  

Analysis of β-O-glycosylated polyproline model peptides indicates that Hyp O-

galactosylation leads to a decrease in PPII character based on a decrease in the intensity 

of CD maxima. This may be due to a loss of PPII character, or may be attributed to 

shielding of the amide groups by the carbohydrate structures. Monitoring ellipticity as a 

function of temperature has shown the presence of isodichroic points for 1-3, which 

indicates that equilibrium exists between the PPII conformation and a high-temperature 

state; believed to be a β-strand conformation. The origin of stabilization of 3 is likely due 

to stronger hydrogen bonding interactions from the multiple sugar residues to backbone 

C=O groups, or due to changes in hydration of the peptide. 

Previously, it was shown that glycosylation of HRGPs causes a change in the 

intensity of CD maxima, which was correlated to changes in the PPII stability, but is 

more accurately attributed to a change in PPII conformation. Here, we have shown with 

well-defined model peptides that contiguous O-glycosylation leads to an increase in 

conformational stability; similar increases in the conformational stability of HRGPs 

likely also occur. Whether non-contiguous glycosylation or larger glycan structures affect 

this stability remains to be explored. 

Since glycosylation leads to considerable conformational stability, these peptides 

may lead to the development of scaffolds and biomaterials that have improved 

conformational stability. The glycans also provide the opportunity for further 

derivatization, which can lead to facile modification of the scaffold. Furthermore, the use 

of polyproline as a well-defined secondary structure scaffold for attaching glycans83 may 
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find use for the study of carbohydrate-carbohydrate84 interactions and carbohydrate-lectin 

binding interactions.85  

 

7.6 Experimental Procedures 

7.6.1 General Experimental 

Protected amino acids were purchased from Bachem (Bachem Bioscience, Inc., 

King of Prussia, PA). Reagent grade solvents were used without further purification. 

Thin-Layer chromatography was performed on Si250F pre-coated glass plates of silica 

gel (250 µm). Column chromatography was performed on SilicaFlash P60 silica gel (40-

63 µm).  

Automated peptide synthesis was carried out using an Argonaut Quest 210 

peptide synthesizer (Argonaut Technologies, San Carlos, CA) in 5 mL reaction vessels. 

 NMR Spectra were obtained using a Bruker AMX-500 NMR spectrometer 

equipped with a triple resonance (1H, 13C, 15N) gradient inverse probehead. Spectra were 

assigned based on 2D COSY and HSQC experiments. For 1H NMR, minor isomers are 

listed between square brackets or as H’. A Waters Micromass ZQ 2000 mass 

spectrometer was used for electrospray ionization (ESI) mass spectrometry 

measurements.  

The matrix assisted laser desorption ionization (MALDI) data was acquired using 

a prototype quadrupole-quadrupole-TOF (QqTOF) mass spectrometer with photon pulses 

from a 20-Hz nitrogen laser (VCL 337ND, Spectra-Physics, Mountain-View, CA) with 

300 mJ energy/pulse. The sample solution (~0.5 µL) was loaded onto a stainless steel 
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target with the same volume of the saturated matrix solution (DHB in 1:1 (v/v) 

acetonitrile-water) and allowed to air dry.  

CD measurements were carried out using a Jasco J-810 spectopolarimeter (Jasco 

Inc., Easton, MD) equipped with a Peltier thermoelectric temperature control system. 

 

Ac-[Pro]9-NH2 (1): was synthesized using Fmoc-protected Rink Amide MBHA resin on 

a 80 µM scale from Fmoc-L-Pro-OH. The synthesis was accomplished using the general 

procedures for peptide synthesis. Analytical HPLC: tR: 11.8 min; 1H NMR (300 MHz, 

D2O, 298K) δ = 4.77-4.62 (m, 8H, Proα), [4.31-4.41, m, 1H, Proα], 3.73-3.92 (m, 8H, 

Proδ1), 3.43-3.72 (m, 10H, Proδ2, Proδ1’), 2.19-2.47 (m, 9H, Proβ1), 1.75-2.15 (m, 30H, 

Proβ2, Proγ1,γ2, -COCH3); MS (ES) calc. for C47H69N10O10 (M + H)+: 933.52.  Found (M + 

H)+: 933.49; MS (ES) calc. for C47H68N10NaO10 (M + Na)+: 955.50.  Found (M + Na)+: 

955.47; 

 

Ac-[Hyp]9-NH2 (2): was synthesized using Fmoc-protected Rink Amide MBHA resin on 

a 100 µM scale from Fmoc-(2S,4R)-4-O-tert-butyl-Hyp-OH. The peptide cleavage step 

from the resin also removes the O-tert-butyl protecting groups. Analytical HPLC: tR: 9.1 

min; 1H NMR (500 MHz, D2O, 298K) δ =  4.84-4.94 (m, 8H, Hypα), 4.57-4.70 (m, 9H, 

Hypγ), [4.49-4.56, m, 1H, Hypα], 3.86-4.00 (m, 8H, Hypδ1), 3.63-3.86 (m, 10H, Hypδ2, 

Hypδ1’), 2.30-2.49 (m, 9H, Hypβ1), 1.94-2.17 (m, 12H, Hypβ2, -COCH3); MS (ES) calc. 

for C47H69N10O19 (M + H)+: 1077.47.  Found (M + H)+: 1077.60; 
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Ac-[Hyp(ββββ-Gal)]9-NH2 (3): was synthesized using Fmoc-protected Rink Amide MBHA 

resin on a 30 µM scale from Fmoc-(2S,4R)-4-O-[2,3,4,6-tetra-O-acetyl-β-D-

galactopyranose]-Hyp-OH (4). Analytical HPLC: tR: 2.6 min; 1H NMR (500 MHz, D2O, 

298K) δ =  4.84-4.96 (m, 8H, Hypα), [4.70-4.84, m, 1H, Hypα], [4.59-4.68, m, 2H, Hypγ], 

4.45-4.58 (m, 16H, H1, Hypγ), 4.07-4.22 (m, 9H, H5), 3.60-4.00 (m, 54H, H2, H3, H4, H6a, 

H6b, Hypδ1), 3.44-3.59 (m, 9H, Hypδ2), 2.50-2.67 (m, 9H, Hypβ1), 1.95-2.16 (m, 12H, 

Hypβ2, -COCH3); MS (MALDI) calc. for C101H158N10NaO64 (M + Na)+: 2557.93.  Found 

(M + H)+: 2557.89; 

4-O-[(2,3,4,6-Tetra-O-acetyl)-ββββ-D-galactopyranosyl]-Nαααα-fluoren-9-yl-

methoxycarbonyl-(2S,4R)-4-hydroxyproline (4). This synthesis was based on the 

procedure of Arsequell, Sàrries, and Valencia.57 Initially, 4-Nα-fluoren-9-yl-

methoxycarbonyl-(2S,4R)-4-hydroxyproline (5) (2.00 g, 5.66 mmol, 1.0 eq) was 

dissolved in dry acetonitrile (30 mL), cooled to 0 °C, and flushed with Ar(g). This was 

followed by the addition of 1,2,3,4,6-penta-O-acetyl-β-D-galactopyranoside (3.31 g, 8.49 

mmol, 1.5 eq) and BF3·OEt (2.13 mL, 16.9 mmol, 3.0 eq). After stirring for 30 minutes, 

the mixture was allowed to warm to ambient temperature, and was stirred for an 

additional 2 hours before being concentrated under reduced pressure. The resulting 

residue was suspended in water (30 mL) and was extracted into ethyl acetate (3 x 20 mL), 

then was dried (Na2SO4) and concentrated under reduced pressure. The product was 

purified by flash chromatography using first 10:10:1 DCM/EtOAc/MeOH then 4:4:1 

DCM/EtOAc/MeOH to yield (4) as a clear oil (2.61 g, 3.81 mmol) (67.4%): [α]25
D = -

43.3° (c 1.1 CH3OH); 1H NMR (300 MHz, CD3OD, 298K) δ = 7.73-7.87 (m, 2H, 
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aromatic), 7.57-7.70 (m, 2H, aromatic), 7.25-7.47 (m, 4H, aromatic), 5.33-5.44 (m, 1H, 

H3), 5.03-5.21 (m, 2H, H2, H4), 4.71-4.81 (m, 1H, H1), 4.01-4.55 (m, 8H, H5, H6a, H6b, 

Hypα, Hypγ, -C(O)OCH2CH, -C(O)OCH2CH), 3.73-3.85 (m, 1H, Hypδ1), 3.61-3.73 (m, 

1H, Hypδ2), 2.33-2.54 (m, 1H, Hypβ1), 1.87-2.27 (m, 13H, Hypβ2, -COCH3); 13C NMR 

(75 MHz, CD3OD, 298K) δ = (173.8), (173.6), (173.4), (173.0), 172.0, 171.9, 171.5, 

171.3, (156.6), 156.3, (145.8), 145.1, 142.6, (142.5), 129.1, (128.9), (128.5), 128.3, 

(126.4), 126.3, (121.1), 121.0, 102.0, (101.5), 79.6, (79.5), (72.2), 72.1, 70.33, (70.31), 

(68.97), 68.91, (68.6), 68.2, 63.0, (60.5), 60.4, (60.1), 59.3, (54.3), 53.9, 30.9, (30.1), 

(25.3), 23.9, 20.8, 20.7, 20.6, 20.3; MS (ES) calc. for C34H37NNaO14 (M + Na)+: 706.21.  

Found (M + Na)+: 706.26 

 

7.6.2 Peptide synthesis and purification 

Peptide couplings were carried out using Fmoc-Rink Amide MBHA resin, which 

was initially allowed to swell in DCM for 1 hour, then was washed with DMF (5x). Fmoc 

deprotections: Deprotection of the Fmoc group was carried out using piperidine/DMF 

(1:4) (2 x 15 min), followed by a washing step with DMF (3x), DCM (3x) and again 

DMF (3x). Peptide coupling: Amino acids (Fmoc-Xaa-OH) were coupled after pre-

activation (4 min) in DMF (4 mL) along with TBTU (4 eq) and DIPEA (8 eq). After 

mixing for 2.5 hours, the resin was washed with DMF (3x), DCM (3x) and again DMF 

(3x).  Coupling and deprotection reactions were monitored qualitatively by the Chloranil 

test.86 Capping: After coupling of the first amino acid, the resin was capped using acetic 

anhydride/pyridine (1:9) (2 x 15 min), followed by a washing step with DMF (3x), DCM 

(3x) and DMF (3x). The same procedure was used to cap the N-terminus of the peptide. 
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Cleavage: After a washing step of MeOH (3x) and DCM (6x), the peptides were cleaved 

from the resin by adding TFA/triisopropylsilane/water (18:1:1) (v/v/v) and mixing for 2 

hours. The resin was washed with TFA (2 x 5 mL) and DCM (2 x 5 mL) before 

concentration by co-distillation with toluene (3 x 10 mL). Acetate deprotection: The 

sugar O-acetate groups were removed using methanol/hydrazine hydrate (6:1) (v/v) (2 x 3 

hours). This deprotection step was carried out after the peptide was cleaved from the 

resin in order to limit acid-catalyzed de-glycosylation of the β-linked sugars. 

Semi-preparative HPLC was performed on a Waters HPLC system (Waters Corp., 

Milford, MA) using a Vydac C18 5 µm particle size (10 mm x 250 mm) column (W. R. 

Grace & Co., Deerfield, IL). Analytical HPLC was carried out using an Atlantis C18 5 µm 

particle size (4.6 mm x 150 mm) column (Waters Corp., Milford, MA). Detection of the 

products was achieved using a photodiode array monitoring at λ= 210 nm. Preparative 

HPLC was carried out using a gradient of 0% to 40% acetonitrile in water (0.1% TFA) 

over 30 min at a flow rate of 1 mL/min. Analytical HPLC was carried out using a 

gradient of 0% to 10% acetonitrile in water (0.1% TFA) over 30 min at a flow rate of 1 

mL/min. 

 

7.6.3 Circular dichroism spectroscopy 

Purified samples of 1-3 were dried in vacuo for 24 hours prior to weighing, then 

were dissolved in pure water at an approximate concentration of 0.4 mM, and left to 

equilibrate for at least 24 hours. Relative concentrations were established by absorbance 

measurements at 210 nm.87 The pH of the samples of 1-3 was determined at 25 °C after a 

two-point calibration (pH 4.0 and 10.0) to be 5.6, 7.5, and 6.1, respectively. For analysis, 
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300 µl of the sample were loaded in a rectangular quartz cell with a 0.1 cm pathlength. 

CD spectra were recorded using a scanning rate of 10 nm/min, response time of 4 sec, 

data pitch of 0.1 nm, and band width of 2 nm. The CD intensity and wavelength of the 

spectropolarimeter were calibrated using solutions of d-10-camphorsulphonic acid.88 A 

blank spectrum of the solvent was subtracted, and for 3 the spectrum of D-galactose (3.6 

mM) was subtracted. For thermal melt experiments, a scan from 200 to 250 nm was 

performed at 5 °C intervals between 5 and 90 °C. Fluctuation in the temperature 

contributes to an error of ±1.0 °C to measurement of the temperature. The sample was 

allowed to equilibrate at each temperature for 10 min before the measurement was taken. 

The molar ellipticity per mean residue ([θ]) was calculated from the average 

spectrophotometer output (millidegrees) at 225 nm using the formula:  

[θ] = (M ⋅ θ) / (10 ⋅ c ⋅ l ⋅ n) 

where M is the molecular weight of the sample (g⋅mol-1), θ is the CD signal 

(millidegrees), c is the peptide concentration in g⋅L-1, l is the path length of the cell (cm), 

and n is the number of amide bonds in the peptide (10). The reversibility of the thermal 

denaturation was judged by the recovery of the signal at the conclusion of the experiment 

(by 80-89%) at 25 °C. The temperature at the midpoint of the thermal transition (Tm) was 

estimated by calculating the first-derivative of the molar ellipticity at 225 nm as a 

function of temperature. Values of Tm were estimated by the minimum of the spline 

curves of the corresponding data points using SigmaPlot software v11.0 (Systat Software, 

Inc). Error in Tm can be assumed to be half the value of consecutive data points (±2.5 °C) 

along with the instrumental error (±0.5 °C). 
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Chapter 8: Conclusions and Future Work 

This work provides the first in depth analysis of the influence of a proline-linked 

carbohydrate residue on prolyl amide isomerization, the properties of the proline side 

chain, and the conformational stability of proline-containing peptides. 

The synthesis of a C-glucosyl proline hybrid (GlcProH) is the first example of a 

proline-based C-glycosyl amino acid, and the use of a carbohydrate as a scaffold to fix 

the conformation of a proline side chain (Chapter 3). Recently, several other examples 

have emerged.1 In model peptides, the GlcProH demonstrated the ability to vary the N-

terminal amide equilibrium (Ktrans/cis) by modification of the substituents on the sugar 

scaffold. Until now, the ability to vary Ktrans/cis required the synthesis of proline 

surrogates by independent synthetic routes. However, our results demonstrate that one-

step modification of the hydroxyl groups on the carbohydrate scaffold can be used to tune 

the conformational properties of GlcProH-containing model peptides. As opposed to 

many δ-modified proline analogues (Sections 1.6.2 and 1.6.3), the origin of the influence 

on Ktrans/cis is more than a sterically based, and likely involves intramolecular interactions 

between the sugar substituents and the peptide backbone.  

Limitations of the GlcProH building block include: a lengthy synthetic route, the 

loss of the hydrophobic character of the prolyl side chain, and the crowded steric 

environment around the prolyl nitrogen atom, which limits coupling to amino acids with 

sterically bulky side chains. While this proline analogue may not be appropriate for 

studying binding interactions involving the prolyl side chain, the ability to vary Ktrans/cis 

may find use for studying reverse turn formation, where the multiple hydroxyl groups can 

be further devitalized in a combinatorial fashion. Future work should include further 
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variation of substituents on the carbohydrate scaffold in order to vary Ktrans/cis, and gain a 

better understanding of the origin of the factors responsible for such changes. For 

example, attachment of mono-, di- and trifluoroacetate groups may confirm the proposed 

n → π* intramolecular interaction. Developing a range of biases between all trans to all 

cis amide content using different functional groups on the sugar would be very useful. 

The effects of O-galactosylation of 4R-hydroxy-L-proline (Hyp) in model amides 

of the form Ac-Hyp(α-D-Gal)-NHMe and Ac-Hyp(β-D-Gal)-NHMe on the conformation, 

kinetics, and thermodynamics of amide isomerization were studied in detail (Chapter 4). 

It was found that there was no apparent effect on Ktrans/cis or on the rate of isomerization 

(ktc and ktc) when compared to unglycosylated reference compounds. These were 

reflected in both the ground state enthalpy and entropy differences, and activation 

energies as calculated from van’t Hoff and Eyring plots, respectively. These results 

suggest the O-glycosylation of Hyp is a poor method for influencing the prolyl N-

terminal amide equilibrium and rate of isomerization. However, these results also have 

implications for the naturally-occurring Hyp O-galactosylation found in hydroxyproline-

rich glycoproteins (HRGPs) (Section 1.8.1); if glycosylation affects the stability of 

HRGPs, it is not through an apparent influence of the isomer equilibrium or the rate of 

amide isomerization. 

However, O-glycosylation of Hyp provides an inductive electron withdrawing 

effect on the prolyl ring according to a change in 13Cγ-NMR chemical shift, which may 

lead to additional stabilization of the Cγ-exo ring pucker. Also, nOe experiments show 

that α-galactosylation results in distant contacts between the proline and galactose rings, 

suggesting that galactosylation of Hyp induces a conformational constraint into 
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glycopeptides. These results were indications that influences from Hyp O-glycosylation 

may become more apparent in longer peptides. Further work could include investigating 

the effects of different monosaccharides, such as D-galactosamine or D-arabinose, and 

larger di- or trisaccharide glycans O-linked to Hyp on amide isomerization. Also, the N-

terminal amino acid could be varied by amino acids such as L-phenylalanine or L-serine, 

to determine if the N-terminal amino acid can influence either parameter. 

The stereoisomer of Hyp, (2S,4S)-4-hydroxyproline (hyp), is rarely found in 

nature,2 and has a different influence on the conformation of the pyrrolidine ring as well 

as on Ktrans/cis (Section 1.6.4); it provided an opportunity to study the effect of O-linked 

glycans projected from the opposite face of the prolyl side chain relative to Hyp on the 

thermodynamics and kinetics of amide isomerization (Chapter 5).  

It was found that in a similar fashion to 4R-O-galactosylation, 4S-O-

galactosylation of hyp in model peptides of the form Ac-hyp(α-D-Gal)-OMe and Ac-

hyp(β-D-Gal)-OMe caused a local electron-withdrawing effect, which likely explains 

why 4S-O-glycosylation did not significantly alter the Cγ-endo prolyl pucker. While the 

glycosylation of 4R-hydroxyproline was not found to affect amide isomerization, the 

glycosylation of 4S-hydroxyproline affected both the prolyl N-terminal amide 

equilibrium and the rate of amide isomerization.  

A change in Ktrans/cis observed only for the 4S-stereoisomer may be due to reduced 

electrostatic repulsion between the 4-oxygen atom and the C-terminal carbonyl group, or 

the loss of an intramolecular hydrogen bond that is specific to the 4S-stereoisomer. 

Interestingly, the enthalpic contributions to ∆G° seem to be offset by entropic changes, 

which means a more ordered environment for the trans amide isomer in the 4S-O-
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glycosylated model peptides, resulting in only a small net change in Ktrans/cis. The 

glycosylation of 4S-hydroxyproline does seem to cause a small increase in the rate of 

amide isomerization, but it is not reflected in the amide I vibrational mode (vamide) and 

thus the bond order of the N-terminal amide group. Therefore, the cause of the increase in 

the rate remains unclear. Insight could come from measurement of vamide in a non-protic 

solvent, which may reveal any differences in hydrogen bonding interactions. 

Furthermore, since both α- and β-anomers O-linked to Hyp and hyp are 

accessible in high yields, and the glycans can be rigidly projected in opposite spatial 

orientations. An interesting study would be the incorporation of glycosylated hyp and 

Hyp building blocks into a peptide to study the effect of the orientation of the glycan on a 

carbohydrate-lectin binding interaction. Similar to 4R-hydroxyproline, variation of the 

glycan and N-terminal amino acid could also be undertaken to further understand the 

influence of the glycan projected from the endo face of the prolyl side chain on N-

terminal amide isomerization. Analysis of these model amides provided an important 

baseline for studying longer model peptides. 

The effects of Hyp O-glycosylation on the stability of collagen, an extremely 

important structural protein with an ongoing debate as to the role of Hyp in its 

conformational stability, was carried out by synthesizing collagen peptides using a 

fragment condensation approach (Chapter 6). This represents one of the first attempts to 

studying both the effects of glycosylation,3 as well as O-modification of Hyp on the 

stability of collagen,4 and the first to explore Hyp O-glycosylation on the stability of 

collagen.  
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Based on the CD spectra of the model peptides, glycosylation of 4R-hydroxy-L-

proline in collagen model peptides does not preclude triple helix formation; this is despite 

a crowded steric environment in the triple helix, which has been attributed to lowering 

the stability of O-acyl collagen peptides.4 The knowledge that Hyp O-glycosylation did 

not affect Ktrans/cis or the Cγ-exo pucker in model peptides was important for 

understanding the effect of glycosylation on the triple helix. Interestingly, the anomeric 

linkage of D-galactose to Hyp in the collagen model peptides had different effects on the 

Tm of the triple helix, which may be due to different intra- and intermolecular interactions 

with the collagen peptide backbone or with surrounding solvent molecules. This 

represents an important distinction, and provides additional insight into the role of the 

anomeric linkage in nature (Section 1.2.4).  

An increase in the enthalpy (∆H) and entropy differences (∆S) measured between 

the folded and unfolded states likely reflects an increase in hydration from the multiple 

sugar groups, but this does not lead to an overall increase in conformational stability of 

collagen. The fact that amplification of Hyp-mediated hydrogen bonds to a hydration 

network surrounding the collagen triple helix has little contribution to the overall 

conformational stability of collagen is an interesting contribution to the debate of the role 

of Hyp in the stability of collagen (Section 1.7.1). More accurate measurements of the 

∆H and ∆S between the folded and unfolded states could be obtained by analysis of the 

collagen model peptides using differential scanning calorimetry.  

Understanding the orientation of the glycan with respect to the triple helix could 

be accomplished through further computational and experimental studies. Computational 

calculations using the crystal structure of collagen model peptides in the protein data 
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bank may give an approximation of the different interactions caused by the α- and β-

anomeric linkages. Modification of the glycan with diagnostic functional groups would 

facilitate analysis of through-space interactions. For example, the N-acetyl group of 

GalNAc has been useful for understanding the orientation of monosaccharides with 

respect to a polypeptide backbone using NOESY NMR experiments.5 Also, the influence 

of different or larger glycans could be explored; however indications from previous work 

are that the thermodynamic stabilization of a protein is more strongly correlated to the 

number of glycans attached to the protein rather than the size of the glycan.6  

The development of a C-glycosyl hydroxyproline building block could have 

interesting effects on the stability of the collagen triple helix. 4S-Methylproline analogues 

are known to place the 4-methyl group in an equatorial orientation while maintaining a 

Cγ-exo pucker and favouring the trans amide isomer (Section 1.7.5); this may place the 

glycan in such a manner as to have a different impact for interactions with the peptide 

backbone, and would have high resistance to chemical and biological degradation. To 

date, no such C-glycosyl proline analogue exists. 

Finally, the study of the effects of Hyp O-galactosylation in contiguous 

polyproline peptides (Chapter 7) has implications for the functional consequences of 

glycosylation of the naturally-occurring HRGPs (Section 1.8.1). This is the first 

quantitative study of the effects of glycosylation of HRGPs in well-defined peptides. 

A decrease in the relative intensity of both the positive and negative maxima in 

CD spectra may be attributed to a distortion of the PPII conformation, but the peptides 

are still considered to have significant PPII character and are consistent with naturally 

occurring HRGPs.7 Based on the increase in the ρ value, which has been correlated to 
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decreased solvation of the peptide backbone carbonyl groups,8 glycosylation may shield 

the peptide backbone carbonyl groups from solvent water molecules; this may account 

for the changes in the CD bands due to changes in the absorption of the amide groups. 

Therefore, it may be misleading to interpret the decrease in CD maxima as destabilization 

of the PPII conformation.  

The presence of an isodichroic point indicates that the model polyproline peptides 

underwent a conformational transition from a PPII to a β-strand conformation. 

Contiguous O-glycosylation of Hyp appears to significantly stabilize the PPII 

conformation since the thermal transition occurred at a much higher temperature relative 

to the unmodified peptides; this is likely due to the multiple sugar groups forming 

stabilizing hydrogen bonds to the peptide backbone in the PPII conformation. 

Additionally, the study of model amides indicated that Hyp O-glycosylation does not lead 

to a measurable increase in the stabilization of the trans amide conformation, but this 

may require longer peptides to become apparent. Comparison of the polyproline peptides 

in different solvents, such as dimethyl sulfoxide, may give insight into intramolecular 

hydrogen bonding interactions. In a similar fashion to the collagen model peptides, 

similar computational and experimental studies will facilitate understanding the 

orientation of the glycan with respect to the PPII helix, and any intramolecular 

interactions present. 

Whether non-contiguous glycosylation or larger glycan structures will mediate 

this conformational stabilization remains to be explored. The galactose residue may play 

some role in changing the PPII conformation as contiguous O-arabinosylation of extensin 

model peptides has been found to increase the intensity of CD maxima.9 Therefore, it 
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seems that either galactose residues inherently alter the PPII conformation, or the glycan 

size is important.  

Since glycosylation leads to considerable conformational stability, these peptides 

may lead to the development of scaffolds and biomaterials that have improved 

conformational stability. The glycans also provide the opportunity for further 

derivatization, which can lead to facile modification of the scaffold. Furthermore, the use 

of polyproline as a well-defined secondary structure scaffold for attaching glycans may 

find use for the study of carbohydrate-carbohydrate interactions and carbohydrate-lectin 

binding interactions. 
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(11): 1H NMR (500 MHz, CD3OD, 298K, 0.036 M) δ = 7.12-7.37 (m, 15H, aromatic), 

4.91 (d, 1H, -OCH2Ph, J = 11.0Hz), 4.76 (d, 1H, -OCH2Ph, J = 10.3Hz), 4.73 (ddd, 0.9H, 

H9, J3a,9 = 11.7Hz, J3b,9 = 7.3Hz, J8,9 = 7.1Hz), 4.47-4.64 (m, 4H, -OCH2Ph), [4.40-4.47, 

m, 0.1H, H9], 4.25 (dd apparent d, 1H, H2, J2,3a = 9.7Hz, J2,3b = 1.0Hz), 4.07 (dd, 1H, H8, 

J7,8 = 9.3Hz, H8 minor), [3.90-3.95, m, 0.1H, H7],   3.62-3.80 (m, 3.9H, H5, H7, H10a, H10b, 

H5 minor, H10a minor, H10b minor), 3.59 (dd apparent t, 0.9H, H6, J6,7 = 9.3Hz, J5,6 = 

9.3Hz), [3.43-3.46, m, 0.1H, H6], [2.73, s, 0.3H, -NHCH3], 2.70 (s, 2.7H, -NHCH3), 2.60 

(ddd, 1H, H3a, J3a,3b = 12.3Hz, H3a minor), 2.07 (s, 2.7H, -COCH3), 1.76 (ddd, 1H, H3b, 

H3b minor), [1.72, s, 0.3H, -COCH3] 

(11): 1H NMR (500 MHz, DMSO-D6, 298K, 0.036 M) δ = [8.12, q, 0.13H, -NHCH3, J = 

4.1Hz], 7.75 (q, 0.87H, -NHCH3, J = 4.1Hz), 7.11-7.34 (m, 15H, aromatic), 4.81 (d, 

0.87H, -OCH2Ph, J = 10.9Hz), 4.68 (d, 0.87H, -OCH2Ph, J = 10.9Hz), 4.38-4.62 (m, 

5.13H, H9, -OCH2Ph, -OCH2Ph minor), [4.39-4.42, m, 0.13H, H2], [4.30-4.38, m, 0.26H, 

H9, H7], 4.17 (dd, 0.87H, H2, J2,3a = 9.8Hz, J2,3b = 1.0Hz), [4.08-4.12, m, 0.13H, H8], 3.99 

(dd, 0.87H, H8, J8,9 = 7.2Hz, J7,8 = 9.4Hz), [3.81-3.85, m, 0.13H, H5], 3.73-3.79 (m, 

0.87H, H5), 3.70 (dd apparent t, 0.87H, H7, J6,7 = 9.8Hz), 3.63 (dd, 1H, H10a, J5,10a = 

4.5Hz, J10a,10b = 10.7Hz, H10a minor), 3.57 (dd, 0.87H, H10b, J5,10b = 1.5Hz), [3.52, dd, 

0.13H, H10a, J5,10a =3.8Hz, J10a,10b = 10.5Hz], 3.46 (dd apparent t, 0.87H, H6, J5,6 = 9.4Hz), 

[3.37-3.41, m, 0.13H, H6], 2.53-2.63 (m, 1.39H, H3a, H3a minor, -NHCH3 minor), 2.49 (d, 

2.61H, -NHCH3), 1.89 (s, 2.61H, -COCH3), [1.73-1.81, m, 0.13H, H3b], [1.61, s, 0.39H, -

COCH3], 1.54 (ddd, 0.87H, H3b, J3b,9 = 7.5Hz, J3a,3b = 12.8Hz) 
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(12): 1H NMR (500 MHz, CD3OD, 298K, 0.035 M) δ = 4.74 (ddd, 0.78H, H9, J3b,9 = 

7.2Hz, J3a,9 = 12.0Hz, J8,9 = 7.2Hz), [4.65, ddd, 0.22H, H9, J8,9 = 7.1Hz, J3b,9 = 7.3Hz, J3a,9 

= 10.9 Hz], [4.55, dd, 0.22H, H2, J2,3a = 9.0Hz, J2,3b = 1.6Hz], 4.37 (dd apparent d, 0.78H, 

H2, J2,3a = 9.8Hz, J2,3b = 1.0Hz), [4.11, dd apparent t, 0.22H, H8, J7,8 = 8.4Hz], 3.95 (dd, 

0.78H, H8, J7,8 = 9.0Hz), 3.80 (dd, 0.78H, H10a, J5,10a = 2.4Hz, J10a,10b = 12.0Hz), [3.77-

3.82, m, 0.22H, H10a], [3.67, dd, 0.22H, H10b, J5,10b = 5.6Hz, J10a,10b = 11.8Hz], 3.67 (dd, 

1H, H10b, J5,10b = 5.4Hz), 3.62 [dd, 0.22H, H7, J6,7 = 9.2Hz], 3.48-3.55 (m, 0.78H, H5), 

3.51 (dd, 0.78H, H7, J6,7 = 9.6Hz), [3.43-3.48, m, 0.22H, H5], [3.39, dd apparent t, 0.22H, 

H6, J5,6 = 9.8Hz], 3.30 (dd, 1H, H6, J5,6 = 9.4Hz), [2.76, s, 0.66H, -NHCH3], 2.71 (s, 

2.34H, -NHCH3), [2.64-2.69, m, 0.22H, H3a], 2.60 (ddd, 78H, H3a, J3a,3b = 12.2Hz), 2.27 

(s, 2.34H, –COCH3), [1.95, s, 0.66H, –COCH3], [1.92-1.98, m, 0.22H, H3b], 1.77 (ddd, 

0.78H, H3b)    

(12): 1H NMR (500 MHz, DMSO-D6, 298K, 0.035 M) δ = [8.16, q, 0.2H, -NHCH3, J = 

4.5Hz], 7.71 (q, 0.8H, -NHCH3, J = 4.3Hz), 4.52 (ddd, 0.8H, H9, J3b,9 = 7.4Hz, J3a,9 = 

12.0Hz, J8,9 = 7.0Hz), [4.45, ddd, 0.2H, H9, J3b,9 = 7.1Hz, J3a,9 = 10.9Hz, J8,9 = 7.2Hz], 

[4.42, dd, 0.2H, H2, J2,3a = 9.0Hz, J2,3b = 1.7Hz], 4.11 (dd apparent d, 0.8H, H2, J2,3a = 

9.7Hz, J2,3b = 1.0Hz), [3.85, dd apparent t, 0.2H, H8, J7,8 = 8.3Hz], 3.70 (dd, 0.8H, H8, J7,8 

= 9.2Hz), 3.57 (dd, 0.8H, H10a, J5,10a = 1.9Hz, J10a,10b = 11.6Hz), [3.54-3.60, m, 0.2H, 

H10a], 3.39-3.46 (m, 1.2H, H10b, J5,10b = 5.2Hz, H7 minor, H10b minor), 3.30-3.36 (m, 0.8H, 

H5), 3.30 (dd apparent t, 0.8H, H7, J6,7 = 9.4Hz), [3.23-3.28, m, 0.2H, H5], [3.13, dd 

apparent t, 0.2H, H6, J6,7 = 9.4Hz, J5,6 = 9.4Hz], 3.06 (dd apparent t, 0.8H, H6, J5,6 = 

9.5Hz), [2.57, d, 0.6H, -NHCH3], 2.48 (d, 2.4H, -NHCH3,), 2.43 (ddd, 1H, H3a, J3a,3b = 
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12.3Hz, H3a minor), 2.06 (s, 2.4H, –COCH3), [1.79, s, 0.6H, –COCH3], [1.72, ddd, 0.2H, 

H3b, J3a,3b = 12.5Hz], 1.47 (ddd, 0.8H, H3b) 

(13): 1H NMR (500 MHz, CD3OD, 298K, 0.036 M) δ = [5.31, dd apparent t, 0.36H, H7, 

J7,8 = 9.3Hz, J6,7 = 9.4Hz], 5.26 (dd apparent t, 0.64H, H7, J7,8 = 9.6Hz, J6,7 = 9.8Hz), 5.00 

(dd apparent t, 0.64H, H6, J5,6 = 9.8Hz), 4.98 [dd, 0.36H, H6], 4.81-4.89 (m, 0.64H, H9), 

[4.69, ddd, 0.36H, H9, J3a,9 = 10.9Hz, J3b,9 = 6.8Hz, J8,9 = 7.2Hz], [4.52, dd, 0.36H, H2, 

J2,3a = 9.3Hz, J2,3b = 1.9Hz], [4.44, dd apparent t, 0.36H, H8], 4.38 (dd, 0.64H, H8, J8,9 = 

7.1Hz), 4.36 (dd apparent d, 0.64H, H2, J2,3a = 9.7Hz, J2,3b = 1.3Hz), 4.26-4.33 (m, 1H, 

H10a, H10a minor), 3.99-4.12 (m, 2H, H5, H10b, H5 minor, H10b minor), [2.87, ddd, 0.64H, 

H3a, J3a,3b = 12.9Hz], 2.76 [d, 1.1H, -NHCH3, J = 4.3Hz], 2.72-2.80 (m, 0.64H, H3a), 2.71 

(d, 1.9H, -NHCH3, J = 4.3Hz), 2.11 (s, 1.9H, –COCH3), 2.06 (s, 1.9H, –COCH3), 2.03 [s, 

1.1H, –COCH3], 2.03 (s, 1.9H, –COCH3), 2.00 (s, 1.9H, –COCH3), 1.97 [s, 1.1H, –

COCH3], [1.93-1.99, m, 0.36H, H3b], 1.85 (ddd, 0.64H, H3b, J3b,9 = 7.4Hz, J3a,3b = 

13.1Hz), 1.81 [s, 1.1H, –COCH3]    

(13): 1H NMR (500MHz, DMSO-D6, 298K, 0.036 M) δ = [8.11, q, 0.33H, -NHCH3], 

7.82 (q, 0.67H, -NHCH3), [5.21, dd apparent t, 0.33H, H7, J7,8 = 8.5Hz, J6,7 = 8.9Hz], 5.13 

(dd apparent t, 0.67H, H7, J7,8 = 9.6Hz, J6,7 = 9.6Hz), 4.82 (dd apparent t, 0.67H, H6, J5,6 = 

9.8Hz), [4.78, dd apparent t, 0.33H, H6, J5,6 = 9.4Hz], 4.66 (ddd, 0.67H, H9, J3a,9 = 

11.5Hz, J3b,9 = 7.1Hz, J8,9 = 7.1Hz), [4.53, ddd, 0.33H, H9, J3a,9 = 10.8Hz, J3b,9 = 6.6Hz, 

J8,9 = 6.6Hz], 4.36 (dd, 0.67H, H8), [4.32, dd apparent d, 0.33H, H2, J2,3a = 9.6Hz, J2,3b = 

1.4Hz], [4.22, dd apparent t, 0.33H, H8], 4.09-4.19 (m, 2H, H2, H5, H10a), [4.05, m, 

0.33H, H5], 3.87-3.96 (m, 1H, H10b, H10b minor), [2.84, ddd, 0.33H, H3a, J3a,3b = 12.1Hz], 
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2.77 (ddd, 0.67H, H3a, J2,3a = 10.0Hz, J3a,3b = 12.8Hz), [2.57, d, 1H, -NHCH3, J = 4.4Hz], 

2.49 (d, 2H, -NHCH3, J = 4.6Hz), [2.07, s, 1H, –COCH3], [2.04, s, 1H, –COCH3], 1.98 

(s, 2H, –COCH3), 1.95 (s, 2H, –COCH3), 1.93 (s, 2H, –COCH3), 1.91 (s, 2H, –COCH3), 

[1.85, s, 1H, –COCH3], [1.73, ddd, 0.33H, H3b], [1.61, s, 1H, –COCH3], 1.57 (ddd, 

0.67H, H3b, J2,3b = 1.0Hz) 

(14): 1H NMR (500 MHz, CD3OD, 298K, 0.033 M) δ = 7.85 (q, 1H, -NHCH3), 7.71 (t, 

1H, -NH(Gly)), 7.12-7.40 (m, 15H, aromatic), 4.91 (d, 1H, -OCH2Ph, J = 11.3Hz), 4.47-

4.77 (m, 6H, -OCH2Ph, H9), 4.40 (dd, 1H, Hα1(Gly), JHα1(Gly),NH = 4.1Hz, JHα1(Gly),Hα2(Gly) = 

17.5Hz),  4.19 (dd apparent d, 1H, H2, J2,3a = 10.0Hz, J2,3b = 1.0Hz), 4.10 (dd, 1H, H8, J8,9 

= 7.0Hz, J7,8 = 9.0Hz ), 4.03 (dd, 1H, Hα2(Gly), JHα2(Gly),NH = 3.4Hz), 3.56-3.80 (m, 5H, H5, 

H6, H7, H10a, H10b), 2.68 (d, 2.7H, -NHCH3), 2.55 (ddd, 1H, H3a, J3a,9 = 12.0Hz, J3a,3b = 

13.0Hz), 1.92 (s, 3H, –COCH3), 1,76 (ddd, 1H, H3b, J3b,9 = 7.9Hz) 

(15): 1H NMR (500 MHz, CD3OD, 298K, 0.035 M) δ = 4.72 (ddd, 0.85H, H9, J3b,9 = 

7.2Hz, J3a,9 = 12.3Hz, J8,9 = 7.1Hz), [4.60-4.68, m, 0.15H, H9], 4.62 (d, 0.85H, Hα1(Gly), 

JHα1(Gly),Hα2(Gly) = 17.1Hz), 4.41 (dd apparent d, 0.85H, H2, J2,3a = 9.9Hz, J2,3b = 1.0Hz), 

[4.21, dd, 0.15H, H2, J2,3a = 5.3Hz, J2,3b = 2.8Hz], [4.12, dd apparent t, 0.15H, H8, J8,9 = 

7.1Hz, J7,8 = 8.3Hz], 4.07 (d, 0.85H, Hα2(Gly)), [3.97-4.03, m, 0.15H, Hα1(Gly)], 4.00 (dd, 

0.85H, H8, J7,8 = 9.0Hz), 3.80 (dd, 0.85H, H10a, J5,10a = 2.0Hz, J10a,10b = 11.8Hz), [3.77-

3.83, m, 0.15H, H10a], 3.67 (dd, 0.85H, H10b, J5,10b = 5.4Hz), [3.61-3.71, m, 0.3H, H10b, 

Hα2(Gly)], 3.49-3.56 (m, 1.7H, H5, H7), [3.43-3.48, m, 0.15H, H5], [3.40, dd apparent t, 

0.15H, H7, J6,7 = 9.5Hz, J5,6 = 9.5Hz], 3.33 (dd, 0.85H, H7), [2.77, s, 0.45H, -NHCH3], 
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2.70 (s, 2.55H, -NHCH3), 2.61 (m, 1H, H3a, H3a minor), 1.99 [s, 0.45H, –COCH3], 1.98 

(s, 2.55H, –COCH3), 1.79 (m, 1H, H3b, H3b minor) 

(16): 1H NMR (500 MHz, CD3OD, 298K, 0.03 M) δ = [5.34, dd apparent t, 0.25H, H7, 

J7,8 = 8.3Hz, J6,7 = 9.1Hz], 5.27 (dd apparent t, 0.75H, H7, J7,8 = 9.5Hz, J6,7 = 9.9Hz), 4.99 

(dd apparent t, 0.75H, H6, J5,6 = 9.5Hz), [4.94-4.99, m, 0.25H, H6], 4.81-4.89 (m, 0.75H, 

H9), [4.69, ddd, 0.25H, H9, J3a,9 = 11.1Hz, J3b,9 = 6.8Hz, J8,9 = 6.8Hz], [4.58, dd, 0.25H, 

H2, J2,3a = 9.5Hz, J2,3b = 1.1Hz],  4.48 (d, 0.85H, Hα1(Gly), JHα1(Gly),Hα2(Gly) = 17.1Hz), [4.44-

4.49, m, 0.25H, H8], 4.36-4.44 (m, 1.5H, H2, H8), [4.26-4.34, m, 0.25H, H10a], 4.30 (dd, 

0.75H, H10a, J5,10a = 4.0Hz, J10a,10b = 12.1Hz), 4.06-4.13 (m, 0.75H, H5), 4.05 (dd, 0.75H, 

H10b, J5,10b = 2.0Hz), [4.00-4.12, m, 0.5H, H5, H10b], 3.87 (d, 0.75H, Hα2(Gly)), [3.80, d, 

0.25H, Hα1(Gly), JHα1(Gly),Hα2(Gly) = 16.7Hz], [3.58, d, 0.25H, Hα2(Gly)], [2.87, ddd, 0.25H, 

H3a, J3a,3b = 12.7Hz], 2.68-2.80 (m, 3.75H, H3a, -NHCH3, -NHCH3 minor), 2.11 (s, 2.25H, 

–COCH3), 2.03 (s, 3H, –COCH3, –COCH3 minor), 1.99 (s, 3H, –COCH3, –COCH3 

minor), [1.98, s, 0.75H, –COCH3 minor], 1.97 (s, 3H, –COCH3, –COCH3 minor),  [1.95-

2.01, m, 0.25H, H3b], 1.84 (ddd, 0.75H, H3b, J2,3b = 1.0Hz, J3b,9 = 7.4Hz, J3a,3b = 13.0Hz) 

(16): 1H NMR (500 MHz, DMSO-D6, 298K, 0.03 M) δ = [8.20, q, 0.17H, -NHCH3, J = 

4.5Hz], 7.96 (dd, 0.83H, -NH(Gly), JNH,Hα1(Gly) = 7.5Hz, JNH,Hα2(Gly) = 3.7Hz), 7.88 (q, 

0.83H, -NHCH3, J = 4.5Hz), [7.79, dd, 0.17H, -NH(Gly), JNH,Hα1(Gly) = 6.0Hz, JNH,Hα2(Gly) = 

4.5Hz], [5.28, dd apparent t, 0.17H, H7, J7,8 = 8.2Hz, J6,7 = 8.6Hz], 5.14 (dd apparent t, 

0.83H, H7, J7,8 = 9.7Hz, J6,7 = 10.1Hz), 4.82 (dd apparent t, 0.83H, H6, J5,6 = 9.7Hz), 

[4.78, dd apparent t, 0.17H, H6, J5,6 = 9.0Hz], 4.65 (ddd, 0.83H, H9, J3a,9 = 11.5Hz, J3b,9 = 

7.4Hz, J8,9 = 7.1Hz), [4.54, ddd, 0.17H, H9, J3a,9 = 10.1Hz, J3b,9 = 6.7Hz, J8,9 = 7.1Hz], 
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4.43 (dd, 0.83H, H8), [4.39, dd, 0.17H, H2, J2,3a = 9.2Hz, J2,3b = 2.1Hz], 4.33 (dd, 0.83H, 

Hα1(Gly), JHα1(Gly),Hα2(Gly) = 17.6Hz), [4.24, dd apparent t, 0.17H, H8], 4.10-4.20 (m, 2.66H, 

H2, H5, H10a, H10a minor), [4.04, ddd, 0.17H, H5, J = 2.6Hz, J = 5.6Hz], 3.87-3.96 (m, 1H, 

H10b, H10b minor), 3.67 (dd, 0.83H, Hα2(Gly)), [3.61, dd, 0.17H, Hα1(Gly), JHα1(Gly),Hα2(Gly) = 

16.9Hz], [3.34, dd, 0.17H, Hα2(Gly)], [2.75-2.84, m, 0.17H, H3a], 2.78 (ddd, 0.83H, H3a, 

J2,3a = 10.8Hz, J3a,3b = 12.5Hz), [2.57, d, 0.51H, -NHCH3, J =], 2.49 (d, 2.49H, -NHCH3), 

2.03 (s, 2.49H, –COCH3), [1.96, s, 0.51H, –COCH3], 1.95 (s, 2.49H, –COCH3), 1.92 (s, 

3H, –COCH3, –COCH3 minor), [1.87, s, 0.51H, –COCH3], [1.78, s, 0.51H, –COCH3], 

1.78 (s, 2.49H, –COCH3), 1.57 (ddd, 0.83H, H3b, J2,3b = 1.0Hz, H3b minor) 
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Table 9.1: Assigned Coupling Constants of the Major Isomer for Compounds 11-16 (Hz) 

   
J2,3a J2,3b J3a,9 J3b,9 J5,6 J6,7 J7,8 J8,9 

Compound Solvent 
        

11 CDCl3 9.5 0.8 11.7 7.3 Ovlp[a] 9.0 9.2 7.4 
 CD3OD 9.7 1.0 11.7 7.3 9.3 9.3 9.3 7.1 
 DMSO-D6 9.8 1.0 Ovlp[a] 7.5 9.4 9.8 9.4 7.2 
           

12 D2O 10.2 1.3 Ovlp[a] 7.8 9.7 9.9 9.2 7.2 
 CD3OD 9.8 1.0 12.0 7.2 9.4 9.6 9.0 7.2 
 DMSO-D6 9.7 1.0 12.0 7.4 9.5 9.4 9.2 7.0 
           

13 CDCl3 9.8 Ovlp[a] 11.7 7.1 9.9 10.0 9.8 7.3 
 CD3OD 9.7 1.3 Ovlp[a] 7.4 9.8 9.8 9.6 7.1 
 DMSO-D6 10.0 1.0 11.5 7.1 9.8 9.6 9.6 7.1 
           

14 CDCl3 9.7 1.0 12.0 7.6 9.4 9.7 Ovlp[a] 7.2 
 CD3OD 10.0 1.0 12.0 7.9 Ovlp[a] Ovlp[a] 9.0 7.0 
           

15 D2O 10.3 1.0 11.2 7.7 9.5 9.9 9.0 7.2 
 CD3OD 9.9 1.0 12.3 7.2 Ovlp[a] Ovlp[a] 9.0 7.1 
           

16 CDCl3 10.0 Ovlp[a] 11.8 7.5 9.8 9.9 9.4 7.2 
 CD3OD Ovlp[a] 1.0 Ovlp[a] 7.4 9.5 9.9 9.5 Ovlp[a] 
 DMSO-D6 10.8 1.0 11.5 7.4 9.7 10.1 9.7 7.1 
           

Average 9.9 1.0 11.8 7.4 9.6 9.7 9.3 7.2 
Standard Error 0.32 0.13 0.30 0.24 0.20 0.30 0.27 0.11 

 

 [a]not assigned since peak was overlapped in 1H spectrum. 
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Table 9.2: Assigned Coupling Constants of the Minor Isomer for Compounds 12-16 (Hz) 

 

 
  

J2,3a J2,3b J3a,9 J3b,9 J5,6 J6,7 J7,8 J8,9 

Compound 
Solvent         

12 D2O n.a.[a] 1.8 n.a.[a] 6.7 9.9 n.a.[a] 8.0 7.7 
 CD3OD 9.0 1.6 10.9 7.3 9.8 9.2 8.4 7.1 
 DMSO-D6 9.0 1.7 10.9 7.1 9.4 9.4 8.3 7.2 
          

13 CDCl3 9.4 1.5 11.6 6.8 9.2 9.5 7.8 7.0 
 CD3OD 9.3 1.9 10.9 6.8 n.a.[a] 9.4 9.3 7.2 
 DMSO-D6 9.6 1.4 10.8 6.6 9.4 8.9 8.5 6.6 
           

14 CDCl3 n.a.[a] n.a.[a] n.a.[a] n.a.[a] n.a.[a] n.a.[a] 8.2 6.5 
           

15 D2O n.a.[a] n.a.[a] n.a.[a] n.a.[a] n.a.[a] n.a.[a] 7.7 7.2 
 CD3OD 9.3 1.8 n.a.[a] n.a.[a] 9.5 9.5 8.3 7.1 
           

16 CDCl3 9.5 n.a.[a] 10.9 6.7 n.a.[a] 9.1 8.3 7.3 
 CD3OD 9.5 1.1 11.1 6.8 n.a.[a] 9.1 8.3 6.8 
 DMSO-D6 9.2 2.1 10.1 6.7 9.0 8.6 8.2 7.1 
           

Average 9.3 1.7 10.9 6.8 9.5 9.2 8.3 7.1 
Standard Error 0.21 0.30 0.41 0.22 0.32 0.30 0.40 0.32 

 

 [a]not assigned since peak was not observed or overlapped in 1H spectrum 
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Table 9.3: % Interproton Effect Observed From nOe Experiments Under Conditions A-F 

For Compounds 11-13* 

 

Compound 
Solvent A B C D E F 

         
11 CDCl3 n.r.[a] n.r.[a] n.r.[a] n.r.[a] n.r.[a] n.r.[a] 

 CD3OD 5.2 0.4 n.r.[a] n.r.[a] 7.8 n.r.[a] 
 DMSO-D6 n.r.[a] n.r.[a] n.r.[a] n.r.[a] n.r.[a] n.r.[a] 
         

12 D2O 5.5 n.r.[a] n.r.[a] n.r.[a] 6.9 n.r.[a] 
 CD3OD 3.9 n.r.[a] n.r.[a] n.r.[a] 6.0 n.r.[a] 
 DMSO-D6 3.5 0.6 n.r.[a] n.r.[a] n.r.[a] n.r.[a] 
         

13 CDCl3 4.5 n.r.[a] 4.2 3.5 7.9 n.r.[a] 
 CD3OD n.r.[a] n.r.[a] n.r.[a] n.r.[a] 6.9 n.r.[a] 
 DMSO-D6 3.4 n.r.[a] 3.3 n.r.[a] n.r.[a] <0.4 

 

[a]experiment not recorded because of peak overlap in 1H NMR spectrum. 

 

*nOe 

experiment 
Description 

 
Result 

 

  

Selective inversion of H-8 (major) showed interproton  
effect to the terminal N-acyl singlet (major) 

 

A Major isomer established  

  
  

as trans isomer 
  

B Selective inversion of H-2 (major) showed very little 
interproton effect to the terminal N-acyl singlet (major) 

Major isomer established  

  
  

as trans isomer 
  

C Selective inversion of  the terminal N-acyl singlet 
(minor) showed 

interproton effect to H-2 (minor) 

Minor isomer established  

  
  

as cis isomer 
  

D Selective inversion of H-2 (minor) showed interproton 
effect to  

the terminal N-acyl  singlet (minor) 

Minor isomer established  

  
  

as cis isomer 

Selective inversion of terminal N-acyl singlet  (major) 
showed 

interproton effect to H-8 (major) 

 

E Major isomer established  

  
  

as trans isomer 

Selective inversion of H-8 (minor) showed no 
interproton effect 

to the terminal N-acyl  singlet (minor) 

 

F Minor isomer established  

  as cis isomer 
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Table 9.4: % Interproton Effect Observed From nOe Experiments Under Conditions A-D 

For Compounds 14-16* 

 

Compound Solvent A B C D 
       

14 CDCl3 n.r.[a] none n.r.[a] n.r.[a] 
 CD3OD 6.1 n.r.[a] n.r.[a] n.r.[a] 
       

15 D2O n.r.[a] n.r.[a] n.r.[a] n.r.[a] 
 CD3OD 4.9 none n.r.[a] n.r.[a] 
       

16 CDCl3 4.3 n.r.[a] n.r.[a] n.r.[a] 
 CD3OD n.r.[a] n.r.[a] 6.7 <0.4 

 

[a]experiment not recorded because of peak overlap in 1H NMR spectrum. 

 

*nOe 
experiment Description 

Result 
  

  

Selective inversion of H-8 (major) showed 
interproton  

effect to Hα(Gly) (major) 

 

A 

Major isomer established  
as trans isomer   

    

B Selective inversion of H-2 (major) showed very little 
interproton effect to Hα(Gly) (major) 

Major isomer established  

  
  

as trans isomer 
  

C Selective inversion of Hα(Gly) (major) showed 
interproton effect 

to H-8 (major) 

Major isomer established  

  
  

as trans isomer 
  

D Selective inversion of Hα(Gly) (minor) showed 
interproton effect 

to H-8 (minor) 

Minor isomer established  

  as cis isomer 
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SpinWorks 2.5:  PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:  PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:  PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:  PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:  PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:  PROTON CDCl3 u schweiz 1
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Subjection of the H2 signal (4.42 ppm, 1 H) to a one-dimensional GOESY experiment in 

acetone-D6 showed inter-proton effect to H5 (3.92 ppm, 1 H) (0.8%) along with observed 

nOe contact to H3a (2.62 ppm, 1 H) (3.4%) and H3b (1.94 ppm, 1 H) (1.3%), while there 

was no nOe contact observed between H2 and H9 (4.58 ppm, 1 H) or H8 (4.10 ppm, 1 H). 

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), DMSO, 40 ms shaped pulse
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Subjection of the H6 signal (3.56 ppm, 1 H) to a one-dimensional GOESY experiment in 

acetone-D6 showed inter-proton effect to H8 (4.12 ppm) (1.8%) along with observed nOe 

contact to H7 (4.34 ppm) (1.3%), H5 (3.92 ppm, 1 H) (1.1%), H10a (3.76 ppm, 1 H) 

(0.9%), and benzylic protons (4.52 ppm, 4.67 ppm, 2 H) (5.3%) while there was no nOe 

contact observed between H6 and H2 (4.42 ppm, 1 H). 
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SpinWorks 2.5:  PROTON Aceton u schweiz 1
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SpinWorks 2.5:   PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:  standard 1-H survey parameters, AMX500, CDCl3
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SpinWorks 2.5:  AMX 500 proton survey parameters, CD3OD
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Subjection of the H8 signal of the major conformer (4.07 ppm, 0.9 H) to a one-

dimensional GOESY experiment in CD3OD showed inter-proton effect to the acetate 

methyl singlet -COCH3 of the major conformer (2.05 ppm, 2.7 H) (5.2%) 

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), CDCl3
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Subjection of the H2 signal of the major conformer (4.25 ppm, 0.9 H) to a one-

dimensional GOESY experiment in CD3OD showed a small inter-proton effect to the 

acetate methyl singlet -COCH3 of the major conformer (2.05 ppm, 2.7 H) (0.4%)  
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Subjection of the acetate methyl singlet -COCH3 of the major conformer (2.05 ppm, 2.7 

H) to a one-dimensional GOESY experiment in CD3OD showed a large inter-proton 

effect to the H8 signal of the major conformer (4.07 ppm, 0.9 H) (7.8%) 
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SpinWorks 2.5:   standard 1-H survey parameters, AMX500, D2O
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Subjection of the H8 signal of the major conformer (3.99 ppm, 0.85 H) [H8, 4.11 ppm, 

0.15 H] to a one-dimensional GOESY experiment in D2O showed inter-proton effect to 

the acetate methyl singlet –COCH3 of the major conformer (2.11 ppm, 2.55 H) (5.5%) 

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), CDCl3
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Subjection of the acetate methyl singlet –COCH3 of the major conformer (2.11 ppm, 2.55 

H) to a one-dimensional GOESY experiment in D2O showed inter-proton effect to the H8 

of the major conformer (3.99 ppm, 0.85 H) (6.9%) 

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), D2O, 40 ms shaped pulse
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Subjection of the H2 signal of the major conformer (4.32 ppm, 0.85 H) to a one-

dimensional GOESY experiment in D2O showed a small inter-proton effect to the acetate 

methyl singlet –COCH3 of the major conformer (2.11 ppm, 2.55 H) (0.4%) 

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), D2O, 40 ms shaped pulse
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SpinWorks 2.5:  AMX 500 proton survey parameters, CD3OD
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Subjection of the H8 signal of the major conformer (3.95 ppm, 0.78 H) [H8, 4.11 ppm, 

0.22 H] to a one-dimensional GOESY experiment in CD3OD showed inter-proton effect 

to the acetate methyl singlet –COCH3 of the major conformer (2.27 ppm, 2.34 H) (3.9%) 

 

SpinWorks 2.5:  
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Subjection of the acetate methyl singlet –COCH3 of the major conformer (2.27 ppm, 2.34 

H) to a one-dimensional GOESY experiment showed inter-proton effect to the H8 signal 

of the major conformer (3.95 ppm, 0.78 H) (6.0%) 

 

SpinWorks 2.5:  
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Subjection of the H8 signal of the major conformer (3.70 ppm, 0.8 H) [H8, 3.85 ppm, 0.2 

H] to a one-dimensional GOESY experiment in DMSO-D6 showed inter-proton effect to 

the acetate methyl singlet –COCH3 of the major conformer (2.06 ppm, 2.4 H) (3.5%) 

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), DMSO, 40 ms shaped pulse

PPM   6.4     6.0     5.6     5.2     4.8     4.4     4.0     3.6     3.2     2.8     2.4     2.0     1.6     1.2    0.8    0.4   

  -
1.

00
0 

  

 0
.0

36
6 

  

 0
.0

05
4 

  

 0
.0

14
9 

  

 0
.0

35
8 

  

file: E:\My Documents\Neil\NMR_data\no5-data\no5-091DMSO\3\fid   expt: <selnogs.km>
transmitter freq.: 500.139663 MHz
time domain size: 32768 points
width:  8064.52 Hz = 16.124528 ppm = 0.246110 Hz/pt
number of scans: 256

freq. of 0 ppm: 500.137811 MHz
processed size: 16384 complex points
LB:    0.000    GB: 0.0000

 

 

 



 

341 

Subjection of the H2 signal of the major conformer (4.12 ppm, 0.8 H) to a one-

dimensional GOESY experiment showed a much smaller inter-proton effect to the acetate 

methyl singlet –COCH3 of the major conformer (2.06 ppm, 2.4 H) (0.6%) 

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), DMSO, 40 ms shaped pulse
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SpinWorks 2.5:  C13CPD CDCl3 u schweiz 1
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Subjection of the H8 signal of the major conformer (4.19 ppm, 0.85 H) [H8, 4.54 ppm, 

0.15 H] to a one-dimensional GOESY experiment in CDCl3 showed inter-proton effect to 

the acetate methyl singlet –COCH3 of the major conformer (2.13 ppm, 2.55 H) (4.5%)  

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), CDCl3
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Subjection of the acetate methyl singlet –COCH3 of the major conformer (2.13 ppm, 2.55 

H) to a one-dimensional GOESY experiment in CDCl3 showed inter-proton effect to the 

H8 signal of the major conformer (4.19 ppm, 0.85 H) (7.9%) 

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), CDCl3
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Subjection of the acetate methyl singlet –COCH3 of the minor conformer [1.86 ppm, 0.45 

H] to a one-dimensional GOESY experiment in CDCl3 showed inter-proton effect to the 

H2 signal of the minor conformer [4.41 ppm, 0.15 H] (4.2%) 

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), CDCl3
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SpinWorks 2.5:   AMX 500 proton survey parameters, CD3OD
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Subjection of the H2 signal of the minor conformer [4.52 ppm, 0.33 H] to a one-

dimensional GOESY experiment in CD3OD showed inter-proton effect to the acetate 

methyl singlet –COCH3 of the minor conformer [1.81 ppm, 1 H] (3.5%) 

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), CDCl3
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Subjection of the acetate methyl singlet –COCH3 of the major conformer (2.11 ppm, 2 H) 

to a one-dimensional GOESY experiment in CD3OD showed inter-proton effect to the H8 

signal of the major conformer (4.38 ppm, 0.67 H) (6.9%) 

 

SpinWorks 2.5:  
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Subjection of the H8 signal of the major conformer (4.36 ppm, 0.67 H) [H8, 4.22 ppm, 

0.33 H] to a one-dimensional GOESY experiment in DMSO-D6 showed inter-proton 

effect to the acetate methyl singlet –COCH3 of the major conformer (1.91 ppm, 2 H) 

(3.4%)   

 

SpinWorks 2.5:  Selective gradient selected NOE (GOESY), DMSO, 40 ms shaped pulse
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Subjection of the H8 signal of the minor conformer [4.22 ppm, 0.33 H] to a one-

dimensional GOESY experiment in DMSO-D6 showed no nOe contact to the acetate 

methyl singlet –COCH3 of the minor conformer [1.61 ppm, 1 H] 

 

SpinWorks 2.5:  
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Subjection of the acetate methyl singlet –COCH3 of the minor conformer [1.61 ppm, 1 H] 

to a one-dimensional GOESY experiment in DMSO-D6 showed inter-proton effect to the 

H2 signal of the minor conformer [4.32 ppm, 0.33 H] (3.3%)  

 

SpinWorks 2.5:  
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SpinWorks 2.5:   standard 1-H survey parameters, AMX500, CDCl3
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Subjection of the H2 signal of the major conformer (4.17 ppm, 0.9 H) to a one-

dimensional GOESY experiment in CDCl3 showed no inter-proton effect either Hα1(Gly) 

(4.09 ppm, 0.9 H) or Hα2(Gly) (4.02 ppm, 0.9 H) 

 

SpinWorks 2.5:   Selective gradient selected NOE (GOESY), CDCl3
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SpinWorks 2.5:   AMX 500 proton survey parameters, CD3OD
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Subjection of the H8 signal of the major conformer (4.10 ppm, 1 H) to a one-dimensional 

GOESY experiment in CD3OD showed inter-proton effect to Hα1(Gly) of the major 

conformer (4.40 ppm, 1 H) (6.1%) 

 

SpinWorks 2.5:    Selective gradient selected NOE (GOESY), CDCl3
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SpinWorks 2.5:    standard 1-H survey parameters, AMX500, D2O
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SpinWorks 2.5:   AMX 500 proton survey parameters, CD3OD
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SpinWorks 2.5:   AMX 500 proton survey parameters, CD3OD
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360 

Subjection of the H8 signal of the major conformer (4.00 ppm, 0.85 H) [H8, 4.12 ppm] to 

a one-dimensional GOESY experiment in CD3OD showed inter-proton effect to Hα1(Gly) 

of the major conformer (4.62 ppm, 0.85 H) (4.9%) 

 

SpinWorks 2.5:  

PPM   6.0     5.6     5.2     4.8     4.4     4.0     3.6     3.2     2.8     2.4     2.0     1.6     1.2    0.8    0.4   

  -
0.

99
9 

  

 0
.0

40
6 

  

 0
.0

46
6 

  

 0
.0

26
6 

  

file: C:\nmrdata\Neil\no7-008_MeOD500\3\fid   expt: <selnogs.km>
transmitter freq.: 500.139391 MHz
time domain size: 32768 points
width:  8064.52 Hz = 16.124537 ppm = 0.246110 Hz/pt
number of scans: 256

freq. of 0 ppm: 500.137394 MHz
processed size: 16384 complex points
LB:    0.300    GB: 0.0000

 

 



 

361 

Subjection of the H2 signal of the major conformer (4.41 ppm, 0.85 H) to a one-

dimensional GOESY experiment in D2O showed no inter-proton effect either Hα1(Gly) 

(4.62 ppm, 0.85 H) or Hα2(Gly) (4.07 ppm, 0.85 H) 

 

SpinWorks 2.5:   Selective gradient selected NOE (GOESY), CDCl3

PPM   6.4     6.0     5.6     5.2     4.8     4.4     4.0     3.6     3.2     2.8     2.4     2.0     1.6     1.2    0.8    0.4   -0.0   

   
1.

00
0 

  

-0
.0

09
2 

  

-0
.0

32
7 

  

-0
.0

12
2 

  

file: C:\nmrdata\Neil\no7-008_MeOD500\6\fid   expt: <selnogs.km>
transmitter freq.: 500.139596 MHz
time domain size: 32768 points
width:  8064.52 Hz = 16.124530 ppm = 0.246110 Hz/pt
number of scans: 4000

freq. of 0 ppm: 500.137394 MHz
processed size: 16384 complex points
LB:    0.300    GB: 0.0000

 



 

362 

SpinWorks 2.5:   standard 1-H survey parameters, AMX500, CDCl3
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SpinWorks 2.5:   NO7-020C13
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Subjection of the H8 signal of the major conformer (4.23 ppm, 0.8 H) [H8, 4.52 ppm, 0.2 

H] to a one-dimensional GOESY experiment in CDCl3 showed inter-proton effect to 

Hα1(Gly) of the major conformer (4.44 ppm, 0.8 H) (1.8%), and Hα2(Gly) of the major 

conformer (3.86 ppm, 0.8 H) (4.3%) 
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SpinWorks 2.5:   AMX 500 proton survey parameters, CD3OD
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Subjection of the Hα2(Gly) signal of the major conformer (3.87 ppm, 0.83 H) [H8, 4.48 

ppm, 0.17 H] to a one-dimensional GOESY experiment in CD3OD showed inter-proton 

effect to H8 of the major conformer (4.41 ppm, 0.83 H) (6.7%) 
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Subjection of the Hα2(Gly) signal of the minor conformer (3.58 ppm, 0.17 H) to a one-

dimensional GOESY experiment in CD3OD showed no inter-proton effect to the H8 of 

the minor conformer (4.48 ppm, 0.25 H) 
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SpinWorks 2.5:   standard 1-H survey parameters, AMX500, dmso-d6
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Chapter 10: Effects of Glycosylation of (2S,4R)-4-Hydroxyproline on 

the Conformation, Kinetics and Thermodynamics of Prolyl Amide 

Isomerization  
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Table 10.1: Chemical Shifts (δ) for 13Cα, 13Cδ and 13Cγ of cis and trans Prolyl Amide 

Isomers[a] 

Compound δ(13Cα) 
cis 

δ(13Cα) 
trans 

δ(13Cδ) 
cis 

δ(13Cδ) 
trans 

δ(13Cγ) 
cis 

δ(13Cγ) 
trans 

1 62.3 60.8 47.4 49.1 22.8 24.5 

2 60.5 59.3 54.7 56.5 68.6 69.9 

3 60.6 59.2 53.7 55.4 68.9 70.1 

4a 60.8 59.6 52.0 53.9 74.8 76.5 

4b 60.4 59.2 53.2 54.9 76.7 77.9 
[a]Determined by 75 MHz NMR in D2O at 25 °C. 

 

Table 10.2: J Coupling Constants (Hz) for Compounds 2, 4a, 4b[a]  

N

OR

O

MeHN

O

γ
βα

δ

Cγ-exo

2:    R = H
4a:  R = α-D-Gal
4b:  R = β-D-Gal

 

Compound JHα,Hβ1 JHα,Hβ2 JHβ1,Hβ2 JHβ1,Hγ JHβ2,Hγ JHγ,δ1 JHγ,δ2 JHδ1,δ2 JHβ1,δ1 

2 (trans)[c] 8.4 8.4 13.6 <2 4.5 n.d.[b] 4.0 11.8 <2 

2 (cis) [c] 7.9 7.9 13.7 ~2 6.4 n.d.[b] 4.3 12.9 ~2 

4a (trans) 8.3 8.5 13.2 <2 4.5 n.d.[b] 3.9 12.0 <2 

4a (cis) 8.0 8.0 13.2 n.d.[b] n.d.[b] n.d.[b] 4.2 12.8 n.d.[b] 

4b(trans) 8.2 8.2 13.6 2.5 5.0 n.d.[b] 4.8 12.7 <1.5 

4b (cis) 7.8 7.8 14.1 n.d.[b] 5.0 n.d.[b] 4.5 12.8 n.d.[b] 
[a]Determined in D2O at 25 °C; The observed coupling constants are consistent with Cγ-exo 

conformation of the pyrrolidine ring. [b]Not determined due to signal overlap; [c]Previously 

assigned to exist in a Cγ-exo conformation.  
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Table 10.3:  Amide Isomer Equilibrium (Kt/c) of 2-4b at Various Temperatures[a] 

Cpd Temperature (ºC)[b] 

 24.8 30.0 37.0 46.0 51.3 56.6 62.0 67.3 72.6 78.0 83.3 

            

2 3.89 
±0.11 

3.73 
±0.09 

3.52  
±0.05 

3.39 
±0.13 

3.29 
±0.11 

3.22 
±0.09 

3.16 
±0.09 

2.94 
±0.08 

2.87 
±0.08 

2.74 
±0.08 

2.70 
±0.04 

            

3 
3.66 

±0.15 
3.50 

±0.07 
3.34 

±0.15 
3.15 

±0.20 
3.03 

±0.17 
2.96 

±0.18 
2.85 
±0.2 

2.77 
±0.01 

2.72 
±0.05 

2.65 
±0.03 

2.55 
±0.07 

            

4a 
3.74 

±0.20 
3.62 

±0.46 
3.41 

±0.30 
3.24 

±0.31 
3.22 

±0.22 
3.02 

±0.35 
2.96 

±0.21 
2.83 

±0.17 
2.77 
±0.2 

2.74 
±0.13 

2.62 
±0.57 

            

4b 
3.71 

±0.21 
3.62 

±0.21 
3.37 

±0.28 
3.14 

±0.25 
3.07 

±0.17 
2.99 

±0.17 
2.91 

±0.25 
2.79 

±0.19 
2.72 

±0.18 
2.66 

±0.18 
2.61 

±0.11 
[a]Carried out in D2O, ± SE determined by integration of two or more sets of trans/cis isomers; 

[b]Calibrated using an ethylene glycol standard; 

 

 

 

Table 10.4:  Amide Isomer Equilibrium (Kt/c) of 1 at Various Temperatures[a] 

Compound Temperature (ºC)[b] 

 3.5 14.2 24.8 37.0 46.0 56.6 72.6 83.3 

         

1 
3.61 

±0.11 
3.39 

±0.11 
3.19 

±0.06 
3.03 

±0.08 
2.87 

±0.11 
2.73 

±0.11 
2.56 

±0.11 
2.45 

±0.11 
[a]Carried out in D2O; [b]Calibrated using an ethylene glycol standard. 
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Table 10.5: Thermodynamic Parameters for Amide Isomerization of 1-4b[a]  

Compound ∆H° (kcal⋅mol-1) ∆S° (cal⋅mol-1⋅K-1) 

   
1 -0.95 ± 0.01 -0.87 ± 0.02 
   

2 -1.33 ± 0.03 -1.76 ± 0.09 
   

3 -1.29 ± 0.02 -1.72 ± 0.06 
   

4a -1.27 ± 0.02 -1.64 ± 0.07 
   

4b -1.30 ± 0.03 -1.77 ± 0.10 
[a]Carried out in D2O; Values and error limits were obtained 

using the linear least-squares fits of the data in Tables 10.3 

and 10.4 to the equation the  ln Kct = (-∆H°/R)(1/T) + ∆S°/R. 

 

Table 10.6: Activation Enthalpy (∆H‡) and Entropy (∆S‡) of Isomerization of 1-4b[a] 

Compound cis to trans trans to cis 

 ∆H‡ ∆S‡ ∆G‡
300K ∆H‡ ∆S‡ ∆G‡

300K 

 
(Kcal⋅  

mol-1) 

(cal⋅mol-1 

⋅K-1) 

(Kcal⋅  

mol-1) 

(Kcal⋅  

mol-1) 

(cal⋅mol-1 

⋅K-1) 

(Kcal⋅  

mol-1) 

1 20.6 ±0.4 1.2 ±0.1 20.2 ±0.4 21.3 ±0.2 1.4 ±0.1 20.9 ±0.2 

2 20.2 ±0.3 0.08 ±0.01 20.2 ±0.3 21.1 ±0.3 0.54 ±0.05 21.0 ±0.3 

3 21.8 ±0.7 4.7 ±0.2 20.4 ±0.7 22.7 ±0.9 5.4 ±0.3 21.1 ±0.9 

4a 20.4 ±0.9 0.60 ±0.03 20.2 ±0.9 20.6 ±1.0 1.0 ±0.1 20.3 ±1.0 

4b 22.4 ±0.8 6.2 ±0.3 20.6 ±0.8 23.3 ±1.4 6.6 ±0.4 21.3 ±1.0 

[a]Values and error limits were obtained using the linear least-squares fits of the data in 

Table 10.7 to the equation ln(k/T) = (-∆H‡/R)(1/T) + ∆S‡/R + ln(kB/h); Additionally the 

free energy of activation at 300 K (∆G‡
300K) is given.; The error in ∆G‡ was calculated 

using the equation σk = k[(σ2∆H/R2T2) + (σ2∆S/R2)]1/2. 
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Table 10.7:  Rate of Prolyl Amide Isomerization of 1-4b at Various Temperatures 

Compound Rate[a] 
(s-1) Temperature (ºC)[b] 

  62.0 67.3 72.6 78.0 83.3 37.0[e] 
        
1 kct 0.461 

±0.012 
0.810 

±0.022 
1.262 

±0.035 
2.000 

±0.071 
3.171 

±0.081 
0.039 

±0.024 
 ktc

[d] 0.180 
±0.009 

0.312 
±0.015 

0.507 
±0.022 

0.815 
±0.046 

1.314 
±0.053 

0.013 
±0.010 

        
2 kct 0.455 

±0.017 
0.725 

±0.014 
1.149 

±0.022 
1.852 

±0.048 
2.941 

±0.097 
0.039 

±0.005 
 ktc

[d] 0.147 
±0.007 

0.247 
±0.008 

0.398 
±0.014 

0.634 
±0.024 

1.053 
±0.038 

0.011 
±0.001 

        
3 kct 0.455 

±0.024 
0.769 

±0.022 
1.395 

±0.029 
2.071 

±0.036 
3.414 

±0.054 
0.032 

±0.009 
 ktc

[d] 0.163 
±0.009 

0.272 
±0.008 

0.532 
±0.015 

0.792 
±0.016 

1.302 
±0.040 

0.010 
±0.004 

        
4a kct 0.476 

±0.042 
0.833 

±0.047 
1.428 

±0.089 
2.149 

±0.075 
3.124 

±0.077 
0.043 

±0.015 
 ktc

[d] 0.150 
±0.016 

0.271 
±0.021 

0.429 
±0.047 

0.728 
±0.043 

0.988 
±0.181 

0.013 
±0.005 

        
4a[c] kct  0.820 

±0.059     

 ktc
[d]  0.274 

±0.027     

        
4b kct 0.385 

±0.038 
0.606 

±0.037 
1.064 

±0.075 
1.682 

±0.053 
3.071 

±0.066 
0.022 

±0.007 
 ktc

[d] 0.127 
±0.021 

0.207 
±0.018 

0.350 
±0.032 

0.578 
±0.040 

1.113 
±0.051 

0.007 
±0.004 

        
4b[b] kct  0.571 

±0.052     

 ktc
[d]  0.189 

±0.022     
[a]Carried out in D2O as described on page 398. Error values were obtained using the student’s t 

test of the linear least-squares fit of the data in Figures 10.15-10.41; [b]Calibrated using an 

ethylene glycol standard; [c]Carried out in phosphate buffer pH = 7.4; [d]Calculated from kct and 

equilibrium (Ktrans/cis) at respective temperatures as described on page 398; [e]Rate ±SE calculated 

using equation ln(k/T) = (-∆H‡/R)(1/T) + ∆S‡/R + ln(kB/h) and values from Table 10.7. 
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Figure 10.1: Van’t Hoff Plot for the cis-to-trans Isomerization of 1 in D2O 
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Figure 10.2: Van’t Hoff Plot for the cis-to-trans Isomerization of 2 in D2O 
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Figure 10.3: Van’t Hoff Plot for the cis-to-trans Isomerization of 3 in D2O 
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Figure 10.4: Van’t Hoff Plot for the cis-to-trans Isomerization of 4a in D2O 
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Figure 10.5: Van’t Hoff Plot for the cis-to-trans Isomerization of 4b in D2O 
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Figure 10.6: Comparison of Van’t Hoff Plots for 1-4b in D2O 
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Figure 10.7: Eyring Plot for the cis-to-trans Isomerization (kct) and trans-to-cis 

Isomerization (ktc) for 1 in D2O 
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Figure 10.8: Eyring Plot for the cis-to-trans Isomerization (kct) and trans-to-cis 

Isomerization (ktc) for 2 in D2O 
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Figure 10.9: Eyring Plot for the cis-to-trans Isomerization (kct) and trans-to-cis 

Isomerization (ktc) for 3 in D2O 
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Figure 10.10: Eyring Plot for the cis-to-trans Isomerization (kct) and trans-to-cis 

Isomerization (ktc) for 4a in D2O 
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Figure 10.11: Eyring Plot for the cis-to-trans Isomerization (kct) and trans-to-cis 

Isomerization (ktc) for 4b in D2O 
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Figure 10.12: Comparison of Eyring Plot of cis-to-trans isomerization for 1-4b 

-7

-6.5

-6

-5.5

-5

-4.5

-4

0.0027 0.0028 0.0029 0.0030 0.0031

1/T (K-1)

ln
[(

k/
T

) 
(s

·K
)

4a kct

4b kct

3 kct

2 kct

1 kct

 



 

380 

SpinWorks 2.5:   repurified sample
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SpinWorks 2.5:  hydroxyproline model peptide
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SpinWorks 2.5:   C13CPD D2O u schweiz 2
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SpinWorks 2.5:    purified t-butyl model peptide (in D2O)
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SpinWorks 2.5:   PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:   PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:   C13CPD CDCl3 u schweiz 1

PPM   180.0    160.0    140.0    120.0    100.0    80.0     60.0     40.0     20.0    0.0   

 1
71

.5
31

9

 1
56

.0
91

0

 1
43

.8
28

3
 1

43
.6

69
5

 1
41

.2
87

6
 1

38
.6

90
6

 1
38

.5
42

3
 1

38
.3

63
9

 1
37

.7
74

1

 1
25

.1
94

6

 1
20

.0
16

5

 1
02

.3
99

4

  8
2.

20
58

  7
9.

17
17

  7
5.

17
62

  7
4.

65
05

  7
3.

54
21

  7
3.

43
43

  7
3.

26
30

  7
2.

98
93

  6
8.

57
58

  6
7.

84
97

  5
8.

87
03

  5
2.

97
29

  4
7.

11
51

  3
3.

79
05

  3
3.

76
73

  3
3.

75
82

  2
6.

35
64

file: C:\NMR Data\no7-FmHyBeta\3\fid   expt: <zgpg30>
transmitter freq.: 75.476020 MHz
time domain size: 65536 points
width: 18832.39 Hz = 249.514902 ppm = 0.287359 Hz/pt
number of scans: 3600

freq. of 0 ppm: 75.467749 MHz
processed size: 32768 complex points
LB:    0.000    GB: 0.0000

 

FmocN

O
NH

O

O

OBn
OBn

H
BnO

OBn

FmocN

O
NH

O

O

OBn
OBn

H
BnO

OBn



 

385 

SpinWorks 2.5:   alpha anomer after second purification
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SpinWorks 2.5:  beta anomer after second purification (CDCl3)
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A one-dimensional GOESY experiment in D2O irradiating the H1
trans (4.93 ppm, 0.8H) 

[H1
cis, 4.89 ppm, 0.2H] in 4a showed inter-proton effect to Proγ

trans (4.40 ppm, 0.8H) 

(4.5%), Proβ1
trans (2.39 ppm, 0.8H) (0.7%) and the N-acyl methyl singlet –COCH3

trans 

(1.99 ppm, 2.4H) (0.3%). 
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A one-dimensional GOESY experiment in D2O irradiating the Proβ1
trans (2.39 ppm, 0.8H) 

in 4a showed inter-proton effect to H1
trans (4.93 ppm, 0.8H) (0.7%) and the 

H4
cis,trans/H5

cis,trans peak (3.82 ppm, 2H) (1.5%). 
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A one-dimensional GOESY experiment in D2O irradiating the Proγ
trans (4.40 ppm, 0.8H) 

in 4a showed inter-proton effect to H1
trans (4.93 ppm, 0.8H) (4.4%). 
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A one-dimensional GOESY experiment in D2O irradiating the N-methylamide singlet -

NHCH3
trans (2.60 ppm, 2.4H) [-NHCH3

cis, 2.64 ppm, 0.6H] in 4a showed no inter-proton 

effects. 
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A one-dimensional GOESY experiment in D2O irradiating the Proβ1
trans (2.46 ppm, 0.8H) 

in 4b showed inter-proton effect to H1
trans (4.48 ppm, 0.8H) (3.1%). 
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A one-dimensional GOESY experiment in D2O irradiating the Proγ
trans (4.65 ppm, 0.8H) 

[Proγ
cis, 4.59 ppm 0.2H] in 4b showed inter-proton effect to H1

trans (4.48 ppm, 0.8H) 

(3.7%). 

 

SpinWorks 2.5:   Selective gradient selected NOE (GOESY), CDCl3
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A one-dimensional GOESY experiment in D2O irradiating the H2
trans (3.46 ppm, 0.8H) in 

4b showed inter-proton effect to Proα
trans (4.65 ppm, 0.8H) (3.0%). 
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A one-dimensional GOESY experiment in D2O irradiating the N-methylamide singlet -

NHCH3
trans (2.72 ppm, 2.4H) [-NHCH3

cis, 2.77 ppm, 0.6H] in 4b showed no inter-proton 

effects. 
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Figure 10.13: Summary of nOe Interactions Between the Prolyl and Galactosyl Rings in 

4a 
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Figure 10.14: Summary of nOe Interactions Between the Prolyl and Galactosyl Rings in 

4b 
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Magnetization Transfer NMR Experiments 

Samples of 1-4b were prepared by dissolving compounds in D2O at 

concentrations between 0.05 M and 0.1 M. All experiments were performed on a Bruker 

AMX500 NMR spectrometer equipped with a triple resonance (1H, 13C, 15N) gradient 

inverse probehead. 

Selective inversion of the N′-methylamide singlet of the trans isomer was done 

using an 80 msec pulse centered on resonance.  Relaxation delays of 20 s and inversion 

recovery delays between 1 ms and 15 s were used. Experiments were performed over 

several temperatures from 333.15 to 353.15 K for each compound. The temperature was 

calibrated using an ethylene glycol standard. For each compound at an individual 

temperature, inversion-recovery data were collected with selective inversion of the 1H N′-

methylamide singlet of the major trans peak. 1H NMR spectroscopy was used in 

preference to 13C NMR since over the course of an experiment, the signal/noise ratio is 

much higher for 1H than 13C, and heating effects caused by decoupling for 13C causes 

uncertainty in the temperature of the sample.  

The time-dependent magnetization transfers of the cis (Mc(t)) and trans (Mt(t)) 

NMR signals as a function of the inversion transfer time (t) were simultaneously fit to 

equations 1 and 2 (Alger and Prestegard, 1977; Mariappan and Rabenstein, 1992) below 

for compounds 1-4b using Mathematica (v. 5.0). In the following pulse sequence, the 1H 

trans resonance is selectively inverted using a shaped pulse. Its recovery during t is 

determined by its intrinsic T1t, magnetization transfer to and from the cis resonance, and 

the T1c of the cis resonance: 
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π(x)sel----------t----------π/2(x,y.-x.-y)---acquire 

The resonances of the trans and cis isomers show the following time dependences: 

                 

Mt(t) = (c1)(τt)(λ1+1/τ1c)exp(λ1*t) + (c2)( τ2)( λ2+1/τ1c)exp(λ2*t) + Mc∞----------- 1 

  

Mt(t) = (c1)exp(λ1*t) + (c2)exp(λ2*t) + Mt∞----------- 2 

                              

T1c and T1t are the longitudinal relaxation times of the resonances in the absence of 

exchange. 

 

τc and τt are the lifetimes of the cis and trans conformers and kct and ktc are the 

corresponding rate constants. 

 

τ1c and τ1t are the effective relaxation times of the cis and trans resonances when 

relaxation and exchange are both occurring and are defined below in terms of T1c and τc, 

T1t and τt. 

 

λ1 and λ2 are related to the time constants τc, τt, τ1c, and τ1t, and are defined below. 

 

c1 and c2 are defined below. 

 

Mc∞ and Mt∞ are determined experimentally from the magnetization measured after 5 T1 

periods for the cis and trans resonances, respectively. 
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Mathematica then calculates τt from τc, Mc∞, and Mt∞ as: τt = τc * Mt∞/Mc∞ 

Thus,  

 

kct = 1/τc 

 

ktc = 1/τt 

 

Keq = Mt∞/Mc∞ 

 

τ1c = (T1c * τc)/( τc + T1c) 

 

τ1t = (T1t * τt)/( τt + T1t) 

 

λ1 = (0.5)*(-((1/τ1c)+(1/τ1t))+(((((1/τ1c)+(1/τ1t))1/2)-(4)*(((1/τ1c)*(1/τ1t))-

((1/τc)*(1/τt)))))1/2) 

 

λ2 = (0.5)*(-((1/τ1c)+(1/τ1t))-(((((1/τ1c)+(1/τ1t))2)-(4)*((((1/τ1c))*((1/τ1t)))-

((1/τc)*(1/τt)))))1/2) 

 

c2 = ((1/(τt))*(λ1-λ2))*((τt*(λ1+(1/τ1c))*((M0c-Mc∞)+(Mt∞-M0t))) 

 

c1 = M0c-Mc∞-c2 
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Figure 10.15: Inversion recovery of non-inverted (cis) N′-methylamide singlet (A) and 

inverted (trans) N′-methylamide singlet (B) of 1 at 62.0ºC in D2O 
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Figure 10.16: Inversion recovery of non-inverted (cis) N′-methylamide singlet (A) and 

inverted (trans) N′-methylamide singlet (B) of 1 at 67.3ºC in D2O 

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12 14 16

Time (sec)

In
te
n
si
ty

experimental points

calculated curve

A 

 

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3

0 2 4 6 8 10 12 14 16

Time (sec)

In
te
n
si
ty

experimental points

calculated curve

B 

 



 

403 

Figure 10.17: Inversion recovery of non-inverted (cis) N′-methylamide singlet (A) and 

inverted (trans) N′-methylamide singlet (B) of 1 at 72.6ºC in D2O 
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Figure 10.18: Inversion recovery of non-inverted (cis) N′-methylamide singlet (A) and 

inverted (trans) N′-methylamide singlet (B) of 1 at 78.0ºC in D2O 
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Figure 10.19: Inversion recovery of non-inverted (cis) N′-methylamide singlet (A) and 

inverted (trans) N′-methylamide singlet (B) of 1 at 83.0ºC in D2O 

-4

-2

0

2

4

6

8

-1 1 3 5 7 9 11 13 15 17

Time (sec)

In
te
n
si
ty

experimental points

calculated curve

A 

 

-15

-10

-5

0

5

10

15

20

0 2 4 6 8 10 12 14 16

Time (sec)

In
te
n
si
ty

experimental points

calculated curve

B 

  



 

406 

Figure 10.20: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 2 at 62.0ºC in D2O 
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Figure 10.21: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 2 at 67.3ºC in D2O 
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Figure 10.22: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 2 at 72.6ºC in D2O 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12 14 16

Time (sec)

In
te
n
si
ty

experimental points

calculated curve

A 

 

-3

-2

-1

0

1

2

3

4

0 2 4 6 8 10 12 14 16

Time (sec)

In
te
n
si
ty

experimental points

calculated curve

B 



 

409 

Figure 10.23: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 2 at 78.0ºC in D2O 
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Figure 10.24: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 2 at 83.0ºC in D2O 
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Figure 10.25: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 3 at 62.0ºC in D2O 
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Figure 10.26: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 3 at 67.3ºC in D2O 
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Figure 10.27: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 3 at 72.6ºC in D2O 
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Figure 10.28: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 3 at 78.0ºC in D2O 
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Figure 10.29: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 3 at 83.0ºC in D2O 
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Figure 10.30: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4a at 62.0ºC in D2O 
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Figure 10.31: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4a at 67.3ºC in D2O 
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Figure 10.32: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4a at 72.6ºC in D2O 
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Figure 10.33: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4a at 78.0ºC in D2O 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12 14 16

Time (sec)

In
te
n
si
ty

experimental points

calculated curve

A 

 

-3

-2

-1

0

1

2

3

4

0 2 4 6 8 10 12 14 16

Time (sec)

In
te
n
si
ty

experimental points

calculated curve

B 



 

420 

Figure 10.34: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4a at 83.0ºC in D2O 
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Figure 10.35: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4a at 67.3ºC in phosphate buffer pH 7.4 
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Figure 10.36: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4b at 62.0ºC in D2O 
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Figure 10.37: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4b at 67.3ºC in D2O 
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Figure 10.38: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4b at 72.6ºC in D2O 
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Figure 10.39: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4b at 78.0ºC in D2O 
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Figure 10.40: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4b at 83.0ºC in D2O 
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Figure 10.41: Inversion recovery of non-inverted (cis) methylamide singlet (A) and 

inverted (trans) methylamide singlet (B) of 4b at 67.3ºC in phosphate buffer pH 7.4 
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Chapter 11: The Implications of (2S,4S)-4-Hydroxyproline 4-O-

Glycosylation on Prolyl Amide Isomerization 
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Experimental 

General 

Protected amino acids were purchased from Bachem (Bachem Bioscience, Inc., King of 

Prussia, PA). Reagent grade solvents were used without further purification. Column 

chromatography was performed on SilicaFlash P60 silica gel (40-63µm). NMR Spectra 

were obtained using a Bruker AMX-500 NMR spectrometer equipped with a triple 

resonance (1H, 13C, 15N) gradient inverse probehead. Spectra were assigned based on 2D 

COSY and 2D HSQC experiments. For 1H NMR, minor isomers are listed between 

square brackets. For 13C NMR, when assigned, carbon peaks for the minor isomer are 

listed in brackets. A Waters Micromass ZQ 2000 mass spectrometer was used for 

electrospray ionization (ESI) mass spectrometry measurements. 

General Procedures 

Preparation of N-Acetyl-N′-methyl ester amino acids 

The amino acid (1.0 eq) was dissolved in 3:1 (v/v) DCM/piperidine, stirred for 2 hours at 

ambient temperature, then co-distilled with toluene (3 x 10 mL). The crude product was 

then dissolved in 1:1 acetic anhydride/pyridine, and the mixture was stirred at ambient 

temperature for 4 hours. The solution was concentrated under reduced pressure, and then 

was co-distilled with toluene (3 x 10 mL) before purification by flash chromatography. 

Preparation of 4-O-Galactopyranosyl-N-acetyl-N′-methyl ester amino acids 

The amino acid (1.0 eq) was dissolved in CH3OH. The catalyst, (20% palladium 

hydroxide on carbon) was added (approx. 0.5 eq), and the flask was flushed with N2 for 5 

minutes. The reaction mixture was then stirred under hydrogen gas (10 psi) for 6 hours, 
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after which it was flushed with nitrogen and filtered. The product was then concentrated 

under reduced pressure. 

 

4-O-(2,3,4,6-Tetra-O-benzyl-α,β-D-galactopyranosyl)-N-fluorenylmethoxycarbonyl-

trans-4-hydroxy-L-proline methyl ester (8a,b) 

 

Compound 7 (0.200 g, 1.1 mmol) was dissolved in 3:1 (v/v) acetone/water. After addition 

of NaHCO3 (0.932 g, 11.1 mmol, 10.0 eq) and Fmoc-OPfp (1.34 g, 3.3 mmol, 3.0 eq), the 

mixture was stirred at ambient temperature for 3 hours. The reaction mixture was then 

concentrated under reduced pressure before being re-dissolved in ethyl acetate (20 mL).  

This solution was washed with water (2 x 20 mL) and brine (1 x 20 mL), dried (Na2SO4) 

and concentrated under reduced pressure before being purified by flash chromatography 

using 4:1 hexanes/ethyl acetate. The intermediate compound was then dissolved in 

MeCN (10 mL), followed by addition of 2,3,4,6-tetra-O-benzyl-thio-β-D-

galactopyranoside (0.925 g, 1.43 mmol, 1.3 eq). The solution was allowed to cool to 0°C 

and was stirred for ten minutes. Afterwards, NIS (0.322 g, 1.43 mmol, 1.3 eq) and AgOTf 

(0.056 g, 0.22 mmol, 0.2 eq) were added, and the reaction mixture was stirred for 

additional 2 hours before being concentrated under reduced pressure. This solution was 

washed with 1:1 saturated sodium bicarbonate (aq)/saturated sodium thiosulphate (aq) (5 

x 20 mL), dried (Na2SO4) and concentrated under reduced pressure. The product was 

purified by flash chromatography using 3:1 hexanes/ ethyl acetate to yield first 8a (0.225 

g, 0.253 mmol) and then 8b (0.119 g, 0.134 mmol) (35.2%).  
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8a: [α]25
D = +80.6° (c 0.7 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.77 (d, 2H, 

aromatic, J = 7.5Hz), 7.51-7.66 (m, 2H, aromatic), 7.17-7.47 (m, 24H, aromatic), 4.96 (d, 

1H, -OCH2Ph, J = 11.5Hz), 4.89 (d, 1H, H1, J = 3.5Hz), 4.69-4.88 (m, 3H, -OCH2Ph), 

4.62 (d, 1H, -OCH2Ph, J = 12.2Hz), 4.58 (d, 1H, -OCH2Ph, J = 11.7Hz), 4.21-4.58 (m, 

6.5H, H5, H6a, H6b
trans, Proγ, Proα, -OCH2Ph), 4.16 (dd apparent t, 0.5H, H6b

cis), 4.06 (dd, 

1H, H2, J = 3.8Hz, J = 9.8Hz), 3.87-4.00 (m, 3H, H3, H4, -C(O)OCH2CH), 3.67-3.86 (m, 

3.5H, Proδ1, Proδ2, -OCH3
trans), 3.64 (s, 1.5H, -OCH3

cis), 3.44-3.59 (m, 2H, -

C(O)OCH2CH),  2.51 (ddd, 0.5H, Proβ1
trans, J = 4.7Hz, J = 8.4Hz, J = 13.1Hz), 2.44-2.57 

(m, 0.5H, Proβ1
cis), 2.11-2.24 (m, 1H, Proβ2); 13C NMR (75 MHz, CDCl3, 298K) δ = 

(173.0), 172.9, 154.8, (154.4), (144.1), 143.97, 143.93, (143.8), 141.3 (2), (138.8), 

(138.7), 138.54, (138.47), 137.9, 127.0-128.5 (aromatic), 125.2, 125.14, (125.09), 

(125.0), 120.0,  (119.9), 97.8, (97.0), 78.80, (78.76), 76.4, (76.3), 76.2, 75.0, 74.79, 

(74.77), 74.3, (73.56), 73.53, 73.4, (73.27), 73.21, 70.21, (70.15), (69.3), 67.7, 58.2, 

(57.8), 52.38, (52.34), (51.68), 51.64, (47.3), 47.2, (37.4), 36.4; MS (ES) calc. for 

C55H55NNaO10 (M + Na)+: 912.37. Found (M + Na)+: 912.55;   

 

8b: [α]25
D = -23.1° (c 0.7 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.71-7.79 (m, 

2H, aromatic), 7.51-7.66 (m, 2H, aromatic), 7.17-7.44 (m, 24H, aromatic), 4.58-5.01 (m, 

6H, -OCH2Ph), 4.29-4.58 (m, 7H, H1, H5, H6a, Proγ, Proα, -OCH2Ph), 4.25 (dd apparent t, 

0.6H, H6b
trans, J = 7.5Hz, J = 7.5Hz), [4.15, dd apparent t, 0.4H, H6b

cis, J = 6.5Hz, J = 

7.0Hz], 3.70-3.95 (m, 6H, H2, Proδ1, Proδ2, -C(O)OCH2CH, -OCH3
trans),  [3.65, s, 1H, -

OCH3
cis], 3.46-3.62 (m, 4H, H3, H4, -C(O)OCH2CH), 2.33-2.50 (m, 1H, Proβ1), 2.04-2.19 

(m, 1H, Proβ2); 13C NMR (75 MHz, CDCl3, 298K) δ = (172.95), 172.89, 154.9, (154.3), 
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(144.1), 144.0, 143.9, (143.7), 141.3 (2), (138.52), 138.50, 138.37, (138.35), (137.82), 

127.0-128.5 (aromatic), (125.26), 125.22, 125.05, (124.98), 119.95, (119.90), (102.72), 

102.66, 82.32, (82.26), (79.25), 79.17, (75.98), 75.95, 75.5, (75.4), 74.65, (74.57), 73.61 

(2), (73.57), 73.3, (73.2), 73.1, (72.9), 68.75, (68.72), 67.7, (67.6), 57.8, (57.5), (53.3), 

52.9, 52.39, (52.35), (47.3), 47.1, (36.5), 35.3; MS (ES) calc. for C55H55NNaO10 (M + 

Na)+: 912.37. Found (M + Na)+: 912.11;   

 

4-O-(2,3,4,6-Tetra-O-benzyl-α,β-D-galactopyranosyl)-N-acetyl-trans-4-hydroxy-L-

proline methyl ester (9a,b) 

The general preparation method was followed for N-terminal acylation of 8a (0.222 g, 

0.313 mmol) using 3:1 DCM:piperidine (8 mL). The reaction mixture was purified by 

flash chromatography using 2:1 ethyl acetate/hexanes to yield 9a as a clear oil (0.138 g, 

0.194 mmol) (78.0%): 

9a: [α]25
D = +31.6° (c 0.3 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.12-7.49 (m, 

20H, aromatic), 4.25-5.05 (m, 11H, H1, Proγ, Proα, -OCH2Ph), 3.82-4.13 (m, 4H, H2, H3, 

H4, H5), 3.33-3.82 (m, 7H, H6a, H6b, Proδ1, Proδ2, -CO2CH3), [ 2.50-2.64, m, 0.2H, 

Proβ1
cis], 2.34-2.49 (m, 0.8H, Proβ1

trans), [2.18-2.32, m, 0.2H, Proβ2
cis], 2.06-2.19 (m, 

0.8H, Proβ2
trans), 2.00 (s, 2.5H, -NCOCH3

trans),  [1.92, s, 0.5H, -NCOCH3
cis]; 13C NMR 

(75 MHz, CDCl3, 298K) δ = 172.8, 169.6, 138.61, 138.57, 138.49, 137.9, 127.4-128.6 

(aromatic), 98.4, 78.9, 76.9, 76.4, 74.9, 74.8, 73.8, 73.5, 73.1, 70.3, 69.2, 57.6, 53.0, 52.3, 

35.9, 22.2; MS (ES) calc. for C42H47NNaO9 (M + Na)+: 732.31. Found (M + Na)+: 

732.74;   
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9b: [α]25
D = -5.6° (c 0.3 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.18-7.44 (m, 

20H, aromatic), 4.29-5.04 (m, 11H, H1, Proγ, Proα, -OCH2Ph), 3.42-3.97 (m, 11H, H2, H3, 

H4, H5, H6a, H6b, Proδ1, Proδ2, -CO2CH3), [2.41-2.57, m, 0.1H, Proβ1
cis], 2.28-2.41 (m, 

0.9H, Proβ1
trans), [2.16-2.27, m, 0.1H, Proβ2

cis], 1.96-2.15 (m, 3.7H, Proβ2
trans, -

NCOCH3
trans), [1.90, s, 0.3H, -NCOCH3

cis]; 13C NMR (75 MHz, CDCl3, 298K) δ = 

172.8, 169.5, 138.39, 138.35, 138.29, 137.7, 127.5-128.7 (aromatic), 103.0, 82.3, 79.1, 

77.3, 75.5, 74.6, 73.65, 73.60, 73.3, 73.1, 69.0, 57.1, 54.0, 52.3, 35.1, 22.2; MS (ES) calc. 

for C42H47NNaO9 (M + Na)+: 732.31. Found (M + Na)+: 732.58;   

 

4-O-(2,3,4,6-Tetra-O-benzyl-α,β-D-galactopyranosyl)-N-fluorenylmethoxycarbonyl-

cis-4-hydroxy-L-proline methyl ester (11a,b) 

Compound 10 (0.200 g, 0.815 mmol, 1.0 eq) was dissolved in MeCN (10 mL), followed 

by addition of 2,3,4,6-tetra-O-benzyl-thio-β-D-galactopyranoside (0.686 g, 1.06 mmol, 

1.3 eq). The solution was allowed to cool to 0 °C and was stirred for 10 minutes. Then, 

NIS (0.239 g, 1.06 mmol, 1.3 eq) and AgOTf (0.042g, 0.16 mmol, 0.2 eq) were added 

and the reaction mixture was stirred for 2.5 hours before being concentrated under 

reduced pressure. The resulting residue was re-dissolved in ethyl acetate (20 mL) and was 

washed with 1:1 saturated sodium bicarbonate (aq)/saturated sodium thiosulphate (aq) (5 

x 20 mL), before being dried (Na2SO4) and concentrated under reduced pressure. The 

residue was dissolved in DCM (5 mL) and cooled to 0°C, before addition of TFA (5 mL). 

After stirring for 1.5 hrs, the solution was co-distilled with toluene (3 x 6 mL) and 

concentrated under reduced pressure. The residue was then re-dissolved in 3:1 (v/v) 

acetone/water (8 mL), followed by the addition of NaHCO3 (0.328 g, 3.9 mmol, 15 eq) 
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and Fmoc-OPfp (0.732 g, 0.78 mmol, 3.0 eq). The reaction was stirred for 2 hours before 

concentration. The resulting residue was re-dissolved in ethyl acetate (20 mL) and was 

washed with water (2 x 20 mL) and brine (1 x 20 mL), before being dried (Na2SO4) and 

concentrated under reduced pressure for purification by flash chromatography using 3:1 

hexanes/ethyl acetate to yield first 11a (0.141g, 0.158 mmol) then 11b (0.096g, 0.108 

mmol) (32.2%): 

 

11a: [α]25
D = +72.8° (c 0.5 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.76 (d, 2H, 

aromatic, J = 7.7Hz), 7.50-7.67 (m, 2H, aromatic), 7.18-7.49 (m, 24H, aromatic), 4.56-

5.00 (m, 6H, -OCH2Ph), 4.30-4.55 (m, 7H, H1, H5, H6a, Proγ, Proα,  -OCH2Ph), 4.15-4.29 

(m, 1H, H6b
trans, H6b

cis), 3.84-3.92 (m, 1H, H4), 3.64-3.83 (m, 4.5H, H2, H3, -

C(O)OCH2CH, -OCH3
trans), 3.45-3.64 (m, 5.5H, Proδ1, Proδ2, -C(O)OCH2CH, -OCH3

cis), 

2.37-2.56 (m, 2H, Proβ1, Proβ2); 13C NMR (75 MHz, CDCl3, 298K) δ = 172.7, 154.5, 

143.9, 143.7, 141.3 (2), 138.5, 137.9, 126.3-130.9 (aromatic), 125.2, 120.1, 98.6, (98.2), 

79.2, 76.8, 76.5, 75.8, 75.3, 74.6, 74.2, 73.8, 73.7, 70.6, 69.3, 68.1, 53.4, 53.1, 48.1, 37.7; 

MS (ES) calc. for C55H55NNaO10 (M + Na)+: 912.37. Found (M + Na)+: 912.89;    

 

11b: [α]25
D = -19.3° (c 0.7 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.78 (d, 2H, 

aromatic, J = 7.6Hz), 7.49-7.63 (m, 2H, aromatic), 7.15-7.44 (m, 24H, aromatic), 4.29-

4.98 (m, 12H, H1, H5, Proγ, Proα, -OCH2Ph), 4.13-4.27 (m, 2H, H6a, H6b), 3.93-4.08 (m, 

3H, H3, H4, Proδ1), 3.87 (dd, 0.5H, Proδ2
trans, J = 2.7Hz, J = 10.2Hz), 3.81 (dd, 0.5H, 

Proδ2
cis, J = 2.7Hz, J = 10.4Hz), 3.68-3.78 (m, 2H, H2, -C(O)OCH2CH), 3.62 (s, 1.5H, -

OCH3
trans), 3.46-3.56 (m, 3.5H, -C(O)OCH2CH, -OCH3

cis), 2.26-2.43 (m, 2H, Proβ1, 
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Proβ2); 13C NMR (75 MHz, CDCl3, 298K) δ = 172.9, 154.9, 144.0, 143.9, 141.3 (2), 

138.5, 138.37, 127.1-130.2 (aromatic), 125.5, 120.3, 103.9, 82.7, 79.9, 76.6, 75.9, 75.1, 

74.2, 74.0, 73.9, 73.6, 69.4, 68.1, 58.3, 52.8, 52.5, 47.8, 37.8; MS (ES) calc. for 

C55H55NNaO10 (M + Na)+: 912.37. Found (M + Na)+: 912.23;   

 

4-O-(2,3,4,6-Tetra-O-benzyl-α,β-D-galactopyranosyl)-N-acetyl-cis-4-hydroxy-L-

proline methyl ester (12a,b) 

The general preparation method was followed for N-terminal acylation of 11a (0.116 g, 

0.129 mmol) using 3:1 DCM:piperidine (6 mL). The reaction mixture was purified by 

flash chromatography using 2:1 ethyl acetate/hexanes to yield 12a as a clear oil (0.070 g, 

0. 247 mmol) (76.1%): 

 

12a: [α]25
D = +37.3° (c 1.0 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.20-7.44 

(m, 20H, aromatic), 4.32-4.98 (m, 10H, H1, Proα, -OCH2Ph), [4.19-4.28, 0.2H, Proγ
cis], 

4.08-4.19 (m, 0.8H, Proγ
trans), 3.28-4.08 (m, 11H, H2, H3, H4, H5, H6a, H6b, Proδ1, Proδ2, -

CO2CH3), [2.46-2.56, m, 0.2H, Proβ1
cis], 2.21-2.40 (m, 1.8H, Proβ1

trans, Proβ2), [2.01, s, 

0.6H, -NCOCH3
cis], 1.88 (s, 2.4H, -NCOCH3

trans); 13C NMR (75 MHz, CDCl3, 298K) δ = 

(171.7), 171.6, (169.9), 169.8, 138.85, 138.76, (138.6), 138.4, (138.1), 137.8, 127.3-128.5 

(aromatic), 99.1, (97.8), 78.6, 77.9, 76.6, (76.2), 75.4, (74.9), (74.8), 74.7, 73.6, (73.37), 

(73.30), 73.24, 73.22, (72.9), 70.5, 70.2, (69.7), (68.6), (58.9), 56.8, 53.5, (52.9), (52.5), 

52.1, (37.6), 35.9, 22.0, (21.5); MS (ES) calc. for C42H47NNaO9 (M + Na)+: 732.31. 

Found (M + Na)+: 732.98;   
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12b: [α]25
D = -12.4° (c 0.7 CHCl3); 1H NMR (300 MHz, CDCl3, 298K) δ = 7.17-7.51 (m, 

20H, aromatic), 4.51-5.01 (m, 7H, Proα, -OCH2Ph), 4.29-4.51 (m, 4H, H1, Proγ, -

OCH2Ph), 3.43-3.95 (m, 11H, H2, H3, H4, H5, H6a, H6b, Proδ1, Proδ2, -CO2CH3), ), [2.70-

2.79, m, 0.33H, Proβ1
cis],  2.33-2.49 (m, 1.67H, Proβ1

trans, Proβ2), [2.03, s, 1H, -

NCOCH3
cis], 1.98 (s, 2H, -NCOCH3

trans); 13C NMR (75 MHz, CDCl3, 298K) δ = (171.5), 

171.4, (170.1), 169.5, 138.8, (138.6), (138.5), 138.4, 138.3, (137.9), 137.8, 127.5-128.6 

(aromatic), 103.3, 82.3, (82.1), (79.3), 79.1, 77.2, (76.1), (75.3), 75.1, (74.6), 74.5, 73.64, 

73.60, (73.55), (73.51), (73.38), 73.2, 73.1, 68.96, 68.92, (59.0), 53.5, (52.9), (52.5), 52.2, 

(38.2), 35.9, 22.2, (22.1); MS (ES) calc. for C42H47NNaO9 (M + Na)+: 732.31. Found (M 

+ Na)+: 732.39;  
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Table 11.1: IR Absorbance Bands (cm-1) for Prolyl Amide Isomers[a]
 

Compound Ester Amide 

1 1731 1612 

2 1729 1611.5 

3 1729 1611.5 

4 1730.5 1612 

5 1729 1611 

6 1726.5 1613 
[a]Determined in D2O at 25 °C. 

 

 

 

Table 11.2: Selected 3J Coupling Constants (Hz) for 1-6 at 25 °C (and 67 °C)[a],[b] 

Compound JHα,Hβ1 JHα,Hβ2 JHβ1,Hγ JHβ2,Hγ Pucker 

1 8.4 (8.3) 8.6 (8.3) 4.4 (4.9) 2.1 (2.6) Cγ-exo 

2 8.3 (7.9) 8.7 (8.3) 4.8 (5.3) 1.4 (2.0) Cγ-exo 

3 8.3 (8.2) 8.5 (8.2) 4.6 (5.6) 1.8 (2.4) Cγ-exo 

4 9.6 (9.4) 2.4 (2.8) 4.6 (4.8) 2.5 (2.8) Cγ-endo 

5 7.8 (9.6) 4.3 (2.8) 4.3 (5.0) 2.8 (2.6) Cγ-endo 

6 9.8 (9.8) 2.5 (2.8) 4.5 (4.7) 2.5 (2.6) Cγ-endo 
 [a]Determined in D2O; [b]These values were calculated with the aid of an iterative 

simulation using the NUMARIT algorithm (A. R. Quirt, J. S. Martin, J. Magn. Reson. 

1971, 5, 318-327). Interactive line assignment was carried out using Spinworks 3.0 

(Copyright © 2009, University of Manitoba, Canada).  
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Table 11.3:  Amide Isomer Equilibrium (Ktrans/cis) of 1-6 at Various Temperatures[a] 

Compound Temperature (ºC)[b] 

 24.8 30.0 37.0 46.0 51.3 56.6 67.3 
        

1 
6.18 

±0.04 
5.97 

±0.03 
5.65  

±0.10 
5.33 

±0.06 
5.14 

±0.05 
4.94 

±0.08 
4.56 

±0.04 
        

2 
5.99 

±0.01 
6.12 

±0.11 
5.58 

±0.12 
5.35 

±0.20 
5.04 

±0.08 
4.92 

±0.05 
4.54 

±0.10 
        

3 5.87 
±0.17 

5.74 
±0.20 

5.18 
±0.05 

4.97 
±0.03 

4.78 
±0.04 

4.82 
±0.08 

4.26 
±0.10 

        

4 
2.40 

±0.03 
2.40 

±0.04 
2.38 

±0.03 
2.41 

±0.04 
2.35 

±0.06 
2.30 

±0.09 
2.25 

±0.13 
        

5 
2.91 

±0.26 
2.77 

±0.22 
2.76 

±0.39 
2.74 

±0.33 
2.58 

±0.22 
2.48 

±0.19 
2.36 

±0.29 
        

6 
2.86 

±0.03 
2.79 

±0.01 
2.75 

±0.02 
2.61 

±0.13 
2.52 

±0.08 
2.48 

±0.09 
2.37 

±0.13 
[a]Carried out in D2O, ±SE determined by integration of two or more sets of 

trans/cis isomers; [b]Calibrated using an ethylene glycol standard. 
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Figure 11.1: Van’t Hoff Plot for the cis-to-trans Isomerization of 1 in D2O 

 

 

Figure 11.2: Van’t Hoff Plot for the cis-to-trans Isomerization of 2 in D2O 
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Figure 11.3: Van’t Hoff Plot for the cis-to-trans Isomerization of 3 in D2O  

 

 

Figure 11.4: Van’t Hoff Plot for the cis-to-trans Isomerization of 4 in D2O 
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Figure 11.5: Van’t Hoff Plot for the cis-to-trans Isomerization of 5 in D2O  

 

 

Figure 11.6: Van’t Hoff Plot for the cis-to-trans Isomerization of 6 in D2O 
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SpinWorks 2.5:   AL 4R unglycosolated, 1-H 500 MHz in D2O at 25 C
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SpinWorks 2.5:   Fmoc-Hyp(gal)-OMe
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SpinWorks 2.5:   Fmoc-Hyp(gal)-OMe isomer 2
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SpinWorks 2.5:   Fmoc-Hyp(gal)-OMe isomer 2
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SpinWorks 2.5:   4R-alpha
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SpinWorks 2.5:   4R-alpha
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SpinWorks 2.5:    4R Beta

PPM   8.0     7.6     7.2     6.8     6.4     6.0     5.6     5.2     4.8     4.4     4.0     3.6     3.2     2.8     2.4     2.0     1.6     1.2    0.8   

   
20

.0
0 

  

   
11

.0
8 

  

   
11

.1
1 

  

   
0.

93
9 

  

   
3.

73
9 

  

   
0.

38
5 

  

   
0.

14
7 

  

   
0.

20
1 

  

file: C:\Users\Neil Owens\Documents\Adrian's work\4a,b\AL-4b\1\fid   expt: <zg30>
transmitter freq.: 300.131853 MHz
time domain size: 65536 points
width:  6172.84 Hz = 20.567092 ppm = 0.094190 Hz/pt
number of scans: 16

freq. of 0 ppm: 300.130006 MHz
processed size: 32768 complex points
LB:    0.000    GB: 0.0000
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SpinWorks 2.5:   Isomer 2
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SpinWorks 2.5:    Isomer 1
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SpinWorks 2.5:   Isomer 1
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SpinWorks 2.5:   beta
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SpinWorks 2.5:   AL 4S ungly, 1-H at 500 MHz in D2O, 25 deg C
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SpinWorks 2.5:   standard 1-H survey parameters, AMX500, D2O
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SpinWorks 2.5:  
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SpinWorks 2.5:      4S Beta

PPM   180.0    170.0    160.0    150.0    140.0    130.0    120.0    110.0    100.0    90.0     80.0     70.0     60.0     50.0     40.0     30.0     20.0     10.0   

 1
75

.0
30

1
 1

74
.6

64
8

 1
74

.3
32

2
 1

73
.7

87
1

 1
02

.2
87

1
 1

02
.0

20
9

  7
8.

3
12

8
  7

7.
0

55
7

  7
5.

5
58

1
  7

5.
5

18
0

  7
2.

9
15

4
  7

1.
1

50
9

  7
1.

0
92

6
  6

8.
8

93
4

  6
1.

3
08

0
  5

9.
8

70
7

  5
8.

0
38

9

  5
4.

1
89

6
  5

3.
7

54
3

  5
3.

4
82

7
  5

2.
9

86
5

  4
9.

2
46

8

  3
7.

6
56

1
  3

5.
9

54
0

  2
1.

6
86

4
  2

1.
5

19
9

file: C:\Users\Neil Owens\Documents\Adrian's work\NMR data\Final Compounds\10a,b\AL-10b-C13\1\fid   expt: <zgpg30>
transmitter freq.: 75.476020 MHz
time domain size: 65536 points
width: 18832.39 Hz = 249.514902 ppm = 0.287359 Hz/pt
number of scans: 1384

freq. of 0 ppm: 75.467719 MHz
processed size: 32768 complex points
LB:    0.000    GB: 0.0000

 

 

 

N

O

OMe

O

OHHO

HO

OH
O

O

6

N

O

OMe

O

OHHO

HO

OH
O

O

6



 

456 

A one-dimensional GOESY experiment at 340.4 K in D2O irradiating H1
trans (5.07 ppm, 

0.8H) in 2 showed inter-proton effect to Proγ
trans (4.57 ppm, 0.8H) (2.6%), H2

trans (3.83 

ppm, 0.8H) (5.2%), and Proβ1
trans (2.58 ppm, 0.8H) (0.6%). Inversion exchange to H1

cis 

(5.02 ppm, 0.2H) resulted in inter-proton effect to Proγ
cis (4.51 ppm, 0.2H) (3.2%) 

relative to to H1
cis. 

 

SpinWorks 2.5:   Selective gradient selected NOE (GOESY), CDCl3
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating Proβ1
trans (2.58 

ppm, 0.8H) in 2 showed inter-proton effect to H1
trans (5.07 ppm, 0.8H) (0.7%), Proα

trans/ 

Proγ
trans (4.54-4.61 ppm, 1.6H) (3.1%), H5

trans (3.98-4.01 ppm, 0.8H) (1.2%), H3
trans 

(3.93-3.98 ppm, 0.8H) (0.9%), and Proβ2
trans (2.23 ppm, 0.8H) (10.8%). Inversion 

exchange to Proβ1
cis (2.68 ppm, 0.2H) resulted in inter-proton effect to Proα

cis (4.83 ppm, 

0.2H) (0.4%) and Proβ2
cis (2.44 ppm, 0.2H) (1.9%) relative to to Proβ1

cis. 
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating -NCOCH3
trans 

(2.13 ppm, 2.4H) in 2 showed inter-proton effects to Proδ1
trans/ Proδ2

trans (3.84 ppm, 1.6H) 

(2.4%). 
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating Proγ
trans (4.69 ppm, 

0.8H) in 3 showed inter-proton effect to H1
trans (4.49 ppm, 0.8H) (2.5%), Proδ1

trans/ 

Proδ2
trans (3.89 ppm, 1.6H) (2.7%), Proβ1

trans (2.55 ppm, 0.8H) (0.6%), Proβ2
trans (2.21 

ppm, 0.8H) (2.2%). 

 

SpinWorks 2.5:   Selective gradient selected NOE (GOESY), CDCl3
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating H2
cis,trans (3.52 

ppm, 1H) in 3 showed inter-proton effect to H1
trans (4.49 ppm, 0.8H) (0.5%), H4

trans  (3.96 

ppm, 0.8H) (0.2%), and the H3
cis,trans/H5

cis,trans peak (3.69 ppm, 2H) (2.7%). 

 

SpinWorks 2.5:  

PPM   6.0     5.6     5.2     4.8     4.4     4.0     3.6     3.2     2.8     2.4     2.0     1.6     1.2    0.8   

   
1.

00
0 

  

 0
.0

62
3 

  

-0
.0

05
0 

  

file: C:\NMR Data\no-4RbetaNOE\9\fid   expt: <selnogs.km>
transmitter freq.: 500.138612 MHz
time domain size: 32768 points
width:  8064.52 Hz = 16.124562 ppm = 0.246110 Hz/pt
number of scans: 256

freq. of 0 ppm: 500.136858 MHz
processed size: 16384 complex points
LB:    0.000    GB: 0.0000

 

 

 

 

 

 

 

 

N

O

O

OH

OH

HO
HO

H3

H4

H1

Hγ

Hα
O

MeO

Hβ1

Hβ2
O

H2

Hδ1 Hδ2

0.5%

0.2%

2.7%



 

461 

A one-dimensional GOESY experiment at 340.4 K in D2O irradiating Proβ1
trans (2.55 

ppm, 0.8H) in 3 showed inter-proton effect to Proγ
trans (4.69 ppm, 0.8H) (0.8%), Proα

trans 

(4.54 ppm, 0.8H) (2.1%), H1
trans (4.49 ppm, 0.8H) (1.5%), and Proβ2

trans (2.21 ppm, 0.8H) 

(10.9%). Inversion exchange to Proβ1
cis (2.64 ppm, 0.2H) resulted in inter-proton effect to 

Proβ2
cis (2.41 ppm, 0.2H) (1.5%) relative to to Proβ1

cis. 
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating H1
trans/ H1

cis (5.04 

ppm, 0.75H) in 5 showed inter-proton effect to Proγ
trans (4.51 ppm, 0.75H) (1.9%), Proγ

cis 

(4.48 ppm, 0.25H) (0.8%), H2
trans (3.79 ppm, 0.75H) (2.8%), and Proβ2

trans (2.41 ppm, 

0.75H) (0.9%).  

 

SpinWorks 2.5:   Selective gradient selected NOE (GOESY), CDCl3
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating Proα
trans (4.66 ppm, 

0.75H) in 5 showed inter-proton effect to Proβ1
trans (2.48 ppm, 0.75H) (2.1%) and 

Proβ2
trans (2.41 ppm, 0.75H) (1.2%). 
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating Proγ
trans (4.51 ppm, 

0.75H) in 5 showed inter-proton effect to H1
trans (5.04 ppm, 0.75H) (3.7%), Proδ1

trans/ 

Proδ2
trans (3.88 ppm, 1.5H) (3.5%), Proβ1

trans (2.48 ppm, 0.75H) (2.9%), and Proβ2
trans 

(2.41 ppm, 0.75H) (1.4%). 
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating the Proβ1
trans/ 

Proβ2
trans peaks (2.41-2.48 ppm, 1.5H) in 5 showed inter-proton effect to H1

trans (5.04 

ppm, 0.75H) (0.7%), Proα
trans (4.66 ppm, 0.75H) (2.2%), Proγ

trans (4.50 ppm, 0.75H) 

(2.7%), and Proδ1
trans/ Proδ2

trans (3.88 ppm, 1.5H) (0.8%). 
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating –NCOCH3
trans 

(2.13 ppm, 2.25H) in 5 showed inter-proton effect to Proδ1
trans/ Proδ2

trans (3.88 ppm, 1.5H) 

(1.5%). 
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating the Proα
cis (5.09 

ppm, 0.3H) in 6 showed inter-proton effect to Proβ1
cis/ Proβ2

cis (2.87 ppm, 0.6H) (3.1%) 

and –NCOCH3
cis (2.34 ppm, 0.9H) (2.0%). Inversion exchange to Proα

trans (4.93 ppm, 

0.7H) resulted in inter-proton effect to Proβ2
trans (2.71 ppm, 0.7H) (0.5%) and -

NCOCH3
trans (2.43 ppm, 2.1H) (0.5%). 
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating H1
trans/ H1

cis (4.74 

ppm, 1H) in 6 showed inter-proton effect to Proγ
trans (4.95 ppm, 0.7H) (1.5%), Proγ

cis 

(4.89 ppm, 0.3H) (0.5%), H5
trans/ H5

cis (4.08 ppm, 1H) (1.1%), H3
trans/ H3

trans (3.88-4.00 

ppm, 1H) (5.5%), H2
trans/ H2

cis (3.68-3.78 ppm, 1H) (0.7%), and Proβ2
trans (2.71 ppm, 

0.7H) (0.2%). 
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating Proβ2
trans (2.71 

ppm, 0.7H) in 6 showed inter-proton effect to Proα
trans (4.93 ppm, 0.7H) (2.1%), H1

trans 

(4.72 ppm, 0.7H) (0.4%), Proδ2
trans (4.09 ppm, 0.7H) (0.5%), and Proβ1

trans (2.87 ppm, 

0.7H) (4.2%). Inversion exchange to Proβ2
cis (2.93 ppm, 0.3H) resulted in inter-proton 

effect to Proα
cis (5.09 ppm, 0.3H) (0.2%). 
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A one-dimensional GOESY experiment at 340.4 K in D2O irradiating –NCOCH3
trans 

(2.43 ppm, 2.1H) in 6 showed inter-proton effect to Proδ1
trans (4.17 ppm, 0.7H) (0.5%) 

and Proδ2
trans (4.09 ppm, 0.7H) (0.6%). 
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Magnetization Transfer NMR Experiments 

Samples of 1-6 were prepared by dissolving compounds in D2O at concentrations 

between 0.05 M and 0.1 M. All experiments were performed on a Bruker AMX500 NMR 

spectrometer equipped with a triple resonance (1H, 13C, 15N) gradient inverse probehead. 

Selective inversion of the N′-methylamide singlet of the trans isomer was done 

using an 80 msec pulse centered on resonance.  Relaxation delays of 20 s and inversion 

recovery delays between 1 ms and 15 s were used. Experiments were performed at 

340.44 K for each compound. The temperature was calibrated using an ethylene glycol 

standard. For each compound, inversion-recovery data were collected with selective 

inversion of the 1H N′-methylamide singlet of the major trans peak. 1H NMR 

spectroscopy was used in preference to 13C NMR since over the course of an experiment, 

the signal/noise ratio is much higher for 1H than 13C, and heating effects caused by 

decoupling for 13C causes uncertainty in the temperature of the sample.  

The time-dependent magnetization transfers of the cis (Mc(t)) and trans (Mt(t)) 

NMR signals as a function of the inversion transfer time (t) were simultaneously fit to 

equations 1 and 2 (Alger and Prestegard, 1977; Mariappan and Rabenstein, 1992) below 

for compounds 1-6 using Mathematica (v. 5.0). In the following pulse sequence, the 1H 

trans resonance is selectively inverted using a shaped pulse. Its recovery during t is 

determined by its intrinsic T1t, magnetization transfer to and from the cis resonance, and 

the T1c of the cis resonance: 

 

π(x)sel----------t----------π/2(x,y.-x.-y)---acquire 
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The resonances of the trans and cis isomers show the following time dependences: 

                 

Mt(t) = (c1)(τt)(λ1+1/τ1c)exp(λ1*t) + (c2)( τ2)( λ2+1/τ1c)exp(λ2*t) + Mc∞----------- 1 

  

Mt(t) = (c1)exp(λ1*t) + (c2)exp(λ2*t) + Mt∞----------- 2 

                              

T1c and T1t are the longitudinal relaxation times of the resonances in the absence of 

exchange. 

 

τc and τt are the lifetimes of the cis and trans conformers and kct and ktc are the 

corresponding rate constants. 

 

τ1c and τ1t are the effective relaxation times of the cis and trans resonances when 

relaxation and exchange are both occurring and are defined below in terms of T1c and τc, 

T1t and τt. 

 

λ1 and λ2 are related to the time constants τc, τt, τ1c, and τ1t, and are defined below. 

 

c1 and c2 are defined below. 

 

Mc∞ and Mt∞ are determined experimentally from the magnetization measured after 5 T1 

periods for the cis and trans resonances, respectively. 
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Mathematica then calculates τt from τc, Mc∞, and Mt∞ as: τt = τc * Mt∞/Mc∞ 

Thus,  

 

kct = 1/τc 

 

ktc = 1/τt 

 

Keq = Mt∞/Mc∞ 

 

τ1c = (T1c * τc)/( τc + T1c) 

 

τ1t = (T1t * τt)/( τt + T1t) 

 

λ1 = (0.5)*(-((1/τ1c)+(1/τ1t))+(((((1/τ1c)+(1/τ1t))1/2)-(4)*(((1/τ1c)*(1/τ1t))-

((1/τc)*(1/τt)))))1/2) 

 

λ2 = (0.5)*(-((1/τ1c)+(1/τ1t))-(((((1/τ1c)+(1/τ1t))2)-(4)*((((1/τ1c))*((1/τ1t)))-

((1/τc)*(1/τt)))))1/2) 

 

c2 = ((1/(τt))*(λ1-λ2))*((τt*(λ1+(1/τ1c))*((M0c-Mc∞)+(Mt∞-M0t))) 

 

c1 = M0c-Mc∞-c2 
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Figure 11.7: Inversion recovery of non-inverted (cis) N-amide singlet (A) and inverted 

(trans) N-amide singlet (B) of 1 at 67.3 ºC in 0.1M phosphate buffer pH = 7.2 

 A 

 B
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Figure 11.8: Inversion recovery of non-inverted (cis) N-amide singlet (A) and inverted 

(trans) N-amide singlet (B) of 2 at 67.3 ºC in 0.1M phosphate buffer pH = 7.2 

A 

 

 B 
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Figure 11.9: Inversion recovery of non-inverted (cis) N-amide singlet (A) and inverted 

(trans) N-amide singlet (B) of 3 at 67.3 ºC in 0.1M phosphate buffer pH = 7.2 

 A 

 

 B 



 

477 

Figure 11.10: Inversion recovery of non-inverted (cis) N-amide singlet (A) and inverted 

(trans) N-amide singlet (B) of 4 at 67.3 ºC in 0.1M phosphate buffer pH = 7.2 

 A 

 

 B 
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Figure 11.11: Inversion recovery of non-inverted (cis) N-amide singlet (A) and inverted 

(trans) N-amide singlet (B) of 5 at 67.3 ºC in 0.1M phosphate buffer pH = 7.2 

 A 

 

 B 
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Figure 11.12: Inversion recovery of non-inverted (cis) N-amide singlet (A) and inverted 

(trans) N-amide singlet (B) of 6 at 67.3 ºC in 0.1M phosphate buffer pH = 7.2 

 A 

 B 
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Chapter 12: The Effects of Glycosylation of (2S,4R)-4-Hydroxyproline 

on the Stability of Collagen Model Peptides 

 

Supporting Information For Chapter 6 
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Figure 12.1: MALDI spectrum of 1 

 

MALDI: Calc. for C86H125N22O29: 1929.8983 (M+H)+. Found (M+H)+: 1929.8962. 

 

Figure 12.2: Analytical chromatogram of 1 

 

Conditions: 0 to 40% MeCN in H2O over 30 min, at a flow rate of 1 mL⋅min-1. 
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Figure 12.3: MALDI spectrum of 2 

 

MALDI: Calc. for C128H195N22O64: 3064.2681 (M+H)+. Found (M+H)+: 3064.2949. 

 

Figure 12.4: Analytical chromatogram of 2 

 

Conditions: 0 to 40% MeCN in H2O over 30 min, at a flow rate of 1 mL⋅min-1. 
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Figure 12.5: MALDI spectrum of 3 

 

MALDI: Calc. for C128H194N22NaO64: 3086.2500 (M+Na)+. Found (M+Na)+: 3086.3054.  

 

Figure 12.6: Analytical chromatogram of 3 

 

Conditions: 0 to 40% ACN in H2O over 30 min, at a flow rate of 1 mL⋅min-1. 
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Table 13.1: Ellipticity (millidegrees) at 225 nm as a function of temperature for 1-3[a] 

Temperature 

(±1 °C) 

Compound 

1 2 3 

5 26.98 ± 0.05 26.63 ± 0.12 30.50 ± 0.06 

10 26.69 ± 0.05 25.60 ± 0.22 29.30 ± 0.08 

15 26.48 ± 0.19 23.75 ± 0.04 28.38 ± 0.13 

20 25.70 ± 0.11 22.23 ± 0.05 26.75 ± 0.34 

25 24.69 ± 0.04 20.19 ± 0.14 25.41 ± 0.28 

30 22.78 ± 0.25 18.53 ± 0.25 24.20 ± 0.17 

35 20.64 ± 0.16 17.01 ± 0.21 21.68 ± 0.04 

40 16.07 ± 0.09 14.78 ± 0.12 16.92 ± 0.25 

45 12.00 ± 0.10 8.86 ± 0.09 11.79 ± 0.14 

50 7.96 ± 0.11 5.19 ± 0.17 9.36 ± 0.23 

55 6.64 ± 0.18 4.08 ± 0.10 8.15 ± 0.21 

60 5.86 ± 0.20 3.21 ± 0.05 6.75 ± 0.12 

65 5.30 ± 0.05 2.09 ± 0.02 4.90 ± 0.03 

70 5.07 ± 0.14 1.14 ± 0.06 3.78 ± 0.10 

25[b] 22.47 ± 0.14 17.25 ± 0.36 23.11 ± 0.15 

[a]±Standard error from two or more measurements; [b]Post 

thermal melt experiment after 30 minutes. 
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Figure 12.7: Melting curve of 1 monitored at 225 nm from 5 to 70 °C in water 

 

Tm calculated to be 41.9 °C as described in section 6.6. 

 

Figure 12.8: Melting curve of 2 monitored at 225 nm from 15 to 70 °C in water 

 

Tm calculated to be 44.1 °C as described in section 6.6. 
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Figure 12.9: Melting curve of 3 monitored at 225 nm from 10 to 70 °C in water 

 

Tm calculated to be 39.9 °C as described in section 6.6. 

 

Figure 12.10: Comparison of Melting Curves of 1-3 in water 
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Figure 12.11: CD Curve of 1 in Water at 25 °C 

 

 

Figure 12.12: CD Curve of 2 in Water at 25 °C 
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Figure 12.13: CD Curve of 3 in Water at 25 °C  

 

 

Figure 12.14: Comparison of CD Curves of 1-3 in Water at 25 °C 
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SpinWorks 2.5:   standard 1-H survey parameters, AMX500, CDCl3
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SpinWorks 2.5:   standard 1-H survey parameters, AMX500, CDCl3
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SpinWorks 2.5:   PROTON MeOH u schweiz 1
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SpinWorks 2.5:  AMX 500 proton survey parameters, CD3OD
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SpinWorks 2.5:   PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:   PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:   PROTON CDCl3 u schweiz 1
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SpinWorks 2.5:  AMX 500 proton survey parameters, CD3OD
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Chapter 13: Contiguous O-Galactosylation of 4R-Hydroxy-L-Proline 

Residues Forms Hyper-Stable Polyproline II Helices 
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Figure 13.1: Electrospray Ionization Mass Spectrum of 1 

 

MS (ES) calc. for C47H68N10NaO10 (M + Na)+: 955.50.  Found (M + Na)+: 955.47. 

 

 

Figure 13.2: Analytical chromatogram of 1 monitored at 210 nm 

 

Eluted using 0 to 10% MeCN in H2O over 30 min, at a flow rate of 1 mL⋅min-1. 
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Figure 13.3: Electrospray Ionization Mass Spectrum of 2 

 

MS (ES) calc. for C47H69N10O19 (M + H)+: 1077.47.  Found (M + H)+: 1077.60. 

 

 

Figure 13.4: Analytical chromatogram of 2 monitored at 210 nm 

 

Eluted using 0 to 10% MeCN in H2O over 30 min, at a flow rate of 1 mL⋅min-1. 
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Figure 13.5: MALDI spectrum of 3 

 

MS (MALDI) calc. for C101H158N10NaO64 (M + Na)+: 2557.93.  Found (M + H)+: 

2557.89. 

 

Figure 13.6: Analytical chromatogram of 3 monitored at 210 nm 

 

Eluted using 0 to 10% MeCN in H2O over 30 min, at a flow rate of 1 mL⋅min-1. 
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Figure 13.7: CD curve of 1 in water at 25 °C at a concentration of 0.4 mM 

 

 

 

Figure 13.8: CD curve of 2 in water at 25 °C at a concentration of 0.4 mM 
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Figure 13.9: CD curve of 3 in water at 25 °C at a concentration of 0.4 mM 
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Table 13.1: Ellipticity (millidegrees) at 225 nm as a function of temperature for 1-3[a] 

Temperature 

(±1 °C) 

Compound 

1 2 3 

5 7.79 ± 0.25 38.69 ± 0.42 11.57 ± 0.26 

10 7.52 ± 0.12 37.99 ± 0.33 11.49 ± 0.18 

15 7.19 ± 0.13 37.46 ± 0.27 11.36 ± 0.14 

20 6.88 ± 0.03 36.70 ± 0.41 11.31 ± 0.24 

25 5.87 ± 0.04 35.52 ± 0.14 11.18 ± 0.19 

30 4.93 ± 0.22 34.67 ± 0.25 11.04 ± 0.16 

35 4.67 ± 0.13 33.23 ± 0.21 10.87 ± 0.04 

40 4.58 ± 0.19 30.14 ± 0.32 10.78 ± 0.15 

45 4.31 ± 0.10 26.91 ± 0.29 10.59 ± 0.24 

50 4.18 ± 0.11 25.84 ± 0.17 10.25 ± 0.23 

55 4.07 ± 0.23 24.95 ± 0.16 10.06 ± 0.21 

60 4.00 ± 0.21 24.31 ± 0.25 9.82 ± 0.12 

65 3.77 ± 0.05 23.92 ± 0.12 9.67 ± 0.15 

70 3.73 ± 0.09 23.14 ± 0.22 9.35 ± 0.09 

75 3.67 ± 0.05 22.69 ± 0.27 8.44 ± 0.08 

80 3.60 ± 0.04 22.01 ± 0.30 8.02 ± 0.13 

85 3.53 ± 0.05 21.75 ± 0.22 7.93 ± 0.05 

90 3.47 ± 0.11 21.50 ± 0.15 7.84 ± 0.10 

25[b] 4.77 ± 0.22 29.90 ± 0.35 9.48 ± 0.10 

[a]±Standard error from two or more measurements; [b]Post 

thermal melt experiment after 30 minutes. 
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Figure 13.10: Thermal melting curve of 1 in H2O from 5 to 90 °C 

 

Tm calculated to be 25.4 °C as described in section 7.6. 

 

 

Figure 13.11: Thermal Melting curve of 2 in H2O from 20 to 90 °C 

 

Tm calculated to be 42.7 °C as described in section 7.6. 
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Figure 13.12: Thermal Melting curve of 3 in H2O from 50 to 90 °C 

 

Tm calculated to be 74.6 °C as described in section 7.6. 
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