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Abstract 

Advanced Glycation Endproducts (AGEs) are a family of modified amino acids that form 

when proteins react with sugars and sugar degradation products. AGEs are commonly found in 

processed food as well as in human organs, where they accumulate in tissue proteins, such as 

collagen, during the normal process of ageing. AGE accumulation dramatically accelerates with 

the onset of diabetes mellitus and the associated hyperglycaemia, a condition in which levels of 

sugars and sugar degradation product are above those considered healthy. Relative quantities of 

AGEs in different organs correlate with the pathophysiologic changes in these organs that occur 

with both advanced age and long-term hyperglycaemia. Emerging evidence indicates that AGE 

levels not only correlate with organ damage but may also play a causative role in such damage. 

Increased chelation of copper ions appears to play an important role in this process. However, 

the precise impact of AGE formation and accumulation on the biochemical properties of the host 

proteins is yet to be determined. Given their possible role in the detrimental outcomes of ageing 

(discussed in Chapter 1), in-depth studies of the AGE biochemistry are necessary. 

The overall aim of this work was to enable such in-depth studies of the AGE biochemistry by 

providing access to synthetic peptides that can be site-specifically modified by particular AGEs. 

Five prominent lysyl AGEs, N
ε
-carboxymethyllysine (CML), N

ε
-carboxyethyllysine (CEL), 

pyrraline, glyoxal lysine dimer (GOLD), and methylglyoxal lysine dimer (MOLD), were selected as 

targets.  

Synthesis of AGE building blocks, suitably protected for peptide incorporation, is discussed in 

Chapter 2. Efficient synthetic strategies were developed to provide access to all five AGE building 

blocks N
α
-protected by 9-Fluorenylmethoxycarbonyl (Fmoc) group. Synthesis of Fmoc-CML and 

Fmoc-CEL was accomplished using a facile and practical approach that involved the Fukuyama 

amino alkylation methodology. Fmoc-pyrraline was synthesised using an efficient pyrrole 

introduction protocol. Cross-linked building blocks, Fmoc2GOLD and Fmoc2MOLD, were 

prepared in the Debus-type amino-cyclisation procedure. 

Incorporation of the AGE building blocks into peptides is discussed in Chapter 2. Collagen, 

since it is a major target of glycation, was used as a source of synthetic peptides. By use of solid 

phase peptide synthesis, peptides mimicking the quaternary structures of collagen were prepared 

with and without AGEs. Incorporation of the CML, CEL, and pyrraline building blocks into 

collagen model peptides and collagen telopeptides was successfully carried out using Fmoc solid 

phase peptide synthesis protocol. A straightforward and cost-effective synthetic procedure to 

access CML-containing peptides via on-resin N-alkylation of lysyl amines has also been 

developed. Importantly, conditions for efficient incorporation of the lysyl AGE cross-links, GOLD 
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and MOLD, have been successfully developed and employed in the first syntheses of cross-

linked collagen model peptides and collagen telopeptides. 

Access to site-specifically glycated peptides has enabled us to probe the biochemical 

properties of glycated peptides (discussed in Chapter 4). Circular dichroism revealed that the 

introduction of monolysyl AGEs did not hamper the formation of triple helices by collagen model 

peptides. However, introduction of cross-linking AGEs effectively prevented the collagen model 

peptides from forming the triple helical structure. Studies of proteolytic digestion using trypsin 

have revealed the dramatic effect that introduction of lysyl AGEs had on the relative enzymatic 

digestion rates of the host peptides. These AGEs effectively prevented trypsin from digesting the 

host telopeptides. Our potentiometric study of copper binding by collagen telopeptides with and 

without CML has shown that introduction of CML dramatically increased the host peptides 

capacity to bind copper. Mass spectrometric analysis effectively confirmed the results of 

potentiometric measurements and provided the first direct evidence of increased copper binding 

by an AGE-modified peptide. 
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1.1 Diabetes mellitus and hyperglycaemia 

In 2013, there were 347 million people worldwide who had been diagnosed with diabetes 

mellitus,
1
 a figure that was originally projected to be reached by 2030.

2
 Diabetes mellitus is a 

leading cause of death in both developing and developed countries.
3
 The disease and related 

complications are overviewed in this section paving the way towards the underlying molecular 

mechanisms.  

1.1.1 Overview of diabetes mellitus 

Diabetes mellitus is believed to be caused by absolute or relative deficiency of insulin, which 

is key for healthy carbohydrate metabolism. Diabetes mellitus is diagnosed by persistent elevated 

blood glucose levels, a condition known as hyperglycaemia. There are four main types of 

diabetes.
4
 Insulin-dependent or type 1 diabetes mellitus is caused by the autoimmune destruction 

of pancreatic β-cells that produce insulin, which leads to severely elevated levels of blood 

glucose. Such severe hyperglycaemia uniformly leads to fatal ketoacidosis and therefore patients 

with type 1 diabetes require lifelong administration of insulin. 

The most prevalent type of diabetes worldwide is type 2 diabetes mellitus (T2D), which 

accounts for 90-95% of all cases in the US and 85-90% in Europe.
5
 In New Zealand the overall 

prevalence of diabetes is 7% while prevalence of pre-diabetes is 25.5%.
6
 The high prevalence of 

pre-diabetes indicates the number of diabetic patients will continue to increase.  

In early stages of T2D the human body produces normal amounts of insulin. However, the 

peripheral tissues such as skeletal muscle, liver or adipose become resistant towards uptake of 

glucose even when stimulated by insulin. It is believed that such insulin resistance then leads to 

persistent hyperglycaemia. While obesity is a significant factor in the development of insulin 

resistance, the precise cause of it is yet to be determined.
7
 

If not controlled, diabetes mellitus and the associated long-term hyperglycaemia can lead to 

long-term irreversible changes in blood vessels (diabetic vasculopathy), kidney (nephropathy), 

nervous (neuropathy), and vision systems (retinopathy).  

1.1.2 Consequences of long-term hyperglycaemia 

A myriad of adverse consequences have been attributed to both short- and long-term 

hyperglycaemia. The WHO currently estimates that 50% of diabetic patients will die of 

cardiovascular disease, while 10-20% will face kidney failure. The risk of stroke is 2 to 4 times 

higher in patients with diabetes.
8
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Diabetic vasculopathy is a widespread complication that affects macrovascular and 

microvascular beds. Macrovascular diabetic dysfunction predominantly refers to heart and 

cerebrovascular diseases, which occur in blood vessels of the heart and brain, respectively. In 

atherosclerosis, or stiffening and thickening of arterial walls, fibrous plaques grow over time, 

causing stiffening of the arteries, reducing the lumen through which blood flows (Figure 1.1).
9–11

 

Such plaques can be stable and remain dormant or become unstable and rupture, which may 

lead to heart attack or stroke. Atherosclerotic heart disease is the main cause of heart failure in 

diabetic patients.
12

 The ability of the organism to generate a collateral network of blood vessels is 

important against atherosclerosis and vascular occlusive disease. This ability determines the 

severity of blood supply restriction in tissues.
13

 Such generation of new collateral vessels is 

significantly reduced in diabetic patients with coronary or peripheral artery disease.
14

 

 

Figure 1.1 Micrograph of a coronary artery with atherosclerosis. Masson’s trichrome.
15

 

Kidneys, eyes, heart, and periphery are affected by diabetic vasculopathy at the level 

arterioles and capillaries. Diabetes is the most common cause of both end-stage renal disease
16

 

and adult onset blindness.
17

 Diabetic nephropathy is caused by renal capillary stiffening and 

fibrosis in various parts of the kidney.
18

 Diabetic retinopathy occurs because of increased 

vascular permeability and angiogenesis,
17

 where excess swollen blood vessels bleed in the eye. 

This excess fluid causes blurry vision and if untreated will eventually destroy the retina.
19

 In 

diabetic neuropathy axon myelination in the peripheral nervous system is caused by increased 
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inflammation and decreased angiogenesis.
20

 Diabetic cardiomyopathy is defined by left 

ventricular dysfunction in the absence of atherosclerotic heart disease, which also appears to 

involve capillary stiffening and fibrosis. The symptoms of diabetic cardiomyopathy can be seen in 

other forms of heart disease.
3,12,21

 

1.1.3 Molecular mechanisms underlying diabetic complications 

Onset of T2D can be delayed or even prevented by regular healthy diet, exercise, and 

abstinence from smoking.
22,23

 Clinical trials have also shown that intensive glucose control in 

diabetic patients can reduce the risk of microvascular complications.
16,17

 Such intensive glucose 

control over 10 years significantly reduced the majority of diabetic complications. This evidence 

suggests that the diet and lifestyle choices are crucial in the development of T2D and related 

complications (Figure 1.2). 

 

Figure 1.2 

The precise causes of T2D are yet to be determined
7
 but it is believed that in people with 

obesity, the persistently raised blood level of free fatty acids derived from the adipose tissue may 

reduce glucose utilisation by other tissues such as muscle. This can result in hyperglycaemia and 

a secondary rise in insulin.
24

 

Since it is possible to reduce the risk of T2D with regular healthy diet and physical exercise 

and lower the risk of diabetic complications by intensive blood glucose control, it is conceivable 

that hyperglycaemia itself plays a central role in pathogeneses of both diabetes and diabetic 

complications.  

As early as 1912 it was reported that upon prolonged incubation, glucose is capable of 

spontaneously reacting with proteins and amino acids, in a process currently referred to as 

glycation. Evidence gathered over the last 20 years shows that this process not only happens in 

vivo, but may also cause the detrimental outcomes of T2D and advanced age. An overview of 

glycation is given in the following sections. 
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1.2 Advanced glycation endproducts 

This section outlines the current understanding of the glycation process and the pathways by 

which the long-term products of glycation, advanced glycation endproducts, form. 

1.2.1 Irreversible non-enzymatic glycation 

Originally the term glycation referred to all reactions where a saccharide residue attached 

onto a protein or a peptide.
25

  However, saccharide modification of proteins by enzymes was later 

termed glycosylation,
26

 which led to selective use of the term glycation for non-enzymatic 

modification of proteins. The most well-known non-enzymatically glycated protein, hemoglobin, in 

earlier literature has been referred to as glycosylated hemoglobin, non-enzymatic glycosylated 

hemoglobin, glycohemoglobin, and other variants. 

Glycation was first described in 1912 by French professor Louis Camille Maillard, who 

investigated the reaction between glucose and glycine at various temperatures and showed that 

the brown pigmented product formed irreversibly.
27

 Since then, such non-enzymatic 

transformation of the amino acids and proteins by saccharides is sometimes, especially in food 

chemistry, referred to as the Maillard reaction.  

Initially, findings concerning glycation were the domain of food chemists, who studied the 

development of flavour in amino acid-reducing sugar model systems. It has been shown that 

factors such as time, temperature and pH of glycating proteins in food preparation have great 

effects on flavour and texture of food.
28

 In the last 20 years however glycation has been 

increasingly relevant in the biomedical sciences, such as nutrition, health, and biochemistry 

because it was shown to affect various tissues and organs in vivo.  

In glycation, proteins undergo non-enzymatic attachment of sugars or sugar degradation 

products. A broad range of non-enzymatic, sequential and parallel reactions occur between 

carbohydrates and the side-chain groups/N-termini of proteins during glycation. The resulting 

modifications of proteins have been investigated both in production of food and in general 

process of mammalian ageing.
29

 The long-term products of this process are collectively known as 

advanced glycation endproducts (AGEs).  

Overall, an increasing body of evidence shows that the tissue accumulation of AGEs is 

continuous throughout the lifetime of a person. This accumulation is implicated in the 

pathogenesis of an array of chronic, age-related conditions, such as renal failure, cardiovascular, 

and Alzheimer’s diseases.
30

 The rate of AGE accumulation is significantly increased with the 

onset of diabetes mellitus and chronic hyperglycaemia with subsequent acceleration of tissue 

and organ damage. However, it is not yet clear if AGEs directly cause these detrimental 
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outcomes or are indicators of other underlying processes. An in-depth understanding of the AGE 

chemistry is necessary to answer this question and enabling such understanding is the overall 

aim of this work. 

1.2.2 Diversity of AGEs 

The term, AGE, was introduced by Cerami et al. to describe the brown, fluorescent, and 

cross-linking compounds that accumulate in proteins with age.
31

 Later evidence showed that 

AGEs can form both in early and late stages of glycation.
30

 The initial understanding of their 

chemical structures came from in vitro model studies via incubation of proteins in concentrated 

glucose solutions. The precise chemical nature of the products and their impact in vivo is still 

poorly understood and the majority of clinical data have been generated by the measurement of 

the characteristic secondary effects of glycation, such as protein-linked fluorescence.
32

 

It is known that AGEs are a diverse family of molecules and more than a dozen AGEs have 

been detected in tissue proteins.
33

 Their structures range from simple alkylation products, e.g. 

carboxymethyl lysine 1.1, to more complicated heterocycles, e.g. pyrraline 1.2, to fluorescent and 

cross-linking compounds, e.g. glyoxal lysine dimer 1.3 (Figure 1.3).  

 

 

Figure 1.3 Examples of AGEs 
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1.2.3 Formation of AGEs 

The rate and the precise mechanisms by which AGEs form in vivo are yet to be determined.
34

 

The formation of AGEs in vivo was originally thought to be a slow and gradual process, taking 

months or years. AGE formation in vitro however can take place within days.
35,36

 The 

mechanisms by which AGEs are known to form in vitro are outlined in this section. 

1.2.3.1 Early stages of glycation 

The progress of the Maillard reaction is a multifaceted combination of reactions. The first step 

generally entails a nucleophilic attack by a primary amino group of the protein 1.4 on the 

aldehyde group of the reducing sugar 1.5 in its open-chain form (Scheme 1.1). This forms a 

Schiff base 1.6, which then spontaneously rearranges itself into an Amadori product, such as 

fructosyllysine 1.7. The entire transformation from free amino acid to Amadori product is 

reversible. Such non-enzymatic glycation leading to Amadori products occurs in many proteins 

throughout the organism. Therefore, it is not obvious if this process is directly related to diabetic 

complications. In healthy individuals 4-8% of hemoglobin is present as an Amadori product.
24

 In 

diabetes, 1.7 concentrations increase in skin collagen,
38

 lens crystallins,
39,40

 human serum 

albumin,
39

 red blood cells, and muscle tissue.
41

 However, improved glycemic control decreases 

levels of 1.7,
42

 indicating once again that the process is reversible. If the glucose levels are not 

managed, however, Amadori products can rearrange and decompose irreversibly. 

 

Scheme 1.1 The early stage of the Maillard reaction. 

The next stage of the reaction can progress in a number of ways, each of which results in the 

formation of reactive carbonyl species (RCS). The RCS can form via non-oxidative 

decomposition of 1.7 in the Hodge
43

 pathway and they can also form through oxidation catalysed 

by transition group metals such as copper or iron. Hayashi and Namiki have proposed that such 
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oxidation can happen to Schiff bases;
44

 Wolff showed that the reducing sugar itself can undergo 

oxidation.
45

 Food, especially in the Western diet, also appears to be a major source of RCS.
46

 

 

Figure 1.4: Examples of reactive carbonyl species produced during glycation 

RCS include a large number of biological compounds with one or more carbonyl groups. The 

major reactive carbonyls formed in the second stage of the Maillard reaction are glyoxal 1.8 and 

methylglyoxal 1.9 (Figure 1.4).
45,47

 These reactive carbonyls are hazardous because they can 

irreversibly modify proteins to form AGEs.  

1.2.3.2 Late stages of glycation: AGEs 

AGEs, in contrast to Amadori products and Schiff bases, form irreversibly and have been 

shown to accumulate in long-lived proteins. Glyoxal 1.8 is one of reactive dialdehydes that reacts 

with amino acids to form AGEs. N
ε
-(carboxymethyl)lysine (CML) 1.1 (Figure 1.5) is a non-

fluorescent, non-cross-linking AGE that is derived from the reaction of glyoxal with lysine.
47

 CML 

can also form through the oxidative cleavage of fructosyllysine 1.7 and it is the best characterised 

AGE (Scheme 1.2). 

 

Scheme 1.2 Formation of CML-protein 1.1 via direct condensation with glyoxal 1.8 and 

oxidative cleavage of fructosyllysine 1.7 

In addition to CML, glyoxal can cross-link two lysine residues forming the glyoxal lysine dimer 

(GOLD) 1.10, or cross-link lysine with an arginine to form glyoxal derived imidazole cross-link 

(GODIC) 1.11.
47–49

 The reaction of glyoxal with cysteine can form S-(carboxymethyl)cysteine 

(CMC) 1.12. Glyoxal-arginine derivatives include hydroimidazolones GH-1 1.13, GH-2 1.14, GH-3 

1.15 as well as N
ω
-(carboxymethyl)arginine (CMA) 1.16.

50,51
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Figure 1.5 Glyoxal-derived AGEs 

Methylglyoxal modifies proteins in a manner similar to glyoxal. The rate of AGE formation in 

the presence of methylglyoxal has been shown to be 20,000 times faster than in the presence of 

glucose alone.
52

 Methylglyoxal reacts with lysine and arginine forming the homologs N
ε
-

carboxyethyl lysine (CEL) 1.17, methylglyoxal lysine dimer (MOLD) 1.18, methylglyoxal derived 

imidazole cross-link (MODIC) 1.19, carboxyethyl cysteine 1.20, carboxyethyl arginine 1.21 and 

the imidazolones  MGH-1 1.22, MGH-2 1.23, and MGH-3 1.24 (Figure 1.6).
53
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Figure 1.6 Methylglyoxal-derived AGEs 

Figure 1.7 shows 3-deoxyglucosone (3-DG) 1.25, another major RCS formed during 

glycation, as well as other monomeric AGEs that have been isolated from living tissues. 3-DG 

can lead to formation of pyrraline 1.2, as well as hydroimidazolones 3-DGH-1 1.26, 3-DGH-2 

1.27, and 3-DGH-3 1.28. Monomeric AGEs also include the arginine derivative argpyrimidine 

(APN) 1.29.
34
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Figure 1.7 3-DG, 3-DG-derived and other monomer AGEs 

The remaining known cross-link AGEs are shown in Figure 1.8. These include 3-DG 

derivatives DOGDIC 1.30, DOGDIC-Ox 1.31, DOLD 1.32, as well as other cross-links such as 

glucosepane 1.33, K2P 1.34, lysyl pyrropyridine 1.35, crossline 1.36, pentosidine 1.37, and 

fluorolink 1.38.
34

 Pentosidine is the best characterised fluorescent cross-link that forms by 

decomposition of fructosyllysine and its subsequent reaction with arginine.
54
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Figure 1.8: Other cross-linking AGEs 

1.2.4 Anti-AGE cellular defences 

Glyoxal, methylglyoxal, and 3-DG are dicarbonyl intermediates directly involved in the 

formation of AGEs. The glyoxalase system is a defence mechanism against these reactive 

carbonyls. It converts both glyoxal and methylglyoxal into less reactive hydroxyacids.
52

 3-DG is 

processed in a similar manner but at a much slower rate.
55
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In the first step of glyoxalase mechanism, the glutathione 1.39 reacts with the dicarbonyl 1.40 

(Scheme 1.3). The resultant hemithioacetal 1.41 is subsequently isomerised to S2-

hydroxyacylglutathione 1.42 by glyoxalase 1 (G-1). In the final step of the process, the 

hydroxyacid 1.43 is cleaved by glyoxalase 2 (G-2) and glutathione 1.39 is released. The activity 

of this system has been detected in both prokaryotic and eukaryotic cell cytosols. 

 

Scheme 1.3 Gyoxalase 1 pathway 

The research outcomes on the activity of the glyoxalase system in diabetes have been 

mixed. The activity of glyoxalase 1 was found to be unchanged in the kidneys of 

Streptozotocin(STZ)-induced diabetic rats, while the activity of glyoxalase 2 was found to be 

decreased.
56

 Insulin dependent diabetic patients with retinopathy showed higher activity of 

glyoxalase 1 in red blood cells than patients without retinopathy.
57

 In general, when compared to 

healthy individuals, all diabetic patients show higher activity of glyoxalase 1, while the activity of 

glyoxalase 2 is only elevated in patients with type 2 diabetes.
58

 

While AGE formation is known to be possible in intracellular proteins,
59

 the major targets of 

glycation appear to be the proteins present in the extracellular matrix (ECM), which is dominated 

by collagen.
60

 This is possibly because the glyoxalase system is more efficient and protein half-

life is a lot shorter in the intracellular environment than in the extracellular one. The proteins of 

the ECM that are known to undergo glycation and to accumulate AGEs, are outlined in the next 

section. 
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1.3 Proteins exposed to glycation 

The proteins that are known to accumulate AGEs are reviewed in this section with a specific 

focus on collagen, which is the major target of glycation. 

1.3.1 Crystallins 

Discovered in 1893, crystallins are the structural proteins of the vertebrate eye lens.
61

 

Mammalian crystallins referred to as α-, β-, and γ-crystallins have been characterized with 

respect to their genetic organisation, the regulation of their expression pattern and their 

participation in several diseases. Some of these proteins have also been discovered outside the 

eye.  

The α-crystallins are chaperones and members of the small heat shock protein family; they 

have autokinase action, take part in the γ-crystallin gene activation, and are linked to a broad 

variety of neurological disorders. The various N- and C-terminal extensions of the β-/γ-crystallins 

are responsible for their distinct biophysical and biochemical properties. Modifications in the β-/γ-

crystallins, such as AGE accumulation, or mutations in their genes lead to opacification of the eye 

lens, otherwise known as a cataract.
62

 

1.3.2 Collagen 

Collagen is an omnipresent protein that comprises the structural framework of vertebrates, 

including tissues such as skin, ligaments, blood vessels, tendons, cartilage and bone.
63,64

 

Collagen is also the main target of glycation and has been shown to accumulate AGEs 

throughout the lifetime of a person.
31,60

 28 types of mammalian collagen are currently known and 

they are classified by their structural features. These include fibril collagens, fibril associated 

collagens, and non-fibril collagens. Type I collagen is the most significant and abundant fibrillar 

collagen involved in promoting the activation of cell membrane proteases for collagenolysis,
65

 

which in turn leads to cell migration and/or adhesion. 

1.3.2.1 Biosynthesis of collagen 

Collagen biosynthesis is summarised in Figure 1.9. Pre-procollagen α-chains are translated 

on membrane-bound polysomes in the rough endoplasmic reticulum (RER). The growing protein 

sequence is hydroxylated at lysine and proline residues by specific enzymes: lysyl hydroxylase 

and prolyl hydroxylase, respectively.
64

 The degree of hydroxylation by these enzymes is 

determined by the host tissue type. Upon completion of the synthesis collagen undergoes further 

post-translational modifications such as attachment of carbohydrate motifs onto hydroxylysyl 

http://europepmc.org/abstract/MED/9426193/?whatizit_url=http://europepmc.org/search/?page=1&query=%22neurological%20disorders%22
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side-chains. The sequence is then released into the cisternae of RER, where it self-assembles 

into the procollagen triple helix such that the cysteines can align and form disulfide bridges. Once 

the disulfide bonds are formed, the protein is released into the ECM, where peptidases remove 

the N- and C-terminal propeptides forming the native collagen triple helix, which assembles into 

fibrils. The fibrils are stabilised by enzymes that form covalent cross-links between lysine side-

chains on microfibrils.
64

  

 

Figure 1.9 Biosynthesis of collagen: a) pre-proα-chains of collagen are synthesised on 

polysomes in the RER, some proline and lysine residues are hydroxylated; b) hydroxylysine 

residues are glycosylated; c) the signal peptide is removed and pro-collagen assembles into a 

triple helix; d) pro-collagen is moved to the ECM; e) collagen microfibril is formed by removal of 

C- and N-terminal propeptides; f) collagen fibrils assemble; e) collagen fibrils are stabilised by 

covalent cross-linking (adapted from php.med.unsw.edu.au/cellbiology/images/7/70/Collagen-

synthesis.jpg). 
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1.3.2.2 Structure of collagen 

The defining feature of collagen is an elegant structural motif whereby three parallel peptide 

chains coil about each other to form a right-handed triple helix (Figure 1.10).
66

 The tight packing 

of the helices mandates that every third residue be glycine (Gly), which results in a repeating 

theme of (Gly-Xaa-Yaa)n, where Xaa and Yaa are often prolines (28%) and 4-hydroxyprolines 

(Hyp) (38%) the latter of which form hydrogen bonds with neighbouring collagen chains, further 

stabilising the quaternary structure of the protein.
66

 This repeating theme occurs in all types of 

collagen but can be disrupted in certain regions within non-fibrillar collagens.
67

 In animals, 

individual collagen triple helices assemble in a complex, hierarchical manner that ultimately leads 

to the macroscopic fibres and networks observed in tissue, bone, and basement membranes. 

Triple helices of type I collagen are staggered from their molecular neighbours by a multiple of 

67 nm in the direction of the helix, and laterally, the helices are arranged quasi-hexagonally
68

 with 

respect to one another within the fibril. Every 5 trimeric collagen molecules are found in a right-

handed microfibril, a higher order molecular structure that resembles a helix and that 

interdigitates with neighbouring microfibrils to form the basis of the fibril.
69

 

 

Figure 1.10 Schematic representation of a collagen microfibril 

Collagen fibrils form by self-assembly and require short non-helical end regions of molecules 

(telopeptides) to facilitate correct molecular registration and cross-link formation.
69

 The enzyme 

lysyl oxidase is responsible for altering certain lysine and hydroxylysine side-chains 

predominantly in N- and C- telopeptide regions of collagen to form covalent cross-links.
70

 Such 

enzymatic cross-linking does not happen excessively in vivo because it is tightly regulated by the 

expression of lysyl oxidase.
71

 Enzymatic cross-linking is important for stabilisation of newly 

formed collagen fibres and plays a key role in the mechanical strength of collagen.
72

 

1.3.2.3 Collagen proteolysis 

Type I collagen is the most abundant protein of the ECM and is an important structural 

component of vital biological systems. Therefore, synthesis and degradation of collagen is tightly 

regulated. Its rigid triple helical structure renders collagen resistant to hydrolysis by most 
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proteases except specialised enzymes such as collagenases and cathepsins.
73

 Full or limited 

proteolysis of collagen is known to be a key process in normal growth, development, repair, and 

cell differentiation.
74

 Disruption in collagen homeostasis can lead to diseases such as pulmonary 

fibrosis, scleroderma, arthritis, and osteoporosis.
65

 The cell’s capacity to degrade collagen I often 

correlates with its metastatic potential.
75

 Arrangement of collagen monomers in the fibril protects 

areas vulnerable to proteolysis and strictly governs collagen degradation. Proteolytic cleavage of 

the C-terminal telopeptide is key for later protease access to the cleavage sites within the triple 

helix.
74

 

1.3.2.4 Collagen in diabetic complications 

Fibrosis is the formation of excess fibrous connective tissue in an organ or tissue. It can be 

reactive, benign, or pathological and is linked to diabetic vasculopathy as described in section 

1.1.2. In diabetic nephropathy increased levels of collagen as well as transforming growth factor 

beta have been shown to be elevated in STZ-diabetic rats as early as 3 days after induction of 

diabetes.
76

 A number of research groups have reported on increases in levels of various types of 

collagen in diabetic rats across the progression of the disease. It is assumed that type IV 

collagen accumulates in the glomerulus on the onset of diabetes while fibrillar collagens 

accumulate at later stages of the disease.
34

 

The precise route by which diabetes and hyperglycaemia lead to fibrosis is unknown. The 

major theory that explains this process is that of glycation and accumulation of AGEs.  
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1.4 AGEs in ageing and diabetes 

1.4.1 Accumulation of AGEs 

Long-lived tissue proteins, such as collagens and crystallins, have been shown to 

accumulate AGEs.
77

 The amount of CML 1.1 increases with age in skin collagen and lens 

protein
78

 and is dramatically elevated in diabetic skin, kidney collagens,
40,79

 atherosclerotic 

plaques
80

 and low-density lipoprotein (LDL).
32

 Age-adjusted levels of CML also correlate with the 

severity of all diabetic complications.
81

  

The amounts of CEL 1.17 and GOLD 1.10, like that of CML, increase in lens protein and skin 

collagen with age.
48,82

 CMC 1.12 has been found in rat and human plasma, skin collagen, red 

blood cells, muscle protein and urine and it is increased in muscle protein in diabetes.
83

 

Pentosidine 1.37 also accumulates in skin collagen with age,
84

 and its formation is accelerated 

during hyperglycaemia in diabetes.
60

 

Thornalley et al. have published a comprehensive study regarding the quantity of AGEs in 

tissues of healthy humans, healthy and STZ-diabetic rats.
52

 CML was found to be increased in 

glomeruli, retina, sciatic nerve, and plasma proteins of diabetic rats when compared with healthy 

ones. In the diabetic rats it was also found that 0.1-0.2% of all lysine and arginine residues were 

glycated, and that proportion increased by almost ten times in long-lived, slow turnover proteins 

such as collagen.
85

 An LC-MS/MS study by Ahmed et al. investigated the plasma and urinary 

concentrations of AGEs as well as the renal clearance rates in healthy and diabetic people.
86

 The 

level of free (not protein bound) CML was increased in the plasma and urine of diabetic patients 

while the renal clearance rate was decreased. Protein-bound CML was also found in diabetic 

patients.
79

 Overall, the rate of AGE accumulation is correlated with the development of diabetic 

complications, however, as mentioned earlier, it is not yet clear if AGEs cause the detrimental 

outcomes, or are indicators of other underlying processes. 

1.4.2 Consequences of AGE accumulation 

Damage from glycation of proteins can be divided into three categories: increased cross-

linking, altered protein function, and oxidative stress. 

Increased AGE cross-linking of collagen alters the protein network. This is believed to 

contribute to age and diabetes-related failure of the collagen network in bones.
87,88

 AGE cross-

linking differs from enzymatic cross-linking in that it is not regulated by the organism and reduces 

the bone material properties.
72

 The same mechanism is now believed to be involved in the 

arterial and myocardial stiffening.
89
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Arteriosclerosis is the condition for which the cytotoxicity of glycation is best understood. 

Cross-linking of proteins remodels the arteriosclerotic tissue, causing thickening and stiffening of 

the basement membrane. Protein remodelling may also cause the protein to expose reactive 

sites that trap circulating serum proteins, such as lipoproteins. This has been shown to lead to 

decreased vessel dilation capability.
90,91

  

Protein glycation causes structural alteration, which can inhibit protein function, for example 

in cytoskeletal and antioxidant enzymes.
92–94

 Changes in protein structure can also result in 

aggregation and precipitation of the glycated protein.  

Oxidative stress is a characteristic feature of a number of chronic diseases. It is a result of an 

imbalance between the rate of production and the rate of inactivation of reactive oxygen species 

(ROS) by antioxidant defences. The end-result of oxidative stress is damage to tissue proteins,
95

 

lipids,
96

 nucleic acids,
97

 and carbohydrates.
98

 

Evidence shows that the glycation of proteins both directly and indirectly amplifies oxidative 

stress.
99,100

 AGE-containing proteins chelate and activate transition metal ions, such as copper.
101

 

This leads to the formation of both ROS and AGEs, perpetuating the destructive pattern of the 

Maillard reaction. The effects of this vicious cycle are starting to be seen in the pathogenesis of 

Alzheimer’s disease, the leading cause of senile dementia. The disease involves neuronal death 

and accumulation of both intra- and extra-cellular proteins. Examination of Alzheimer’s disease-

affected brains has demonstrated that a great deal of oxidative damage is likely to be caused by 

AGE accumulation, AGE-metal complexation, and metal-catalysed production of ROS.
102–104

  

1.4.3 The Maillard theory of ageing 

Numerous theories have been proposed to explain the phenomena of ageing, but none have 

been conclusive. For example, age-related accumulation of DNA damage can cause cells to stop 

dividing and prevent regeneration.
105

 When the DNA repair pathways were manipulated in rats, 

they were more likely to develop premature ageing phenotypes.
106

 However, delaying ageing in 

rats by decreasing levels of DNA damage has not yet been achieved.
107

 The molecular basis of 

the DNA damage theory of ageing is also unclear.
108

 

Prolonged exposure of molecules in the cellular and extracellular matrices to reducing sugars 

can initiate the process of glycation, otherwise known as the Maillard reaction, in vivo. This can 

cause irreversible damage and, therefore, the process of ageing may be mediated by the Maillard 

reaction.
109

 Evidence supporting this hypothesis comes from food restriction studies. In one 

study, rats were kept at 40% dietary restriction and, compared to controls, their life span was 

27% greater. Reductions of approximately 11% in plasma glucose and 34% in glycated 

haemoglobin in these rats were reported.
110 
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1.5 The role of copper in the Maillard reaction 

Metals participate in the creation of both macroscopic and microscopic biological structures, 

act as signal-carriers between cells and perform electron-transfer reactions. Metal ions can 

coordinate ligands and activate them for reactivity. For example, a water molecule coordinated to 

a Zn(II) centre becomes a potent nucleophile for the amide bond hydrolysis of a protein 

substrate.
111

 Due to their access to variable oxidation states, transition group metals can also 

perform redox reactions. Therefore, they are often found as enzyme cofactors that oxidise or 

reduce various biomolecules. When their homeostases are perturbed, however, these redox 

properties of transition metals render them toxic.
112

 

As stated in section 1.4.2, AGE accumulation can exacerbate oxidative stress, possibly by 

binding to redox-active transition group metals such as copper, thus perturbing its homeostasis. 

The biological role of copper and its known relationship with AGE accumulation are outlined in 

this section. 

1.5.1 Copper in biological systems 

Copper is an essential metal capable of interchanging between Cu
+
 and Cu

2+
 states. A 

diverse family of organisms, from yeast to mammals, require copper for their metabolism to 

function correctly. It is central to several enzymes such as cytochrome oxidase (energy 

generation), Cu/Zn superoxide dismutase (protection from oxidative stress), and ceruloplasmin 

(Fe-mobilisation), among others.
113

 It acts both as a cofactor and as an allosteric component in 

these systems.  

Due to its redox properties, copper is toxic in its unbound, ionic form.
114

 Complications that 

stem from in vivo mismanagement of copper are described below. 

1.5.2 Implications of copper mismanagement 

Menkes and Wilson's diseases are the two examples of degenerative conditions that stem 

from point mutations in copper-trafficking proteins responsible for the excretion of copper.  

Menkes disease is caused by mutation of the copper transporting ATPase 7a protein. The 

mutation reduces the transport of dietary copper and blocks copper transport across the blood-

brain barrier. This leads to a systemic copper deficiency. Patients affected by Menkes disease 

show neurological impairment, convulsions, skeletal abnormalities, tortuosity of cerebral blood 

vessels, skin laxity, and hypopigmentation. They usually do not survive beyond the age of 

two.
115,116
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Mutation in a related protein, the copper transporting ATPase 7b, causes Wilson's disease. 

Here, progressive intracellular accumulation of copper leads to acute or chronic hepatitis, 

cirrhosis, and hepatic failure. Accumulation of copper in the brain can also lead to neurological 

and psychiatric abnormalities including Parkinson’s-like symptoms.
115–117

 

Menkes and Wilson's diseases exemplify what happens during extreme deficiency or 

extreme abundance of copper in humans. However, copper mismanagement of a lesser extent 

can also cause a number of adverse effects. Described below are such effects observed in 

diabetes and ageing. 

1.5.3 Copper mismanagement in ageing and diabetes 

The correlation between changes in copper metabolism and increased concentrations of 

glycated proteins
118

 is thought to be central to the pathogenesis and progression of age- and 

diabetes-related complications.
119,120

 In a study of STZ-induced diabetic rodents, increased 

copper concentrations in liver and kidney were shown to be associated with increased glucose 

levels.
121 

Human studies have also reported increased copper concentrations in diabetic 

patients.
122,123

 Notably, individuals with complications such as retinopathy, hypertension, and 

micro-vascular disease had particularly high copper levels.
124

 

Cooper et al. demonstrated that copper plays a role in the systolic deterioration of the heart 

that results from STZ-induced diabetes.
125

 The authors also showed that perfusion of diabetic 

and normal rat hearts with a copper-chelator resulted in a significantly greater total copper output 

from the diabetic animals compared to normal animals, leading to the conclusion that an 

accessible copper pool amassed in the hearts of STZ-diabetic rats.
125

 

Furthermore, the Cooper group has shown that chelation of Cu(II) with the tetradentate 

ligand, triethylenetetramine (TETA), effectively reduced diabetes-mediated organ damage in 

animals and humans with diabetic cardiomyopathy.
125–128

 Patients with type-2 diabetes also 

displayed increased urinary copper output when compared to healthy controls.
125,126

 This result is 

in accordance with Zargar et al., who reported increases in plasma copper levels in type-1 

diabetic patients compared to non-diabetic subjects.
129

 

Overall, these studies indicate that there is a perturbation in copper homeostasis associated 

with hyperglycaemia.  

1.5.4 Copper, AGEs, and oxidative stress 

Given the ability of copper to produce excessive amounts of ROS, a number of copper 

transporters and chaperones have evolved to protect the cell by regulating the uptake, 
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distribution, efflux, and delivery of this redox-active metal. For example, ceruloplasmin, a protein 

carrying up to 70% of in vivo copper, exhibits copper-dependent oxidase activity, which is 

associated with oxidation of ferrous ion Fe
2+

 into Fe
3+

.
130

 It has been shown, however, that 

ceruloplasmin can be fragmented following the Maillard reaction.
131

 The released copper can 

then produce ROS and promote further ceruloplasmin degradation.  

Sajithlal et al. observed that the presence of copper significantly increased the rate of 

accumulation of AGEs in rat tail collagen, when incubated with glucose.
132

 These increases were 

dependent on the concentration of metal ions present in the incubation medium. Moreover, the 

CML content of polylysine has been shown to be directly related to the peptide’s ability to bind 

copper.
133

 It is believed that the introduction of CML leads to formation of new coordination 

centres for metal ions. Thus, not only does the build-up of copper lead to build-up of AGEs, but 

AGEs themselves nay accumulate even more copper and consequently reinforce this destructive 

cycle. However, the direct evidence of an AGE-related increase in the copper binding capacity of 

a protein or peptide has never been reported. 

Overall, there is a significant need for an in-depth investigation of the relationship between 

AGEs and copper. Understanding this relationship would allow development of novel strategies 

to better decelerate the complications that stem from both ageing and diabetes.   
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1.6 Goals and objectives of the project 

Collagen, the main constituent of the extracellular matrix, accumulates AGEs and such 

accumulation is linked to a great number of pathological complications associated with ageing. 

Both AGE accumulation and the resulting complications are greatly accelerated with long-term 

hyperglycaemia that is associated with diabetes mellitus. This sugar-driven acceleration points to 

the central role that glycation plays in the development of pathological conditions, as an 

underlying mechanism behind them or as a biomarker for such a mechanism. Either way there is 

a significant need for an in-depth investigation into the precise chemistry behind glycation, AGEs, 

and their impact on biological systems. Development of new chemical probes with which to 

investigate this process is an essential prerequisite to embark on such major study. 

The aim of this thesis is therefore to develop chemical probes in the form of peptides site-

specifically glycated by particular AGEs. Lysyl AGEs that derive from glyoxal and methylglyoxal, 

CML 1.1, CEL 1.17, GOLD 1.10, MOLD 1.18, as well as pyrraline 1.2 were chosen as target 

AGEs for their relative abundance,
134

 relevance,
135

 and synthetic accessibility. Since collagen is 

the major target of glycation, peptides mimicking the secondary and tertiary structures of collagen 

were chosen as models for site-specific modification by individual AGEs. 

Access to these AGE chemical probes enables the detailed study of the impact of these 

AGEs on the host protein in terms of structure, proteolytic digestibility and ability to bind transition 

group metals. 
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2.1 Overview 

As discussed in chapter 1, AGE-formation, accumulation, and their relationship with transition 

group metals play important roles in the pathogeneses of age and diabetes-related 

complications. The precise molecular mechanisms by which AGEs influence the progression of 

these complications are not yet understood. While there is a considerable body of work in the 

biological and biochemical investigation of the mechanisms that lead to these complications, 

there is a notable lack of input from chemists. 

In investigating the mechanisms behind AGE accumulation and its consequences, 

researchers often relied on prolonged incubations of proteins or protein mixtures (such as bovine 

serum albumin or collagen) with sugars or sugar degradation products. The resulting “AGE-

protein” can then be employed for the generation of antibodies, which are subsequently assayed 

with tissue antigens.
1
 The exact molecular nature of the antibody-antigen interactions is gradually 

being understood, primarily because of the advancement of synthetic chemistry approaches 

towards particular AGEs. 

In order to investigate these mechanisms in-depth new molecular probes need to be 

chemically manufactured. Peptides site-specifically glycated by individual AGEs can function as 

such probes. To achieve this goal, practical and efficient synthetic strategies need to be 

developed for the preparation of suitably protected AGE building blocks that are ready for 

incorporation into peptides via solid phase peptide synthesis (SPPS). The aim of this chapter is 

the development of such strategies for syntheses of lysyl AGEs as building blocks for peptide 

synthesis. 

The chapter is divided into two halves: the synthesis of monolysyl AGEs is discussed in 

Section 2.2, whereas the synthesis of cross-linking lysyl AGEs is discussed in Section 2.3. 
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2.2 Synthesis of monolysyl AGEs 

 

Figure 2.1 Monolysyl AGEs 

CML 2.1, CEL 2.2, and pyrraline 2.3 (Figure 2.1) are AGEs that form from the reaction of 

sugars and sugar degradation products with a single lysine residue (see section 1.2.3.2). This 

section outlines the previous synthetic work towards these AGEs as well as our strategy for their 

preparation as building blocks suitable for peptide incorporation using the Fmoc strategy, which 

was chosen due to its widespread use. A detailed overview of Fmoc peptide synthesis is given in 

Chapter 3, Section 3.1.4. 

2.2.1 Previous syntheses of monolysyl AGEs 

2.2.1.1 Previous syntheses of CML 

There are two general strategies by which CML has been prepared chemically: an alkylation 

of the ε-amine on lysine or a reductive amination of the same amine. Wadman et al. published 

the first synthesis of CML, whereby poly-L-lysine 2.4 was reacted with iodoacetic acid 2.5 and the 

resulting polymer subsequently hydrolysed to give CML 2.1 (Scheme 2.1).
2
  

 

Reagents and conditions: a) 2 N NaOH, rt, 2.5 h followed by 40 °C, 0.5 h; b) 6 N HCl, 110 °C, 20h 

Scheme 2.1 Synthesis of CML by Wadman et al.
2
 

This procedure was not straightforward: multiple pH and temperature adjustments were 

required, as well as several purification steps including final preparative high-performance liquid 

chromatography (HPLC) purification. Finally, the authors did not disclose the yield of the reaction.  
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Matsutani et al. improved the alkylation methodology by reacting N
α
-Boc-lysine 2.6 with 

bromoacetic acid 2.7 under basic conditions (Scheme 2.2).
3
 The Boc-group was subsequently 

removed under acidic conditions to afford CML 2.1 in 12% overall yield.  

 

Reagents and conditions: a) 2 N aq. NaOH; b) 6 N aq. HCl, 60-70 °C, 1 h, 12% over 2 steps 

Scheme 2.2 Synthesis of CML by Matsutani et al.
3
 

A key problem with the synthetic methods described above is the alkylation proceeding 

beyond the desired monoalkyl product. The major by-product of such syntheses is 

di(carboxymethyl)lysine 2.8 (Scheme 2.2), which is challenging to separate from the target 

compound and requires tedious HPLC purification. However, despite these shortcomings, over 

the years the method of direct alkylation has been employed by a number of different research 

groups who reported yields between 17% and 30%. For example, Baynes et al. showed that 

incubating N
α
-formyllysine 2.9 with iodoacetic acid 2.10 at room temperature for 40 hours at pH 

10 with subsequent acid hydrolysis gave CML 2.1 in 30% yield, which also required HPLC 

purification (Scheme 2.3).
4
  

 

Reagents and conditions: a) Phosphate buffer, pH 10, rt, 40 h; b) 2 N aq. HCl, 95 °C, 0.5 h, 30% over 2 steps 

Scheme 2.3 Synthesis of CML by Baynes et al.
4
 

Glomb and Monnier showed that overnight incubation of N
α
-Boc-lysine 2.6 with iodoacetic 

acid 2.10 with subsequent hydrolysis afforded CML 2.11 in 22% yield, which also required HPLC 
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purification (Scheme 2.4).
5
 In their attempts to synthesise CML others have published analogous 

results by using similar lysyl and alkyl substrates.
6,7

 

 

Reagents and conditions: a) phosphate buffer, pH 10, rt, 12 h; b) 3 N aq. HCl, rt, 3 h, 22% over 2 steps 

Scheme 2.4 Synthesis of CML by Glomb and Monnier.
5
 

An alternative to the alkylation strategy is the reductive amination outlined in Scheme 2.5, 

whereby a carbonyl group 2.11 can be reacted with a primary amine 2.12 to give an imine 2.13. 

The transient imine is subsequently reduced in situ to give a secondary amine 2.14.  

 

Scheme 2.5 Reductive amination 

Liardon et al. published the first synthesis of CML in this fashion, in which the authors 

aminated glyoxylic acid 2.15 with N
α
-Boc-lysine 2.6 under a H2 atmosphere, in the presence of 

10% Pd/C. The removal of Boc group was reported to give CML 2.1 in 80% overall yield (Scheme 

2.6).
8
 

 

Reagents and conditions: a) citrate buffer, pH 6, H2, 10% Pd/C, rt, 12 h; b) 1 N aq. HCl, 70 °C, 1 h, 80% over 2 steps 

Scheme 2.6 Synthesis of CML via reductive amination by Liardon et al.
8
 

However, subsequent attempts by other groups at generating CML by this approach were not 

as productive. Csuk et al. reported a synthesis of CML by reductive amination of glyoxylic acid 

2.15 using N
α
-acetyllysine 2.16 (Scheme 2.7).

9
 Acid hydrolysis of the intermediate product with 

subsequent HPLC purification afforded CML 2.1 in 46% yield. Others attempting the reductive 

amination approach towards CML did not report product yields.
10–12
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Reagents and conditions: a) aq. NaOH, pH 8.7, H2 (5 atm), 10% Pd/C, rt, 24 h; b) 1 M aq. HCl, 110 °C, 1 h, 46% 

over 2 steps 

Scheme 2.7 Synthesis of CML via reductive amination by Csuk et al.
9
 

The synthesis of CML as a building block suitable for peptide incorporation via SPPS has 

been reported only once. In their work, Gruber and Hofmann reacted N
α
-Fmoc-lysine 2.18 with 

tert-butyl glyoxalate 2.19 in presence of NaBH3CN to afford the CML derivative 2.20 (Scheme 

2.8) in 76% yield.
13

 The ε-amine of 2.20 was then Boc-protected to give CML building block 2.21, 

ready for peptide incorporation. The authors were successful in achieving the synthesis of 

peptides containing CML by using the CML building block 2.21 (outlined in Chapter 3). 

 

Reagents and conditions: a) NaBH3CN, DCM/MeOH (1:1), rt, 24 h, 76%; b) Boc2O, DCM, rt, 3 h, 95%  

Scheme 2.8 Gruber-Hofmann synthesis of CML building block 2.21.
13

 

A shortcoming of this strategy is the need to prepare tert-butyl glyoxylate 2.19, which is key 

for the synthesis of 2.21 and is not commercially available. The glyoxylate 2.19 is synthesised by 

ozonolysis of di-tert-butyl fumarate 2.22, which in turn is the product of esterification of fumaryl 

chloride 2.23 (Scheme 2.9).
14

 The overall reported yield of this procedure is only 15%, which is 

probably due to the volatile nature of tert-butyl glyoxylate 2.19 making it challenging to isolate. 
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Reagents and conditions: a) 
t
BuOH, N,N-dimethylaniline, Et2O, reflux, 2.5 h, 49%; b) O3, DCM, -78 °C, 3 h, 30% 

Scheme 2.9 Synthesis of tert-butyl glyoxylate 2.19.
14

 

2.2.1.2 Previous syntheses of CEL 

Synthetic chemistry approaches towards CEL were analogous to those described for CML. 

One of the earliest syntheses was reported by Hellerman and Coffey in 1967 where the authors 

alkylated N
α
-Cbz-lysine 2.24 with bromopropionic acid 2.25 in presence of Ba(OH)2 (Scheme 

2.10), followed by hydrolysis using aq. HCl.
15

 A subsequent multifaceted purification procedure 

afforded CEL 2.2 in 21% yield. This alkylation strategy has been later employed by Fujioka and 

Tanaka although no product yield was reported.
16

  

As with the alkylation strategy for the preparation of CML, this route towards CEL suffers 

from a complex purification protocol and poor yield primarily caused by the alkylation progressing 

beyond the desired monoalkyl product. The resultant by-product, dialkyl lysine derivative 2.26 

(Scheme 2.10), is challenging to separate from the desired product. 

 

Reagents and conditions: a) Ba(OH)2, EtOH:H2O (1:1), 37 °C, 100 h; b) 6 M aq. HCl, reflux, 10 h, 21% over 2 steps 

Scheme 2.10 Hellerman and Coffey synthesis of CEL.
15

 

In their work on the quantification of CEL in human lens proteins, Baynes et al. chose an 

alternative route to prepare this AGE via reductive amination.
17

 Pyruvic acid 2.27 was reacted 

with N
α
-fomyllysine 2.9 in the presence of NaBH3CN generating the intermediate N

α
-formyl-CEL, 
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which was hydrolysed by 2M HCl. However, the resulting CEL 2.2 required multifaceted HPLC 

purification and, as a result, a low yield of 14% was reported.  

 

Reagents and conditions: a) phosphate buffer, pH 7.4, 37 °C, 3 d; b) 2 M aq. HCl, 95 °C, 2 h, 14% over 2 steps. 

Scheme 2.11 Synthesis of CEL 2.2 by Baynes et al.
17

 

In their preparation of CEL as a building block for peptide synthesis 2.28, Gruber and 

Hoffman aminated tert-butyl pyruvate 2.29 with the ε-amine of N
α
-Fmoc-lysine 2.18 (Scheme 

2.12). However, as with synthesis of the CML derivative 2.21, the key reactant required for 

preparation of the building block 2.28, tert-butyl pyruvate 2.29, is not commercially available.  

 

Reagents and conditions: a) NaBH3CN, DCM/MeOH (1:1), rt, 24 h; b) Boc2O, DCM, rt, 3 h, 17% over 2 steps 

Scheme 2.12 Gruber-Hofmann synthesis of CEL building block 2.28.
13

 

2.2.1.3 Previous syntheses of pyrraline 

 

Figure 2.2 Structure of pyrraline 2.3 

The first synthesis of pyrraline 2.3 (Figure 2.2) was reported by Nakayama et al.,
18

 where the 

authors heated a mixture of glucose and lysine 2.30 in water under reflux and isolated a small 

amount of the glycation product 2.3 after a challenging HPLC purification procedure 

(Scheme 2.13). No yield for the isolated product was reported. Despite its shortcomings, this 
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procedure was employed extensively by a number of research groups studying the biochemistry 

of pyrraline.
19,20

 

 

Reagents and conditions: a) D-glucose, H2O, 105 °C, 6 h 

Scheme 2.13 Nakayama et al. synthesis of pyrraline.
18

 

Henle and Bachmann improved the pyrraline synthesis by reacting a N
α
-Boc-lysine 2.6 with 

3-deoxyglucosulose 2.31.
21

 The reaction was carried out on solid cellulose at 70 °C in a drying 

oven with no solvent present. This synthesis also required challenging work-up and purification 

procedures, where the final Boc deprotection using AcOH afforded pyrraline in 32% overall yield 

(Scheme 2.14).  

 

Reagents and conditions: a) cellulose, 70 °C, 2 h; b) 10% aq. AcOH, 70 °C, 4 h, 32% 

Scheme 2.14 Henle-Bachmann synthesis of pyrraline 

3-Deoxyglucosulose 2.31, which is the key reagent in the Henle-Bachmann synthesis of 

pyrraline, is not commercially available and requires demanding synthetic and isolation 

procedures. 

2.2.1.4 General shortcomings of previous syntheses of lysyl AGEs 

As outlined above, syntheses of the free amino acid forms of CML, CEL, and pyrraline are 

well documented in literature due to their relevance as biological markers of complications 

associated with diabetes and ageing. The majority of these syntheses suffer from challenging 

reaction or work-up conditions, as well as lengthy purification procedures, all of which result in 

poor yields of the target compounds. Furthermore, the synthesis of CML and CEL in protected 
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forms as building blocks suitable for incorporation into SPPS has only been reported once, while 

the synthetic strategy for a protected pyrraline derivative has not been reported. Notably, existing 

syntheses of the CML and CEL building blocks that are Fmoc protected on the α-amine involve 

starting materials that are neither commercially available nor easy to prepare. 

Our aim was therefore to develop practical syntheses of monolysyl AGEs CML, CEL, and 

pyrraline as suitably protected Fmoc building blocks as well as to optimise their purification. The 

next section outlines the strategy for preparation of Fmoc-protected CML and CEL building 

blocks while section 2.2.5 outlines the strategy for preparation of the Fmoc-pyrraline building 

block. 

2.2.2 Synthetic strategy for preparation of CML and CEL 

At the time of writing, CML can be purchased as a zwitterionic amino acid from various 

chemical suppliers. This product is unsuitable for incorporation of CML into peptides via SPPS 

because three orthogonal protecting groups are required to mask the α-amine, the ε-amine, and 

the side-chain carboxylic acid (Figure 2.3).  

 

Figure 2.3 Structure of CML incorporating three orthogonal protecting groups 

For the synthesis of CML and CEL, suitably protected for SPPS we developed a novel 

strategy that was inspired by the alkylation work described in sections 2.2.1.1 and 2.2.1.2. Our 

strategy hinged on the use of the 9-BBN group to simultaneously protect the α-amino and α-

carboxyl groups and on the use of the 2-nitrobenzenesulfonyl (nosyl, Ns) group to selectively 

alkylate the ε-amino group on a lysine derivative. It was expected that the selective deprotection 

of the 9-BBN group would enable introduction of the Fmoc-group onto the α-amine and that the 

Ns-group would serve as an orthogonal protecting group for the ε-amine during SPPS 

(Scheme 2.15). 
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Scheme 2.15 Targeted CML and CEL Fmoc building blocks derived from respective 9-BBN 

complexes 

Fukuyama and co-workers were first to report the synthesis of secondary amines using a Ns 

or nosyl group as both activating and protecting agent.
22

 As outlined in Scheme 2.16, primary 

amines can be directly nosylated in presence of a base. The resultant N-nosyl amines are stable 

to both acidic and basic conditions and can be alkylated by an alkyl halide under mild conditions. 

Once the alkylation of the nosyl amine is accomplished, the nosyl group can be removed by use 

of a thiol and a mild base, such as potassium carbonate, to yield the desired secondary amine. 

 

Scheme 2.16 Fukuyama amino alkylation 

Selective functionalisation of the ε-amine of lysine, such as attachment of the nosyl group, 

necessitates protection of the α-amino and α-carboxyl groups, preferably simultaneously. 

Historically such protection has been achieved by complexation of the α-amino and α-carboxyl 

groups with Cu(II).
23

 However, the low solubility of the resulting copper complexes in organic 

solvents renders this method unsuitable for the subsequent chemical transformations of the 

substrate.  

An alternative strategy that has emerged over the last decade is that of simultaneous and 

selective protection of α-amino and α-carboxyl groups by the 9-BBN group. Dent et al. have 

demonstrated such use of the 9-BBN complexes in amino acid protection and its utility in 

chemoselective side-chain manipulation (Scheme 2.17).
24
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Scheme 2.17 9-BBN complexation of the α-amine and α-carboxylate 

This method has been shown to be chemoselective and the resulting 9-BBN complexes were 

stable to a variety of conditions such as treatment with alkyl halides, ammonia, POCl3, mCPBA, 

Arbusov conditions, and Finkelstein conditions. The 9-BBN group was also shown to impart 

remarkable solubility in organic solvents (THF, acetone, dioxane, ethyl acetate) to otherwise 

hydrophilic substrates. 

2.2.3 Preparation of Fmoc-CML(Ns)-OH and Fmoc-CEL(Ns)-OH  

In the present work, synthesis of lysyl AGEs started with the introduction of the 9-BBN group 

onto the α-amino and α-carboxyl groups of lysine (Scheme 2.18). Lysine hydrochloride 2.32 was 

heated with 9-BBN dimer in methanol under reflux according to the procedure reported by Dent 

et al.,
24

 affording BBN-lysine 2.33, which was triturated using hexane and subsequently used 

without further purification. Nosylation of the ε-amino group of a BBN-lysine derivative 2.33 was 

next performed using 2-nitrobenzenesulfonyl chloride (NsCl) in the presence of K2CO3 in 

dioxane/water affording BBN-Ns-lysine 2.34 in 88% yield over 2 steps (Scheme 2.18). 
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Reagents and Conditions: a) 9-BBN, MeOH, reflux, 1.5 h; b) NsCl, K2CO3, dioxane, rt, 2 h, 88% over 2 steps 

Scheme 2.18 Synthesis of lysine derivative 2.34 protected by Ns and 9-BBN groups 

The 
1
H NMR spectrum of 2.34 displayed broad chemical shifts between δH 1.4 – 1.9  ppm 

indicative of the 9-BBN functional group, and two multiplets at δH 7.8 ppm and δH 8.1 ppm 

respectively, indicative of the Ns functional group (see Appendix 1). Alkylation of 2.34 with ethyl 

bromoacetate 2.35 was performed in the presence of K2CO3 in MeCN overnight at room 

temperature to efficiently afford the CML derivative 2.36 in satisfactory 89% (Scheme 2.19). 2.36 

was purified by standard silica gel flash chromatography. 

 

Reagents and conditions: a) K2CO3, MeCN, rt, 24 h, 89% 

Scheme 2.19 Alkylation of 9-BBN complex 2.36 by ethyl bromoacetate 

The 
1
H NMR spectrum of 2.36 displayed a triplet at δH 1.1 ppm and a quartet at δH 4.0 ppm 

corresponding to the ethyl group (OCH2CH3) as well as a singlet at δH 4.2 ppm assigned to the  

C(O)CH2 protons. To establish the site of alkylation, 2-D NMR spectra were recorded. The HSQC 

spectrum of 2.36 showed a 
1
J correlation between the singlet at δH 4.22 ppm corresponding to 

protons on C-2ʹ and the 
13

C resonance at δC 47.8 ppm, supporting the presence of the C(O)CH2N 

fragment in 2.36 (Figure 2.4). The multiplet at δH 3.3 ppm assigned to the protons on C-6 

correlated with a resonance at δC 48.2 ppm, supporting the presence of the NCH2CH2 of lysine.  
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Figure 2.4 Portion of the HSQC spectrum of 2.36, displaying the 
1
J correlations between C-6 

and H-6, C-2ʹ and H-2ʹ (circled in blue). 
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Figure 2.5 Portion of the HMBC spectrum of 2.36, displaying the 
3
J correlations between C-6 

and H-2ʹ, C-2ʹ and H-6 (circled in blue).  
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The HMBC spectrum of 2.36 (Figure 2.5) confirmed its structure supporting successful 

selective alkylation of the ε-amine of BBN-lysine derivative 2.34. H-2ʹ resonance showed a 
3
J 

correlation with C-6, while the H-6 resonance showed a similar correlation to C-2ʹ. 

The conditions employed for generation of the CML derivative 2.36 were next attempted for 

the preparation of the CEL derivative 2.37 (Scheme 2.20). Alkylation of Ns-BBN-lysine 2.34 with 

ethyl bromopropionate 2.38 overnight at room temperature using MeCN as a solvent afforded 

2.37 in only 6% yield. Switching the solvent from MeCN to DMF dramatically increased the 

productivity of this alkylation affording 2.37 in 91% yield after standard silica gel chromatography.  

 

Reagents and conditions: a) K2CO3, DMF, rt, 24 h, 91%. 

Scheme 2.20 Alkylation of 9-BBN complex 2.37 by ethyl bromopropionate 

Analogous to 2.36, the HSQC spectrum of 2.37 showed a 
1
J correlation between H-6 (δH 3.1 

and δH 3.4 ppm) and C-6 (δC 45.7 ppm) as well as a 
1
J correlation between H-2ʹ (δH 4.65 ppm) 

and the C-2ʹ (δC 55.5 ppm) (Figure 2.6). The correlations were reversed in the HMBC spectrum of 

2.37, the C-6 resonance showed a 
3
J correlation with H-2ʹ, while the C-2ʹ resonance showed a 

3
J 

correlation with H-6 (Figure 2.7).  

Overall, the 2-D NMR spectra established unambiguously that monoalkylation of Ns-BBN-

lysine 2.34 at the ε-amine in CML derivative 2.36 and CEL derivative 2.37 had taken place. As 

described in sections 2.2.1.1 and 2.2.1.2 such selective monoalkylation of amines is a non-trivial 

process. Alkylation of the primary amines by alkyl halides or sulfonate esters results in the 

formation of di-alkylated tertiary amine by-products, which are often challenging to separate from 

the desired secondary amine. Similar problems often arise when the secondary amine is 

generated via the reductive amination of aldehydes when the desired secondary amine is not 

sufficiently hindered.
25

 These shortcomings may explain the low yields predominantly associated 

with the syntheses of CML and CEL both by the alkylation approach
4
 and by reductive 

amination.
9
 Use of the Ns group has enabled efficient monoalkylation of lysine derivative 2.34 to 

afford CML intermediate 2.36 in high yield on a gram scale. Since the Ns group is stable to both 

acidic and basic conditions, it can also serve as a protecting group for the lysyl ε-amine during 

peptide synthesis. 
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Figure 2.6 Portion of the HSQC spectrum of 2.37, displaying the 
1
J correlations between C-6 

and H-6, C-2ʹ and H-2ʹ (circled in blue). 
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Figure 2.7 Portion of the HMBC spectrum of 2.37, displaying the 
1
J correlations between C-6 

and H-2ʹ, C-2ʹ and H-6 (circled in blue).  
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With BBN-protected CML and CEL intermediates 2.36 and 2.37 in hand our attention turned 

to the selective hydrolysis of the 9-BBN moiety from the α-amine and α-carboxyl groups. In order 

to facilitate the recovery of the 9-BBN deprotected intermediate, the resultant amine was 

subsequently Fmoc-protected.  

Several conditions were investigated for the deprotection/protection transformation of 2.36, 

which proved to be challenging (results summarised in Table 2.1). The conditions for removal of 

the 9-BBN group using conc. HCl as originally reported by Dent et al. were not attempted as they 

would result in the undesired concomitant hydrolysis of the ethyl ester in 2.36. Subjecting 2.36 to 

milder 1 M aq. HCl at room temperature or heating to 60 °C overnight resulted in full recovery of 

the starting material (entries 1 and 2, Table 2.1), while heating to reflux at 100 °C for 24 h 

resulted in simultaneous hydrolysis of the ethyl ester (entry 3).  

Use of organic solvents was next attempted with 1 M aq. HCl/MeOH (1:1) and 1 M aq. 

HCl/MeCN both at rt and at 60 °C resulting in full recovery of the starting material (entries 4-7). 

Finally, deprotection under non-aqueous acidic conditions in 4 M HCl in dioxane at room 

temperature overnight with subsequent Fmoc-protection afforded the desired Fmoc-protected 

CML derivative 2.39 in 5% yield (entry 8). Performing the reaction at 60 °C resulted in selective 

deprotection of the 9-BBN group in 2.36, which upon subsequent protection using Fmoc-

succinimide and Na2CO3 in water/dioxane at room temperature afforded the target building block 

2.39 in 56% yield (entry 9).  

In their synthesis of hydroxylysine derivatives Kihlberg et al. reported selective deprotection 

of the 9-BBN group using CHCl3 at room temperature.
26

 In their earlier work, Rokita and Walker 

reported a similar deprotection of the 9-BBN group in the mixture of CHCl3 and methanol at rt.
39

 

When BBN complex 2.36 was exposed to these conditions, Fmoc building block 2.39 formed in 

8% yield (entry 10) following Fmoc-protection. This yield could be improved substantially by 

heating the reaction mixture at 70 °C overnight, which afforded 2.39 in 75% yield (entry 11). The 

driving force of this deprotection remains unknown as similar 9-BBN complexes are stable in 

methanol and CHCl3 individually.
39

 Even the trace quantities of the HCl in CHCl3 do not appear to 

drive the reaction because decomplexation proceeds in CHCl3 freshly treated with base.
39
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Table 2.1 Selective decomplexiation and Fmoc protection of 2.36 

 

Reagents and conditions: a) BBN deprotection outlined below; b) FmocOSu, 10% aq. Na2CO3, dioxane, rt, overnight 

# c(HCl) / M Solvent Time / h Temp / °C Yield 2.39 / % 

1 1.00 H2O 24 25 NR 

2 1.00 H2O 24 60 NR 

3 1.00 H2O 24 100 NR 

4 1.00 H2O/MeOH (1:1) 24 25 NR 

5 1.00 H2O/MeOH (1:1) 24 60 NR 

6 1.00 H2O/MeCN (1:1) 24 25 NR 

7 1.00 H2O/MeCN (1:1) 24 60 NR 

8 4.0 Dioxane 24 25 5 

9 4.0 Dioxane 3 60 56 

10 - CHCl3/MeOH (5:1) 24 25 8 

11 - CHCl3/MeOH (5:1) 24 70 75 

 

The 
1
H NMR spectrum of 2.39, now suitably protected for SPPS, did not display the 

resonances corresponding to the 9-BBN group and displayed chemical resonances characteristic 

of the Fmoc group, namely the aromatic C-H of the fluorene ring system (see appendix). The 
13

C 

NMR spectrum confirmed this with a resonance at δC 156.2 ppm characteristic of the carbamate 

C=O of the Fmoc group. 

 

Reagents and conditions: a) CHCl3/MeOH (5:1), 70 °C, overnight; b) FmocOSu, 10% aq. Na2CO3, dioxane, rt, 

overnight, 70% over two steps 

Scheme 2.21 Synthesis of CEL building block 2.40 
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9-BBN-protected CEL derivative 2.37 underwent the analogous 9-BBN deprotection in 4 M 

HCl in dioxane followed by protection with Fmoc-OSu in the presence of Na2CO3 to afford the 

Fmoc building block 2.40 in 49% yield. However, 9-BBN deprotection in CHCl3/MeOH (5:1) at 70 

°C with subsequent Fmoc protection afforded the CEL building block 2.40 in a better yield of 70% 

(Scheme 2.21).  Examination of the 
1
H and 

13
C NMR spectra of 2.40 also did not display the 

resonances characteristic of the 9-BBN group and characteristic resonances for the Fmoc 

protecting group were present. 

2.2.4 Synthesis of unprotected CML and CEL 

The strategy employed for the synthesis of Fmoc-protected building blocks 2.39 and 2.40 

allowed access to the free amino acid forms of both CML and CEL. Since removal of the 9-BBN 

group can occur concomitantly with hydrolysis of the ethyl ester on compound 2.36, developing 

conditions for facile removal of the Ns group would enable easy access to unprotected CML and 

CEL. To this end, a one-pot alkylation/deprotection reaction (Scheme 2.22), where the 9-BBN-

Ns-lysine 2.34 was alkylated with either ethyl bromoacetate or ethyl bromopropionate and 

subsequently treated with thiophenol afforded the respective BBN protected CML derivative 2.41 

in 68% yield and the CEL derivative 2.42 in 71% yield, respectively. 

 

Reagents and conditions: a) ethyl bromoacetate for 2.41 or ethyl bromopropionate for 2.42, K2CO3, 24 h, followed by 

thiophenol, rt, 2h, 68% 2.41, 71% 2.42; b) 6 M aq. HCl, reflux, 1 h, quantitative 

Scheme 2.22 Synthesis of CML 2.1 and CEL 2.2 as free amino acids 

Utilising the 9-BBN and ethyl ester protecting groups enabled a final global deprotection to be 

carried out simply by treatment of both 2.41 and 2.42 with 6 M aq. HCl. Purification of the final 

compounds using a reverse-phase solid-phase extraction C-18 column with 0.5% MeCN/H2O 
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followed by 20% MeCN/H2O afforded CML 2.1 and CEL 2.2, which were isolated by lyophilisation 

as bis-hydrochloride salts in quantitative yield.  

The NMR spectra for 2.1 and 2.2 supported the successful synthesis of these AGEs as they 

were identical to the spectra reported in literature (see section 2.5). 

2.2.5 Synthetic strategy for preparation of Fmoc-pyrraline 

Our synthetic strategy for Fmoc protected pyrraline hinged on the condensation of a 

protected lysine derivative with TBS protected dihydropyranone 2.43 (Scheme 2.23). A similar 

condensation has previously been employed by our group for the synthesis of acortartarin A.
27

 

Brimble et al. prepared the TBS derivative of commercially available furfuryl alcohol to afford silyl 

ether 2.44, which was subsequently regioselectively lithiated, formylated with DMF, and reduced 

with sodium borohydride to afford 2.45 in 62% yield over two steps. Dihydropyranone 2.43 was 

then produced in gram quantities via Achmatowicz oxidation-rearrangement of 2.45 using 

mCPBA (Scheme 2.23). 

 

Reagents and conditions: a) n-BuLi, THF, 65%; b) DMF, NaBH4, MeOH, 95%; c) mCPBA, DCM, 95% 

Scheme 2.23 Synthesis of dihydropyranone 2.43 by Brimble et al.
27

 

In a subsequent Maillard-type coupling, compound 2.43 was reacted with amino alcohol 2.46 

in presence of triethylamine to afford 2-formyl-pyrrole 2.47 in 60% yield (Scheme 2.24). 

 

Reagents and conditions: a) Et3N, dioxane, 60% 

Scheme 2.24 Synthesis of the 2-formyl-pyrrole 2.47 by Brimble et al.
27

 

It was envisaged that a similar coupling can be accomplished on lysine containing a free 

ε-amine to give the desired pyrraline derivative ready for peptide incorporation. 
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2.2.6 Preparation of Fmoc-pyrraline 

As stated above, we proposed that the condensation of N
α
-Fmoc-lysine 2.18 with 

dihydropyranone 2.43 would directly afford pyrraline suitably protected for SPPS. While 2.43 is 

not commercially available, its preparation is now well-documented and reliably gives access to 

gram quantities of the compound. Heating a suspension of N
α
-Fmoc-lysine 2.18 and 

dihydropyranone 2.43 in 1:1 THF/H2O at 40 °C for 7.5 h gave the desired Fmoc-protected 

pyrraline derivative 2.48 in 67% yield (Scheme 2.25). 

 

Reagents and Conditions: a) THF/H2O, 40 °C, 7.5 h, 67% 

Scheme 2.25 Synthesis of pyrraline derivative 2.48 

The presence of a pair of doublets at δH 6.87 ppm and δH 6.15 ppm assigned to NCCHCHC 

as well as the distinct singlet at δH 9.41 ppm assigned to the aldehyde NCCHO in the 
1
H NMR 

spectrum of the purified product indicated successful cyclisation of the 2-formyl pyrrole ring. The 

formation of protected pyrraline 2.48 was also confirmed by the HRMS of the compound, which 

showed [M+Na]
+
 613.2689. 
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2.3 Synthesis of cross-linking lysyl AGEs as Fmoc-derivatives 

2.3.1 Previous syntheses of cross-linking lysyl AGEs  

 

Figure 2.8 Structures of GOLD and MOLD as free amino acid dimers 

Cross-linking of proteins is one of the major consequences of glycation. GOLD and MOLD 

(Figure 2.9) are cross-linking AGEs that form in the reaction of proximal lysines with the 

dicarbonyl sugar degradation products glyoxal (GO) for GOLD or methylglyoxal (MGO) for 

MOLD. These cross-links have been shown to accumulate in lens crystallins and in collagen with 

both diabetes and ageing.
28,29

 In uraemia, levels of GOLD and MOLD are significantly elevated 

when compared to healthy controls, however the exact roles of these cross-links in the 

pathogenesis of this disease are unknown.
30

  

 

Reagents and Conditions: a) MGO, pH 7.4, 3 days,  

Scheme 2.26 Synthesis of MOLD by Baynes et al.
31

  

MOLD was first characterised by Baynes et al. after prolonged reaction between MGO and 

N
α
-hippuryllysine 2.49 at pH 7.4, where 2.50 formed as the single product, however no isolated 

product yield was reported (Scheme 2.26).
31

 The authors also proposed a mechanism for the 

formation of MOLD that is outlined in Scheme 2.27. The first step of the reaction between MGO 

and lysine derivative 2.51 is the formation of the 2-hydroxyketone intermediate 2.52, which 
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undergoes hydroxide attack to form 2.53. An intramolecular Cannizzaro-type reaction can then 

eliminate the acetic acid via intermediates 2.54 and 2.55, forming the cyclic alcohol 2.56, which is 

finally dehydrated to form the MOLD derivative 2.57. 

 

Scheme 2.27 Mechanism for formation of MOLD derivative 2.57 in the reaction of lysine 

derivative 2.51 with MGO (adapted from Baynes et al.
31

) 

Subsequent syntheses of GOLD and MOLD were done in a similar manner by incubating 

lysine or an α-protected lysine derivative with either GO or MGO, at physiological temperature for 

prolonged periods of time.
32

 Cross-links formed in this manner necessitated HPLC purification 

thus resulting in overall low product yield. In a representative purification procedure, the reaction 

mixture was first applied to a C-18 solid-phase extraction cartridge, washed with 0.05% aq. 

formic acid, and then eluted with 50% MeCN in water. The recovered crude product necessitated 

further reverse phase HPLC purification using a multi-step gradient. 

Linetsky and Shipova developed a new approach, whereby the direct alkylation of the 

imidazole ring was the key step (Scheme 2.28).
33

 The authors alkylated imidazole 2.59 or                      

4-methylimidazole 2.60 with 5-(4-bromobutyl)hydantoin 2.58 in presence of molecular sieves to 

give GOLD and MOLD derivatives 2.60 and 2.61 respectively, which were later hydrolysed with 6 

N HCl to GOLD 2.63 and MOLD 2.64 as free amino acids in 44% and 40% yields, respectively. 
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Reagents and Conditions: a) dioxane, 3Ǻ sieves, 110 °C, 24 h, 58% for 2.61 and 61% for 2.62; b) 6 N HCl, 110 °C, 

48 h, 76% for 2.63 and 65% for 2.64 

Scheme 2.28 Synthesis of GOLD and MOLD as free amino acids by direct alkylation of 

imidazole and 4-methylimidazole.
33

 

While the reported yield for synthesis of GOLD and MOLD by Linetsky and Shipova was 

relatively high, the authors did not report the yields of isolated and purified products but rather 

crude product mixtures formed in both steps of the syntheses.  

In recent work, Esposito and co-workers demonstrated a facile route towards MOLD in their 

modification of the Debus imidazole synthesis.
34

 Reacting N
α
-Boc-lysine 2.6 with formaldehyde, 

MGO, and acetic acid for 1 h afforded Boc2MOLD 2.65 in 80% yield as determined by NMR. 

However, as with the synthesis of these cross-links by Linetsky and Shipova, Esposito et. al. did 

not report the final yield of the purified product. 

 

Reagents and Conditions: a) MGO, formaldehyde, aq. AcOH (6 equiv), 50 °C, 3h 

Scheme 2.29 Synthesis of Boc2MOLD 2.65 by Esposito et al.
34
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2.3.2 General shortcomings of previous syntheses of GOLD and 

MOLD 

While not as well documented as the syntheses for monolysyl AGEs, the syntheses of cross-

linking lysyl AGEs suffer from analogous shortcomings. The original work on Maillard-type 

browning of lysine derivatives to afford GOLD and MOLD reported by Baynes and others, 

required extensive purification procedures. The later syntheses of GOLD and MOLD by Linetsky 

and Shipova require the use of harsh conditions, with extensive heating, and prolonged reaction 

times. In order to furnish GOLD and MOLD as Fmoc-protected building blocks the products of all 

reported syntheses would necessitate additional protection/deprotection steps of the α-amine, 

further lowering the overall product yield. Therefore, the aim for GOLD and MOLD cross-linking 

lysyl AGEs was to develop an effective and reliable approach for their synthesis as Fmoc-

protected building blocks ready for peptide incorporation via SPPS. Furthermore, it was 

determined that a facile method for purification of such building blocks be developed. The results 

en route to these goals are outlined in the subsequent sections. 

2.3.3 Synthetic strategy for Fmoc2GOLD and Fmoc2MOLD 

The key feature of both GOLD and MOLD is the imidazole ring that bridges the two amino 

acids together at the respective ε-amines. A simple synthesis of alkyl imidazoles was first 

reported in 1858 by Debus, who reacted glycine with glyoxal to afford imidazole derivative 2.66 

(Scheme 2.30).
35

 This reaction has been employed by several groups in their syntheses of 

various alkyl imidazoles and alkyl methylimidazoles.
36–38

 

 

Scheme 2.30 Debus condensation of a primary amine with glyoxal.
35

 

It was envisaged that use of N
α
-Fmoc-lysine 2.18 as the alkyl amine under Debus 

condensation conditions in conjunction with glyoxal or methylglyoxal would yield the desired 

cross-link compounds Fmoc2GOLD 2.67 and Fmoc2MOLD 2.68 respectively (Scheme 2.31). 
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Scheme 2.31 Proposed synthetic approach for Fmoc2GOLD 2.67 and Fmoc2MOLD 2.68 

2.3.4 Preparation of Fmoc2GOLD 2.67 and Fmoc2MOLD 2.68 

Initially, synthesis of Fmoc2GOLD 2.67 via Debus condensation was optimised with the 

results summarised in Table 2.2. Thus N
α
-Fmoc-lysine 2.18 (2 equiv) was reacted with GO (1 

equiv) and formaldehyde (1 equiv) in aq. AcOH (5 equiv) at rt. After 1 hour limited product 

formation could be observed by LCMS (entry 1, Table 2.2). Extending the reaction time overnight 

afforded Fmoc2GOLD 2.67 as the sole product albeit in 8% yield (entry 2) along with unreacted 

starting materials. Encouraged by this result, the reaction was subsequently carried out at 50 °C, 

resulting in the formation of 2.67 in 10% yield (entry 3). Adding excess GO and formaldehyde at 

rt further improved the product yield (entry 4), while simultaneous increase of the temperature to 

60 °C did not (entry 5). 
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Table 2.2 Synthesis of Fmoc2GOLD 2.67 

 

# GO / eq. CH2O / eq. Solvent Time / h Temp / °C  Yield 2.67 / % 

1 0.5 0.5 H2O  

(5 equiv AcOH) 

1 25 < 5 

2 0.5 0.5 H2O  

(5 equiv AcOH) 

24 25 8 

3 0.5 0.5 H2O  

(5 equiv AcOH) 

24 60 10 

4 1 1 H2O  

(5 equiv AcOH) 

24 25 14 

5 1 1 H2O  

(5 equiv AcOH) 

24 60 15 

6 0.5 0.5 H2O/MeCN (1:1) (5 

equiv AcOH) 

24 25 11 

7 1 1 H2O/MeCN (1:1) 

(5 equiv AcOH) 

24 25 20 

8 1 1 H2O/MeCN (1:1) 

(5 equiv AcOH) 

24 50 28 

9 1 1 5 M AcOH/MeCN 

(1:1) 

24 50 65 

 

To impart solubility to Fmoc-lysine it was decided to attempt the condensation in the 

presence of an organic solvent. Reacting N
α
-Fmoc-lysine 2.18 (2 equiv) with GO (1 equiv) and 

formaldehyde (1 equiv) in the presence of AcOH (5 equiv) in MeCN/H2O (1:1) gave 2.67 in 11% 

yield (entry 6). Increasing the molar ratio of the aldehydes relative to lysine derivative 2.18 

dramatically increased the yield of 2.67 to 20% (entry 7), and subsequent heating at 50 °C 

afforded 2.67 in improved 28% yield (entry 8). Finally, an increase in acetic acid concentration to   

5 M afforded Fmoc2GOLD 2.67 in 65% yield, which was deemed acceptable. 

A facile purification procedure not using HPLC was next investigated. The product mixture 

was washed with ether and lyophilised to remove the unreacted dicarbonyls and formaldehyde. It 

was envisaged that the polarity differences between the Fmoc-lysine in the starting material and 



Chapter 2 

 

 

 
61 

 

the cross-linked product would facilitate separation on silica gel. Thus, after loading the reaction 

mixture onto a silica gel column and washing with EtOAc, the desired product, Fmoc2GOLD 2.67, 

could be recovered simply by eluting with MeOH/DCM (1:9) + 0.1% TFA. 

The 
1
H NMR spectrum of Fmoc2GOLD 2.67 displayed a singlet at δH 9.2 ppm assigned to 

NCHN integrating for one proton and a singlet at δH 7.8 ppm assigned to NCHCHN integrating for 

two protons. Both peaks are characteristic of the imidazole ring protons. 
13

C NMR spectrum of 

2.67 exhibited resonances at δC 136 ppm and at δC 122 ppm assigned to NCHN and NCHCHN, 

respectively, which are also indicative of imidazole ring formation. Both 
13

C resonances 

correlated with the respective imidazole 
1
H resonances in the HSQC spectrum (Figure 2.10). To 

confirm the attachment of the imidazole onto the lysine side-chain, an HMBC experiment was 

performed, which showed a clear 
3
J correlation between the imidazole carbons at δC 136 ppm 

and δC 122 ppm with the lysyl ε-hydrogens at δH 3.9 ppm (Figure 2.11).  

Evidence gathered from the NMR spectroscopic measurements showed conclusive proof of 

imidazole ring formation on the lysyl ε-amines. The dimeric nature of the Fmoc2GOLD 2.67 

building block was confirmed by the HRMS measurements which found M
+
 corresponding to 

positively charged 2.67 (771.3368). 
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Figure 2.10 Portion of the HSQC spectrum of Fmoc2GOLD 2.67 with 
1
J correlations between 

C-6 and H-6, C-1ʹ and H-1ʹ, C-2ʹ and H-2ʹ (circled in blue). 
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Figure 2.11 Portion of the HMBC spectrum of Fmoc2GOLD 2.67 with 
3
J correlation between 

the imidazole C-1ʹ at δC 136 ppm, C-2ʹ at δC 122 ppm and lysyl H-6 at δH 3.9 ppm (circled in 

blue). 
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In an analogous fashion, Fmoc2MOLD 2.68 was generated in 75% yield by the reaction of 

2.18 (1 equiv) with methylglyoxal (1 equiv) and formaldehyde (1 equiv) in 5 M AcOH/MeCN (1:1) 

(Scheme 2.32). 2.68 was the sole product of the reaction and was purified by silica gel column 

chromatography described for 2.67. 

 

Reagents and Conditions: MGO, formaldehyde, 5 M AcOH/MeCN (1:1), 50°C, overnight, 75% 

Scheme 2.32 Synthesis of Fmoc2MOLD 2.68 

The 
1
H NMR spectrum of Fmoc2MOLD 2.68 exhibited a singlet at δH 9.1 ppm integrating for 

one proton assigned to NCHN, a singlet at δH 7.5 ppm integrating for one proton assigned to 

NCHC(CH3)N, and a singlet at δH 2.2 ppm integrating for three protons assigned to 

NCHC(CH3)N. All three peaks are characteristic of the methylimidazole ring. 
13

C NMR spectrum 

of 2.68 exhibited chemical resonances at δC 135 ppm, at δC 131 ppm, and at δC 119 ppm, which 

were also indicative of un-symmetrical methylimidazole. The 
13

C resonance at δC 135 ppm 

correlated with the proton at δH 7.5 ppm in the HSQC spectrum of 2.68, while the 
13

C resonance 

at δC 119 ppm correlated with the proton at δH 9.1 ppm (Figure 2.12). The HMBC experiment 

showed a clear 
3
J coupling between the imidazole carbon at δC 135 ppm with the lysyl ε-

hydrogens at δH 4.0 ppm (Figure 2.13). 
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Figure 2.12 Portion of HSQC spectrum of Fmoc2MOLD 2.68 with 
1
J correlation between H-1ʹ 

and C-1ʹ, between H-6 and C-6 (circled in blue). 
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Figure 2.13 Portion of HMBC spectrum of Fmoc2MOLD 2.68 
3
J correlation between the 

imidazole C-1ʹ at δC 136 ppm and lysyl H-6 at δH 3.9 ppm (circled in blue). 
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2.4 Conclusion 

Monolysyl AGEs CML, CEL, and pyrraline have been successfully synthesised as Fmoc-

protected building blocks 2.39, 2.40, and 2.48 respectively. Fmoc-CML derivative 2.39 and 

Fmoc-CEL derivative 2.40 were synthesised using a facile and practical approach that involved 

9-BBN complexation and Fukuyama amino alkylation (Scheme 2.33). The methods utilised were 

effective as both the intermediates and final products were generated in good yields with trouble-

free purification procedures. Moreover, this approach also allowed access to gram quantities of 

CML and CEL as free amino acids.  

 

Reagents and Conditions: a) 9-BBN dimer, MeOH, reflux, 1.5 h, followed by NsCl, K2CO3, dioxane, rt, 2 h, 88%; b) 

ethyl bromoacetate for 2.36 or ethyl bromopropionate for 2.37, MeCN for 2.36 or DMF for 2.37, rt, 24 h, 89% for 2.36 and 

91% for 2.37; c) CHCl3/MeOH (5:1), 70 °C, 24 h, 75% for 2.39 and 70% for 2.40; d) thiophenol, rt, 2h, followed by 6 M aq. 

HCl, reflux, 1 h, 68% overall for 2.1 and 71% overall for 2.2  

Scheme 2.33 Synthesis of CML and CEL as Fmoc-protected building blocks for SPPS and 

free amino diacids 

Fmoc-pyrraline 2.48 was synthesised in good yield from commercially available Fmoc-lysine, 

which was condensed with dihydropyranone 2.43 (Scheme 2.34). All three Fmoc-protected 

monolysyl building blocks are now suitably protected for incorporation into peptide sequences via 

solid phase methodology. 
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Modification of Debus amino-cyclisation enabled access to gram quantities of Fmoc-

protected cross-linking lysyl AGE derivatives Fmoc2GOLD 2.67 and Fmoc2MOLD 2.68 (Scheme 

2.35). For the first time, these cross-linking agents are accessible in a single step, high yielding 

process from inexpensive starting materials and required only a short silica gel column filtration to 

afford 2.67 and 2.68 in >95% purity. 

 

Reagents and Conditions: a) THF/H2O, 40 °C, 7.5 h, 67% 

Scheme 2.34 Synthesis of pyrraline 2.48 as Fmoc-protected building block 

The synthesis of the Fmoc building blocks of CML, CEL, pyrraline, GOLD, and MOLD will 

facilitate future investigations into the roles these AGEs play in the pathogenesis of diabetes and 

other relevant diseases and hopefully lead to the development of improved therapeutic 

strategies. The site-specific incorporation of AGEs into peptides described in the next chapter 

paves the way for the synthesis of other AGE-modified peptides thus providing exciting avenues 

for probing the chemical, biological and mechanical properties of AGE modified proteins. 

 

Reagents and Conditions: a) GO for 2.67, MGO for 2.68, formaldehyde, 5 M AcOH/MeCN (1:1), 50 °C, 24 h, 65% for 

2.67, 75% for 2.68 

Scheme 2.35 Synthesis of GOLD 2.67 and MOLD 2.68 as Fmoc-protected building blocks  
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2.5 Experimental  

(S)-2,6-Diaminohexanato-bicyclononylboron – 2.33 

 

Ammonium hydroxide solution (28–30%, 21.0 mL) was cooled in an ice bath then added to a 

flask containing lysine monohydrochloride (3.00 g, 16.42 mmol, 1 eq.) and the reaction was 

stirred at 0 C for 45 min. The reaction mixture was concentrated under reduced pressure then 

dried under high vacuum affording the freebase as a white solid.  This solid was added to a 

refluxing solution of 9-BBN dimer (2.40 g, 9.84 mmol, 0.6 eq) in MeOH (50 mL, HPLC grade) and 

the reaction mixture refluxed for 1.5 h (The reaction mixture becomes homogeneous after 1 h) 

before cooling to room temperature. The MeOH was removed under reduced pressure affording 

a gummy solid. The crude material was refluxed in THF (50 mL) (material initially dissolves in 

10 mL at room temperature but addition of more THF and heating causes white precipitate to 

form) affording a white ppt that was collected by filtration and washed with hexanes (2 x 30 mL), 

diethylether (1 x 30 mL) and dried under high vacuum affording the compound 2.33 as a white 

solid (4.35 g).  

TLC Rf = 0.18 (2:18:80 NH4OH/MeOH/DCM). MS (ESI
+
) 267.4 (M+H)

+
, 532.5 (2M)

+
.  

This compound was used without further purification. 

 

(S)-2-Amino-6-(N-ortho-nitrophenylsulfonamido)hexanato-bicyclononylboron – 2.34 

 

To a cold (0 C) solution of 2.33 (1.00 g, 3.65 mmol, 1.0 eq., calculated from lysine used in 

previous step) in 1 M aq. K2CO3 (7 mL) and dioxane (10 mL) was added NsCl (833 mg, 
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3.76 mmol, 1.03 eq.) as a solution in dioxane (5 mL). The reaction was allowed to warm to room 

temperature and stirred for 2 h. The reaction mixture was partitioned between ethyl acetate 

(25 mL) and H2O (25 mL) and the layers separated. The aqueous layer was extracted with ethyl 

acetate (2 x 20 mL) and the combined organics washed with brine, dried over MgSO4, filtered 

and concentrated under reduced pressure. Purification by flash column chromatography on silica 

gel (5:95 MeOH/DCM) afforded the compound 2.34 as a pale yellow solid (1.46 g, 3.23 mmol, 

88%).  

 [α]D
22

 = − 12.80  (c = 0.30, MeOH). M.P. = 74 – 76 C. IR ϑmax (thin film): 3222, 2847, 

1702, 1537, 1328, 1258, 1218, 1161, 1075 cm
−1

. 
1
H NMR (400 MHz, MeOH-d4)  8.08 (m, 1H, 

H-Ar), 7.89-7.77 (3H, m, H-Ar), 5.62 (m,1H, ArNHCH2), 3.60 (m, 1H, H-2), 3.08 (m, 2H, H-6), 

1.43-1.95 (m, 18H, H-3, H-4, H-5, H-BBN), 0.56 (br, 2H, H-BBN). 
13

C NMR (100 MHz, MeOH-d4) 

 174.4 (C), 148.3 (C), 134.2 (CH), 133.4 (C), 133.5 (CH), 131.3 (CH), 125.8 (CH), 55.8 (CH), 

43.2 (CH2), 32.1, 31.7, 31.5, 30.8, 29.7, 29.1, 24.7, 24.2, 23.3, 23.2 , 22.8 (2 × CH, 9 × CH2). MS 

(ESI
+
) 452.2 (M+H)

+
, 903.4 (2M+H)

+
. HRMS (M+Na)

+
 474.1851, C20H30BN3O6SNa requires M

+
 

474.1844.  

 

(S)-2-Amino-6-(N-(ethoxy-oxoethyl)-ortho-nitrophenylsulfonamido)hexanato-

bicyclononylboron – 2.36 

 

To a cold (0 C) solution of 2.34 (500 mg, 1.1 mmol, 1 eq.) in MeCN (5 mL) was added 

K2CO3 (310 mg, 2.2 mmol, 2 eq.) and subsequently ethyl bromoacetate (0.26 mL, 389 mg, 

2.3 mmol, 2 eq.) drop-wise via syringe and the reaction mixture was stirred for 18 h at room 

temperature. The reaction mixture was partitioned between ethyl acetate (10 mL) and H2O (10 

mL) and the layers separated. The aqueous layer was extracted with ethyl acetate (2 × 10 mL) 

and the combined organics washed with H2O (2 × 5 mL), dried over Na2SO4, filtered and 

concentrated under reduced pressure. Purification by flash column chromatography on silica gel 

(1:1 ethyl acetate/hexane) afforded the compound 2.36 as a white solid (530 mg, 0.98 mmol, 

89%).  
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TLC: Rf = 0.18 (1:1 ethyl acetate/hexane).  [α]D
20

 = − 9.8  (c = 1.31, MeOH). M.P. = 80 –

 81 C. IR ϑmax (thin film): 3249, 2872, 1710, 1543, 1352, 1213, 1160, 1029 cm
−1

. 
1
H NMR 

(400 MHz, DMSO-d6)  8.08 (dd, J = 7.6, 1.6 Hz, 1H, H-Ar), 7.95 (dd, J = 7.6, 1.6 Hz, 1H, H-Ar), 

7.86 (m, 2H, H-Ar), 6.38 (dd, J = 11.9, 7.5 Hz, 1H, NHa), 5.75 (dd, J = 11.1, 9.0 Hz, 1H NHb), 4.22 

(s, 2H, COCH2N), 4.02 (q, J = 7.1 Hz, 2H, OCH2CH3), 3.46 (m, 1H, H-2), 3.32 (m, 2H, H-6), 1.36-

1.92 (m, 18H, H-3, H-4, H-5, H-BBN), 1.21 (t, J = 7.1 Hz, 3H, OCH2CH3), 0.57 (m, 2H, H-BBN). 

13
C NMR (100 MHz, DMSO-d6)  173.6 (C), 168.5 (C), 147.4 (C), 134.5 (C), 132.3 (C), 131.8 

(C), 130.1 (CH), 124.1 (CH), 60.8 (CH2), 54.3 (CH), 48.2 (CH2), 47.8 (CH2), 31.2 (CH2), 31.2 

(CH2), 30.7 (CH2), 30.7 (CH2), 30.0 (CH2), 27.1 (CH2), 24.2 (CH2), 23.9 (CH2), 23.5 (CH), 22.6 

(CH2), 22.3 (CH), 13.8 (CH3). HRMS (ESI
+
) found (M+Na)

+
 560.2208, C24H36BN3O8SNa requires 

M
+
 560.2213. 

 

(2S)-2-Amino-6-(N-(1-ethoxy-1-oxopropany-2-yl)-2-nitrophenylsulfonamido)hexanato-

bicyclononylboron – 2.37 

 

To a cold (0 C) solution of 2.34 (502 mg, 1.1 mmol, 1 eq.) in DMF (5 mL) was added K2CO3 

(310 mg, 2.2 mmol, 2 eq.) and subsequently ethyl bromopropionate (0.31 mL, 2.41 mmol, 2.2 eq) 

drop-wise via syringe and the reaction mixture was stirred at room temperature for 18 h. The 

reaction mixture was partitioned between ethyl acetate (10 mL) and H2O (10 mL) and the layers 

separated. The aqueous layer was extracted with ethyl acetate (2 × 10 mL) and the combined 

organics washed with H2O (2 × 5 mL), dried over Na2SO4, filtered and concentrated under 

reduced pressure. Purification by flash column chromatography on silica gel (1:1 ethyl 

acetate/hexane) afforded the compound 2.37 as a white solid (538 mg, 1 mmol, 91%).  

 [α]D
20

 = − 5.2  (c = 0.84, MeOH). M.P. = 79 − 81 °C. IR ϑmax (thin film): 3240, 2849, 1712, 

1543, 1345, 1154, 1067 cm
−1

. 
1
H NMR (400 MHz, DMSO-d6)  8.09 (m, 1H, H-Ar), 7.95 (m, 1H, 

H-Ar), 7.87 (m, 2H, H-Ar), 6.39 (dd, J = 12.4, 7.5 Hz, 1H, NHa), 5.77 (m, 1H, NHb), 4.65 (q, J = 

7.2 Hz, 1H, COCH(CH3)N), 4.08-3.86 (m, 2H, OCH2CH3), 3.42 (m, 2H, H-2, H-6a), 3.1 (m, 1H, H-

6b), 1.81-1.35 (m, 21H, COCH(CH3)N, H-3, H-4, H-5, H-BBN), 1.01 (td, J = 7.1, 4.8 Hz, 3H, 

OCH2CH3), 0.49 (m, 2H, H-BBN). 
13

C NMR (100 MHz, DMSO-d6)  173.5 (C), 170.5 (C), 147.5 
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(C), 134.5 (C), 132.2 (C), 131.8 (C), 130.2 (C), 124.1 (C), 60.9 (CH2), 55.5 (CH), 54.3 (CH), 45.8 

(CH2), 31.23 (CH2), 31.18 (CH2), 30.7 (CH2), 30.3 (CH2), 30.1 (CH2), 30.0 (CH2), 24.2 (CH2), 23.9 

(CH2), 23.4 (CH), 22.9 (CH2), 22.3 (CH), 16.36 (CH3, CHCH3), 16.28 (CH3, CHCH3*), 13.83 

(CH3). HRMS (ESI
+
) found (M+Na)

+
 574.2358, C25H38BN3O8SNa requires M

+
 574.2369. 

 

(S)-2-((9-Fluorenylmethoxycarbonyl)amino)-6-(N-(ethoxy-oxoethyl)-ortho-

nitrophenylsulfonamido)hexanoic acid – 2.39 

 

A solution of 2.36 (380 mg, 0.71 mmol, 1 eq.) in 4M HCl/dioxane (5 mL) was allowed to stir 

for 1.5 h at room temperature. The solvent was removed under reduced pressure and the residue 

was dissolved in 10% aq. Na2CO3 (3 mL) and cooled in the ice bath. To this solution was added a 

cold (0 °C) solution of N-Fluorenylmethoxycarbonyl succinimide (719 mg, 2.13 mmol, 3 eq.) in 

1,4-dioxane (5 ml) drop-wise and the reaction mixture and was allowed to stir for 18 h at room 

temperature. The reaction was quenched by the addition of H2O (10 ml), acidified with citric acid 

to pH 3.5 and extracted with ethyl acetate (3 × 5 mL). The combined organics were washed with 

H2O (2 × 5 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. 

Purification by flash column chromatography on silica gel (1:30:69 acetic acid/ethyl 

acetate/hexane) afforded recovered starting material (90 mg, 24%) and the compound 2.39 as a 

white solid (250 mg, 0.38 mmol, 56%). 

[α]D
20

 = − 3.1 ° (c = 0.32, MeCN). M.P. = 55 - 56 °C. IR ϑmax (thin film): 3666, 2978, 1717, 

1542, 1448, 1374, 1230, 1154, 1066 cm
−1

. 
1
H NMR (400 MHz, CDCl3)  8.10 – 8.00 (m, 1H, H-

Ar), 7.76 (d, J = 7.5 Hz, 2H, H-Ar), 7.68 – 7.50 (m, 5H, H-Ar), 7.39 (m, 2H, H-Ar), 7.31 (m, 2H, H-

Ar), 5.36 (d, J = 7.8 Hz, 1H, NH), 4.59 – 4.37 (m, 2H, H-Fmoc), 4.37 – 4.28 (m, 1H, H-2), 4.22 (t, 

J = 6.8 Hz, 1H, H-Fmoc), 4.15 (s, 2H, COCH2N), 4.09 (q, J = 7.1 Hz, 2H, OCH2CH3), 3.41 (t, J = 

6.7 Hz, 2H, H-6), 1.96-1.80 (m, 1H, H-3a), 1.79 – 1.66 (m, 1H, H-3b), 1.66 – 1.48 (m, 2H, H-5), 

1.40 – 1.28 (m, 2H, H-4), 1.18 (t, J = 7.1 Hz, 3H). 
13

C NMR (100 MHz, CDCl3)  176.4 (C), 168.8 

(C), 156.2 (C), 147.9 (C), 143.7 (C), 141.3 (C), 133.6 (CH), 133.2 (C), 131.7 (CH), 130.9 (CH), 

127.8 (CH), 127.12 (CH), 125.1 (CH), 124.2 (CH), 120.0 (CH), 67.2 (CH2), 61.6 (CH2), 53.6 (CH), 

47.9 (CH2), 47.6 (CH2), 47.1 (CH), 31.5 (CH2), 26.9 (CH2), 21.93 (CH2), 14.00 (CH3). HRMS 

(ESI
+
) found (M+Na)

+
 662.1759, C31H33N3O10SNa requires M

+
 662.1779. 
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 (2S)-2-((9-Fluorenylmethoxycarbonyl)amino)-6-(N-(ethoxy-oxopropanyl)-ortho-

nitrophenylsulfonamido)hexanoic acid – 2.40 

 

A solution of 2.37 (378 mg, 0.71 mmol, 1 eq.) in 4M HCl/dioxane (5 mL) was stirred for 1.5 h 

at room temperature. The solvent was removed under reduced pressure and the residue was 

dissolved in 10% aq. Na2CO3 (3 mL) and cooled in the ice bath. To this was added a cold (0 °C) 

solution of N-Fluorenylmethoxycarbonyl succinimide (719 mg, 2.13 mmol, 3 eq.) in 1,4-dioxane (5 

ml) drop-wise and the reaction mixture and was stirred at room temperature for 18 h. The 

reaction was quenched with H2O (10 ml), acidified with citric acid to pH 3.5 and extracted with 

ethyl acetate (3 × 5 mL). The combined organics were washed with H2O (2 × 5 mL), dried over 

Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography on silica gel (1:30:69 acetic acid/ethyl acetate/hexane) afforded recovered 

starting material (125 mg, 33%) and the compound 2.40 as a white solid (238 mg, 0.35 mmol, 

49%).  

[α]D
20

 = − 8.0 ° (c = 0.11, MeCN). M.P. = 55 - 56 °C. IR ϑmax (thin film): 3666, 2978, 1717, 

1542, 1374, 1448, 1229, 1154, 1066 cm
−1

. 
1
H NMR (400 MHz, CDCl3)  8.08 – 8.01 (m, 1H, H-

Ar), 7.75 (d, J = 7.5 Hz, 2H, H-Ar), 7.67 – 7.63 (m, 2H, H-Ar), 7.62 – 7.50 (m, 3H, H-Ar), 7.39 (m, 

2H, H-Ar), 7.30 (m, 2H, H-Ar), 5.44 – 5.36 (m, 1H, NH), 4.73 (q, J = 7.3 Hz, 1H, COCH(CH3)N), 

4.57 – 4.29 (m, 3H, 2 × H-Fmoc, H-2), 4.22 (t, J = 6.8 Hz, 1H, H-Fmoc), 4.09 – 3.98 (m, 2H, 

OCH2CH3), 3.52 – 3.39 (m, 1H, H-6a), 3.18 – 3.06 (m, 1H, H-6b), 1.95 – 1.80 (m, 1H, H-3a), 1.79 

– 1.53 (m, 3H, H-3b, 2 × H-5), 1.50 (d, J = 7.3 Hz, 3H, COCH(CH3)N), 1.44 – 1.31 (m, 2H, H-4), 

1.12 (t, J = 7.1 Hz, 3H, OCH2CH3).
 13

C NMR (100 MHz, CDCl3)  176.5 (C), 171.5 (C), 156.4 (C), 

148.2 (C), 143.9 (C), 143.8 (C*), 141.45 (C), 133.7 (CH), 133.5 (C), 131.7 (CH), 131.1 (CH), 

127.9 (CH), 127.3 (CH), 125.2 (CH), 124.2 (CH), 120.1 (CH), 67.4 (CH2), 61.7 (CH2), 56.2 (CH), 

53.7 (CH), 47.25 (CH), 46.1 (CH2), 31.9 (CH2), 30.5 (CH2), 22.7 (CH2), 16.9 (CH3), 14.1 (CH3). 

HRMS (ESI
+
) found (M+Na)

+
 676.1928, C32H35N3O10SNa requires M

+
 676.1929. 
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(S)-2-Amino-6-((ethoxy-oxoethyl)amino)hexanato bicyclononylboron – 2.41 

 

To a mixture of 2.33 (47 mg, 0.10 mmol, 1 eq.) and K2CO3 (58 mg, 0.42 mmol, 4 eq.) in dry 

DMF (0.3 mL) was added ethyl-2-bromoacetate (23 μL, 0.21 mmol, 2 eq.) and the reaction 

mixture stirred at room temperature until the starting material (2.33) had been consumed (approx. 

24 h). Thiophenol (54 μL, 0.52 mmol, 5 eq.) was then added dropwise (exothermic reaction) and 

the reaction mixture was stirred at room temperature for a further 2 h (complete by TLC). The 

reaction mixture was partitioned between ethyl acetate (2 mL) and H2O (3 mL) and the layers 

separated. The aqueous layer was extracted with ethyl acetate (2 × 2 mL) and the combined 

organics washed with H2O (5 × 1 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure. Purification by flash column chromatography on silica gel (1:9 MeOH/DCM) 

afforded the compound 2.41 as a colourless oil (25 mg, 0.71 × 10
−4

 mol, 68%).  

[α]D
22

 = − 12.7  (c = 0.16, MeOH). IR ϑmax (thin film): 3700-2500, 2925, 2845, 1705, 1610, 

1454, 1365, 1208, 1139, 1011 cm
−1

. 
1
H NMR (400 MHz, CDCl3)  5.38 – 5.25 (m, 1H, NHa), 5.05 

– 4.92 (m, 1H, NHb), 4.17 (q, J = 7.1 Hz, 2H, OCH2CH3), 3.83 – 3.70 (m, 1H, H-2), 3.39 (d, J = 

4.7 Hz, 2H, COCH2NH), 2.71 (m, 1H, H-6a), 2.59 (m, 1H, H-6b), 2.11 – 1.99 (m, 1H, H-3a), 1.94 – 

1.36 (m, 17H, H-3b, H-4, H-5, H-BBN), 1.27 (t, J = 7.1 Hz, 3H, OCH2CH3), 0.56 (m, 2H, H-BBN).
 

13
C NMR (100 MHz, CDCl3)  174.0 (C), 172.9 (C), 61.4 (CH2), 55.5 (CH), 50.9 (CH2), 48.2 

(CH2), 32.0 (CH2), 31.6 (CH2), 31.5 (CH2), 31.2 (CH2), 29.5 (CH2), 28.1 (CH2), 24.5 (CH2), 24.1 

(CH2), 23.2 (CH), 23.14 (CH), 22.35 (CH2), 14.33 (CH3). 

HRMS (ESI
+
) found (M+H)

+
 353.2623, C18H34BN2O4 requires M

+
 353.2609 . 
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(S)-2-Amino-6-((ethoxy-oxopropanyl)amino)hexanato bicyclononylboron – 2.42 

 

To a mixture of 2.33 (200 mg, 0.44 mmol, 1 eq.) and K2CO3 (367 mg, 2.66 mmol, 6 eq.) in dry 

DMF (2 mL) was added ethyl-2-bromopropionate (0.17 mL, 1.33 mmol, 3 eq.) dropwise and the 

reaction mixture stirred at room temperature until the starting material (2.33) had been consumed 

(approx. 30 h). Thiophenol (0.23 mL, 2.20 mmol, 5 eq.) was then added dropwise (exothermic 

reaction) and the reaction mixture was stirred at room temperature for a further 2 h (complete by 

TLC). The reaction mixture was partitioned between ethyl acetate (2 mL) and H2O (3 mL) and the 

layers separated. The aqueous layer was extracted with ethyl acetate (2 × 2 mL) and the 

combined organics washed with H2O (5 × 1 mL), dried over MgSO4, filtered and concentrated 

under reduced pressure. Purification by flash column chromatography on silica gel 

(1:9 MeOH/DCM) afforded the compound 2.42 as a colourless oil (115 mg, 3.13 × 10
−4

 mol, 

71%).  

[α]D
23

 = − 19.7  (c = 0.63, CHCl3). IR ϑmax (thin film): 3600-2500, 2921, 2843, 1705, 1615, 

1453, 1359, 1262, 1215, 1027 cm
−1

. 
1
H NMR (400 MHz, CDCl3)  5.55 – 5.34 (m, 1H, NHa), 4.75 

– 4.50 (m, 1H, NHb), 4.23 – 4.10 (m, 2H, OCH2CH3), 3.82 – 3.70 (m, 1H, H-2), 3.35 (m, 1H, 

COCH(CH3)NH), 2.70 – 2.51 (m, 2H, H-6), 2.14 – 1.98 (m, 1H, H-3a), 1.93 – 1.37 (m, 17H, H-3b, 

H-4, H-5, H-BBN), 1.33 – 1.24 (m, 6H, COCH(CH3)NH and OCH2CH3), 0.57 (m, 2H, H-BBN).
 

13
C NMR (100 MHz, CDCl3)  176.0 (C), 175.8 (C*), 174.11 (C), 61.3 (CH2), 61.2 (CH2*), 56.9 

(CH), 56.7 (CH*), 55.5 (CH), 55.4 (CH*), 46.8 (CH2), 32.0 (CH2), 31.7 (CH2), 31.6 (CH2*), 31.5 

(CH2), 31.2 (CH2), 30.6 (CH2), 29.9 (CH2), 28.7 (CH2), 28.5 (CH2*), 24.5 (CH2), 24.0 (CH2), 23.1 

(CH2), 22.5 (CH2), 19.0 (CH3), 18.9 (CH3*), 14.3 (CH3). HRMS (ESI
+
) found (M+H)

+
 367.2770, 

C19H36BN2O4 requires M
+
 367.2766. 

 

 (S)-2-Amino-6-((carboxymethyl)amino)hexanoic acid bis-hydrochloride – 2.1 

 

To a flask containing 2.41 (25 mg, 0.071 mmol, 1 eq.) was added 6 M HCl aq. (1 mL) and the 

mixture was stirred under reflux for 1 h. After cooling to room temperature the mixture was 



Chapter 2 

 

 

 
76 

 

extracted with ethyl acetate (1 × 2 mL) and the layers separated. The aqueous layer was loaded 

directly onto a C-18 reverse phase plug and eluted with 1% MeCN/H2O containing 0.1% TFA. 

Fractions of 1 mL were collected and were visualised by ninhydrin stain. The fractions that 

stained positive were combined and lyophilised affording the compound 2.1 as a white solid 

(19 mg, 0.069 mmol, 98%). NMR was in agreement with previously reported data.
2-4

 

 [α]
22

D = + 8.0  (c = 0.30, H2O). 
1
H NMR (400 MHz, D2O)  4.08 (t, J = 6.3 Hz, 1H, H-2), 3.94 

(s, 2H, COCH2NH), 3.21 – 3.12 (m, 2H, H-6), 2.11 – 1.90 (m, 2H, H-3), 1.79 (m, 2H, H-5), 1.54 

(m, 2H, 4-H). 
13

C NMR (100 MHz, D2O)  172.1 (C), 169.2 (C), 52.8 (CH), 47.5 (CH2), 47.0 (CH2), 

29.2 (CH2), 24.9 (CH2), 21.4 (CH2).  

 

(2S)-2-Amino-6-((carboxyethyl)amino)hexanoic acid bis-hydrochloride – 2.2 

 

To a flask containing 2.42 (115 mg, 0.314 mmol, 1 eq.) was added 6 M HCl aq. (2 mL) and 

the mixture was stirred under reflux for 1 h. After cooling to room temperature the mixture was 

extracted with ethyl acetate (1 × 3 mL) and the layers separated. The aqueous layer was loaded 

directly onto a C-18 reverse phase plug and eluted with 1% MeCN/H2O containing 0.1% TFA. 

Fractions of 2 mL were collected and were visualised by ninhydrin stain. The fractions that 

stained positive were combined and lyophilised affording the compound 2.2 as an amorphous 

white solid (91 mg, 3.13 × 10
−4

 mol, quant.). This compound is very hygroscopic. NMR was in 

agreement with previously reported data.
15,16

 

[α]D
23

 = + 8.5  (c = 0.188, H2O). 
1
H NMR (400 MHz, D2O)  4.11 – 4.01 (m, 2H, H-2 and 

COCH(CH3)N), 3.15 – 3.05 (m, 2H, H-6), 2.07 – 1.88 (m, 2H, H-3), 1.81 – 1.70 (m, 2H, H-5), 1.61 

– 1.42 (m, 5H, H-4 and COCH(CH3)N). 
13

C NMR (100 MHz, D2O)  172.1 (C), 171.9 (C), 

55.5 (CH), 52.6 (CH), 45.4 (CH2), 29.2 (CH2), 25.2 (CH2), 21.5 (CH2), 14.1 (CH3). 
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(S)-2-((9-Fluorenylmethoxycarbonyl)amino)-6-(1ʹ-(tert-butyldimethylsilyloxymethyl)-4ʹ-

formyl-N-pyrrolyl)hexanoic acid – 2.48 

 

A suspension of N
α
-Fmoc-Lysine 2.18 (83 mg, 0.226 mmol, 1.5 eq.) and enone 2.43 (39 mg, 

0.151 mmol, 1 eq.) in THF-H2O (1:1, 1 mL) was heated at 40 C for 7.5 h after which time only a 

small amount of the enone starting material remained. The reaction mixture was diluted with H2O 

(2 mL) and extracted with ethyl acetate (3 × 2 mL). The combined organics were washed with 

H2O (2 mL) then saturated brine (2 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure. Purification by flash column chromatography on silica gel (1. 25%, 2. 50% 3. 

75% ethyl acetate/hexanes) afforded recovered enone starting material (3 mg, 8%) and the 

compound 2.48 as an amorphous off-white solid (60 mg, 1.02 × 10
-4

 mol, 67%).  

[α]D
20

 = − 5.6  (c = 0.29, MeOH). M.P. = sinters and decomposes above 40 °C. IR ϑmax (thin 

film): 3500-2400, 2941, 2929, 1717, 1655, 1525, 1440, 1408, 1362, 1252, 1056 cm
−1

. 
1
H NMR 

(300 MHz, CDCl3)  9.41 (s, 1H, CHO), 7.75 (d, J = 7.4 Hz, 2H, H-Fmoc), 7.65 – 7.56 (m, 2H, 

H-Fmoc), 7.38 (t, J = 7.3 Hz, 2H, H-Fmoc), 7.29 (t, J = 7.3 Hz, 2H, H-Fmoc), 6.87 (d, J = 4.0 Hz, 

1H, CHOCCH), 6.15 (d, J = 4.0 Hz, 1H, CH2CCH), 5.59 (d, J = 8.3 Hz, 1H, NH), 4.66 (s, 2H, 

TBSOCH2), 4.44-4.27 (m, 5H, 2 × H-Fmoc, H-6, H-2), 4.21 (t, J = 7.0 Hz, 1H, H-Fmoc), 2.08 – 

1.88 (m, 1H, H-3a), 1.78 (m, 3H, H-3b, H-5), 1.62 – 1.40 (m, 2H, H-4), 0.89 (s, 9H, H-TBS), 0.06 

(s, 6H, H-TBS). 
13

C NMR (100 MHz, CDCl3)  179.7 (CH), 175.9 (C), 156.4 (C), 144.1 (C), 143.9 

(C), 142.6 (C), 141.4 (C), 132.1 (C), 127.8 (CH), 127.2 (CH), 125.3 (2 × CH), 120.1 (CH), 110.4 

(CH), 67.3 (CH2), 57.4 (CH2), 53.9 (CH), 47.3 (CH), 45.7 (CH2), 32.1 (CH2), 30.9 (CH2), 25.8 

(CH3), 22.7 (CH2), 18.4 (C), -5.3 (CH3). HRMS (ESI
+
) found [M+Na]

+
 613.2689, C33H42N2O6SiNa 

requires M
+
 613.2704. 
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1,3-Bis((S)-5’-((9-fluorenylmethoxycarbonyl)amino)-5’-carboxypentyl)-imidazolium – 

2.67 

 

37% solution of formaldehyde in water (0.660 ml, 8.1 mmol, 2 eq) and 40% solution of 

glyoxal in water (1.2 ml, 8.1 mmol, 2 eq) were added to the round bottom flask containing N
α
-

Fmoc-Lysine 2.18 (1.5 g, 4.07 mmol, 1 eq) in 5 M AcOH in water/CH3CN (1:1, 50 ml). The 

reaction mixture was stirred for 3h at room temperature, and partitioned between ethyl acetate 

(50 ml) and water and the layers separated. The aqueous layer was extracted with ethyl acetate 

(2x40 ml) and the combined organics washed with brine, dried over MgSO4, filtered and 

concentrated under reduced pressure. Purification by flash column chromatography on silica gel 

(0.1% AcOH in EtOAc followed by 5:95 MeOH/DCM with 0.1% TFA) afforded the compound 2.67 

as a white solid (1.01g, 1.31 mmol, 65%).  

[α]D
22

 = -26.4 ° (c = 2.5 mg/ml in MeOH). M.P. = 75 – 77 °C. IR ϑmax (thin film):  3332, 3067, 

2947, 1707, 1650, 1522, 1450, 1410, 1333, 1177, 1083, 1043 cm
-1

. 
1
H NMR (400 MHz, DMSO-

d6)  9.18 (s, 1H, NCHN), 7.89 (d, J = 7.5 Hz, 4H, H-Ar), 7.77 (s, 2H, NCHCHN), 7.71 (m, 4H, H-

Ar), 7.63 (d, J = 8.1 Hz, 2H, H-Ar), 7.42 (t, J = 7.4 Hz, 4H, H-Ar), 7.32 (t, J = 7.4 Hz, 4H, H-Ar), 

4.37 – 4.18 (m, 6H, H-5’, H-Fmoc), 4.13 (t, J = 7.2 Hz, 4H, H-1’), 3.94 (m, 2H, H-Fmoc), 1.86 – 

1.55 (m, 8H, H-4’, H-2’), 1.40 – 1.24 (m, 4H, H-3’). 
13

C NMR (100 MHz, DMSO-d6)  173.8 (C), 

156.1 (C), 143.81 (C), 143.75 (C), 140.7 (C), 135.9 (C), 127.6 (CH), 127.0 (CH), 125.2 (CH), 

122.4 (CH), 120.1 (CH), 65.6 (CH2), 53.6 (CH), 48.6 (CH2), 46.6 (CH), 30.1 (CH2), 28.9 (CH2), 

22.3 (CH2). HRMS (ESI
+
) found M

+
 771.3368, C45H47N4O8 requires M

+
 771.3388. 

 

 

 

 

 

 

 



Chapter 2 

 

 

 
79 

 

1,3-Bis((S)-5’-((9-fluorenylmethoxycarbonyl)amino)-5’-carboxypentyl)-4-

methylimidazolium – 2.68 

 

37% solution of formaldehyde in water (0.660 ml, 8.1 mmol, 2 eq) and 40% solution of 

methylglyoxal in water (1.6 ml, 8.1 mmol, 2 eq) were added to the round bottom flask containing 

N
α
-Fmoc-Lysine 2.18 (1.5 g, 4.07 mmol, 1 eq) in 5 M AcOH in water/CH3CN (1:1; 50 ml). The 

reaction mixture was stirred for 3h at rt, and partitioned between ethyl acetate (50 ml) and water 

and the layers separated. The aqueous layer was extracted with ethyl acetate (2x40 ml) and the 

combined organics washed with brine, dried over MgSO4, filtered and concentrated under 

reduced pressure. Purification by flash column chromatography on silica gel (0.1% AcOH in 

EtOAc followed by 5:95 MeOH/DCM with 0.1% TFA) afforded the compound 2.68 as a pale 

yellow solid (1.19g, 1.52 mmol, 75%).  

[α]D
22

 = -23.3 ° (c = 3.6 mg/ml in MeOH). M.P. = 75 – 77 °C. IR ϑmax (thin film): 3333, 3067, 

2948, 1701, 1655, 1522, 1450, 1410, 1333, 1179, 1083, 1043 cm
-1

. 
1
H NMR (400 MHz, d6-

DMSO)  9.1 (d, J = 1.7 Hz, 1H, NCHN), 7.89 (d, J = 7.5 Hz, 4H, H-Ar), 7.71 (dd, J = 7.7, 3.8 Hz, 

4H, H-Ar), 7.66 – 7.58 (m, 2H, H-Ar), 7.51 (s, 1H, CH3CCH), 7.47 – 7.37 (m, 4H, H-Ar), 7.32 (t, J 

= 7.5 Hz, 4H, H-Ar), 4.37 – 4.16 (m, 6H, H-2, H-Fmoc), 4.13 – 3.87 (m, 6H, H-6, H-Fmoc), 2.25 

(s, 3H, CH3), 1.87 – 1.50 (m, 8H, H-3, H-5), 1.45 – 1.21 (m, 4H, H-4). 
13

C NMR (100 MHz, d6-

DMSO)  173.8 (C), 156.2 (C), 143.79 (C), 143.75 (C), 140.7 (C), 135.9 (CH), 127.6 (CH), 127.0 

(CH), 125.2 (CH), 122.4 (C), 120.1 (CH), 65.6 (CH2), 53.6 (CH), 48.6 (CH), 46.6 (CH), 30.1 

(CH2), 28.9 (CH2), 22.3 (CH2), 8.5 (CH3). HRMS (ESI
+
) found M

+
 785.3519, C46H49N4O8 requires 

M
+
 785.3545. 
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3.1 Background  

As discussed in chapter one, there is a considerable interest to characterise and employ 

AGEs as biomarkers or antigens for the diagnosis and treatment of diabetes and related 

complications. Site-specific incorporation of AGEs into peptides via solid phase peptide synthesis 

will provide useful chemical probes with which to study the precise effect these amino acid 

modifications impart on the target proteins. This chapter describes our synthetic strategy to 

prepare peptides that are site-specifically glycated with lysyl AGE-building blocks. This section 

gives a brief overview of the peptide synthesis methodology. Section 3.2 describes the synthesis 

of collagenous control peptides. The discussion of AGE peptide synthesis is divided into three 

sections: synthesis of peptides containing monolysyl AGEs is described in Section 3.3, a novel 

method for synthesis of CML-containing peptides is described in Section 3.4, and synthesis of 

peptides containing cross-linking lysyl AGEs is described in Section 3.5.  

3.1.1 Peptides used in studies of biological processes 

The biological function of a protein is determined by its unique folded structure, which in turn 

is defined by the amino acid sequence of its polypeptide chain. Modern recombinant DNA 

techniques have allowed necessary quantities of proteins to be prepared for the analyses of their 

structure and function.
1
 The major limitation of recombinant DNA protein synthesis is that only the 

twenty genetically encoded amino acids can be readily incorporated into a protein molecule. 

While novel methods for recombinant incorporation of unnatural amino acids are in 

development,
2
 to date such methods are cumbersome and only increase the number of amino 

acids that can be put into proteins by one or two at a time.
3
  

These restraints of recombinant protein synthesis can be surmounted by chemical synthesis 

of peptides and proteins. This approach enables the vast breadth of synthetic organic chemistry 

to be applied upon peptides and proteins.
4
 Such synthetic peptides can serve as useful model 

systems to study complex biological mechanisms, such as calmodulin trapping by the 

calcium/calmodulin dependent protein kinase II
5
 or the precise action of the glycogen synthase 

kinase 3.
6
 Peptide models can also serve as defined structural elements to investigate the effects 

of secondary, tertiary, and quaternary structures of proteins on their relative stability and activity.
7
 

Collagen model peptides are an exemplary family of such peptides designed to specifically mimic 

the unique triple helical structure of collagen.
8
 

3.1.2 Collagen peptides 

As described in Section 1.3.2, due to its extended half-life collagen is known to be especially 

susceptible to glycation.
9–12

 All types of native collagen are comprised of microfibrils, which in 
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turn consist of two kinds of quaternary structures; the triple fibrous region and the non-helical 

telopeptide region (Figure 3.1). The triple helical region is critical for the stability of collagen. This 

stability is enhanced by the enzymatic cross-linking of the telopeptide region. The telopeptide 

region is also essential for proper enzymatic digestion of collagen and is therefore central to 

normal growth, development, and repair of tissues, as well as healthy cell differentiation.  

 

Figure 3.1 Schematic representation of a collagen microfibril 

In order to study the precise effect of glycation on both the triple helical and telopeptide 

regions of collagen, incorporation of lysyl AGEs into peptides that mimic both forms of collagen is 

required.  

The sequence used as a model for synthetic collagen telopeptides (CTPs, 

YGYDEKSTGGISVP, 3.1) was sourced from the telopeptide region of human type I α1 collagen
13

 

and was chosen because it contained a lysine residue in position 6, which can be glycation site in 

vivo (Figure 3.2). The native CTP and AGE-modified CTPs were employed in the investigation of 

the effects of glycation on the proteolysis of the host protein (Section 4.3). 

 

Figure 3.2 Structure of the native collagen telopeptide 3.1 with the glycation site in red. 

For the triple helical region of collagen, collagen model peptides (CMPs) were chosen as 

suitable mimics. These peptides have been developed over the past 20 years specifically to 

study the collagenous triple helix. CMPs have been employed extensively in the syntheses of 

stable triple-helical peptides.
14

 A key feature of CMPs is the repeat unit of proline, 4R-

hydroxyproline, and glycine (Pro-Hyp-Gly) and different quantities of this repeat unit can be used 

in the design of collagenous peptides. Numerous studies have demonstrated the importance of 
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the position of the Hyp residue within the repeat unit on the stability of the resultant peptide triple 

helix.
8
 In the present work, CMPs were designed to contain seven repeat units of Pro-Hyp-Gly, 

where the central 4R-hydroxyproline was replaced by either lysine, 3.2, or a synthetic AGE 

building block (Figure 3.3). Use of these model peptides enabled a detailed study of the precise 

effect of glycation on the structural stability of collagen (Section 4.2). 

 

Figure 3.3 Structure of the target CMP, where the central Hyp is replaced by a lysine 

residue. 

3.1.3 Target glycated peptides 

With access to three monolysyl AGEs (3.3, 3.4, and 3.5, Figure 3.4) and two cross-linking 

lysyl AGE building blocks (3.6 and 3.7), incorporation of each building block into both types of 

collagenous peptides described in the previous section would require synthesis of ten site-

specifically glycated peptides. The overall goal of this chapter was therefore to prepare of five 

glycated collagen model peptides (CML-CMP 3.8, CEL-CMP 3.9, pyrraline-CMP 3.10, GOLD-

CMP 3.11, MOLD-CMP 3.12, Figure 3.5) and five glycated collagen telopeptides (CML-CTP 3.13, 

CEL-CTP 3.14, Pyrraline CTP 3.15, GOLD CTP 3.16, MOLD CTP 3.17, Figure 3.6).  

Incorporation of AGE-building blocks into collagenous peptides was accomplished by solid 

phase peptide synthesis (SPPS). An overview of the methods of SPPS is given in Section 3.1.4. 
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Figure 3.4 AGE building blocks ready for peptide incorporation 

 

Figure 3.5 Structures of the target glycated collagen model peptides 3.8, 3.9, 3.10, 3.11, and 

3.12 
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Figure 3.6 Structures of the target glycated collagen telopeptides 3.13, 3.14, 3.15, 3.16, and 

3.17 

3.1.4 Overview of solid phase peptide synthesis methods 

In classical solution phase peptide synthesis a polypeptide chain is assembled by the 

sequential condensation of C- and N-protected α-amino acids. In this process, the C-terminal α-

amino acid of the growing peptide chain is typically protected as an alkyl ester. This ester is then 

condensed with the N-protected form of the successive α-amino acid in the peptide chain, 

resulting in a fully protected dipeptide intermediate. The intermediate is then purified and the N-

protecting group is removed, affording a protected dipeptide with a free carboxylic acid, which 
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also requires purification. The dipeptide is coupled with the next N-protected α-amino acid in the 

sequence. This cycle is repeated until the desired peptide sequence is assembled and the final 

C-terminal, N-terminal, and side-chain deprotections afford the target peptide. The handling and 

purification of the peptide intermediates is often challenging, the peptide segments may often 

racemise
15

 or have poor solubility.
16

 Repeated purification of the intermediate products can be 

tedious and result in low overall product yield.
15

 

Solid phase peptide synthesis (SPPS) facilitates the purification of peptide intermediates 

making the synthesis rapid and more efficient. In SPPS, an insoluble support (typically cross-

linked polystyrene) is used in place of an alkyl ester as the C-protecting group of the C-terminal 

α-amino acid, which is attached via a chemical linker. This resin attachment renders the growing 

peptide chain insoluble, thus making the purification of intermediate oligopeptides a matter of 

filtration. Excess reagents from the coupling and deprotection steps of the synthetic sequence 

are readily separated by washing the resin-bound intermediate. By removing the need for 

repeated chromatography or recrystallisation of intermediate products, resin-immobilisation 

substantially reduces the time required for each step of the synthesis. Additionally, because 

resin-bound intermediates are washed free of soluble reagents between each step, SPPS 

enables sequential steps of the synthetic process to be performed in the same reaction vessel, 

thereby minimizing the material loss due to mechanical transfer of intermediates. The lack of 

extensive resin handling during SPPS also renders the process suitable for automation. Once the 

peptide elongation is complete, the chemical linker is cleaved from the solid support and the side-

chain protecting groups are removed to liberate the crude peptide, which is then purified. The 

versatility of this method is illustrated by the countless number of peptides that have been 

prepared by using SPPS.
4
 

3.1.4.1 Solid support in SPPS 

Several supports have been developed since the initial introduction of polystyrene cross-

linked with 2% divinylbenzene by Merrifield. Depending on the type of reactions involved different 

supports can be chosen. For example, polyethylene glycol (PEG) grafted resins are suitable for 

use with polar solvents, whereas polystyrene (PS) is generally used with nonpolar solvents. For 

efficient synthesis, the solid support must have the following characteristics: 1) physical stability 

and pore size to allow liquid filtration; 2) chemical inertness to the reagents involved during the 

peptide synthesis; 3) swelling capacity to enable efficient diffusion with and penetration by the 

solvents and reagents; 4) presence of functional groups for the attachment of peptide building 

blocks.  
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3.1.4.2 Linkers in SPPS 

A chemical linker between the first amino acid of the target peptide and the resin must be 

installed to release the peptide upon the completion of the synthesis. Such linkers have to be 

inert to the conditions of SPPS during peptide synthesis, and should also release the desired 

peptide in a facile manner.  

Table 3.1 Chemical linkers used in Fmoc- and Boc- SPPS.
17

 

SPPS Linker resins Cleavage Product 

Fmoc 

 
 

TFA 
C-terminal 
acid 

 

TFA 
C-terminal 
acid 

  

R= NHFmoc: 
TFA 
 
R= OH:dilute 
TFA 

R= NHFmoc: 
C-terminal 
amide 

 
R= OH: 
C-terminal 
acid 

  

dilute TFA 
C-terminal 
acid 

 

dilute TFA 
C-terminal 
acid 

Boc 

 

HF 
C-terminal 
acid 

 

HF 
C-terminal 
amide 

Fmoc/ 

Boc 
 

Pd(0) 
C-terminal 
acid 
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Depending on the suitable method of peptide synthesis, either acid-labile linkers that are 

resistant to repeated base treatment or anhydrous HF-labile linkers that are resistant to repeated 

treatment with TFA can be used. A selection of the most commonly used linkers is given in the 

table 3.1.
17

 

3.1.4.3 Coupling agents and conditions 

Initially acyl chlorides were employed for coupling of the carboxylic acid to the solid support.
18

 

High tendency of these moieties to racemize, hydrolyse and form side reactions limited their use 

in peptide synthesis. The role of coupling agents has been taken over by anhydrides and 

activated esters, key members of which are discussed in subsequent sections. 

3.1.4.3.1 Carbodiimides 

Carbodiimides can be utilised to form symmetrical anhydrides of carboxylic acids, which in 

turn are reactive with amines. Dicyclohexylcarbodiimide (DCC)
19

 3.18 and more recently 

diisopropylcarbodiimide (DIC)
20

 3.19 have been widely used in this manner. The mechanism of 

coupling by employing carbodiimides is shown in Scheme 3.1. The amino acid building block 

3.20 reacts with the coupling agent 3.18 or 3.19 to form O-acylurea 3.21, which can either directly 

form an amide bond as in 3.23 by reacting with the unprotected N
α
-amine on the resin-bound 

peptide or it can react with another molecule of the amino acid to form the symmetrical anhydride 

3.22. This anhydride can then react with the N
α
-amine on the resin-bound peptide to form an 

amide bond. 

 

Scheme 3.1 Amide bond formation in presence of DCC or DIC 

The major drawback of this method of coupling is the large extent of epimerisation that takes 

place during carboxylic acid activation. Moreover, the coupling by-products possess limited 

solubility in organic solvents and can be challenging to separate. 1-hydroxy-1H-benzotriazole 



Chapter 3 

 

 

 
93 

 

(HOBt) 3.24 was introduced as an additive to combat this issue. HOBt rapidly reacts with O-

acylurea to produce the OBt active ester, which then stabilises the incoming N
α
-amino group via 

hydrogen bonding (Scheme 3.2). An aza analogue of HOBt, 1-hydroxy-7-azabenzotriazole 

(HOAt) 3.25, was later developed and proved to be more efficient in suppression of epimerisation 

suppression.
21

 

 

Scheme 3.2 Carbodiimide coupling in presence of HOAt or HOBt 

3.1.4.3.2 Phosphonium salts 

The high efficiency of HOBt and HOAt in mediating the amide bond formation in combination 

with carbodiimide activators led to the development of coupling reagents based on the 

benzotriazole structure. The first member of this family of molecules to gain widespread use is 

benzotriazol-1-yl-oxy-tris(dimethylamino)phosphonium hexafluoride (BOP) 3.26.
22

 The 

mechanism of coupling in the presence of BOP is outlined in Scheme 3.3.  

 

Scheme 3.3 Amide bond formation in presence of phosphonium coupling agents 

The coupling is initiated by mixing the suitably protected amino acid building block with the 

free amine peptide resin in presence of base, which facilitates the generation of activated 

acylphosphonium and HOBt. The HOBt reacts with the activated acid to produce the OBt ester, 
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which in turn acylates the N
α
-amine on the resin-bound peptide to form the intermediate peptide. 

Hexamethylphosphoric triamide (HMPA) generated when using BOP reagent 3.26 is toxic and 

therefore the use of BOP in peptide coupling is nowadays limited.
23

 The pyrrolidine derivative of 

3.26, benzotriazol-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP) 3.27,
24

 

has been developed since the corresponding by-product that forms when coupling is perfomed 

with PyBOP is non-toxic. 

3.1.4.3.3 Uronium salts 

Uronium salts, such as O-(1H-benzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate (HBTU) 3.28,
25

 are a class of coupling agents that are also based on the 

structures of HOBt and HOAt. The coupling reaction is carried out by mixing the amino acid with 

free amine peptide-resin in the presence of an uronium salt and NEt3 to generate the activated 

uronium species (Scheme 3.4). The driving force of the reaction is the generation of urea by-

product. The aza analogue of HBTU, HATU 3.29 has been shown to give faster, more efficient 

coupling with less epimerisation.  

 

Scheme 3.4 Amide bond formation in presence of uronium coupling agents 

Unlike the phosphonium coupling agents BOP 3.26 and PyBOP 3.27, the uronium salts 3.28 

and 3.29 are capable of capping the free amino group of the resin-bound peptide thereby 

terminating the synthesis.
18

 Therefore, addition of excess of these reagents with respect to the 

acid must be avoided.  

3.1.4.3.4 Other coupling methods 

There are countless other reagents that have been developed to effect faster and more 

efficient amino acid coupling. The coupling agents predominantly employed in modern day 

peptide synthesis are described above while other used to effect coupling of amino acids include 

ammonium salts,
26

 Mukaiyama’s reagent,
27

 acyl fluorides, pentafluorophenyl esters, and others.
28 
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3.1.4.4  Synthetic protocol for Fmoc SPPS 

As mentioned above, SPPS enables rapid assembly of peptides by greatly accelerating the 

intermediate purification steps. Peptide elongation is carried out within the resin beads where 

diffusion mechanisms govern the movement of reagents. Once the coupling of the desired N
α
-

protected amino acid at the N-terminus of a growing peptide sequence is complete, the excess 

amino acid and coupling reagents are removed by filtration and washed with an appropriate 

solvent, while the target intermediate peptide remains resin-bound. The N
α
-protecting group is 

next removed using a reagent that will not react with any of the side chain protection groups 

already present on the resin-bound peptide, as well as the chemical linker between the peptide 

and the solid support. The amino acid coupling that follows the deprotection step completes one 

cycle of amide bond formation for peptide elongation.  

There are two main protocols in SPPS: namely 9-fluorenylmethoxycarbonyl (Fmoc) and tert-

butyloxycarbonyl (Boc) chemistries. The original protocol for the synthesis of peptides developed 

by Merrifield relied on Boc/benzyl strategy, which has been reviewed extensively elsewhere, and 

requires the use of extremely hazardous HF gas in a highly specialised apparatus.
29

 

Fmoc/tert-butyl peptide synthesis strategy exploits orthogonal protecting groups, where the 

N-deprotection is achieved by an amide base, while the side chain protecting groups and the 

chemical linker between the peptide and solid support are cleaved by an acid such as TFA. Side 

chain protection, which prevents unwanted side-reactions, is accomplished using acid-labile 

groups such as tBu and trityl. These groups can be removed simultaneously during peptide 

cleavage from the resin, however to prevent reattachment the resultant carbocations must be 

quenched with an appropriate scavenger such as triisopropylsilane (TIPS) or thiol. The -amino 

group is protected with an Fmoc group, and its removal is achieved using 20% piperidine, 5% 

piperazine, or 1% 1,8-diazabicycloundec-7-ene (DBU). The key step in this deprotection reaction 

is the initial deprotonation of the fluorene ring proton to generate an aromatic cyclopentadiene-

type intermediate 3.30, which rapidly undergoes elimination to form the dibenzofulvene 3.31 

(Scheme 3.5). The -amino group is liberated following decarboxylation, while the 

dibenzofulvene is scavenged by excess piperidine. The coupling of the next amino acid is carried 

out using one of the coupling reagents described in section 3.1.4.3.  
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Scheme 3.5 Deprotection of N-Fmoc group by piperidine resulting in a free -amino group. 

The Fmoc SPPS strategy is the most popular method for the synthesis of peptides due to the 

relative effortlessness of the synthetic protocol and accessibility of the reagents used for both  

N-deprotection and peptide cleavage from the resin. For these reasons, investigations to 

optimise the amino acid side chain protecting groups, chemical linkers between the peptide and 

solid support, N-deprotection reagents, coupling conditions, and cleavage conditions have been 

studied extensively.
30
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3.2 Solid phase synthesis of peptides that mimic collagen 

This section describes our synthesis of collagenous control peptides that do not contain AGE 

building blocks. In order to establish a robust protocol for the synthesis of both triple helical and 

non-helical collagenous peptides, collagen model peptide (CMP) 3.2 and collagen telopeptide 

(CTP) 3.1 were synthesised using microwave enhanced Fmoc SPPS. Synthesis of the CMP 3.2 

is outlined in Scheme 3.6. The synthesis was carried out using CEM Liberty microwave peptide 

synthesiser on aminomethyl polystyrene resin 3.32, to which Fmoc-Gly-HMPP was attached in 

the presence of DIC. A HMPP linker was employed due to its lability to TFA. Upon completion of 

the synthesis the peptide 3.33 was cleaved from the resin using TFA:TIPS:H2O (38:1:1 v/v/v) for 

2 h. The crude product was purified by RP-HPLC and LCMS of the purified peptide 3.2 is given in 

Figure 3.7. 

 

Reagents and conditions: a) i. 20% piperidine in DMF, 0.5 + 3 min, 75 °C, MW, ii. Fmoc-AA-OH, HBTU, DIPEA, 

DMF, 5 min, 75 °C, MW, iii. steps i. and ii. repeated until the desired sequence is built; b) TFA:TIPS:H2O (38:1:1), 2 h, rt 

Scheme 3.6 Solid phase synthesis of CMP 3.2.  

While the synthesis of analogous CMPs is well documented in literature,
8
 this is the first 

synthesis of the peptide 3.2. It was accomplished without major difficulties such as amino acid 

deletions, which is surprising, since such deletions are a common problem encountered in the 

synthesis of CMPs.
31
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Figure 3.7 Analytical LC-MS for the synthesis of CMP 3.2. 1-25% MeCN in H2O with 

0.1% formic acid, 1%/min gradient. [M+2H]
2+

 calc. 952.1, obs. 952.4. 

Telopeptide 3.1 was prepared using a Biotage Alstra peptide synthesiser on aminomethyl 

polystyrene resin 3.34 equipped with the Rink amide linker. Use of this linker results in a peptide 

with a C-terminal amide (Scheme 3.7). It was envisaged that telopeptides would be employed in 

enzyme degradation studies, which often require C-terminal amidation and N-terminal 

acetylation.  

The cleavage of peptide 3.35 and subsequent purification of the resulting telopeptide 3.1 was 

performed using protocols analogous to those used for the synthesis of CMP 3.2. Peptide 3.1 

was isolated in 31% overall yield with >95% purity. 

The LCMS of the purified 3.1 is given Figure 3.8. Similar to CMP 3.2, telopeptide 3.1 has also 

not been synthesised previously and its synthesis was accomplished in high yield without major 

difficulties. Notably, the aspartic acid in position 4 was stable to the synthetic conditions and did 

not form an aspartamide. 
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Reagents and conditions: a) i. 20% piperidine in DMF, 0.5 + 3 min, 75 °C, MW, ii. Fmoc-AA-OH, HBTU, DIPEA, 

DMF, 5 min, 75 °C, MW, iii. steps i. and ii. repeated until the desired sequence is built, iv. Ac2O in DMF, 2 x 10 min, rt; b) 

TFA:TIPS:H2O (38:1:1), 2 h, rt 

Scheme 3.7 Solid phase synthesis of CTP 3.1 

 

 

Figure 3.8 Analytical LC-MS for the synthesis of CTP 3.1. 5-65% MeCN in H2O with 0.1% formic 

acid, 3%/min gradient. [M+H]
+
 calc. 1513.7, obs. 1513.8. 
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3.3 Solid phase synthesis of peptides containing monolysyl 

AGEs 

Incorporation of AGEs into peptides and proteins has been predominantly accomplished via 

non-specific Maillard-type browning reactions where the substrate is incubated for prolonged 

periods in the presence of sugar and/or sugar degradation products.
32,33

 This approach is useful 

for investigating the full scope of the glycation process, i.e. to see all the possible products of the 

reaction, however it does not give access to peptides site-specifically glycated by individual 

AGEs. Therefore, this strategy sheds little light on the precise impact of individual AGEs on the 

host proteins.  

This section describes previous synthetic attempts to prepare peptides site-specifically 

glycated by monolysyl AGEs followed by a discussion of the incorporation of the building blocks 

synthesised in Chapter 2 into both triple helical and non-helical collagenous peptides employing 

Fmoc-SPPS. 

3.3.1 Previous syntheses of monolysyl AGE-peptides 

Despite enormous scientific interest in glycation and AGEs, only two publications have 

described AGE incorporation into peptides via SPPS. Two different approaches for site-specific 

glycation were employed: building block synthesis or on-resin peptide modification. 

3.3.1.1 On resin synthesis 

During their investigation into AGE binding to the receptor for advanced glycation 

endproducts, Xue et al. reported the synthesis of short 7-residue peptides containing CML and 

CEL.
34

 The authors first incorporated a lysine residue with the ε-amine protected by the 4-

methyltrityl (Mtt) group to afford resin-bound peptide 3.36 (Scheme 3.8). The Mtt group was next 

selectively deprotected by treatment with 2% TFA and 1% TIPS in DCM for 30 min. The resulting 

peptide 3.37 was washed repeatedly and dried before the unprotected lysyl amine was alkylated 

with 2-chlorotrityl bromoacetate or 2-chlorotrityl bromopropanoate to afford the resin bound CML 

3.38 and CEL 3.39 peptides, respectively. The target peptides 3.40 and 3.41 were then isolated 

following TFA cleavage from the resin with concomitant removal of the remaining side-chain 

protecting groups and subsequent purification by HPLC. Unfortunately, neither the yields of the 

target peptides 3.40 and 3.41 nor the presence of any significant amounts of by-products was 

reported; therefore it is difficult to assess the efficiency of this synthesis. A di-alkylation product is 

expected to be the major by-product resulting from alkylation of primary amines as was carried 

out in this synthesis. Moreover, both alkylating agents, 2-chlorotrityl bromoacetate and 2-

chlorotrityl bromopropanoate, are not commercially available.  
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Reagents and conditions: a) 2% TFA, 1% TIPS in DCM, 2 x 30 min; b) 2-chlorotrityl bromoacetate (for 3.38) or 

2-chlorotrityl bromopropionate (for 3.39), DIPEA, DCM, overnight; c) TFA:ethanedithiol:m-cresol:thioanisole:H2O 

(49:1:2:2:2) 

Scheme 3.8 Syntheses of monolysyl AGE containing peptides by Xue et al.
34

 

Evidence for the apparent di-alkylation comes from work reported by Gruber and Hoffman, 

who also attempted the synthesis of 5-residue peptides containing CML and CEL (Scheme 3.9).
35

 

Instead of using the Mtt group for lysine side-chain protection, the authors employed a variant of 

the 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde) group, namely 1-(4,4-dimethyl-2,6-
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dioxocyclohex-1-ylidene)-3-methylbutyl (ivDde) group, which was labile to hydrazine treatment.
36

 

The peptide containing a lysine with its side-chain ivDde-protected 3.42 was first assembled by 

Fmoc SPPS and the ivDde released by treatment with 2% hydrazine in DMF. The resulting 

peptide 3.43 underwent reductive alkylation with glyoxylic acid or tert-butyl glyoxylate to afford 

the resin-bound CML peptide 3.44, and the peptide 3.45 isolated following the peptide cleavage 

and HPLC purification. The major by-product of this synthesis of CML peptide was a di-alkylated 

derivative. No chromatographic data was reported, and therefore it is impossible to assess the 

efficiency of this synthesis. Moreover, as noted in section 2.2.1.1 tert-butyl glyoxylate is not 

commercially available and is a challenging reagent to handle. 

 

Reagents and conditions: a) 2% N2H4; b) glyoxylic acid or tert-butyl glyoxylate, NaCNBH3 followed by TFA:TIPS:H2O 

Scheme 3.9 Synthesis of CML containing peptide 3.45 by Gruber and Hoffman.
35
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3.3.1.2 Building block approach 

Site-specific incorporation of AGEs into peptides using AGE building blocks suitably 

protected for SPPS has only been reported once. Gruber and Hoffman incorporated CML and 

CEL into random, short peptide sequences using building blocks 3.46 and 3.47, respectively 

(Figure 3.9), syntheses of which are described in section 2.2.1.1.
35

 

 

Figure 3.9 CML and CEL building blocks employed in SPPS 

The authors quoted relatively good yields for incorporation of CML and CEL into the peptides 

but these short sequences had no physiological relevance. The general shortcoming of this 

strategy was the use of AGE building blocks, synthesis of which required starting materials that 

were not commercially available. 

3.3.2 Solid phase synthesis of collagen model peptides containing 

CML and CEL 

In order to site-specifically incorporate monolysyl AGEs CML and CEL into peptide 

sequences, building blocks 3.3 and 3.4 (Figure 3.10) were designed and prepared (see Section 

2.2.3). These building blocks possess three orthogonal protecting groups, namely the ethyl ester 

on the CML acid, Nosyl group on the ε-amine, and the Fmoc group on the α-amine.  

 

Figure 3.10 CML 3.3 and CEL 3.4 Fmoc building blocks 

It was envisaged that the ethyl ester and the Nosyl group on the CML side-chain would be 

orthogonal to the conditions of Fmoc SPPS and would be removed following peptide synthesis to 

release the CML modified peptide (Scheme 3.10).  
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Scheme 3.10 Synthesis of peptides via Fmoc SPPS using building blocks 3.3 or 3.4  

In the present work, synthesis of AGE-peptides started with in-house prepared aminomethyl 

polystyrene resin, which was coupled to a pre-loaded Fmoc-Gly-HMPP linker affording resin 3.32 

(Scheme 3.11). With 3.32 in hand, standard couplings were carried out by SPPS using a CEM 

Liberty microwave reactor furnishing peptidyl resin 3.48 ready for incorporation of our AGE 

building blocks. To minimise the loss of the precious AGE building blocks, CML 3.3 (Figure 3.10) 

was coupled using 2 eq. of the building block, 1.9 eq. of HATU as the coupling agent, and 10 eq. 

of DIPEA. Coupling was performed at 25 W MW irradiation for 15 min with a maximum 

temperature of 75 °C affording 3.49. The remaining residues were coupled under conditions 

described in section 3.2 using an automated microwave reactor affording the desired resin bound 

peptide 3.50. 
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Reagents and conditions: a) i. 20% piperidine in DMF, MW (25 W), 75 °C, 0.5 + 3 min; ii. HBTU, DIPEA, DMF, MW 

(25 W), 75 °C, 5 min; b) HATU, DIPEA, DMF, MW (25 W), 75 °C, 15 min; c) TFA:TIPS:H2O (38:1:1) 

Scheme 3.11 Syntheses of CMP derivatives 3.51 and 3.55 

A small aliquot of the peptide 3.50 was cleaved and analytical LCMS of the product mixture 

recorded (Figure 3.11). Analytical LCMS showed that the desired peptide 3.51 was the major 

product. Both the Ns and ethyl ester protecting groups on the side-chain of the CML building 

block proved to be stable to the cleavage conditions.  
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Figure 3.11 Crude LCMS of peptide 3.51 ([M+2H]
2+

 calc. 1074.2 obs. 1074.4). 1-25% MeCN 

in H2O with 0.1% formic acid, 1%/min gradient. 

The resin-bound peptide 3.50 was next subjected to a Ns deprotection cocktail, consisting of 

10 eq. of 2-mercaptoethanol and 10 eq. of DBU in DMF overnight (Scheme 3.12). Subsequently, 

a small aliquot of the resulting peptide 3.52 was cleaved from the resin and the analytical LCMS 

of the product mixture recorded (Figure 3.12). LCMS showed that the desired Ns-deprotected 

peptide 3.53 was the major product.  

Thus the Ns group was not only stable to the conditions used for Fmoc peptide synthesis, but 

it proved to be orthogonal to such conditions. The Ns group can therefore be used as a suitable 

protecting group for the syntheses of N-alkylated peptides in conjunction with Fmoc solid phase 

synthesis strategy. 
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Figure 3.12 Crude LCMS of peptide 3.53 ([M+2H]
2+

 calc. 996.0, obs. 995.7). 1-25% MeCN in 

H2O with 0.1% formic acid, 1%/min gradient. 

With the Ns-deprotection step successfully accomplished, the next step was liberation of the 

free acid on the CML side-chain via ethyl ester hydrolysis. Peptide 3.52 was cleaved from the 

resin using TFA:TIPS:H2O (38:1:1 v/v/v) for 2 h, the resulting product 3.53 precipitated with Et2O, 

and lyophilised. The crude peptide 3.53 was directly subjected to hydrolysis using aq. 0.1 M 

NaOH for 2 h at 0 °C (Scheme 3.12). The resulting peptide 3.8 was evaluated by analytical 

LCMS, which showed the target peptide as the major product (Figure 3.13). Purification by 

preparative HPLC gave 3.8 in 19% yield and >95% purity. 
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Reagents and conditions: a) 2-mercaptoethanol, DBU, DMF, rt, overnight; b) TFA:TIPS:H2O (38:1:1, v/v/v), rt, 2 h;  

c) 0.1 M NaOH, 0 °C, 2 h 

Scheme 3.12 Syntheses of CMP derivatives 3.8 and 3.9 
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Figure 3.13 LCMS of crude peptide 3.8 (A) ([M+2H]
2+

 calc. 982.1 obs. 981.6) and HPLC of 

purified 3.8 (B). 1-25% MeCN in H2O with 0.1% formic acid, 1%/min gradient. 

Incorporation of CEL into the peptide sequence was accomplished in an analogous 

synthesis. The resin-bound peptide 3.48, was subjected to MW coupling with the CEL building 

block 3.4 (2 eq.) and HATU (1.9 eq) in presence of the DIPEA (10 eq.) (Scheme 3.11). 

The CEL peptide 3.54 was subjected to automated SPPS ultimately furnishing peptide 3.55 

(Scheme 3.11). This resin-bound peptide was subjected to overnight Ns-deprotection using 10 

eq. of 2-mercaptoethanol and 10 eq. of DBU in DMF (Scheme 3.12). The resultant peptide 3.56 

was cleaved from the resin, the product 3.57 precipitated with ether, and lyophilised. Ester 

hydrolysis of 3.57 afforded the desired CEL-containing peptide 3.9, for which the crude LCMS 

trace is depicted in Figure 3.14. Hydrolysis of the CEL side-chain ester was more efficient than 

hydrolysis of the CML side-chain ester, with the CEL peptide 3.9 being the major product of the 

reaction. Purification by preparative HPLC afforded 3.9 in 30% yield with >95% purity.  
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Figure 3.14 LCMS of crude peptide 3.9 (A) ([M+2H]
2+

 calc. 989.1 obs. 988.6) and HPLC of 

purified 3.9 (B). 1-25% MeCN in H2O with 0.1% formic acid, 1%/min gradient. 

Overall, the successful incorporation of CML and CEL into the CMP peptides 3.8 and 3.9, 

respectively, demonstrated the feasibility of using this building block approach and its 

compatibility with the Fmoc peptide synthesis protocol.  

3.3.3 Solid phase synthesis of collagen model peptide containing 

pyrraline 

Using a similar solid phase synthesis protocol to the one described above for the synthesis of 

CMPs with CML and CEL, Fmoc-TBS-pyrraline 3.5 was incorporated into a CMP affording resin 

bound peptide 3.58 (Scheme 3.14). It was expected that the TBS protecting group in 3.5 would 

be removed effectively during the acid mediated resin cleavage step. However, when cleaving 

the peptide from the resin using a TFA/TIPS/H2O mixture (38:1:1 v/v/v) for 2 h, the mass of the 

major product was found to be 16 mass units less than the mass of the desired peptide 

(Figure 3.15).  
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Figure 3.15 LCMS of crude reduced pyrraline-CMP ([M+2H]
2+

 calc. 999.1 obs. 998.8). 1-25% 

MeCN in H2O with 0.1% formic acid, 1%/min gradient. 

The loss of 16 mass units was attributed to a TIPS facilitated ionic reduction of the benzylic 

like alcohol following removal of the TBS group as outlined in Scheme 3.13.
37

  

 

Scheme 3.13 Mechanism of reduction of an alcohol by a silane.
37

 

The problem of undesired reduction of the target peptide was easily circumvented by 

removing the TIPS from the cleavage cocktail. In this way the desired pyrraline-CMP 3.10 

(Scheme 3.14) was afforded, purified and isolated in 27% yield and >95% purity (Figure 3.16).  
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Reagents and Conditions: a) TFA:H2O 19:1(v/v), rt, 2 h. 

Scheme 3.14 Synthesis of pyrraline-CMP 3.10 

The aldehyde function present on the pyrraline building block was compatible with the 

conditions for peptide synthesis despite the fact that repeated use of excess piperidine was 

required. Use of excess of an amine must have resulted in the conversion of the aldehyde to an 

imine during the intermediate deprotection steps, however no imine species were observed in the 

crude LCMS of the final peptide (Figures 3.16A and 3.16B). It is likely that the conditions used for 

the final cleavage/deprotection of the peptide using aqueous acid resulted in hydrolysis of the 

imine to afford the desired aldehyde. Piperidine therefore could have functioned as an effective 

protecting group for the aldehyde during SPPS. 
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Figure 3.16 LCMS of crude peptide 3.10 (A) ([M+2H]
2+

 calc. 1007.1, obs. 1006.6), and HPLC 

of purified 3.10 (B). 1-25% MeCN in H2O with 0.1% formic acid, 1%/min gradient. 
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3.3.4 Solid phase synthesis of collagen telopeptides containing 

monolysyl AGEs 

Following successful incorporation of monolysyl AGEs into the collagen model peptides, the 

next goal was to incorporate AGEs CML, CEL, and pyrraline into collagen telopeptides 

(Figure 3.17).  

 

Figure 3.17 Structures of target AGE telopeptides 3.13, 3.14, and 3.15 

The CML and CEL building blocks were incorporated in place of lysine at position 6 of the 

CTP sequence. AGE-modified CTPs 3.13 and 3.14 were synthesised manually according to 

optimised conditions (Scheme 3.15). Aminomethyl polystyrene resin equipped with the Rink 

amide linker, 3.34, was employed. As with the native telopeptide 3.1, these telopeptides would be 

employed in enzyme degradation studies, which require C-terminal amidation and N-terminal 

acetylation. Peptide 3.59 was first synthesised via manual Fmoc-SPPS and portions of this 

peptide were then coupled with the appropriate AGE building blocks (Scheme 3.15).  

Coupling of the CML and CEL building blocks was accomplished using 2 eq. of the 

appropriate building block, 1.9 eq. of HATU, and 10 eq. of DIPEA, to afford peptides 3.60 and 

3.61, respectively. Completion of AGE coupling was confirmed by the Kaiser test and the 

resulting peptide subjected to further SPPS (Scheme 3.15). The final resin-bound peptides 3.62 

and 3.63 were subjected to acetylation, Ns-deprotection, resin-cleavage, and subsequent ester 

hydrolysis affording the desired peptides 3.13 (30% yield and >90% purity after HPLC) and 3.14 
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(26% yield and >95% purity after HPLC), respectively. The analytical LCMS traces for peptides 

3.13 and 3.14 are given in Figure 3.18. 

 

Reagents and conditions: a) i. 20% piperidine in DMF, 15 min, rt, ii. Fmoc-AA-OH, HBTU, DIPEA, DMF, 30 min, rt, 

iii. steps i. and ii. repeated until the desired sequence is built; b) i. 20% piperidine in DMF, 15 min, rt, ii. Fmoc-AGE-OH, 

HATU, DIPEA, DMF, 30 min, rt; c) Ac2O, DIPEA in DMF, 2 x 10 min, rt; d) i. 2-mercaptoethanol, DBU, DMF, 10 min, ii. 

TFA:TIPS:H2O (38:1:1), 2 h, rt, iii. 0.1 M aq. NaOH, 0 °C, 1 h. 

Scheme 3.15 Synthesis of AGE-modified peptides 3.14 and 3.13. 

Incorporation of pyrraline into CTPs was accomplished by coupling the pyrraline building 

block 3.5 with the resin bound peptide 3.59, which afforded the peptide 3.64 (Scheme 3.16). This 
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peptide underwent further SPPS to furnish the peptide 3.65, which upon cleavage using 

pyrraline-specific cleavage cocktail (5% water in TFA), afforded the desired pyrraline-CTP 3.15. 

The analytical LCMS trace of peptide 3.15 is provided in Figure 3.18 (22% yield, >95% purity 

after HPLC). 

 

Reagents and conditions: a) i. 20% piperidine in DMF, 15 min, rt, ii. Fmoc-Pyrraline-OH 3.5, HATU, DIPEA, DMF, 30 

min, rt; b) i. 20% piperidine in DMF, 15 min, rt, ii. Fmoc-AA-OH, HBTU, DIPEA, DMF, 30 min, rt, iii. steps i. and ii. 

repeated until the desired sequence is built, iv. Ac2O, DIPEA, DMF, 2x10 min, rt; c) TFA: H2O (19:1), 2 h, rt. 

Scheme 3.16 Synthesis of pyrraline-modified peptide 3.15 



Chapter 3 

 

 

 
117 

 

  

 
 

  

 
 

 

 
Figure 3.18 LCMS traces of purified peptide 3.13 (A) ([M+H]

1+
 calc. 1572.4 obs. 1571.6), 

purified peptide 3.14 (B) ([M+H]
1+

 calc. 1585.6 obs. 1584.9), and purified peptide 3.15 (C) 

([M+H]
1+

 calc. 1621.3 obs. 1620.9). 5-65% MeCN in H2O with 0.1% formic acid, 3%/min gradient. 

A 

B 

C 
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Despite the fact that the collagen telopeptide sequence contains a more diverse range of 

amino acids than the collagen model peptides, the synthesis of telopeptides with monolysyl 

AGEs incorporated was accomplished with no apparent difficulties. Moreover, the Ns group 

employed to protect the lysyl ε-amine proved to be stable and compatible with MW SPPS. We 

were therefore inspired to investigate the synthesis of peptides incorporating AGEs via on-resin 

Fukuyama amino alkylation as discussed in the following section. 
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3.4 Synthesis of the telopeptide 3.13 using on-resin alkylation 

A straightforward and cost-effective synthetic procedure to access CML-containing peptides 

is discussed in this section. This method uses a nosyl protecting group for the lysyl ε-amine, due 

to its orthogonality to conditions used in Fmoc SPPS and its susceptibility to specific mono-

alkylation of the host amine.
38

  

3.4.1 Peptide side-chain modifications using nosyl amines 

The use of a nosyl group in peptide side-chain manipulations has been reported in the 

literature. De Luca et al. demonstrated that N-alkylation of a nosyl-protected lysyl side-chain can 

be achieved chemoselectively on a peptide.
39

 However, the authors carried out the amino 

alkylation step on a cleaved peptide such as 3.66 in solution, in which the reaction was catalysed 

by molecular sieves (Scheme 3.17). The resulting intermediate peptide 3.67 required a tedious 

work-up and purification procedure prior to the Ns-deprotection step to give 3.68. This approach 

was also limited to the use of a peptide that was acetylated at the N-terminus and did not contain 

any other lysines. 

 

Reagents and conditions: a) TFA:TIPS:H2O (38:1:1), 2 h; b) R-Br, 4 Å molecular sieves, DMF, 12-24 h, rt;                  

c) 2-mercaptoethanol, DBU, DMF, 20 min, rt. 

Scheme 3.17 Peptide amino alkylation by De Luca et al.
39

 

Kessler et al. demonstrated the N-alkylation of amino acid side-chain amines on resin-bound 

peptides.
40

 However, in their synthesis of nosylated peptides the authors employed N
α
-

allyloxycarbonyl (Alloc) ornithine 3.69, which is not commercially available and had to be 

prepared in a three-step procedure from N
δ
-Boc-ornithine 3.70 (Scheme 3.18). 3.70 was first 

protected with Alloc-Cl and the resulting intermediate 3.71 was Boc-deprotected in TFA:DCM to 

give N
α
-Alloc-ornithine 3.72, which was then protected using FmocOSu to afford 3.69. 3.69 was 
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incorporated into a peptide sequence 3.73 using Fmoc SPPS, and the Fmoc group on the δ-

amine was replaced with the Ns group to give nosyl-containing peptide 3.74. Alkylation of the δ-

amine on ornithine was carried out on peptide 3.74 to afford the product 3.75. However, the 

resulting peptide 3.75 required a subsequent Alloc deprotection step to yield 3.76 prior to 

commencement of SPPS. 

 

Reagents and conditions: a) Alloc-Cl, Na2CO3; b) TFA:DCM (3:7); c) FmocOSu, Na2CO3; d) Fmoc SPPS; e) i. 20% 

piperidine in DMF, ii. NsCl, collidine; f) R-Br, DBU, NMP, 12-24 h, rt; g) Pd(PPh3)4 in DCM, 1 h, rt; h) Fmoc SPPS. 

Scheme 3.18 Peptide amino alkylation by Kessler et al.
40

  

Overall these examples demonstrate the general feasibility of N-nosyl alkylations in peptides. 

However, alkylation of peptidic nosyl amines has not yet been accomplished on resin-bound 

peptides without the use of other orthogonal protecting groups, such as the Alloc group. Both the 

introduction and removal of such protecting groups require extra synthetic and purification steps, 

which is cumbersome. Moreover, on-resin alkylation of peptidic nosyl amines has not yet been 

employed for the synthesis of AGE-modified peptides. The following sections describe our 
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strategy for the synthesis of CML-modified peptides using site-specific on-resin alkylation of lysyl 

ε-amines. 

3.4.2 Synthetic strategy 

In our synthesis of CML-containing collagen telopeptide 3.13 (Figure 3.19, discussed in 

Section 3.3.4), a suitably protected building block 3.3 was employed. Building block 3.3 was 

assembled using conventional organic synthesis and successfully incorporated into peptides 

using SPPS. However, synthesis of the building block 3.3 suffered from poor step economy and 

low overall yield (Scheme 3.19, discussed in Section 2.2.3). 

 

Figure 3.19 CML-containing telopeptide 3.13 

 

Scheme 3.19 Building blocks for CML incorporation into peptides 

As discussed in Sections 3.3.3 and 3.3.4, the Ns group attached to the ε-amine of CML 

building block 3.3 proved to be stable to conditions used during Fmoc SPPS. Therefore, two 

novel syntheses of CML-containing peptides were envisioned. These novel syntheses relied on 

alkylating N
ε
-Ns-amine, introduction of which into a peptide sequence could be easily 

accomplished using the Fmoc-Lys(Ns)-OH building block 3.78. This building block was 

accessible in a single step from commercially available Fmoc-Lys-OH 3.77 (Scheme 3.19). 

In our first novel synthesis of CML-containing peptides such as 3.79, the ε-amine could be 

alkylated after completion of SPPS (Scheme 3.20, Post-SPPS). In this synthesis the resin-bound 

peptide 3.80 could be selectively alkylated to afford CML intermediate 3.81, which would then be 

cleaved to peptide 3.79. This synthesis can enable a more facile access to CML-containing 

peptides without the need for preparation of the CML building block 3.3. However, this protocol 

would require capping of the N-terminus, thereby limiting the scope of the reaction.  
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In the second novel synthesis of CML peptide 3.79 (Scheme 3.20, Mid-SPPS), the nosyl 

amine on the Fmoc-protected resin-bound peptide intermediate 3.82 could be alkylated 

immediately after attachment of building block 3.78 to afford the intermediate peptide 3.83. 

Peptide 3.81 would subsequently be assembled using SPPS, while the final 

cleavage/deprotection would yield the desired CML-peptide 3.79. This synthesis would enable 

access to CML-modified peptides without the need to cap the N-terminus. 

 

Scheme 3.20 Synthetic strategies towards resin-bound CML-modified peptide 3.79 

3.4.3 Synthesis of 3.13 via post-SPPS and mid-SPPS Ns alkylation 

In the present work Fmoc-Lys(Ns)-OH 3.78 was synthesised from commercially available 

Fmoc-Lys-OH 3.77 in a single step following conditions reported in literature (Scheme 3.21).
41

 

3.78 was then employed in the synthesis of CML-containing collagen telopeptide 3.13 

(Scheme 3.22) via post-SPPS alkylation of the lysyl ε-amine. 

 

Reagents and conditions: a) NsCl, K2CO3, 1,4-dioxane, rt, 2 h, 90% 

Scheme 3.21 Synthesis of Fmoc-Lys(Ns)-OH 3.78 building block 

Upon completion of the SPPS starting from resin 3.34 the N-terminus of the resin bound 

peptide was acetylated to avoid the N-terminal alkylation to afford the resin bound peptide 3.84 

(Scheme 3.22). The peptide 3.84 was subjected to alkylation with tert-butyl bromoacetate in the 

presence of DIPEA overnight to afford peptide 3.85. The nosyl group on peptide 3.85 was 

efficiently deprotected using 2-mercaptoethanol and DIPEA (15 min), and the resulting 
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intermediate cleaved with TFA:TIPS:H2O to afford the peptide 3.13, which was precipitated in 

ether and lyophilised. Purification afforded the target peptide 3.13 in 29% yield with >96% purity. 

 

Reagents and conditions: a) i. 20% piperidine in DMF, 15 min, rt, ii. Fmoc-AA-OH, HBTU, DIPEA, DMF, 30 min, rt, 

iii. steps i. and ii. repeated, iv. Ac2O, DIPEA in DMF; b) tert-butyl bromoacetate, DIPEA, 12 h, rt; c) i. 2-mercaptoethanol, 

DBU, DMF, rt, 15 min, ii. TFA/TIPS/H2O (38:1:1), rt, 2 h. 

Scheme 3.22 Synthesis of CML-containing peptide 3.13 by on-resin alkylation post-SPPS. 

Use of tert-butyl bromoacetate as an alkylating agent enabled concomitant removal of the 

CML side-chain protecting group during peptide release from the resin. The LCMS profile of the 

crude peptide 3.13 (Figure 3.20) confirmed that the same product was obtained as that prepared 

using the original building block approach (discussed in Section 3.3.4). 

With the successful synthesis of CML peptide 3.13 using alkylation post-SPPS, our attention 

turned to the stability of the Fmoc-group to the conditions used in the N-alkylation step. If the 

N-alkylation of the N
ε
-Ns-lysine side-chain amine can be accomplished on the Fmoc-protected 

resin-bound peptide intermediate, then introduction of further amino acid residues using Fmoc 
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SPPS would be possible without the need for capping of the N-terminal amine. Peptide 3.13 was 

thus synthesised via mid-SPPS alkylation (Scheme 3.23). 

 

Reagents and conditions: a) i. 20% piperidine in DMF, 15 min, rt, ii. Fmoc-AA-OH, HBTU, DIPEA, DMF, 30 min, rt, 

iii. steps i. and ii. repeated; b) tert-butyl bromoacetate, DIPEA, 12 h, rt; c) Ac2O, DIPEA in DMF; d) i. 2-mercaptoethanol, 

DBU, DMF, rt, 15 min, ii. TFA/TIPS/H2O (38:1:1), rt, 2 h. 

Scheme 3.23 Synthesis of CML-containing peptide 3.13 by on-resin alkylation mid-SPPS. 

Peptide 3.86 was synthesised via manual Fmoc SPPS (Scheme 3.23). Coupling of 3.78 was 

accomplished using a procedure in which 2 eq. of the building block 3.78 were used with 1.9 eq. 

of HATU, and 10 eq. of DIPEA. The resulting intermediate peptide 3.86 was alkylated with tert-

butyl bromoacetate in the presence of DIPEA overnight to afford 3.87, which was subjected to 
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further SPPS, and acetylated for LCMS chromatogram comparison purposes. The resulting 

peptide 3.85 underwent Ns-deprotection using 2-mercaptoethanol/DBU/DMF. Peptide 3.13 was 

released from the resin using TFA:TIPS:H2O, precipitated in ether, and lyophilised. Purification 

afforded the target peptide 3.13 in 25% yield with >96% purity. 

The LCMS chromatogram of the crude 3.13 made by alkylation mid-SPPS (Figure 3.20C, 

p.126) showed a similar elution profile to peptide 3.13 prepared using the alkylation post-SPPS 

approach (Figure 3.20B), and the original building block approach (Figure 3.20A). 

We have herein developed a straightforward and cost-effective synthetic procedure to access 

CML-containing peptides via N-alkylation of nosylated lysyl amines. This procedure did not 

require lengthy preparation of a suitably protected CML building block and could be employed 

both during SPPS using Fmoc-protected peptide intermediates and on the full-length resin-bound 

peptide upon completion of SPPS. Examination of the HPLC profiles of the crude CML-containing 

peptide 3.13 prepared by the traditional building block approach, alkylation post-SPPS, and 

alkylation mid-SPPS, demonstrated not only the reliability of this novel N-alkylation strategy but 

also its compatibility with Fmoc/
t
Bu peptide synthesis conditions.  
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Figure 3.20 LCMS of crude 3.13 with MS at 12.8 min made by the building block approach 

(A), by alkylation post-SPPS (B), and by alkylation mid-SPPS (C) ([M+H]
1+

 calc. 1572.4 obs. 

1571.6). 5-65% MeCN in H2O with 0.1% formic acid, 3%/min gradient. 
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3.5 Solid phase synthesis of peptides containing cross-linking 

lysyl AGEs 

One of the key mechanisms by which glycation affects host proteins is covalent cross-linking 

(outlined in Section 1.4). Therefore, peptides containing particular AGE cross-links at specific 

locations can serve as molecular probes for in-depth investigation into the impact of such cross-

linking on the overall structure and stability of the host proteins. For this reason, synthesis of 

CTPs 3.16 and 3.17, as well as CMPs 3.11 and 3.12 containing cross-linking lysyl AGEs was 

accomplished and is discussed in this section (Figure 3.21). 

 

Figure 3.21 Structures of cross-linked collagenous peptides 3.16, 3.17, 3.11, and 3.12 

 While the synthesis of peptides cross-linked by AGEs has never been reported, several 

groups have attempted the synthesis of peptides cross-linked by non-AGE amino acids. These 

studies were undertaken to develop peptide models of cross-linked dimers recovered from in vivo 

samples. These studies are summarised in this section, followed by a discussion of our 
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syntheses of collagenous peptides in which the lysyl AGE cross-links GOLD and MOLD have 

been incorporated. 

3.5.1 Cross-linking of peptides – a literature review 

Covalent cross-linking of peptides in which a post-synthetic dimerisation reaction, such as 

disulfide bond formation, has taken place is well documented
42

 and is not discussed here. The 

focus of the present review is the selective incorporation of diamino diacids, such as 2,6-

diaminopimelic acid 3.86 and 2,7-diaminosuberic acid 3.87 (Figure 3.22). To date several 

research groups have reported studies on the cross-linking of peptides by non-AGE diamino 

diacids. Incorporation of such moieties into peptide sequences posed challenges similar to those 

encountered in the incorporation of the GOLD 3.88 and MOLD 3.89 (Figure 3.22) into peptides, 

namely the efficiency of the cross-link coupling reaction and the prevention of side-reactions.  

 

Figure 3.22 Structures of diamino dicarboxylic acids 3.86 and 3.87 as well as cross-linking 

lysyl AGEs GOLD 3.88 and MOLD 3.89 

The earliest incorporation of cross-linking amino acids into peptide sequences was reported 

by Daniels et al.,
43,44

 who prepared the resin-bound peptide 3.90 by Boc SPPS on methyl 

benzhydryl (MBHA) resin with 1.5 mmol/g loading (Scheme 3.24). Peptide 3.90 (1 eq.) was 

Boc-deprotected and the resulting intermediate was shaken with the dicyclohexylamine salt of 

di-Boc-diaminopimelic (0.5 eq.) acid 3.91, using BOP (0.5 eq.) as the coupling agent and 

N-methylimidazole (0.5 eq.) for 48 h. The resulting dimeric peptide 3.92 was then Boc 

deprotected and the sequence further elongated by Boc SPPS, after which the peptide 3.93 was 

released from the resin by treatment with HF and purified by HPLC. Neither the chromatographic 

data nor the overall yield of the final dimeric peptide 3.93 were reported; hence it is difficult to 

assess the efficiency of this synthetic methodology. 
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Reagents and conditions: a) i. TFA, ii. Boc-AA-OH, BOP, 1-methylimidazole, DMF, rt, 1 h; b) i. TFA, ii. 3.91, BOP, 

1-methylimidazole DMF, 25 °C, 48 h; c) 10% anisole in HF, -5 °C, 1 h 

Scheme 3.24 Synthesis of the cross-linked peptide 3.93 using Boc SPPS.
43
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A similar approach was employed by Bhatnagar et al. in their Boc SPPS synthesis of a 

homodimeric hematoregulatory pentapeptide 3.94 cross-linked with the 2,7-diaminosuberic acid 

3.87 (Scheme 3.25).
45

 Commercially available Boc-Lys(2-Br-Z) resin 3.95 (0.5 mmol/g loading) 

was deprotected to give 3.96, which was coupled with the building block 3.97 (0.5 eq.), using 

DCC/HOBt (1 eq.) in DCM/DMF over 76 h (Scheme 3.25). The resulting dimeric peptide 3.98 

underwent further Boc SPPS, was cleaved, and purified to afford peptide 3.94. The overall yield 

reported for the peptide 3.94 cross-linked by 3.87 was very low (1%) suggesting that 

incorporation of the cross-link into the peptide was challenging. 

 

Reagents and conditions: a) 40% TFA/DCM, rt, 5 min + 30 min; b) DCC, HOBt, 50% DMF/DCM, rt, 76 h; c) i. 40% 

TFA/DCM, 5 min + 30 min, ii. Boc-AA-OH, DCC, HOBt, 50% DMF/DCM, rt, 1 h; d) 10% anisole in HF, -5 °C, 1 h 

Scheme 3.25 Synthesis of the homodimeric peptide 3.94 using Boc SPPS.
43

 

Fischer et al. synthesised the bradykinin peptide 3.99 cross-linked by 2,7-diaminosuberic 

acid 3.87 using Fmoc SPPS on tentagel resin 3.100 with 0.21 mmol/g loading (Scheme 3.26).
46

 

The diamino diacid building block 3.101 (0.4 eq.) was coupled to the peptide 3.102 (1 eq.) using 

PyBOP (0.8 eq.), HOBt (0.8 eq.) and N-methylmorpholine (1.1 eq.) for 18 h to afford the 
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dimer 3.103. Subsequent chain elongation by automated Fmoc SPPS, peptide cleavage, and 

repeated purification by HPLC afforded the target peptide 3.99. The final yield of the purified 

peptide was not reported  

 

Reagents and conditions: a) i. 20% piperidine/DMF, rt, 20 min, ii. Fmoc-AA-OH, PyBOP, HOBt, N-methylmorpholine, 

DMF, rt, 2 h, iii. steps i. and ii. repeated until the sequence is assembled; b) i. 20% piperidine/DMF, rt, 20 min, ii. 3.101, 

PyBOP, HOBt, N-methylmorpholine, DMF, rt, 18 h; c) TFA:phenol:H2O (18:1:1) 2 h. 

Scheme 3.26 Synthesis of the Bradykinin peptide 3.99 using Fmoc SPPS.
43

 

The three examples of cross-linked peptides described above all involve relatively short 

peptide sequences (5-10 residues). Hutton et al. reported the first synthesis of peptide dimers 

with sequence lengths greater than ten residues. The authors employed the Fmoc-SPPS strategy 

in their synthesis of the homodimeric peptide 3.104, sequence of which was sourced from the C-
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terminal fragment of the amyloid-β peptide (Scheme 3.27). Commercially available lysyl 

chlorotrityl resin 3.105 (1 eq.) was used in the synthesis of peptide 3.106, which was coupled with 

the 1:1 mixture of Fmoc-protected diaminopimelic acid 3.107 and HATU (0.75 – 1.0 eq.), in 

presence of DIPEA for 18 h.
47

 The unreacted amino groups were capped using acetic anhydride 

and the sequences elongated by Fmoc SPPS. The resulting peptide 3.108 underwent further 

SPPS and the product was cleaved and purified by HPLC to afford the target peptide 3.104. 

Unfortunately neither the exact conditions for Fmoc SPPS nor the final yield of the purified 

product were reported. 

 

Reagents and conditions: a) i. 20% piperidine/DMF, rt, 20 min, ii. Fmoc-AA-OH, HATU, DIPEA, DMF, rt, 1 h, iii. 

steps i. and ii. repeated until the sequence is assembled; b) i. 20% piperidine/DMF, rt, 20 min, ii. 3.107, HATU, DIPEA, 

DMF, rt, 18 h; c) TFA:TIPS:H2O (38:1:1), 3 h. 

Scheme 3.27 Synthesis of the cross-linked peptide 3.104 using Fmoc SPPS.
47
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Overall, the syntheses of homodimeric peptides covalently cross-linked by diamino diacids 

demonstrate that such peptides can be prepared using both the Fmoc and Boc SPPS protocols. 

However, the conditions for coupling of the diamino diacid building blocks to the growing peptide 

chain have not been fully optimised. Therefore it is not possible to judge the relative effectiveness 

of various parameters, such as the choice of the coupling agent or the resin. Importantly, the 

synthesis of the dimeric peptides containing natural cross-linkers, such as GOLD and MOLD, has 

not been reported. 

3.5.2 Incorporation of Fmoc2GOLD into a peptide sequence 

In the present work incorporation of cross-linking lysyl AGEs GOLD and MOLD into peptide 

sequences was investigated. The first goal was to prepare the homodimeric collagen telopeptides 

3.16 and 3.17 cross-linked by the lysyl AGEs GOLD and MOLD, respectively (Figure 3.23). 

 

Figure 3.23 Target collagen telopeptides cross-linked by GOLD, 3.16, and MOLD, 3.17 

Prior to commencement of the synthesis of the full-length peptide 3.16, coupling of the 

building block 3.6 to peptide 3.109 was optimised (Scheme 3.28). Thus, peptide 3.109 was 

assembled by manual Fmoc SPPS.  Couplings up to the serine residue in position 8 were 

performed on polystyrene aminomethyl resin (0.9 mmol/g loading) equipped with a Rink amide 

linker. The resulting resin-bound peptide 3.109 (Scheme 3.28) was then used to evaluate several 

coupling conditions to incorporate the key Fmoc2GOLD 3.6 residue (summarised in Table 3.2).  

The Fmoc-groups on the resultant dimeric peptide 3.110 were deprotected with 20% 

piperidine in DMF and acylated with the next amino acid in the sequence, Fmoc-Glu(O
t
Bu)-OH. 

The resultant intermediate 3.111 (Scheme 3.28) was subsequently cleaved and its quantity 

analysed by LCMS (Table 3.2 and Figure 3.24). The extent of cross-linking was estimated by 

integrating the LCMS chromatogram at 214 nm. 



Chapter 3  

 

 

 
134 

 

 

Reagents and conditions: a) i. 20% piperidine in DMF, 15 min, rt, ii. Fmoc-AA-OH, HBTU, DIPEA, DMF, 30 min, rt, 

iii. steps i. and ii. repeated; b) 3.6, DIPEA, coupling agent (see Table 3.2); c) i. 20% piperidine/DMF, rt, 30 min, ii. Fmoc-

Glu-OH, HATU, DIPEA, DMF, rt, 30 min 

Scheme 3.28 Incorporation of Fmoc2GOLD building block 3.6 into peptide 3.111 
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Figure 3.24 LCMS chromatograms of product mixtures from couplings of 3.6 with 3.109 

followed by coupling of Fmoc-Glu(O
t
Bu)-OH, where the Y-axis shows relative absorbance at 214 

nm (results summarised in Table 3.2).  

3.111 

A: 2 eq. of HOAt, 2 eq. of DIC, 1 eq. of 3.6, 2 eq. of 3.109, resin loading (rl) = 0.9 mmol/g; B: 2 eq. of Oxyma, 2 eq. of DIC, 1 eq. of 3.6, 2 eq. of 3.109, rl = 0.9 

mmol/g; C: 2 eq. of PyBOP, 1 eq. of 3.6, 2 eq. of 3.109, rl = 0.9 mmol/g; D: 2 eq. of PyBOP, 1 eq. of 3.6, 2 eq. of 3.109, rl = 0.35 mmol/g; E: 2 eq. of PyBOP, 1 eq. 

of 3.6, 2 eq. of 3.109, rl = 0.09 mmol/g; F: 2 eq. of PyBOP, 1 eq. of 3.6, 1 eq. of 3.109, rl = 0.09 mmol/g; G: 2 eq. of HBTU, 1 eq. of 3.6, 2 eq. of 3.109, rl = 0.9 

mmol/g; H: 2 eq. of HATU, 1 eq. of 3.6, 2 eq. of 3.109, rl = 0.9 mmol/g; I: 2 eq. of HATU, 1 eq. of 3.6, 1 eq. of 3.109, rl = 0.09 mmol/g; J: 2.2 eq. of HATU, 1.1 eq. 

of 3.6, 2 eq. of 3.109, rl = 0.09 mmol/g. 

3.111 

3.111 

3.111 

3.111 

3.111 

3.111 

3.111 

3.111 

3.111 
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Analysis of the LCMS chromatograms of peptide 3.111 prepared using different coupling 

agents revealed that the use of diisopropylcarbodiimide (DIC) with either HOAt or Oxyma as a 

coupling agent mixture led to minimal addition of 3.6 onto 3.109 (3-4% by HPLC) (Figure 3.24A-

B; Table 3.2, entries A and B). Use of the phosphonium coupling agent, PyBOP, resulted in a 

less complex product mixture as determined HPLC. Using PyBOP resulted in conversion of 3.109 

to 3.111 in 24% yield (entry C).  

Table 3.2 Optimisation of coupling of 3.6 to 3.109 

 

Entry Coupling Agent Resin loading  

(mmol/g) 

Reagent ratio
a
 Yield of 3.111

b
 

(%) 

A DIC/HOAt 0.9 1:0.5:1 3 

B DIC/Oxyma 0.9 1:0.5:1 4 

C PyBOP 0.9 1:0.5:1 24 

D PyBOP 0.35 1:0.5:1 25 

E PyBOP 0.09 1:0.5:1 29 

F PyBOP 0.09 2:1:1 37 

G HBTU 0.9 1:0.5:1 20 

H HATU 0.9 1:0.5:1 30 

I HATU 0.09 2:1:1 37 

J HATU 0.09 1.1:0.55:1 90 

a
Coupling agent:3.6:3.109 (molar equivalents) 

b
Estimated by integrating LCMS chromatograms at 214 nm 

While the schematic representation of the coupling reaction shows peptide monomers 

attached to different resin beads (Scheme 3.28), in reality they have a higher probability of being 

attached to a single resin bead. Resin loading was therefore hypothesised to be an important 

factor in the efficiency of cross-link coupling.  

To test this hypothesis, two batches of peptide 3.109 were prepared with lower resin loading 

(0.35 mmol/g and 0.09 mmol/g). When peptide 3.109 with resin loading of 0.35 mmol/g was 

subjected to cross-linking by 3.6 using PyBOP, peptide 3.111 formed in significantly better yield 

(entries D and E) but with a more complex reaction profile. The yield of 3.111 increased further 
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when the cross-linking was performed on 3.109 with a resin loading of 0.09 mmol/g. Using the 

lowest resin loading in combination with an excess of both the coupling agent (2x) and the cross-

linking building block (2x) afforded 3.111 in better yield (37%, entry F).  

Uronium-based coupling agents HBTU and HATU facilitated incorporation of the cross-linking 

amino acid 3.6 into the resin bound peptide 3.109 at the original 0.9 mmol/mg resin loading more 

effectively than both DIC and PyBOP. The yield for 3.111 was 20% when coupled with HBTU 

(entry G) and 30% when coupled with HATU (entry H). Coupling with excess HATU and cross-

link 3.6 at lower resin loading (0.09 mmol/mg) afforded 3.111 in 37% yield (entry I).  

Finally, using a small excess of HATU and Fmoc2GOLD building block (0.55 eq. with respect 

to the resin-bound peptide 3.109) in combination with low resin loading (0.09 mmol/mg) had a 

dramatic effect. Employing these conditions afforded the desired peptide 3.111 in 90% yield 

(entry J).  

The use of a small excess of an effective coupling agent in conjunction with low resin loading 

appeared to be crucial for efficient incorporation of the cross-linking building block onto the resin-

bound peptide. This result was possibly due to the limited formation of the monocoupled peptide 

species under these coupling conditions. Such monocoupled by-products can be challenging to 

separate from the desired dimeric cross-linked peptides, which would account for the low yield 

observed for the synthesis of non-AGE cross-linked peptides overviewed in Section 3.5.1.  

3.5.3 Synthesis of cross-linked collagen telopeptides 

Having successfully optimised the conditions for coupling of Fmoc2GOLD 3.6 with the resin 

bound peptide 3.109, the next target was synthesis of the full length collagen telopeptides 3.16 

and 3.17 cross-linked by GOLD and MOLD, respectively (Scheme 3.29).  

Peptide 3.109 was prepared using manual Fmoc SPPS on a low-loading (0.09 mmol/g) 

polystyrene resin equipped with a Rink amide linker (Scheme 3.29). 3.109 was then coupled with 

Fmoc2GOLD 3.6 (0.55 eq. relative to resin) using HATU (0.55 eq.) and DIPEA (10 eq.) at rt 

overnight. The resulting cross-linked peptide 3.110 was subjected to elongation via standard 

SPPS. The target peptide 3.16 was cleaved by TFA/TIPS/H2O (38/1/1), precipitated in ether, and 

lyophilised (Scheme 3.29).  
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Reagents and conditions: a) i. 20% piperidine in DMF, ii. Fmoc-AA-OH, HATU, DIPEA, iii. repeat i. and ii. until the 

sequence is built; b) 3.6 or 3.7, HATU, DIPEA, DMF, rt, 18 h; c) TFA:TIPS:H2O (38:1:1) 2h. 

Scheme 3.29 Synthesis of cross-linked telopeptides 3.16 and 3.17 

The LCMS chromatogram of the crude peptide 3.16 exhibited a major peak that 

corresponded to the desired cross-linked peptide (Figure 3.25A). This result demonstrated the 

stability of the GOLD cross-link to both the synthesis conditions used for Fmoc SPPS and 

subsequent peptide cleavage. The target peptide was purified by quick semi-preparative HPLC to 

afford the homodimeric peptide 3.16 in 11% overall yield with >98% purity (Figure 3.25B). 
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Figure 3.24 LCMS of crude peptide 3.16 (A) ([M+H]
2+

 calc. 1488.7, obs. 1488.7), and HPLC 

of purified peptide 3.16 (B). 5-65% MeCN in H2O with 0.1% formic acid, 3%/min gradient. 

The reaction conditions optimised for coupling of Fmoc2GOLD 3.6 were next used for 

incorporating Fmoc2MOLD 3.7 into the same peptide sequence. HATU (1.1 eq. relative to resin) 

and 3.7 (0.55 eq.) were reacted with peptide 3.109 (1 eq.) attached to low-loading aminomethyl 

resin (Scheme 3.29). The resin bound peptide 3.112 was further subjected to standard SPPS, 

cleaved using TFA:TIPS:H2O (38/1/1), precipitated in ether and lyophilised (Scheme 3.29). The 

crude LCMS of the resulting peptide 3.17 is analogous to that obtained for peptide 3.16, with the 

desired dimeric peptide accounting for the major peak (Figure 3.26A). Purification by HPLC 

afforded the target peptide 3.17 in 13% yield with >98% purity (Figure 3.26B). 
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Figure 3.26 LCMS of crude peptide 3.17 (A) ([M+H]
2+

 calc. 1495.4, obs. 1495.4), and HPLC 

of purified peptide 3.17 (B). 5-65% MeCN in H2O with 0.1% formic acid, 3%/min gradient. 
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3.5.4 Synthesis of cross-linked collagen model peptides 

Having developed conditions for successful coupling of GOLD and MOLD with a CTP, our 

attention turned to incorporating these cross-linking AGEs into CMPs, which are model peptides 

for investigating the triple-helical structure specific to collagen. GOLD or MOLD were 

incorporated into CMPs 3.11 and 3.12, respectively, following the same protocol as that 

described above for incorporation of GOLD and MOLD into CTPs 3.16 and 3.17 (Scheme 3.30). 

 

Reagents and conditions: a) i. 20% piperidine in DMF, ii. Fmoc-AA-OH, HATU, DIPEA, iii. repeat i. and ii. until the 

sequence is built; b) TFA/TIPS/H2O, rt, 2 h; b) 3.6 or 3.7, HATU, DIPEA, DMF, rt, 18 h; c) TFA:TIPS:H2O (38:1:1) 2h. 

Scheme 3.30 Synthesis of cross-linked collagen model peptides 3.11 and 3.12 
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Peptide 3.48 was prepared using manual Fmoc SPPS on a low-loading (0.09 mmol/g) 

polystyrene resin 3.32 equipped with a HMPP linker (Scheme 3.30). 3.48 was then coupled with 

either Fmoc2GOLD 3.6 or Fmoc2MOLD 3.7 (0.55 eq. relative to resin) using HATU (0.55 eq.) and 

DIPEA (10 eq.) at rt overnight to afford cross-linked peptides 3.113 or 3.114, respectively. Both 

cross-linked peptides 3.113 and 3.114 were subjected to elongation via standard SPPS, cleaved 

by TFA/TIPS/H2O (38/1/1), precipitated in ether, and lyophilised to afford the desired crude 

peptides 3.11 and 3.12, respectively. 

 

 

 

Figure 3.27 LCMS chromatogram of crude peptide 3.11 (A) ([M+2H]
3+

 calc. 1280.3, obs. 

1280.3), and of purified peptide 3.11 (B). 5-65% MeCN in H2O with 0.1% formic acid, 3%/min. 
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The more complex crude HPLCs obtained for both cross-linked CMPs (Figures 3.27 and 

3.28) reflects the challenging nature of preparation of collagen model peptides compared to the 

collagen telopeptides. Nevertheless, the target peptides were isolated in 17% yield (3.11) with 

>98% purity (Figure 3.27), and 15% yield (3.12) with >98% purity following HPLC purification 

(Figure 3.28). 

 

 

Figure 3.28 LCMS of crude peptide 3.12 (A) ([M+2H]
3+

 calc. 1285.0, obs. 1285.0), and HPLC 

of purified peptide 3.12 (B). 5-65% MeCN in H2O with 0.1% formic acid, 3%/min gradient. 
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3.6 Conclusion 

We have developed efficient methods for the site-specific incorporation of lysyl AGEs into 

peptides that mimic collagen. Incorporation of the CML, CEL, and pyrraline building blocks into 

collagen model peptides (3.8, 3.9, 3.10, respectively, Figure 3.29) and collagen telopeptides 

(3.13, 3.14, 3.15, respectively, Figure 3.29) was successfully carried out using Fmoc SPPS. 

These monolysyl AGE building blocks were shown to be stable to conditions of Fmoc SPPS and 

subsequent peptide cleavage, isolation, and purification. 

 

Figure 3.29 Structures of target glycated collagen model peptides 3.8, 3.9, 3.10, 3.13, 3.14, 

and 3.15 

A straightforward and cost-effective synthetic procedure to access CML-containing peptides 

via N-alkylation of the nosyl lysyl amines has also been developed. The new method does not 
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require lengthy preparation of a suitably protected CML building block, thereby significantly 

streamlining access to CML-containing peptides.  

Conditions for efficient incorporation of the AGE cross-linked amino acid building blocks 

Fmoc2GOLD 3.6 and Fmoc2MOLD 3.7 have been successfully developed and employed in the 

first syntheses of homodimeric collagen model peptides 3.11 and 3.12 as well as collagen 

telopeptides 3.16 and 3.17 (Figure 3.30). All cross-linked peptides thus prepared were also stable 

to the conditions used for Fmoc SPPS and subsequent work-up. The versatility of this method 

was illustrated by the clean HPLC profiles obtained for the crude peptides and the high yields 

obtained for the purified peptides. 

It is envisaged that the methods developed in this chapter are applicable to a wide variety of 

peptides and will enable in-depth investigation of the precise effects that these AGEs have on 

their host systems. The utility of these glycated peptides in probing AGE biochemistry is 

discussed in the next chapter. 

 

Figure 3.30 Structures of cross-linked collagen model peptides 3.11, 3.12, and collagen 

telopeptides 3.16, 3.17 
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3.7 Experimental 

3.7.1 General remarks 

All solvents and reagents were used as supplied. Standard solid phase synthesis was 

performed according to one of the following protocols.  

Peptide synthesis protocol A:  

Peptide synthesis was performed using a Liberty Microwave Synthesiser (CEM corporation, 

Mathews, NC) using the Fmoc/
t
Bu strategy. The Fmoc group was deprotected with 20% v/v 

piperidine in DMF for 30 seconds followed by a second deprotection for 3 min using a microwave 

power of 75 W. The maximum temperature for deprotections was set at 75 °C. Unless noted, 

coupling of individual amino acids was performed with 5 equivalents of Fmoc protected amino 

acid in DMF (0.2 M), 4.5 equivalents of O-(benzotriazol-1-yl)-N,N,N’,N’’-

tetramethyluroniumhexafluorophosphate (HBTU) in DMF (0.45 M) and 10 equivalents of 

diisopropylethylamine (DIPEA) in N-methylpyrrolidine (NMP) (2 M). Couplings were performed for 

5 min at 25 W at a maximum temperature of 75 °C. 

Peptide synthesis protocol B: Peptide synthesis was performed using a Biotage Alstra 

(Biotage AB, Uppsala, Sweden) using the Fmoc/
t
Bu strategy. The Fmoc group was deprotected 

with 20% v/v piperidine in DMF for 2 min followed by a second deprotection for 3 min using a 

microwave power of 60 W. The maximum temperature for deprotections was set at 60 °C. Unless 

noted, coupling of individual amino acids was performed with 5 equivalents of Fmoc protected 

amino acid in DMF (0.2 M), 4.5 equivalents HBTU in DMF (0.45 M) and 10 equivalents of DIPEA 

in NMP (2 M). Couplings were performed for 5 min at 25 W. 

Peptide synthesis protocol C: Peptide synthesis was performed manually using the 

Fmoc/
t
Bu strategy. The Fmoc group was deprotected with 20% v/v piperidine in DMF for 15 min 

at rt. The coupling step was performed with 5 eq. of Fmoc-protected amino acid in DMF (0.2 M), 

4.5 eq. HATU in DMF (0.45 M) and 10 equivalents of DIPEA for 25 min at rt.  

Following completion of the sequence, peptides were released from resin with concomitant 

removal of the side-chain protecting groups by treatment with either cleavage cocktail A or B at rt 

for 2 h. 

Cleavage cocktail A: 38:1:1 mixture of TFA/triisopropylsilane/H2O (v/v/v). 

Cleavage cocktail B: 49:1 mixture of TFA/H2O (v/v) 
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The crude peptides were precipitated with cold diethyl ether, isolated by centrifugation, 

washed in cold diethyl ether, dissolved in 1:1 (v/v) MeCN/H2O containing 0.1% TFA and 

lyophilised. The peptides were analysed for purity by LC-MS (Agilent 1120 compact LC system 

equipped with Agilent 6120 Quadrupole MS and a UV detector at 214 nm) using a Zorbax C3 

column (3.5 μ; 250 x 10 mm; Agilent) at 0.3 ml/min using a linear gradient. The solvent system 

used was A (0.1% formic acid in H2O) and B (0.1% formic acid in MeCN). The same conditions 

were employed in the analysis of the purified peptides and the masses confirmed by MS using 

ESI in the positive mode. 

Purification of crude peptides was performed by semipreparative RP-HPLC (Dionex Ultimate 

3000 equipped with a 4 channel UV detector) at 210, 230, 254, and 280 nm using a Gemini C18 

column (10 μ; 250 x 10 mm; Phenomenex) at 5 ml/min using a shallow linear gradient. The 

solvent system used was A (0.1% TFA in H2O) and B (0.1% TFA in MeCN). 

3.7.2 Synthesis of Nα-Fmoc-Nε-Ns-L-Lysine building block 

(S)-2-((9-fluorenylmethoxycarbonyl)amino)-6-(ortho-nitrophenylsulfonamido)hexanoic 

acid – 3.78 

 

To an ice-cooled solution of Fmoc-Lys-OH 3.77 (1.0 g, 2.82 mmol, 1 equiv) in 1 M aqueous 

K2CO3 (7 ml) and 1,4-dioxane (10 ml) was added NsCl (0.74 g, 3.36 mmol,1.2 equiv) as a 

solution in dioxane (5 ml). The reaction was allowed to warm to rt and stirred for 2 h. The reaction 

mixture was partitioned between ethyl acetate (25 ml) and H2O (25 ml) and the layers separated. 

The aqueous layer was extracted with ethyl acetate (2 x 20 ml) and the combined extracts 

washed with brine, dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by flash chromatography (100% ethyl acetate) afforded the title compound as a white 

solid (1.35 g, 90% yield). Spectroscopic data were in good agreement with those previously 

reported.
41

  

1
H NMR (400 MHz, DMSO-d6) δ 8.08 (t, J = 5.4 Hz, 1H), 7.99-7.93 (m, 2H), 7.90-7.81 (m, 

4H), 7.72-7.70 (m, 2H), 7.60-7.57 (m, 1H), 7.42-7.29 (m, 4H), 4.28-4.26 (m, 2H), 4.23-4.19 (m, 

1H), 3.90-3.82 (m, 1H), 2.87 (dd, J = 12.8, 6.8 Hz, 2H), 1.66-1.46 (m, 2H), 1.45-1.20 (m, 4H). 
13

C 

NMR (100 MHz, DMSO-d6) δ 174.0, 156.2, 147.8, 143.8, 140.7, 134.0, 132.8, 132.6, 129.4, 

127.7, 127.1, 125.3, 124.4, 120.1, 65.6, 53.7, 46.7, 42.5, 30.2, 28.8, 22.7. 
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3.7.3 Syntheses of peptides that mimic collagen 

CMP – 3.2 

 

SPPS was performed following synthesis protocol A (starting with 0.05 mmol 

Fmoc-Gly-HMPP-Resin). The peptide was then released from the resin with concomitant removal 

of 
t
Bu-protecting group by treatment with cleavage cocktail A for 2.5 h. The crude peptide was 

subsequently isolated by solid phase extraction and the resulting solution lyophilized. The peptide 

was purified and isolated as a white solid (22 mg, 23%, >95% purity). MS: [M+2H]
2+

 calc. 952.5 

Da, obs. 952.4 Da. 

 

CTP – 3.1 

 

SPPS was performed following synthesis protocol B on Rink Amide resin (0.1 mmol). The 

peptide was then released from the resin with concomitant removal of side-chain protecting 

groups by treatment with cleavage cocktail A for 2.5 h. The crude peptide was then isolated by 

solid phase extraction and resulting solution lyophilized. The peptide was purified and isolated as 

a white solid (46.9 mg, 31%, >95% purity). MS: [M+H]
+
 calc. 1513.7, obs. 1513.8. 
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3.7.4 Syntheses of monolysyl AGE peptides 

CML-CMP – 3.8 

 

SPPS was performed following synthesis protocol A (starting with 0.05 mmol 

Fmoc-Gly-HMPP-Resin). Coupling of Fmoc-CML(Ns)-OH 3.3 was performed with 2 equivalents 

of the building block, 1.9 equivalents of HATU and 10 equivalents of DIPEA in DMF for 15 

minutes at 25 W with a maximum temperature of 75 °C. Following completion of the synthesis Ns 

group was deprotected using 10 equivalents of DBU in DMF (1 M) with 2-mercaptoethanol in 

DMF (1 M) for 90 min. The peptide was then filtered, washed in DCM and released from the resin 

with concomitant removal of 
t
Bu-protecting group by treatment with cleavage cocktail A for 2.5 h, 

precipitated in Et2O and lyophilised. The crude peptide then underwent ethyl deprotection by 

dissolving the peptide in 0.1 M NaOH at 0 °C and allowing the reaction mixture to stand for 1 h. 

The crude peptide was then isolated by solid phase extraction and resulting solution lyophilised. 

The peptide was purified and isolated as a white solid (18 mg, 19%, >95% purity). MS: [M+2H]
2+

 

calc. 982.0 Da, obs. 981.8 Da. 

 

CEL-CMP – 3.9 

 

SPPS was performed following synthesis protocol A (starting with 0.05 mmol 

Fmoc-Gly-HMPP-Resin). Coupling of Fmoc-CEL(Ns)-OH 3.4 was performed with 2 equivalents of 

the building block, 1.9 equivalents of HATU and 10 equivalents of DIPEA in DMF for 15 minutes 

at 25 W with a maximum temperature of 75 °C. Following completion of the synthesis Ns group 

was deprotected using 10 equivalents of DBU in DMF (1 M) with 2-mercaptoethanol in DMF (1 

M) for 90 min. The peptide was then filtered, washed in DCM and released from the resin with 

concomitant removal of 
t
Bu-protecting group by treatment with cleavage cocktail A for 2.5 h, 
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precipitated in Et2O and lyophilised. The crude peptide underwent ethyl deprotection by 

dissolving in 0.1 M NaOH at 0 °C and allowing the reaction mixture to stand for 1 h. The crude 

peptide 3.9 was isolated by solid phase extraction and the resulting solution lyophilised. The 

peptide was purified and isolated as a white solid (29 mg, 30%, >95% purity). MS: [M+2H]
2+

 calc. 

989.1 Da, obs. 988.6 Da. 

 

Pyrraline-CMP – 3.10 

 

SPPS was performed following synthesis protocol A (starting with 0.05 mmol 

Fmoc-Gly-HMPP-Resin). Coupling of Fmoc-TBS-pyrraline 3.5 was performed with 2 equivalents 

of the building block, 1.9 equivalents of HATU and 10 equivalents of DIPEA in DMF for 15 

minutes at 25 W with a maximum temperature of 75 °C. The peptide was washed in DCM and 

released from the resin with concomitant removal of 
t
Bu and TBS-protecting groups by treatment 

with cleavage cocktail B for 1 h, precipitated in Et2O and lyophilised. The peptide was purified 

and isolated as a white solid (26 mg, 27%, >95% purity). [M+2H]
2+

 calc. 1007.0 Da, obs. 1006.5 

Da. 

 

CML-CTP – 3.13 

 

Method 1 

SPPS was performed following synthesis protocol C on Rink Amide resin (0.05 mmol). 

Coupling of Fmoc-CML(Ns)-OH 3.3 was performed with 2 equivalents of the building block, 1.9 

equivalents of HATU and 10 equivalents of DIPEA in DMF for 1 hour at rt. Following completion 

of the synthesis the peptide was acetylated using Ac2O (5 eq.) in DMF and the Ns group was 

deprotected using 10 equivalents of DBU in DMF (1 M) with 2-mercaptoethanol in DMF (1 M) for 
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90 min. The peptide was then filtered, washed in DCM and released from the resin with 

concomitant removal of all remaining side-chain protecting groups by treatment with cleavage 

cocktail A for 2.5 h, precipitated in Et2O and lyophilised. The resultant peptide underwent ethyl 

deprotection by dissolving the peptide in 0.1 M NaOH at 0 °C and allowing the reaction mixture to 

stand for 1 h. The crude peptide 3.13 was then isolated by solid phase extraction and resulting 

solution lyophilised. The peptide 3.13 was purified and isolated as a white solid (23 mg, 30%, 

>95% purity). MS: [M+H]
+
 calc. 1571.7 Da, obs. 1571.6 Da. 

Method 2 

SPPS was performed following synthesis protocol C on Rink Amide resin (0.01 mmol) using 

Fmoc-Lys(Ns)-OH building block 3.78, and acetylated using Ac2O (5 eq.) in DMF. Following 

completion of the synthesis the resin bound peptide was alkylated using tert-butyl bromoacetate 

(5 eq.) and DIPEA (10 eq.) in DMF overnight. The Ns group on the resultant peptide was 

deprotected using 6 equivalents of both DBU in DMF (1 M) and 2-mercaptoethanol in DMF (1 M) 

for 15 min, filtered and washed in DCM. The peptide was then released from the resin with 

concomitant removal of
 
all side-chain protecting group by treatment with cleavage cocktail A for 

2.5 h, precipitated in Et2O and lyophilised. The peptide was purified and isolated as a white solid 

(4.5 mg, 29%, >95% purity). MS: [M+H]
+
 calc. 1571.7 Da, obs. 1571.6 Da. 

Method 3 

SPPS was performed following synthesis protocol C on Rink Amide resin (0.01 mmol) using 

Fmoc-Lys(Ns)-OH building block 3.78. Following coupling of 3.78, the intermediate resin-bound 

peptide was alkylated using tert-butyl bromoacetate (5 eq.) and DIPEA (10 eq.) in DMF overnight. 

The alkylated peptide underwent further SPPS following protocol C, and subsequently acetylated 

using Ac2O (5 eq.) in DMF. The Ns group was deprotected in 6 equivalents of both DBU in DMF 

(1 M) and 2-mercaptoethanol in DMF (1 M) for 15 min. The peptide was then filtered, washed in 

DCM and released from the resin with concomitant removal of
 
all side-chain protecting group by 

treatment with cleavage cocktail A for 2.5 h precipitated in Et2O and lyophilised. The peptide was 

purified and isolated as a white solid (3.9 mg, 25%, >95% purity). MS: [M+H]
+
 calc. 1571.7 Da, 

obs. 1571.6 Da. 
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CEL-CTP – 3.14 

 

SPPS was performed following synthesis protocol C on Rink Amide resin (0.05 mmol). 

Coupling of Fmoc-CEL(Ns)-OH 3.4 was performed with 2 equivalents of the building block, 1.9 

equivalents of HATU and 10 equivalents of DIPEA in DMF for 1 hour at rt. Following completion 

of the synthesis the peptide was acetylated using Ac2O (5 eq.) in DMF and the Ns group was 

deprotected using 10 equivalents of DBU in DMF (1 M) with 2-mercaptoethanol in DMF (1 M) for 

90 min. The peptide was then filtered, washed in DCM and released from the resin with 

concomitant removal of all remaining side-chain protecting groups by treatment with cleavage 

cocktail A for 2.5 h, precipitated in Et2O and lyophilised. The resultant peptide underwent ethyl 

deprotection by dissolving the peptide in 0.1 M NaOH at 0 °C and allowing the reaction mixture to 

stand for 1 h. The crude peptide 3.14 was then isolated by solid phase extraction and resulting 

solution lyophilised. The peptide 3.14 was purified and isolated as a white solid (20 mg, 26%, 

>95% purity). MS: [M+H]
+
 calc. 1584.7 Da, obs. 1584.9 Da. 

 

Pyrraline-CTP – 3.15 

 

SPPS was performed following synthesis protocol C on Rink Amide resin (0.05 mmol). 

Coupling of 3.5 was performed with 2 equivalents of the building block, 1.9 equivalents of HATU 

and 10 equivalents of DIPEA in DIPEA in DMF for 1 hour at rt. The peptide was released from 

the resin with concomitant removal of the remaining side-chain protecting groups by treatment 

with cleavage cocktail B for 1 h. The peptide was purified and isolated as a white solid (17.5 mg, 

22%, >95% purity). [M+H]
+
 calc. 1620.7 Da, obs. 1620.9 Da. 
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3.7.5 Syntheses of cross-linking lysyl AGE peptides 

Optimisation of Fmoc2GOLD coupling to resin-bound peptide 3.109 

Resin-bound peptide 3.109 was prepared following SPPS protocol C. Coupling mixtures of 

the Fmoc2GOLD building block 3.6 and the appropriate coupling agent were prepared in 100 μl of 

DMF, activated using 10 eq. of DIPEA, and added to the resin-bound peptide 3.109 (5 μmol, 1 

eq.). The reaction mixtures were shaken overnight, filtered, Fmoc-deprotected in 20% 

piperidine/DMF and coupled with Fmoc-Glu(OtBu)-OH using conditions described in SPPS 

protocol C. The resulting peptide 3.111 along with all by-products was cleaved, precipitated in 

ether, washed with ether, lyophilised, and analysed by LCMS. 

GOLD-CTP – 3.16 

 

SPPS was performed on Rink Amide resin (0.01 mmol) following synthesis protocol C. 

Coupling of Fmoc2GOLD 3.6 was performed with 0.55 equivalents of the building block, 1.1 

equivalents of HATU and 10 equivalents of DIPEA in DMF overnight. After completion of chain 

elongation the peptide was released from the resin with concomitant removal of side-chain 

protecting groups by treatment with cleavage cocktail A for 2.5 h, precipitated in Et2O and 

lyophilised. The peptide 3.16 was purified and isolated as a white solid (1.5 mg, 11%, >98% 

purity). MS: [M+H]
2+

 calc. 1488.7 Da, obs. 1488.7 Da. 
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MOLD-CTP – 3.17 

 

SPPS was performed on Rink Amide resin (0.01 mmol) following synthesis protocol C. 

Coupling of Fmoc2MOLD 3.7 was performed with 0.55 equivalents of the building block, 1.1 

equivalents of HATU and 10 equivalents of DIPEA in DMF overnight. After completion of chain 

elongation the peptide was released from the resin with concomitant removal of side-chain 

protecting groups by treatment with cleavage cocktail A for 2.5 h, precipitated in Et2O and 

lyophilised. The peptide 3.17 was purified and isolated as a white solid (1.9 mg, 13%, >98% 

purity). MS: [M+H]
2+

 calc. 1495.7 Da, obs. 1495.4 Da. 

GOLD-CMP – 3.11 

 

SPPS was performed on Fmoc-Gly-HMPP resin (0.01 mmol) following synthesis protocol C. 

Coupling of Fmoc2GOLD 3.6 was performed with 0.55 equivalents of the building block, 1.1 

equivalents of HATU and 10 equivalents of DIPEA in DMF overnight. After completion of chain 

elongation the peptide was released from the resin with concomitant removal of side-chain 

protecting groups by treatment with cleavage cocktail A for 2.5 h, precipitated in Et2O and 

lyophilised. The peptide 3.11 was purified and isolated as a white solid (3.2 mg, 17%, >98% 

purity). MS: [M+2H]
3+

 calc. 1280.3 Da, obs. 1280.3 Da. 
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MOLD-CMP – 3.12 

 

SPPS was performed on Fmoc-Gly-HMPP resin (0.01 mmol) following synthesis protocol C. 

Coupling of Fmoc2MOLD 3.7 was performed with 0.55 equivalents of the building block, 1.1 

equivalents of HATU and 10 equivalents of DIPEA in DMF overnight. After completion of chain 

elongation the peptide was released from the resin with concomitant removal of side-chain 

protecting groups by treatment with cleavage cocktail A for 2.5 h, precipitated in Et2O and 

lyophilised. The peptide 3.12 was purified and isolated as a white solid (2.9 mg, 15%, >98% 

purity). MS: [M+2H]
3+

 calc. 1285.0 Da, obs. 1285.0 Da. 
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4.1 Overview 

When in contact with sugars and sugar-degradation products, proteins can be irreversibly 

modified, giving rise to a diverse family of amino acid derivatives collectively known as advanced 

glycation endproducts (AGEs) (described in detail in Chapter 1). Tissue accumulation of AGEs is 

continuous throughout a person’s lifetime and is implicated in the pathogenesis of an array of 

chronic, age-related disorders, such as diabetes mellitus and Alzheimer’s disease.
1
 Both AGE 

accumulation and the resulting complications are greatly accelerated with long-term 

hyperglycaemia that is associated with diabetes mellitus. This sugar-driven acceleration points to 

the central role that glycation plays in the development of pathological conditions, as an 

underlying mechanism behind them or as a biomarker for such a mechanism. 

We have developed new chemical probes with which to investigate the process of glycation 

in the form of peptides site-specifically glycated by lysyl AGEs (Chapters 2 and 3). This chapter 

describes model in-depth studies of glycation and AGE accumulation now enabled by site-

specifically AGE-modified peptides. 

Since collagen is the major target of glycation, peptides mimicking the tertiary and quaternary 

structures of collagen were chosen as models for site-specific incorporation of individual AGEs. 

Collagen comprises two quaternary structures: the triple helix and the telopeptide. Glycated 

peptides mimicking both motifs have been prepared and their biophysical properties explored. 

For the triple helical region of collagen, collagen model peptides (CMPs) were chosen as 

suitable mimics. These peptides have been developed to study the collagenous triple helix and 

have been employed extensively in the syntheses of stable triple-helical peptides.
2
 The synthetic 

CMPs were designed to contain either lysine (4.1, Figure 4.1) or a synthetic AGE building block 

(4.2, 4.3, 4.4, 4.5, 4.6, Figure 4.1) at the central position. Their syntheses are discussed in 

Chapter 3, whereas Section 4.2 discusses a detailed study of the precise effect of glycation on 

the structural stability of collagen using synthetic CMPs. 

The telopeptide domain of collagen is a common target of proteolytic enzymes during both 

tissue remodelling and digestion.
4
 The same region is also a common cross-linking and glycation 

site: hence it is important to investigate the effects of AGEs on collagen proteolysis. The 

sequence used as a model for synthetic collagen telopeptides (CTPs, YGYDEKSTGGISVP) was 

sourced from the telopeptide region of human type I α1 collagen
3
 and was chosen because it 

contained a lysine residue in position 6, which could be a glycation site in vivo. The native 

peptide 4.7 and glycated peptides 4.8, 4.9, 4.10, 4.11, and 4.12 (Figure 4.2, synthesis discussed 

in Chapter 3), were employed in investigating the effects of glycation on the proteolysis of 

collagen. These proteolytic digestion studies are discussed in Section 4.3. 
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An emergent consensus in literature points at the pathological disturbance in the levels of 

transition group metals, and especially that of copper, as the key mechanism by which AGEs 

cause the detrimental outcomes. The impact of a key widespread AGE, i.e. 

N
ε
-carboxymethyllysine (CML), on the copper binding capacity of the physiologically relevant 

peptides was therefore explored using potentiometry and mass spectrometry and is discussed in 

Section 4.4. 

 

Figure 4.1 Structures of collagen model peptides 4.1, 4.2, 4.3, 4.4, 4.5, and 4.6 
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Figure 4.2 Structures of the collagen telopeptides 4.7, 4.8, 4.9, 4.10, 4.11, and 4.10 

 

  



Chapter 4  

 

 

 
164 

 

4.2 Structural analysis of the glycated and non-glycated 

collagen model peptides 

The stability and functionality of collagen depend largely on the functional groups attached to 

its backbone.
5
 Apart from hydroxylations, other modifications, such as glycation, are known to 

influence the stability of the collagen triple helix.
6,7

 With access to site-specifically glycated CMPs, 

it was possible to study the precise impact of AGE-formation on the stability of the collagenous 

triple helix. The results of the stability study are discussed in this section. 

4.2.1 Circular dichroism and protein structure 

Circular dichroism (CD) is a biophysical technique used to monitor conformational changes of 

biomolecules based on the differential absorption of left and right circularly polarised light. 

Although this technique can theoretically be applied to study any molecule containing a 

chromophore within a chiral environment, it is mainly used to elucidate changes in the overall 

secondary and tertiary structures of proteins. The relevant chromophores found in proteins are 

tryptophan and tyrosine (both absorb in near UV range 220-320 nm) as well as the amide bond 

(absorbs at far UV 180-230 nm). The far UV region is the most useful for overall secondary 

structure determination since the n→π* and π→π* transitions in amide bonds are the most 

sensitive to protein conformation. The intensities and energies of these transitions depend on the 

dihedral angles of the peptide backbone, such that when a peptide bond becomes a part of any 

regularly folded structure, such as an α-helix or β-sheet, the CD spectrum generated from such 

bond changes reflects the folded structure. The observed CD spectra have been correlated with 

secondary structures observed by other techniques such as X-ray crystallography.
8
  

The CD spectrum is the sum of the populated secondary states within the protein and can be 

used to determine the approximate degree of helicity. CD can also be used to determine fold 

populations of peptides with designed structures based on the signal intensity observed by α-

helices, β-sheets, triple helices, and random coils.
9–11

 Deconvolution of the CD spectra also 

provides relative populations of different secondary structures. 

Collagen-like triple helical peptides exhibit CD spectra in solution, which are characterised by 

a large negative peak around 200 nm and a small positive peak around 225 nm.
12

 These features 

have been employed as a basis to provide valuable information about the presence of collagen-

like triple helical structures in solution for both natural and synthetic peptides.
13–15

 

CD has the advantage of high sensitivity at relatively low concentrations (~1-10 μM) 

compared to other techniques. Furthermore, secondary structure stability studies can be carried 

out over a wide temperature range (0-95 °C) to reflect the structural changes at different 
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temperatures. However, CD does not provide residue specific information and for this reason 

other biophysical tools such as NMR are beneficial for more detailed analysis of biomolecules. 

4.2.2 CD analysis of the collagen model peptides 

In order to investigate the triple helical profiles of the synthetic model peptides prepared in 

this chapter, their CD spectra in 50 mM AcOH were determined. The CD spectrum of CMP 

peptide 4.1 with lysine at its centre is given in Figure 4.3. The spectrum displays a maximum at 

225 nm and a minimum at 198 nm, which are characteristic features of the triple helical 

structure.
16

  

Random coiled peptides generally display maxima at 212 nm and minima at 195 nm.
17

 Since 

the spectrum of 4.1 displays a minimum at 198 nm, it is possible that a small fraction of the 

peptide is present as a random coil. 
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Figure 4.3 Circular dichroism spectrum of peptide 4.1, where ‘O’ denotes 4R-hydroxyproline.  

The CD spectra of CMPs containing monolysyl AGEs CML, 4.2, N
ε
-carboxyethyllysine (CEL), 

4.3, and pyrraline, 4.4, are shown in Figure 4.4. All three peptides displayed maxima at 222 nm 

and minima at 198 nm, suggesting triple helix formation is the major tertiary structure for all three 

peptides, and that incorporation of the monolysyl AGEs does not perturb the triple helix. The 

small shift of maxima (225 → 222 nm) may indicate a larger degree of random coil pattern 

formation for these AGE-containing peptides when compared to the lysine analogue 4.1. 
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Figure 4.4 Circular dichroism spectra of peptides 4.2 (A), 4.3 (B), and 4.4 (C), where ‘O’ 

denotes 4R-hydroxyproline. 



Chapter 4 

 

 

 
167 

 

The CD spectra of CMPs containing the AGE cross-links glyoxal lysine dimer (GOLD), 4.5, 

and methylglyoxal lysine dime (MOLD), 4.6, are given in Figure 4.5. At concentrations similar to 

those of CMPs with lysine 4.1, and monolysyl AGEs 4.2, 4.3, and 4.4, the cross-linked peptides 

displayed weak maxima at 223 nm along with comparatively weak minima at 202 nm. Taken 

together this data indicates minimal triple helix formation with GOLD- and MOLD-modified 

peptides 4.5 and 4.6, respectively. This result is expected given that the introduced cross-links 

dimerise the peptides thereby preventing triple helix formation.  
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Figure 4.5 Circular dichroism spectra of peptides 4.5 (A) and 4.6 (B), where ‘O’ denotes 

4R-hydroxyproline. 
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4.2.3 Thermal denaturation studies of the collagen model peptides 

In conjunction with CD spectroscopy, melting curve measurements were used to determine 

the triple helicity of synthetic peptides. Measurement of CD ellipticity as a function of temperature 

has been used to monitor the thermal denaturation of collagen-like triple helical conformations.
5,18

 

Thermal stability of the triple helical conformation was then assessed by monitoring the decrease 

in mean residue ellipticity at 224-226 nm across a temperature differential.
17

 This typically yields 

a sigmoidal curve indicating cooperativity in unfolding of the triple helix to random coil.  

CD molar ellipticities at 225 nm for all five synthetic AGE CMPs as well as the lysine-

containing peptide 4.1 were measured between 10 and 50 °C and the data obtained were used to 

construct the thermal melting curves depicted in Figure 4.6. 
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Figure 4.6 Thermal denaturation of peptides 4.1, 4.2, 4.3, 4.4, 4.5, and 4.6 

Examination of the first derivative of melting curves revealed that the lysyl peptide 4.1 

exhibited a clear thermal transition Tm4.1 = 29 ± 1 °C.
2
 The monolysyl AGE peptides also 

displayed analogous thermal transitions  but at somewhat lower temperatures (Tm4.2 = 26 ± 3 °C, 

Tm4.3 = 25 ± 4 °C, Tm4.4 = 23 ± 3 °C). Out of all the AGE-containing CMPs, the CML peptide 4.2 

displayed the greatest stability, while the pyrraline-containing peptide 4.3 was the least stable of 

the monomeric AGE-containing peptides. Cross-linked peptides 4.5 and 4.6 displayed no 

transition, which confirms their non-triple helical nature that was also consistent with the CD 

experiments. 
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In summary, the triple-helicity of synthetic monolysyl AGE CMPs 4.2, 4.3, and 4.4 could be 

determined by CD spectroscopy and thermal melt assays. These studies confirmed that 

monolysyl AGE peptides are suitable model systems to investigate the AGE modification of 

collagen. 
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4.3 Enzymatic digestion of native and glycated collagen 

telopeptides 

Glycation is known to slow down the relative rate of protein digestion.
19

 Since glycation takes 

place both in the normal process of ageing
20

 and during food preparation,
21

 such inhibition of 

proteolysis has health ramifications that stem from both old age and diet. Despite the fact that 

glycation may play such a central role in the development of disease conditions via impairment of 

proper proteolysis, very little is known about the precise impact of particular AGEs on the relative 

digestibility of the host proteins. 

The telopeptide domain of collagen is a common target of proteolytic enzymes during both 

tissue remodeling and digestion.
4
 The same region is also a common cross-linking and glycation 

site: hence it is important to investigate the effects of AGEs on collagen proteolysis in the 

telopeptide region. Access to site-specifically glycated CTPs enabled the study of the exact 

effects of AGE-formation on the relative digestibilities of CTPs by the proteolytic enzyme – 

trypsin. The results of the proteolysis study are discussed in this section. 

4.3.1 Proteolysis by trypsin 

Trypsin is a member of the serine protease family primarily found in human and animal 

digestive systems. It is synthesised in the pancreas and secreted as an inactive trypsinogen, 

which is activated by the enteropeptidase in the small intestine as well as by trypsin itself.
22

 

Trypsin cleaves proteins at the C-terminal side of lysine and arginine amino acids
23

 and has been 

used extensively in cell culture/tissue protocols
24

 as well as for protein identification through 

sequencing techniques.
25

 

4.3.2 Trypsin digestion of native and glycated CTPs 

To assess the impact of glycation of the peptides by lysyl AGEs on their relative protease 

digestibilities, the native CTP 4.7 together with AGE peptides 4.8, 4.9, 4.10, 4.11, and 4.12 were 

subjected to digestion assays with bovine trypsin. As a control experiment, a solution of the 

protease was first incubated at 37 °C in the presence of native CTP 4.1. Aliquots were removed 

every minute and quenched with 1 M HCl. The aliquots were analysed by HPLC for relative 

peptide concentrations by integrating the relative absorbances at 214 nm. Analogous incubations 

were then carried out in the presence of peptides 4.2, 4.3, 4.4, 4.5, and 4.6, and the results are 

given in Figure 4.7. 
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Figure 4.7 Trypsin digestion of collagen telopeptides. Portions of HPLC elution profiles 

during the incubation of peptides 4.7 (A), 4.8 (B), 4.9 (C), 4.10 (D), 4.11 (E), 4.12 (F) at various 

time (coloured lines) with trypsin. 

Under the experimental conditions, trypsin digested 90% of the native CTP peptide in 10 

minutes (Figure 4.7A). In contrast, the HPLC profiles of all AGE-CTPs (Figures 4.7B-4.7F) 

remained constant over the same period of time and therefore their relative concentrations 

remained unchanged. This result demonstrates the dramatic effect that the presence of both 

mono- and cross-linking lysyl AGEs has on the host protein proteolysis, specifically by trypsin as 

representative of the proteases present in the digestive tract. 

A B 
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D 
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4.4 Copper binding by native and CML-modified collagen 

telopeptides 

As described in Chapter 1, considerable scientific evidence indicates the involvement of 

AGEs in the pathogeneses of various complications that stem from both diabetes mellitus and old 

age.
26

 A pathological disturbance in the levels of transition group metals, and especially that of 

copper, as the key mechanism by which AGEs appear to cause the detrimental outcomes.
19

 

Evidence supporting this hypothesis comes from copper chelation studies. The Cooper group has 

demonstrated that selective chelation and clearance of excess copper by the copper(II)-specific 

chelator triethylenetetramine leads to effective reversal of various diabetic complications in 

humans.
27

  

A potential hazard of long-term treatment by copper chelators is a chronic deficiency of 

copper, which is an essential mineral. Such copper deficiency can itself cause severe 

pathological complications such as neurodegeneration.
28

 Therefore, there is a significant need for 

an in-depth understanding of the interaction between AGEs and Cu(II) ions. Such understanding 

may enable development of novel copper chelators that will selectively counteract the excess in 

copper levels caused by diabetes and therefore lead to more effective treatment strategies 

against such complications. 

Of the AGEs and AGE-peptides synthesised in this work, CML (Figure 4.8), is the most 

promising candidate for increasing a peptide’s copper binding capacity because of the acid-

secondary amine moiety on its side-chain. The impact of CML on the copper binding capacity of 

physiologically relevant peptides was therefore explored and is discussed in this section. 

 

Figure 4.8 Structure of peptide-bound CML 

Section 4.4.1 describes the potentiometric measurements undertaken with the telopeptides 

4.7 and 4.8 (Figure 4.9), while section 4.4.2 describes the mass spectrometric analysis of metal 

complexation by these peptides. 

 

 

 



Chapter 4 

 

 

 
173 

 

4.4.1 Potentiometric measurements 

Peptide complexes of various metal ions have been extensively investigated to probe the 

metalloprotein structure and function.
29–31

 Since collagen is the major target of glycation and the 

telomeric region of collagen has access to transition group metals in vivo,
32

 it was decided to 

employ the collagen telopeptides to probe the relationship between the glycated collagen and 

copper. Peptides 4.7 and 4.8 (Figure 4.9, the syntheses are described in Chapter 3) were 

subjected to potentiometric titrations both in the absence and presence of copper(II) ions. 

 

Figure 4.9 Structures of peptides 4.7 and 4.8 

 

4.4.1.1 Potentiometric determination of equilibrium constants 

Potentiometric titration is a versatile method for determining the relative stabilities of various 

metal-ligand systems. The theory behind this method is reviewed in this section. 

Dissociation and stability constants 

Chemical reactions that do not go to completion reach a dynamic equilibrium, where the rate 

of the forward reaction is equal to the rate of the backward reaction. For a chemical reaction  

aA + bB ⇌ cC + dD 

the thermodynamic equilibrium constant is defined as 
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K =
(C)c(D)d

(A)a(B)b
 

where the bracketed terms refer to activities. 

When a weak acid is dissolved in water, equilibrium will be reached between dissociated and 

undissociated species, and the equilibrium constant is referred to as the acid dissociation 

constant, Ka. The Ka value for any given acid or base is constant and serves as a measure of its 

relative strength.
33

 

The analogous equilibrium constants for metal complex formations are referred to as stability 

or formation constants.
33

 These constants can also serve as means for comparing the relative 

affinities of different ligands to metal ions. 

Determination of equilibrium constants 

Equilibrium constants can be ascertained by any method that accurately quantifies the 

concentration of at least one species at the equilibrium, as long as the original composition of the 

solution under investigation is pre-determined. Common methods include potentiometry, 

spectrophotometry, conductivity, polarography, and NMR spectroscopy. Due to its relative ease 

and use of a low-cost apparatus, potentiometry is the most popular method for determining both 

the dissociation constants of various acids and bases and stability constants of metal-ligand 

complexes.
33

 

Concentrations of metal ions, free ligands, or hydrogen ions can be determined by ion-

specific electrodes either in a series of separately prepared solutions or after addition of a titrant. 

Glass electrodes are often used for hydrogen ion measurements, which allow pH variations to be 

determined as a function of added acid or base. The concentrations of ligands and metals are 

kept almost constant.
34

 Such potentiometric titrations are the most common method for 

determining the metal-ligand stability constants.  

Titration without metal ion results in a neutralisation curve, which can then yield ligand 

dissociation constants (Ka). Subsequent titration of the ligand in the presence of a metal ion 

causes the curve to be displaced, and this displacement can then be used to determine stability 

constant(s) of the metal-ligand complex(es) (Ks).
35

 

Both the dissociation constants and stability constants can be determined from the 

potentiometric data by using software such as Specfit/32,
36

 or Hyperquad.
37,38

 These packages 

have effectively displaced the previous generation of software designed to refine stability 

constants from potentiometric data, such as the BEST algorithm by Martell and Motekaitis.
39 
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Previous measurements of CML-Copper binding 

The stability constants of metal complexes with CML have been described by Seifert et al.
40

 

These authors synthesised a CML derivative 4.14 along with a lysine analogue 4.13 

(Figure 4.10).  

 

Figure 4.10 Structure of the lysine derivative 4.13 and CML derivative 4.14 

Potentiometric titration was used to determine the protonation constants of these ligands. 

The ligands were then titrated in the presence of Cu(II) ions and the stability constants of the 

resulting complexes determined (results summarised in Table 4.1). The metal-ligand stability 

constants were defined for 

M + L ⇌ ML 

as 

Ks =  
(ML)

(M)(L)
 

where the bracketed terms refer to activities. 

Table 4.1 Dissociation constants of 4.13 and 4.14 and stability constants of Cu(II) complexes 

of 4.14 determined by Seifert et al.
40

 

Species pK Standard deviation 

Protonation constants (Ka) 

HL (4.13) 10.62 0.01 

H2L (4.13) 3.13 0.01 

HL (4.14) 9.91 0.03 

H2L (4.14) 3.75 0.05 

H3L (4.14) 2.01 0.05 

Cu(II) complex stability constants (Ks) 

CuL (4.14) 7.34 0.07 

CuL2 (4.14) 6.34 0.04 
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This strategy allowed the comparative measurement of the Cu-binding capacity of the CML-

side-chain. However, the major shortcoming of this system is its limited applicability to the 

investigation of the biological impact of CML modification of peptides and proteins.  

CML is most commonly found as an amino acid bound to a target protein. In order to 

determine the precise impact of CML on its host protein’s metal-binding capacity, the stability 

constant measurements have to be undertaken with protein-bound or at least peptide-bound 

CML. The next section describes our attempts at measuring the dissociation constants of CTPs 

4.7 and 4.8, while section 4.4.1.3 outlines our measurements of stability constants of metal 

complexes of these peptide ligands with Cu(II). 

4.4.1.2 Potentiometric measurements of collagen telopeptides in the presence and 

absence of Cu(II) 

In this work, dissociation constants and copper stability constants were determined for CTPs 

4.7 and 4.8 by potentiometric titration. The changes in the peptide’s metal binding capacity with 

respect to the presence of CML in a peptide sequence were investigated.  

Protonation constant of native telopeptide 4.7 

The telopeptide 4.7 was dissolved in water and readily analysed by potentiometric titration 

with NaOH. The titration curve for 4.7 is given Figure 4.11A, while the species distribution 

diagram is given in Figure 4.11B. Such distribution diagrams show the relative abundance of 

each species present in solution during the titration. Titration of the first proton of CTP-K 4.7 

began immediately at the start of the measurement at pH 2.01. Titration of the second proton 

began before the completion of the first one at pH 2.65 and the same was true for the titration of 

the third proton, which began at pH 6.50. In contrast, titration of the remaining protons did not 

begin until pH ~8, with titration of the fourth proton commencing at pH 8.42, and of the fifth proton 

at pH 9.01. 
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Figure 4.11 Titration curve (A) and the species distribution diagram for titration of 4.7 with 

NaOH 

 

A. 

B. 
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Protonation constants (pKa) and log β values are listed in Table 4.2, where for  

qH + rL ⇌ HqLr 

𝛽𝑞.𝑟 =  
(H𝑞L𝑟)

(H)q(L)r
 

where the bracketed terms refer to activities. 

Table 4.2 Protonation constants and log β values for the peptide 4.7 

Species Log β pKa Log β SD 

HL 10.29 10.29 0.04 

H2L 20.62 10.33 0.02 

H3L 29.92 9.30 0.04 

H4L 35.85 5.93 0.07 

H5L 38.08 2.23 0.07 

 

The relevant pKa values obtained for the peptide 4.7 are comparable to those previously 

found for side-chains of amino acids present in peptide 4.7. The first three protonation constants 

in the Table 4.2, HL, H2L, and H3L, refer to the ε-amine of the lysine residue and the two 

phenolate groups on the tyrosine residues. The values for these protonation constants (pKa = 

10.33-9.30) agree well with the data previously reported for peptide-bound lysines and 

tyrosines.
31

 The protonation constants of the carboxyl groups of the aspartic acid and glutamic 

acid side-chains (pKa = 5.93-2.23) are also close to those previously reported for both peptide-

bound Asp and Glu side-chains.
31

 

Protonation constants of the CML-modified peptide 4.8 

The titration curve for the CML-modified telopeptide 4.8 is shown in Figure 4.12A, and the 

species distribution diagram is shown in Figure 4.12B. Several important differences could be 

noted between the titration of the CML peptide 4.8 and that of the native peptide 4.7. Titration of 

the first proton of CTP-CML 4.8 began at the start of the measurement at pH 2.00, indicating the 

strong acidity of this hydrogen. Because of the absence of a proton with a comparable pKa in the 

titration of the native peptide 4.7, it is proposed that the first proton to be titrated is the one 

attached to the carboxymethyl lysine side-chain of the peptide 4.8. Titration of the second proton 

also occurred at a very low pH and the pKa for loss of this proton was similar to that for loss of the 

first hydrogen of the lysine-containing CTP 4.7. 
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Figure 4.12 Titration curve (A) and the species distribution diagram for titration of 4.8 with 

NaOH 

A. 

B. 
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Table 4.3 Protonation constants and log β values for the peptide 4.8 

Species Log β pKa Log β SD 

HL 9.66 9.66 0.06 

H2L 19.73 10.07 0.02 

H3L 28.83 9.10 0.03 

H4L 33.67 4.84 0.07 

H5L 37.3 3.63 0.06 

H6L 39.36 2.06 0.06 

 

Table 4.3 lists the log β values and dissociation constants for species present during the 

titration of the CML telopeptide 4.8. The protonation constant of the acid on the CML side-chain 

was in good agreement with the value reported by Seifert et al (2.06 vs 2.01 in Table 4.1). The 

protonation constants of the amino acid side-chains were also comparable to those previously 

reported in literature.
31

 However, attachment of an extra acid group appeared to have shifted the 

pKa values of the remaining acids in the peptide. H5L now had a pKa value of 3.63, which was 

shifted from 2.23, whereas the pKa value of H4L shifted from 4.84 to 5.93. These protonation 

constants corresponded to side-chains of Asp and Glu amino acids. 

Similar shifts were observed for the three more basic species, which also appeared to be 

affected by the gain of another acid residue as well as a loss of the primary amine of lysine, 

which in telopeptide 4.8 is secondary (Figure 4.12). Thus, these protonation constant were shifted 

from 9.30 to 9.10, from 10.33 to 10.07, and from 10.29 to 9.66. These protonation constants 

correspond to the phenolate groups of the Tyr residues and the secondary amine on the CML 

side-chain. However, it should be noted that changes to Tyr pKa values only marginally affect the 

resulting titration curve and the actual ordering of the pKa values remains uncertain. 

4.4.1.3 Cu(II) complexation by native telopeptide 4.7 and CML-containing 

telopeptide 4.8 via potentiometric measurements 

Titration curves of the telopeptide 4.7 in the presence of copper as well as the corresponding 

species distribution diagram are given in Figure 4.13. Only the titration data with pH values under 

8 were used in the calculation of stability constants, since at higher pH a blue precipitate of 

Cu(OH)2 was observed. The shape of the titration curve for native CTP 4.7 in the presence of 

copper was not significantly different from that measured for the metal ions in the absence of the 

peptide ligand. Two equivalence points at pH ~5 and pH ~8 in the titration curve of peptide 4.7 

were observed, which is typical of the acid-base titration of Cu ions, and formation of hydroxide 

complexes of copper.  
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Copper complex stability constants for the peptide 4.7 are listed in Table 4.4, where for the 

reaction 

pM + qH + rL ⇌ MpHqLr 

𝛽𝑝.𝑞.𝑟 =  
(MpH𝑞L𝑟)

(M)p(H)q(L)r
 

where the bracketed terms refer to activities. 

Only one metal complex species could be fitted to the experimental titration curve obtained 

for the 4.7:Cu(II) system, i.e. CuH3L. Coordination appeared to happen when both of the 

carboxylic acids were deprotonated. The stability constant obtained for CuH3L was comparable to 

those previously reported for individual amino acid side-chain groups present in the peptide.
52 

Table 4.4 Log β values and stability constants for the complexes between peptide 4.7 and 

Cu(II), and peptide 4.8 and Cu(II) 

Species Log β Log Ks Standard deviation 

4.7 + Cu(II) 

CuH3L 33.25 3.33 0.087 

4.8 + Cu(II) 

CuH3L 32.83 4.01 0.049 

CuH2L 28.35 8.62 0.023 

CuHL 21.26 11.6 0.056 

 

Notably, the speciation diagram for the complex formation between Cu(II) and 4.7 showed 

that the complexation started at pH ~3, peaked at pH ~5.5, but largely vanished at pH ~7 due to 

competition by precipitation of Cu(OH)2. In vivo, type I α1 collagen, from which the telopeptide 

sequence was taken, is predominantly exposed to the neutral environment of pH 7 and therefore 

lack of strong metal binding by the telopeptide 4.7 at this pH is expected.
47

 If the capacity of the 

telopeptide 4.7 to bind copper was significantly stronger, this would lead to severe metal ion 

disbalance. The consequences of such copper disbalance caused by genetic errors are reviewed 

in Section 1.5.2. 
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Figure 4.13 Titration curve (A) and the species distribution diagram for titration of 4.7 with 

NaOH in presence of Cu(II) 

 

A. 

B. 
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The titration curve of the CML telopeptide 4.8 in presence of Cu(II) was significantly different 

from that of the native telopeptide 4.7 (Figure 4.14A). The two equivalence points observable in 

the titration of the 4.7:Cu system were replaced by a single equivalence point that was 

significantly shifted in the 4.8:Cu titration. Three metal complex species could be fitted to the new 

titration curve, CuHL, CuH2L, and CuH3L. The species distribution diagram for this system is 

given in Figure 4.14B. The first complexation, CuH3L, started at pH >3.0 and peaked at pH 4.12, 

where it accounted for 40% of all Cu(II) present in solution. The complexation of the second 

species, CuH2L, started before the first one was complete at pH 3.09 and peaked at pH 5.85, 

where it accounted for 87% of all Cu(II) present in solution. The third complexation, CuHL, started 

at pH 4.52 and was the dominant species at the highest pH of the measurement, 8.00. 

Importantly, at pH 7.00 the copper complexes CuH2L and CuHL accounted for 96 % of all Cu(II) 

species present in solution, i.e. the majority of the available copper was bound by the CML-

modified collagen telopeptide. 

While the dramatic difference between the titration of peptides 4.7 and 4.8 in presence of 

copper is notable, the key problem with such potentiometric studies of metal-peptide interaction is 

the complex nature of the equilibria under investigation. Therefore, such data needs to be 

complemented by other methods of measurement. Mass spectrometry was employed in this work 

to accompany the potentiometric data and the results of mass spectrometric studies are 

discussed in the next section. 
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Figure 4.14 Titration curve (A) and the species distribution diagram for titration of 4.8 with 

NaOH in presence of Cu(II) 

A. 

B. 
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While the potentiometric data does not allow the determination of the precise structure of 

copper complexes of peptide 4.8, a possible structure for the most prominent metal-peptide 

species, CuH2L, is depicted in Figure 4.15. It is proposed that the copper ion is bound by the N-

donor atom of the ε-amino group and oxygen atoms of the neighbouring acid residues. All of the 

side-chain acid groups are deprotonated in these species. 

 

Figure 4.15 Proposed structure for CuH2L species of peptide 4.8 
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4.4.2 Mass spectrometric characterisation of the CTP-Cu systems 

In cases of complicated systems of complexation, potentiometric data can leave some 

ambiguity in the identification of the correct model.
41

 Supplementary qualitative information is 

necessary to complement the potentiometric data and to reveal the structures of the species 

formed under the conditions applied. NMR, circular dichroism, electron paramagnetic resonance, 

and mass spectrometry are often used for this purpose and in a few cases crystallisation of the 

desired compounds may lead to X-ray crystallographic analysis.  

Mass spectrometry (MS) is a versatile analytical technique which can be employed in the 

determination of molecular weights, stoichiometry, and speciation of various systems. Unlike 

other methods for probing metal-peptide interactions, MS can provide direct evidence of 

complexation.
42

 This section discusses studies of Cu(II) interaction with CTPs 4.7 and 4.8 using 

mass spectrometric analysis. 

4.4.2.1 Mass spectrometry in studies of metal complexation 

In Electrospray Ionisation Mass Spectrometry (ESI-MS) the gas-phase ions are produced in 

an electrospray and then transmitted to the analyser, where the ions are analysed using a wide 

variety of mass analysers such as Time-of-Flight (ToF), Magnetic Sector, and Quadrupole Ion 

Trap. 

ESI-MS is the softest ionisation method known and it allows acquisition of mass spectra 

directly from solutions, thus shedding light on some of the species found in the system.
41

 

Depending on the charge of the species, positive or negative (ESI+ or ESI-) ion modes can be 

employed. The stoichiometry of the species present can be determined directly from the 

corresponding m/z values. Specificity is the key advantage of ESI-MS. It allows determination of 

precise masses of molecules or molecular fragments. High-resolution mass spectra, tandem 

mass spectra, and analysis of isotopic patterns can all be employed for more precise 

investigation of molecular structures. ESI-MS also allows detection of ions at very low 

concentrations (down to 10
-6

 M), thus enabling the investigation of complex formation at 

concentrations close to those usually encountered in vivo.  

In the study of metal-ligand systems, ESI-MS is predominantly used as a qualitative tool, with 

the aim to determine the identity and the stoichiometry of the species formed in solutions.
43

 

Numerous groups have employed ESI-MS in this fashion to study the complexation of Cu(II) by 

several synthetic peptides. Zhao et al. have used ESI-MS in conjunction with MALDI-TOF in their 

analysis of Cu(II) complexation by the tau peptide, which is associated with Alzheimer’s disease, 

and showed direct evidence of complex formation.
44
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ESI-MS also was used by Pappalardo et al. to determine the stoichiometry of copper 

complexes with histidine-containing synthetic peptides.
45

 Copper complexation by peptide 

fragments of the prion protein was shown by Brown et al. in their ESI-MS study of peptide 

binding.
46

 However, ESI-MS has not yet been employed to study the metal binding properties of 

AGEs and AGE-containing peptides. Access to synthetic AGE-peptides enabled us to undertake 

such analysis and its results are discussed in the following section. 

4.4.2.2 Mass spectrometric analysis of collagen telopeptides 4.7 and 4.8 in the 

absence and presence of Cu(II) ions 

In the present work interaction between Cu(II) ions and synthetic telopeptides 4.7 and 4.8 

was probed using ESI-MS under a variety of conditions. ESI-MS analysis is complicated by the 

presence of non-volatile salt components. Na
+
 and K

+
 peptide adducts are often detected in ESI 

mass spectra. Other metal ions, including Cu(II), can also bind to peptides in a non-specific 

manner, and we therefore sought to distinguish such moieties from peptide-metal complexes. 

ESI mass spectra in negative ion mode were recorded for peptides 4.7 and 4.8 without added 

Cu(II) and in the presence of the Cu(II) salts. For all ESI-MS experiments described here, the 

peptide concentration was 3.5-5 μM.  

The mass spectra of peptides 4.7 and 4.8 featured a number of multiply charged ions, as 

often observed for peptides. The highest relative intensity was found for double negatively 

charged ions, and therefore this region of the mass spectrum was selected for data analysis. The 

peak at m/z 755.36 in the spectrum at pH 7.3 without copper ions (Figure 4.16A) was attributed 

to the [M – 2H]
2-

 species of the peptide 4.7, while the peak at m/z 792.32 was attributed to the 

[M + K + Cl – 2H]
2-

 species.  

Analogously, the peak at m/z 784.35 in the spectrum at pH 6.9 without copper ions 

(Figure 4.16B) was attributed to the [M – 2H]
2-

 ion of the peptide 4.8, while the peak at m/z 

795.34 was attributed to [M + Na – 3H]
2-

 ion. 
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Figure 4.16 Mass spectra of peptides 4.7 (A, pH 7.3) and 4.8 (B, pH 6.9) in the range 

m/z 700 – 900 featuring double negatively charged anions. 

In order to study the Cu binding ability of the peptides, CuCl2 was added to the peptides at a 

molar ratio 1:1.1 (peptide:metal) at various pH levels. 
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Figure 4.17 Mass spectra of peptide 4.7 in presence of Cu(II) at pH 6.7 (A), pH 5.9 (B), and 

pH 2.9 (C) in the range m/z 700 – 900 featuring double negatively charged anions. 

A 

B 

C 
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In the case of peptide 4.7, the ESI-MS spectrum of the peptide with added copper at pH 6.7 

showed no additional peaks that could be assigned to Cu adducts. Instead the spectrum showed 

a NaCl adduct (m/z 784.34, Figure 4.17A). ESI-MS measurements of incubation mixtures 

containing the peptide 4.7 and CuCl2 were next recorded at pH 5.9 (Figure 4.17B) and 2.9 

(Figure 4.17C). Again, neither spectrum displayed Cu adducts. 

In the case of CML-containing peptide 4.8 addition of CuCl2 at a molar ratio of 1:1.1 

(peptide:copper) caused the formation of additional peaks not detected in the mass spectrum of 

4.8 without CuCl2. At pH 7.0 a peak was identified at m/z 792.82 (Figure 4.18A). This is a shift to 

higher m/z in the spectrum of 4.8, which can be assigned to a 1:1 Cu complex (Table 4.5). This 

was also the most abundant copper containing species in the spectrum. In addition, two peaks 

corresponding to Cu-peptide complexes were observed (Table 4.5). This result is in good 

agreement with the potentiometric measurements, which also identified three different peptide-

Cu(II) systems.  

The mass spectrum of the CML-modified peptide 4.8 incubated with CuCl2 at pH 5.4 

displayed peaks corresponding to the three peptide-copper complexes identified also at pH 7.0 

(Figure 4.18B). Notably, no adducts were observed at pH 3.2 (Figure 4.18C). This result is in 

accordance with potentiometric data discussed in Section 4.4.1.3, which predicted only a small 

amount of copper complexation at pH 3.2. 
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Figure 4.18 Mass spectra of peptide 4.8 in presence of Cu(II) at pH 7.0 (A), pH 5.4 (B), and 

pH 3.2 (C) in the range m/z 700 – 900 featuring double negatively charged anions. 

 

A 

B 

C 
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Table 4.5 Abundances of double negatively charged anions at different pH levels 

MS peak / m/z 
Abundance at different pH levels (%) 

pH 7.0 pH 5.4 pH 3.2 

784.35 22.1 78.5 100 

792.83 100.0 100.0 4.8 

814.82 61.2 56.8 - 

833.81 79.5 79.3 3.1 

 

The nature of the Cu-peptide species was further confirmed by comparing the experimentally 

measured isotope ratios with calculated isotopic distributions (Figure 4.19). The peak at 

m/z 792.82 was assigned to decarboxylated Cu-containing [Peptide + Cu - 4H - CO2]
2-

 species 

(Figure 4.19A). The loss of CO2 is common and can be explained by fragmentation of one of the 

three acid residues present in the system. The peak at m/z 814.82 (Figure 4.19B) was assigned 

to a peptide-copper complex ion of the composition [Peptide + Cu - 4H]
2-

, whereas the peak at 

m/z 833.81 (Figure 4.19C) was identified as a peptide-copper complex ion of the composition 

[Peptide + Cu + Cl - 3H]
2-

.  

 

 

 

Figure 4.19 Comparison of the calculated (left) and measured (right) isotopic distributions of 

Cu-species observed in the mass spectra of 4.8 in presence of CuCl2 at pH 7.0 

A 

B 

C 
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The results of this ESI-MS study of the copper binding by CTPs 4.7 and 4.8 confirm the 

observations made in the potentiometric study discussed in Section 4.4.1.2. The formation of 

three copper-peptide complexes was predicted by the potentiometric titration data for peptide 4.8. 

The same number of copper-containing species was observed in the ESI mass spectra of the 

4.8-Cu incubation mixture. ESI-MS measurements at lower pH levels were also in agreement 

with the potentiometric prediction. At pH 3.2 no copper-containing species could be observed by 

ESI-MS. Not surprisingly, analogous investigations of the lysine-containing CTP 4.7 did not show 

any copper-containing species. 

Our potentiometric and ESI-MS studies provide the first direct evidence of copper 

complexation by a CML-containing peptide and demonstrate the impact that such 

AGE-modification has on copper binding properties of a collagenous telopeptide. Peptide 

sequences analogous to that of CTP are common in the ECM, and therefore CML accumulation 

in the ECM can explain the copper disbalance seen in diabetic patients.
47

 Such accumulation of 

copper is dangerous because it leads to elevated levels of carbonyl and oxidative stress,
48

 which 

then exacerbates AGE accumulation further fuelling the vicious cycle of AGE/copper overload.  
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4.5 Conclusion 

The utility of peptides site-specifically glycated by lysyl AGEs for in-depth analysis of the 

biochemical properties of AGEs has been demonstrated in studies of structural stability, 

proteolytic digestibility, and metal binding. 

CD analysis of glycated CMPs 4.2, 4.3, 4.4, 4.5, 4.6 along with the lysine-containing CMP, 

4.1, has revealed that the introduction of monolysyl AGEs does not hamper the formation of a 

triple helix. In contrast, introduction of the cross-linking AGEs GOLD and MOLD effectively 

prevented the CMPs from forming a triple helical quaternary structure. 

Studies of proteolytic digestion of CTPs 4.7, 4.8, 4.9, 4.10, 4.11, and 4.12 using trypsin have 

revealed the dramatic effect that introduction of lysyl AGEs has on the relative enzymatic 

digestibilities of collagen telopeptides. Lysyl AGEs effectively prevented trypsin from digesting the 

host telopeptides. This result is in accordance with the irreversible nature of the AGE 

accumulation in vivo, where glycated tissue proteins may prevent proper digestion by relevant 

enzymes.
19

 Hampered enzymatic digestion in turn prevents healthy tissue regeneration. To test 

this hypothesis, similar studies need to be undertaken with enzymes responsible for tissue 

regeneration, such as Cathepsin L.
19

 

It is known that diabetes mellitus causes defective copper regulation, and elevated tissue 

levels of chelatable copper occur in nonclinical models of diabetes.
49

 A systemic excess of 

copper has also been shown in diabetic patients.
50

 AGE accumulation is a widespread 

phenomenon in diabetes and is closely linked to the pathogenesis of vasculopathy and organ 

damage in diabetic patients. Accumulation of AGEs is believed to cause copper disbalance, 

because AGEs can modify amino acid residues in fibrous ECM proteins, such as collagen, 

making them more susceptible to copper binding.
51

 However, to date no evidence of the 

enhanced copper binding by AGE-modified peptides has been reported. 

Our study of the copper binding capacity of CTPs 4.7 and 4.8 has for the first time provided 

direct evidence for the increased copper chelation properties of glycated peptides. The results of 

the potentiometric study were confirmed by pH-dependent ESI-MS experiments. Three copper-

peptide complexes were predicted by potentiometry for the CTP 4.8:Cu system, and three 

different copper-peptide species were observed by ESI-MS of the 4.8:Cu system. CTP 4.7, that 

does not contain any AGEs, displayed limited copper binding ability by potentiometry and no 

copper-containing species were observable in the ESI mass spectra. 
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4.6 Experimental 

4.6.1 Procedure for circular dichroism measurements 

CD spectra were recorded on peptide solutions at 0.05 mM (by weight) in 50 mM AcOH that 

had been incubated at 5 °C for a minimum of 24 h in 1 nm increments with 3 s scans at 20 °C 

and averaged over 10 scans. Thermal ramp experiments were recorded on peptide solutions at 

0.5 mM (by weight) in 50 mM aqueous AcOH that had been incubated at 5 °C for a minimum of 

24 h. The solutions were heated from 5 to 50 °C in 1 °C steps. The ellipticity at 224 nm was 

monitored at each temperature with 25 s scans and averaged over 5 scans. 

4.6.2 Procedure for the trypsin digestion assay 

Bovine trypsin (0.3 mg, type XI, 9090 units/mg, Sigma) was dissolved in H2O (1 ml), 3.3 μl (9 

units) of this solution diluted to 1 ml using Tris buffer (pH 8.0) and incubated at 37 °C for 30 min. 

Substrate (0.2 μmol) was added in one portion and 50 μl aliquots removed every minute, 

quenched with 1 M HCl (50 μl), and analysed by analytical RP-HPLC (Dionex Ultimate 3000 

equipped with a 4 channel UV detector) at 210 nm using a Luna C18(2) column (3μ; 150 x 3 mm; 

Phenomenex) at 0.3 ml/min on a linear gradient 

4.6.3 Potentiometric titrations 

Stock solutions of supporting electrolyte, CuCl2, and peptide ligands were prepared 

volumetrically from the pure salt. Stock solutions of HCl and carbonate-free NaOH were prepared 

from aqueous concentrates, and their concentrations determined by titrating the base against a 

volumetrically prepared potassium hydrogen phthalate standard solution. The acid was titrated 

against the base. 

Titration apparatus consisted of the 20 mL water-jacketed glass titration vessel attached to a 

thermostated water bath and sitting on a magnetic stir plate. The burette and electrode were 

clamped to the stir plate and attached to the Metrohm Titrando 907 titrator. 

The ionic strength of all solutions was set at 0.1 M using NaCl. CuCl2 was the source of the 

metal ion. 0.01 M HCl was used in calibration of the titration apparatus (E
o
 = 408.9 V, 

slope factor = 0.995). Ligands were dissolved in 0.01 M HCl at 0.1 M ionic strength and titrated 

with 0.189 M NaOH either with or without addition of the CuCl2 solution. The metal-to-ligand 

molar ratio in titrations in presence of Cu(II) was 1:1. Titrations were carried out under nitrogen 

atmosphere at 298 K using a total volume of 5-6 cm
3
. 0.4-0.6 mM ligand concentration was used 

in all measurements. Starting with the fully equilibrated initial titration solution (pH 2-3, 25°C), a 
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known volume of base was added and the solution allowed to re-equilibrate. The potential was 

then recorded. This algorithm was repeated until the full pH range of interest was canvassed. 

Stability constants (log β) were determined from the potentiometric data by using 

Hyperquad.
37

 The species distribution diagrams were prepared from the determined log β values 

using HySS.
53

 

4.6.4 Mass spectrometry 

All mass spectra were collected with Bruker microTOF mass spectrometer (Bruker Daltonics 

GmbH, Bremen, Germany). A syringe pump (Kd Scientific) provided a stable liquid flow at 

3 μl/min to the fused silica spray capillary. This capillary protruded a short distance from the end 

of a stainless steel tube, through which nitrogen gas was passed to assist in desolvation. The 

spray assembly was held at a potential of 3.2 kV to induce charging of the liquid droplets, which 

were directed through a series of heated apertures into a vacuum chamber (dry gas 6 L/min, dry 

temperature 180 °C). Here they were desolvated to form isolated ions, which were directed by 

lenses into the high vacuum region of the time-of-flight mass analyser. All m/z values reported 

here correspond to the most prominent mass ions within each isotopic cluster, and all calculated 

ion masses are based on the monoisotopic atomic weights. Ligand concentrations in analysed 

solutions were 4-5 μM and ligand-to-metal ratio was 1:1.1. Lowering of the pH was accomplished 

by addition of conc. acetic acid. Spectra were recorded in negative mode over 1.4 min and 

averaged. 
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(S)-2-amino-6-(N-ortho-nitrophenylsulfonamido)hexanato-bicyclononylboron – 2.34 

 

 

 

1
H NMR (400 MHz, MeOH-d4) 

13
C NMR (100 MHz, MeOH-d4) 
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((S)-2-amino-6-(N-(ethoxy-oxoethyl)-ortho-nitrophenylsulfonamido)hexanato-

bicyclononylboron – 2.36 

 

 

1
H NMR (400 MHz, 

MeOH-d4) 

1
H NMR (400 MHz, DMSO-d6) 

13
C NMR (100 MHz, DMSO-d6) 
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(2S)-2-amino-6-(N-(1-ethoxy-1-oxopropany-2-yl)-2-nitrophenylsulfonamido)hexanato-

bicyclononylboron – 2.37 

 

 

1
H NMR (400 MHz, DMSO-d6) 

13
C NMR (100 MHz, DMSO-d6) 
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(S)-2-((9-fluorenylmethoxycarbonyl)amino)-6-(N-(ethoxy-oxoethyl)-ortho-

nitrophenylsulfonamido)hexanoic acid – 2.39 

 

 

 

1
H NMR (400 MHz, CDCl3) 

13
C NMR (100 MHz, CDCl3) 
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(2S)-2-((9-fluorenylmethoxycarbonyl)amino)-6-(N-(ethoxy-oxopropanyl)-ortho-

nitrophenylsulfonamido)hexanoic acid – 2.40 

 

 

 

1
H NMR (400 MHz, CDCl3) 

13
C NMR (100 MHz, MeOH-d4) 
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(S)-2-amino-6-((ethoxy-oxoethyl)amino)hexanato bicyclononylboron – 2.41 

 

 

 

1
H NMR (400 MHz, CDCl3) 

13
C NMR (100 MHz, CDCl3) 
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(S)-2-amino-6-((ethoxy-oxopropanyl)amino)hexanato bicyclononylboron – 2.42 

 

  

 

1
H NMR (400 MHz, CDCl3) 

13
C NMR (100 MHz, CDCl3) 
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(S)-2-amino-6-((carboxymethyl)amino)hexanoic acid bis-hydrochloride – 2.1 

 

 

 

 

1
H NMR (400 MHz, D2O) 

13
C NMR (100 MHz, D2O) 
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(2S)-2-amino-6-((1-carboxyethyl)amino)hexanoic acid bis-hydrochloride – 2.2 

 

 

 

 

1
H NMR (400 MHz, D2O) 

13
C NMR (100 MHz, D2O) 
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(S)-2-((9-fluorenylmethoxycarbonyl)amino)-6-(1ʹ-(tert-butyldimethylsilyloxymethyl)-4ʹ-

formyl-N-pyrrolyl)hexanoic acid – 2.48 

 

 

 

1
H NMR (400 MHz, CDCl3) 

13
C NMR (100 MHz, CDCl3) 
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1,3-bis((S)-5’-((9-fluorenylmethoxycarbonyl)amino)-5’-carboxypentyl)-imidazolium – 

2.67 

 

 

 

 

1
H NMR (400 MHz, DMSO-d6) 

13
C NMR (100 MHz, DMSO-d6) 
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1,3-bis((S)-5’-((9-fluorenylmethoxycarbonyl)amino)-5’-carboxypentyl)-4-

methylimidazolium – 2.68 

 

 

 

1
H NMR (400 MHz, DMSO-d6) 

13
C NMR (100 MHz, DMSO-d6) 
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Mass spectrum of the peptide 4.7 at pH 7.3 

 

Mass spectrum of the peptide 4.8 at pH 6.9
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Mass spectrum of the peptide 4.7 incubated with CuCl2 at pH 6.7 

 

Mass spectrum of the peptide 4.7 incubated with CuCl2 at pH 5.9 
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Mass spectrum of the peptide 4.7 incubated with CuCl2 at pH 2.9 

 

Mass spectrum of the peptide 4.8 incubated with CuCl2 at pH 7.0 
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Mass spectrum of the peptide 4.8 incubated with CuCl2 at pH 5.4 

 

Mass spectrum of the peptide 4.8 incubated with CuCl2 at pH 3.4 

 


