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 All the reagents were purchased from Sigma-Aldrich and used without further 
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  DMF was dried over P2O5 and stored by adding 4 Ǻ molecular sieves.  
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and brine followed by drying over anhydrous Na2SO4 and evaporation of the solvent 
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 Column chromatographic separations were performed using silica gel 60-120 mesh 

(Merck) or 200- 400 mesh (Merck) and using the solvent systems EtOAc/Petroleum 
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1.0 Diabetes and Antidiabetics 

A global chronic metabolic disease, Diabetes Mellitus is characterised by constant high glucose 

levels in the blood. 1 Rapidly growing in both the developed and developing world leading to 

life-threatening complications,2 this disease is classified as Type 1 and Type 2 diabetes, 

pancreatic β-cell dysfunction being a common and important characteristic in both the types.3 

Immune mediated destruction of pancreatic β-cells leading to insufficient insulin is seen in 

Type 1 diabetes, usually diagnosed in children,4 while Type 2 diabetes, the most common type, 

seen in adults is due to inadequate insulin secretion and/or insulin resistance.5 The risk of 

developing type 1 diabetes is based on many factors of genetic and environmental origin such 

as increased weight, exposure to some viral infections and increased maternal age at delivery. 

Whereas factors such as obesity, changes in diet and physical activity, age, insulin resistance, a 

family history of diabetes and ethnicity contribute to the occurrence of type 2 diabetes.6,7 

Although the occurrence of type 2 diabetes accounts for 90-95% 8 both the classes are chronic 

conditions that cannot be cured but only managed. 9 A significant burden on healthcare systems 

globally is seen due to prevalence of diabetes reaching epidemic proportions.10 Other severe 

conditions caused by diabetes mellitus over time are nerve damage, blindness, amputation of 

lower limbs, kidney damage and cardio vascular disease.11 

Several different mechanistic classes distinguish currently deployed antidiabetic drugs such as 

insulin secretagogues, insulin sensitizers, insulin mimetics, α-glucosidase inhibitors, and DPP 

IV inhibitors which can be used either in monotherapy or in combination. In the last years, 

thousands of compounds have emerged and there is extensive literature on them.12  

However some unwanted side effects have also been witnessed with the use of these drugs, 

hence the search for new antidiabetic drugs is of considerable interest to researchers 

worldwide.13 Although progresses have been made, the pursuit for the “perfect” antidiabetic 

drug still continues.12 Lately, people have also turned to the use of herbal medicine and natural 

products because of their availability, low cost, and low side effects.14 

 

 1.1 Classification of Diabetes 

WHO classifies diabetes into two major types: Type 1 diabetes (T1DM) and type 2 diabetes 

(T2DM). Age, onset and degree of loss of β cell function play a major role in this 

classification. But the underlying common characteristic is the dysfunction or destruction of 

pancreatic β-cells in both diabetes classes. 
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Type 1 diabetes is an autoimmune disorder caused due to β-cell destruction resulting in 

absolute insulin deficiency. Onset of this type of diabetes is childhood and early adulthood. 

Type 2 diabetes is the most common type and accounts for between 90% and 95% of diabetes. 

Varying degrees of β-cell dysfunction and insulin resistance frequently leads to obesity. Insulin 

treatment is generally not required for survival, but may be used to decrease the blood sugar 

level to avert chronic complications.15 

 

1.2  Insulin, its structure and its role in diabetes 

Insulin is synthesised in the β cells of the pancreas 16 and still continues to be the cornerstone of 

therapy for diabetes mellitus.17 Maintaining glucose level in the blood18  and energy storage19  

are the main functions of this peptide, leading to its high demand owing to dramatic increase in 

the number of diabetic patients worldwide. The year 1922 witnessed a major breakthrough in 

medicine and therapy for diabetes when insulin was discovered17 which led to the Noble Prize 

in Physiology or Medicine being awarded to Banting and Macleod in 1923.20 Following the 

discovery, another breakthrough in 1955 was witnessed where the primary structure of insulin, 

the two chains and the disulfide bonds was successfully determined by Sanger and co-workers 

leading to a Nobel Prize in 1958.21  

 

Figure 1: Timeline of insulin and its development 

Since the discovery of this peptide hormone, its structure and stability has been a subject of 

numerous studies.22Structural elucidation revealed Insulin consists of 2 chains, chain A with 21 

amino acids and a chain B with 30 amino acids linked by two disulfide bonds. In addition, 

chain A contains an intra-chain disulfide bond 22 and a terminal helix and is linked to chain B 

via two disulfide bonds16 as depicted in figure 2. This structure is highly conserved among 

vertebrates, which is evidenced by its high degree of homology. Representative structural 
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features of large proteins such as a well-ordered hydrophobic core and canonical elements of 

secondary structure are exhibited by insulin despite its small size19 

 

                      

Figure 2: Two and three dimensional structures of insulin21 

1.2.1 Mechanism of Insulin action 

Secretion of insulin from the β cells results due to increased levels of glucose.16 Insulin binds 

to insulin receptor present on the surface of the cell21  giving rise to a biological cascade of 

events at molecular level. 23 Since glucose is a hydrophilic molecule, transporters such a 

glucose transporter proteins (GLUT) are required for glucose to cross the cell membrane. 24The 

movement of these transporter proteins is stimulated by insulin causing the transport from 

intracellular pool to the plasma membrane occurring within seconds after the stimulus.25  

 

Figure 3: Molecular mechanism of insulin action25 
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Despite in depth study conducted on the relationship between the structure of insulin and its 

function, synthesis of new analogues of this peptide remains challenging.26 These new 

analogues are designed to mimic insulin with improved properties such as stability, rate of 

release and duration of effect27 as shown in figure 4. 

 

Figure 4: Release rates of different insulin preparations 

1.3 Current small molecules and peptides as antidiabetic drugs 

Continuous demand for improved diabetic therapies that provide precise glycemic control and 

maintainace and/ or improvement of pancreatic endocrine functions is evident although several 

tradiotional hypoglycaemic agents have been widely used for glycemic control.28 The majorly 

used oral antidiabetic medications include dipeptidyl peptidase 4 (DPP-4) inhibitors, 

thiazolidinediones (TZD), sulfonylureas, biguanides, α-glucosidase inhibitors, sodium-glucose 

cotransporter (SGLT2) inhibitors and incretin mimetics.29,30 A list of important marketed small 

molecule antidiabetic agents such as metformin, rosiglitazone, glimepiride, acarbose, sitagliptin 

and canagliflozin are summarised in figure 5. 

 

Figure 5: Some of the important marketed antidiabetic drugs. 
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Table 1: Current oral antidiabetic medications and targeted organs29,30 

Therapeutic Class Drug Targeted organ(s) Mechanism of action 

Biguanides Metformin  liver, intestine, 

pancreas 

Insulin sensitizer Numerous 

effects on inhibition of hepatic 

glucose production 

 

Thiazolidinediones Rosiglitazone liver, adipose 

tissue, muscle 

Insulin sensitizer 

Sulfonylureas Glimepiride pancreas  Insulin secretion 

α-glucosidase 

inhibitors 

Acarbose pancreas, small 

intestine 

 

act as competitive inhibitors of 

enzymes needed to 

digest carbohydrates 

 

 

DPP-IV inhibitors Sitagliptine intestines Inhibition of degradation of 

GLP 

 

SGLT2 inhibitors Canagliflozin kidneys Glucosuria due to blocking 

(90%) of glucose reabsorption 

in renal PCT; 

insulinindependent  

mechanism of action 

 

Incretin mimetics Liraglutide, 

Exenatide 

pancreas  Activate GLP1 receptor 

Increased insulin secretion, 

decreased glucagon, delayed 

gastric emptying, increased 

satiety 

 

 

β cell preservation, improvement of glycemia ultimately leading to reduction or halting the 

progression of diabetes with excellent safety profile and minimum side effects would be an 

ideal therapeutic intervention for diabetes. No such therapy existed until a new therapeutic 

https://en.wikipedia.org/wiki/Competitive_inhibitor
https://en.wikipedia.org/wiki/Carbohydrate
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class known as incretin mimetics or incretin enhancers was first identified. Glucose dependent 

insulinotropic polypeptide (GIP) and glucagon like peptide (GLP-1) are the peptides 

responsible for the incretin effect. Released from the gastrointestinal tract in response to food 

intake, incretin hormones enhance glucose dependent insulin secretion from pancreas. These 

peptides govern glucose homeostasis by several mechanisms like increasing glucose stimulated 

secretion of insulin, reduce glucose production in the liver and decrease secretion of glucagon, 

delay gastric emptying leading to reduction of body weight.31 About 70% of insulin release is 

caused due to incretin effects and any disturbances or defect in this system is thought to be the 

main contributor for type 2 diabetes mellitus.32 Thus this system has become an important and 

attractive target for T2DM. GLP-1 receptor agonists and DPP-4 inhibitors are the two drug 

classes that cause the above effect.29,30 Many incretin mimetics are currently approved for the 

treatment of diabetes targeting the GLP-1 such as albiglutide, dulaglutide, exenatide, liraglutide 

and lixisenatide29 structures as shown in figure 6. 

 

 

Figure 6: Sequences of GLP-1, Exenatide, Liraglutide and Lixisenatide 

 

1.4 Hyperglycemia and Advanced Glycation End Products(AGEs) 

A common outcome in type 1 and type 2 diabetes is the high level of glucose in the blood 

called as hyperglycemia33 which is caused due to absolute or relative deficiency of insulin.5 

Prolonged hyperglycaemic conditions give rise to several other complications apart from 

diabetes and impaired insulin secretion such as heart diseases, nephropathy, neuropathy etc.34 

Such hyperglycaemic conditions also favour the formation of covalent adducts between 

glucose and plasma proteins35/ lipids/ nucleic acids36 through a non enzymatic process known 

as glycation reaction further forming undesired Advanced Glycation End products (AGEs).37 

These AGEs that form via the Maillard reaction38 represent one of the most promising areas of 
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research today. Important work and emphasis on AGEs since the last 20 years has been 

accomplished although the initial chemistry behind their formation was known since the early 

1900’s.39 AGEs are formed as a result of complex and multistep processes wherein the 

electrophilic carbonyl groups of reactive sugars (glucose) react with the side chains of 

nucleophilic amino groups of amino acids (lysine or arginine) and form a non-stable Schiff 

base which further rearranges to Ketoamine (Amadori products). These products can further 

irreversibly react with amino acid residues of peptides or proteins to form complex protein 

adducts or cross links. In continuation, numerous AGEs result from dehydration, oxidation, 

oxidative breakdown and polymerization reactions.40 

 

Figure 7: Glycation reaction between reducing sugar and protein/DNA leading to 

formation of AGEs 

 

1.4.1 Antiglycation 

Natural and synthetic chemical compounds have been previously employed for the intervention 

of Maillard reaction towards removing one of the reactants; either the amino group or the 

sugar.41 Early stage inhibition of the glycation reaction is seen with a few synthetic AGE 

inhibitors which occur due to initial attachment of the sugars to the amino groups thus 

inhibiting further reaction. Late stage glycation inhibition is seen in most synthetic inhibitors 

mainly because reactive carbonyls are scavenged and thus halting the formation of intermediate 

Amadori products.42 Figure 8 depicts the early and late stage glycation inhibitors. 

Thus, an effective strategy to prevent AGEs formation and to manage diabetic 

complications, antiglycation therapy would prove effective. 43 
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Figure 8: Structures of AGE inhibitors that inhibit glycation at early stage and late 

stage.42 

 

1.4.2 Glucose Uptake 

All the cells require glucose as the main source of energy thus playing a central role in various 

functions metabolic and homeostatic functions.44 The eukaryotic plasma membrane is a lipid 

bilayer hence glucose is transported across the membrane by carrier proteins and glucose 

transporters.45 GLUTs is a family of membrane proteins which is mainly responsible for the 

transport of glucose into tissues or cells46 failure of which causes impaired glucose homeostasis 

leading to hyperglycemia47,48 and in turn type 2 diabetes and obesity.47 These proteins are 

structurally related membrane proteins designated as GLUT1-GLUT-5. Of these, GLUT1, 

GLUT2, GLUT3, and GLUT5 appear to be localized primarily to the plasma membrane 

whereas GLUT4 is located near the nucleus and moves to the membrane under the stimulus of 

insulin49  in order to decrease the concentration of glucose in the blood. 50 Uptake of glucose by 

this transporter is mainly seen in tissues such as skeletal, cardiac muscles and adipose tissue.51 

Thus developing safer antidiabetic agents while keeping in mind molecular mechanisms to 

regulate blood glucose level have become a major research focus.47  
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1.5 Folates and Antifolates 

Understanding the role of folates and its derivatives in humans led to the development and 

identification of antifolates as therapeutics. Therefore before discussing antifolates, work that 

led to the discovery of folates should be given due attention. A group of B vitamins also known 

as “folates” share the same vitamin activity based on the parent structure of folic acid. Fully 

oxidised and most stable form of the vitamin is generally referred as ‘folic acid’ which is 

generally used in supplements and fortified foods.52 Since humans cannot synthesise folates, 

high dependence on dietary sources makes up for the daily folate requirement53 Biosynthesis of 

critical cellular components such as nucleobases, proteins and co factors are brought about by 

various folate species.54 Chemically, pteridine ring, para-amino benzoic acid and glutamate 

moieties comprise folic acid.55 Specialised membrane transport systems allow folates which are 

highly hydrophilic anionic molecules to cross the cell membrane.56 Majorly two different 

mechanisms govern the entry of natural and synthetic folates into cells of which one involves 

reduced folate carrier (RFC) having an affinity of  micromolar range. The other transport 

system utilises a high affinity, membrane binding protein/ receptor called the folate receptor 

having nanomolar range affinity towards folates.57 

 

Figure 9: Chemical structure of folic acid  

1.6 Genesis of the use of antifolates against human disease 

In humans, ingested folic acid is actively transported into cells which is then reduced by the 

enzyme dihydrofolate reductase (DHFR) first to dihydrofolate and subsequently to 

tetrahydrofolate thus becoming biologically active.53 Antifolates were the first class of 

antimetabolites to enter the clinics, act by the disruption of the metabolic pathways that require 

one carbon moieties supplied by the B9 folate vitamins due to their structural similarity.58 The 

antifolate therapy comprises of three major clinically validated folate targets: 

dihydrofolate  reductase  (DHFR)  and  thymidylate  synthase  (TS) and serine 

hydroxymethytransferase (SHMT).59 Incidentally unlike humans, bacteria, fungi and protozoa 
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possess an endogenous folate biosynthetic pathway wherein dependency on external folates is 

not seen.60 

 

Figure 10: Folate biosynthetic pathway.61 

 

1.6.1 Dihydrofolate reductase (DHFR) inhibitors 

DHFR is a small protein with molecular weight of 20 kilo Daltons62 having a role in thymidine 

(one of the four nucleosides required for DNA replication) biosynthesis. This enzyme causes 

NADPH catalysed reduction of dihydrofolate to tetrahydrofolate, which is essential for protein 

and nucleic acid biosynthesis.63 In the folate metabolism, tetrahydrofolate acts as a critical one-

carbon-unit donor. 64 This is by far the most intensively studied enzyme in the folate pathway. 

65Malaria and other protozoal infections, infections caused due to fungus, bacteria and 

mycobacteria are commonly treated with DHFR inhibitors.60,66 Over the years, several 

compounds have been discovered and different drugs have entered the market. Among them, 

we have to mention pyrimethamine and proguanil as antimalarial drugs trimethoprim, an 

antibacterial drug commonly used in association with sulfonamides, like sulfamethoxazole and 
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methotrexate67 (figure 11) Designing new agents that target crucial enzyme Dihydrofolate 

reductase (DHFR) is important68 because it plays a critical role in the folate pathway.68 

Unfortunately, these negatively charged antifolates (at physiological pH) have insufficient 

intracellular concentrations to show required activity due to limited passive diffusion.69  

 

Figure 11: Chemical structures of commonly used approved drugs acting on DHFR 

1.6.2 Thymidylate synthase (TS) inhibitors 

Thymidylate-mediated pathway was the only known mechanism by which de novo thymidine 

nucleotide biosynthesis occurred.70 Thymidylate synthase catalyses the reductive methylation 

of 2′-deoxyuridine-5′-monophosphate (dUMP) to 2′-Deoxythymidine-5′-monophosphate 

(TMP) 71Replication process is affected due to a complex mechanism called as thymineless 

death is caused due to TS inhibition, hence regarded as a target for cancer chemotherapy. This 

enzyme is also involved in protein regulation pathway and apoptotic processes. Along with 

being an attractive target for cancer chemotherapy, this protein also acts as a target for 

antibacterial and antifungal chemotherapy. The structural elucidation by X-ray in combination 

with computational studies and site-directed mutagenesis revealed multiple binding modes, 

providing a direction towards reliable drug design. The primary focus in designing drugs 

against TS has been the small molecules that structurally resemble the substrate, dUMP, or its 

cofactor.72,73 The enzyme’s activity is a two-stage process. Firstly, a configurational change is 

introduced upon binding of dUMP to the receptor creating a neighbouring binding site for N-

5,10-methylene-tetrahydrofolate (CH2THF). Then the folate’s one carbon group is delivered to 

the uridine ring, furnishing TMP and dihydrofolate. TMP is subsequently phosphorylated by a 

kinase to corresponding diphosphate and triphosphate derivatives of thymidine, TDP and TTP, 

respectively. 74 



Chapter 1 

 

Harsha Chilukuri, AcSIR (CSIR-NCL, Pune) Ph.D. Thesis 2021  12 
 

 

Figure 12: Chemical structures of approved drugs acting on TS75 

1.6.3 Serine hydroxymethyltransferse (SHMT) inhibitors 

The metabolic role of L-serine is not only being a building block for conventional protein 

synthesis 76 but also a principal one-carbon source for DNA biosynthesis.77 The enzyme serine 

hydroxymethyltransferase (SHMT) fragments serine into glycine and a tetrahydrofolate-bound 

one-carbon unit.78 Two isoforms of this enzyme are present in humans viz cytosolic SHMT and 

mitochondrial SHMT that share a ∼66% amino acid sequence identity and possess very similar 

catalytic properties.79 It has been proposed that the cytosolic SHMT catalyses the reaction of 

5,10-methylene-THF and glycine to THF and serine, whereas mitochondrial SHMT might 

catalyze the reverse reaction.80  It being a ubiquitous enzyme, the main function is to be a 

major source of one carbon groups required for purine, methionine and thymidylate 

biosynthesis.81 Although SHMT has biological and medical importance, drugs that target this 

enzyme have not been developed yet. This is because this enzyme catalyses serine to glycine, 

having limited space thus the substrates that can be accepted into the active site of SHMT are 

extremely limited82 although several studies targeting the protein have been reported 

throughout time.83-86 

 

Figure 13: Folate cycle and approved drugs acting on the key enzymes of the cycle82
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1.7 Introduction 

From humble beginnings as substances isolated from livestock glands, peptides have proved to 

be very useful in the pharmaceutical scene.87 Peptides have remarkably influenced therapeutic 

approach and have come a long way since the first isolation of Insulin. Usually composed of 2-

50 amino acids that are linked together via peptide bonds/ amide bonds, (–CONH–)88 peptides 

represent exclusive properties that are not seen in either small molecule drugs or in proteins 

and are also biochemically and therapeutically distinct from both.89 Peptides attain different 

structures and conformations owing to flexibility around alpha carbon.90 In comparison to other 

classes of therapeutic moieties, peptide based drugs display many advantages such as high 

selectivity, specificity, and efficacy for recognizing and binding to targets.91 Broad range of 

molecules can be designed to give therapeutically important peptides in fields such as 

oncology, immunology, infectious disease and endocrinology.92 

 

Figure 14: Formation of peptide bond and general structure of peptides 

1.8 Chemical synthesis of peptides  

Traditionally, synthesis of peptides can be accomplished by 2 major techniques; solid phase 

and liquid phase synthesis. Typically peptides are synthesized from C → N direction by the 

coupling of Nα protected amino acids, followed by removal of protecting group of the amino 

functionality and repetition of this 2-step cycle.93 In the early days of peptide discovery, 

synthesis was carried out in solution which required careful manipulation of protecting groups, 

multiple challenging workups and purifications. Although this method may be suitable for 

synthesis of short peptides in large scale, synthesis of longer and more complex peptides 

proved problematic.94 These shortcomings of solution phase synthesis were overcome by the 

use of solid support since it displayed obvious advantages.95 Currently employed and most 

prevalent method of solid phase peptide synthesis technique which was initially developed by 

R. B Merrifield in 1963 has displayed numerous advantages over traditional peptide synthesis 

which resulted in the Nobel Prize in Chemistry in 1984.96 Simplicity, efficiency and speed of 

the reactions carried out using a solid support were the main advantages of this method.97 

Shortcomings of solution phase synthesis such as time consuming laborious purification, usage 

of large quantities of other reagents and chemicals such as coupling reagents, solvents etc were 

overcome by this milestone. 98 
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1.8.1 Solid Phase Peptide Synthesis 

Advantages over conventional solution phase synthesis in terms of efficiency and the ease of 

purification are the main attractions of this method. Reagents that are used in excess to drive 

the reaction to completion can be easily removed by simple filtration and washing. Therefore, 

high boiling solvents such as dimethylsulfoxide (DMSO), N-methylpyrrolidone (NMP), N,N’-

dimethylformamide (DMF) can be used without having to evaporate them. Additionally, all the 

above simple steps can be easily incorporated as an automated synthesis. 99As shown in figure 

15, attachment of first amino acid to the solid support usually via a linker (i), selective 

deprotection of the protecting group of the α -amino group (ii) further cycles of coupling and 

deprotection (iii) cleavage of peptide from the resin to give desired peptide (iv) are the main 

stages of solid phase synthesis. Newer strategies have been to increase the yield and efficiency 

of the synthesis.100 

 

Figure 15: General steps for solid phase peptide synthesis 

 

Table 2: Key techniques shaping synthesis of peptides 

Sr. No. Year Discovery/ Invention 

1 1881 Discovery 

2 1901 First published synthesised dipeptide 

3 1932 Discovery of Z group 

4 1953 First synthesis of oxytocin 

5 1957 Introduction of Boc protecting group 
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1.8.2 The solid support  

The most common solid support or matrix made of Polystyrene (PS) is used for peptide 

synthesis.97,101 Appropriate physical and chemical properties such as uniform shape, size, 

inertness, good mechanical stability, should be insoluble in all solvents are the important 

features for a good solid support. Additionally, the solid support must also contain appropriate 

functional groups for linker attachment.101 

Table 3: Commonly employed solid supports  for solid phase peptide synthesis97 

Resin name Resin structure Cleavage 

conditions 

Peptide 

product 

Wang resin 

 

90-95% TFA in 

DCM, 1-2 h 
Acid 

Rink amide 

resin 

 

50% TFA in 

DCM 1 h 
Amide 

Rink acid 

resin 

 

1–5% TFA in 

DCM 5–15 min 

or 10% AcOH 

in DCM, 2h 

Acid 

MBHA resin 

 

HF 0º C, 1 h Amide 

6 1963 Discovery of SPPS 

7 1970 Introduction of Fmoc protecting group 

8 1970-73 Introduction of other resins such as MBHA and Wang resin 

9 1990’s Development of Native Chemical Ligation for peptide synthesis 
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2 Chlorotrityl 

resin 

 

1–5% TFA in 

DCM 1 min 
Acid 

 

1.8.3 Protecting groups 

Protecting groups are essential during coupling reactions to avoid by product formation. They 

should be easily introduced and should be easily removed during synthesis and should be stable 

to a broad range of reaction conditions. Selectively removing protecting groups under different 

conditions either during the synthesis or during cleavage of the peptide from the resin is 

followed during the synthesis. Groups such as Fmoc/Boc/tBu are most commonly used that 

serve as protecting groups for N α -amino of amino acids and the functional groups of the 

amino acid side-chains.102  

 

Figure 16: Most commonly employed orthogonal protecting groups for amines 

 

1.8.4 Coupling reagents  

Activation of the carboxylic acid is a pre-requisite for the amide bond formation since this 

bond formation does not take place spontaneously. Activation is commonly achieved using 

benzotriazole coupling reagents such as HCTU, PyBOP, HATU, or HBTU and carbodiimides, 

such as DIPCDI and DCC. Recently, a new and safer class of coupling reagents with high 

efficacy such as COMU and PyOxim, have been incorporated during the synthesis. 

 

Figure 17: Representative coupling reagents
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PRESENT WORK 

Chapter 1 introduces the general concepts of antidiabetics, antifolates and peptides which 

form the basis of this thesis. Titled “Introduction to antidiabetics, antifolates and peptides” 

it briefly describes the importance of antidiatetics and antifolates as a class of drugs used to 

treat various diseases. Although these two classes of drugs can treat specific conditions in the 

body, peptides on the other hand fall under a wider category of drugs molecules that can be 

used to treat a wide range of diseases. The applications of peptides to multiple targets have 

emerged as powerful tools in research, diagnostics, vaccine development, and therapeutics. In 

addition, their high specificity and low toxicity offer a viable alternative to the small molecule 

drugs. in recent years, while the number of new chemical entities attributable to small 

molecules discovered each year has remained unchanged, those attributable to peptides and 

proteins has seen a steady increase. Antidiabetics are a class of drugs aimed towards reducing 

high blood glucose levels that prevail in both type of Diabetes Mellitus (type 1 in children and 

type 2 diabetes in adults). The high glucose level in the blood or hyperglycemia is due to loss 

of insulin secretion, action, or both. Although progresses have been made, the pursuit for the 

“perfect” antidiabetic drug still continues. Antifolates are the first class of antimetabolites to 

enter clinics more than 50 years ago. They are similar in structure to folates which makes them 

folate antagonists. Since folates are essential for various metabolic processes of cells, folate 

antagonism can be successfully employed for multiple diseases such as cancers, malaria and 

bacterial infections. Additionally, the absence of de novo folate biosynthetic pathway in 

humans makes it an attractive and potential target for drug development. 

 

Chapter 2 titled “Oxytocin and its analogues mediated glucose uptake in Chinese hamster 

ovary cells” describes the solid phase peptide synthesis of native oxytocin and its analogues 

and their ability to cause glucose uptake in Chinese hamster ovary cells. Oxytocin is a 

bioactive peptide with 9 amino acids and a disulfide bond. It is a well known peptide and its 

functions were thought to be associated with inducing lactation and labour. But recent studies 

have revealed many other functions of this peptide which include glucose uptake in adipocytes. 

Hence a study was carried out to assess this peptide’s ability to cause a glucose uptake in ovary 

cells. Along with native oxytocin, its disulfide depleted linear and amide cyclised analogues 

were also synthesised and studied for their glucose uptake ability. Since disulfide bond in 

peptides plays a role in maintaining structural integrity and play no direct role in the function 
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of the peptide, the disulfide bond of the native oxytocin was replaced by a more robust amide 

bond. The synthesised analogues were further purified by RP-HPLC and characterised by 

MALDI-TOF. Any perturbations in the secondary structure caused due to the replacement of 

the disulfide bond were studied by circular dichroism. Glucose uptake study in the ovary cells 

revealed a glucose uptake of up to 47% by the analogues. 

 

Chapter 3 brings to attention the role and importance of amino acids in many disease 

conditions. The importance of amino acids in the therapy of conditions such as renal failure, 

neurological disorders and congenital defects has been well documented. Additionally some 

amino acids such as lysine and glycine have been reported to have antiglycating activity. 

During prolonged states of high blood sugar level such as diabetes, glucose forms covalent 

adducts with plasma proteins through a non enzymatic reaction known as the glycation reaction 

and the products formed are known as Advanced Glycation End Products(AGEs). The chapter 

titled “N-(3-Aminoalkyl)proline derivatives with potent antiglycation activity” describes 

the synthesis of a series of non natural N-(3-aminoalkyl)proline derivatives  as antiglycating 

agents. This new series demonstrates the ability of small molecules to cause an antiglycating 

effect. Another advantage of stability in vivo was also envisaged with these non natural 

analogues. Various physicochemical assays such as circular dichroism (CD), fluorescence 

spectroscopy, MALDI-TOF and LC-MS/MS assays show that these compounds are capable of 

exerting good anti-oxidant properties and display low cytotoxicity, thus enhancing their value 

as potential anti-glycation agents. Halting the glycation reaction by forming an adduct with 

glucose at the initial stage was the mechanism by which these derivatives caused an 

antiglycation effect. 
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Chapter 4 titled “Design, synthesis and evaluation of antifolates derived from Guanine” 

describes describes synthesis of antifolates derived from guanine nucleobase. Folate species 

play an essential role in most organisms as cofactors for the biosynthesis of critical cellular 

components in nucleobases, proteins, and cofactors. But humans lack the de novo folate 

biosynthesis pathway and must obtain this essential nutrient from their diet in the form of the 

vitamin B9, folic acid. Also, the presence of this biosynthetic pathway in microorganisms, but 

not in humans, makes it an ideal target for drug development. Hence in connection with efforts 

in searching for novel antifolates, molecular docking studies were carried out for the title 

ligands (Ligands 1, 2, 3, 4), folic acid and a marketed drug ‘Pemetrexed’ against the protein 

Serine hydroxymethyltransferase (SHMT). SHMT is a ubiquitous enzyme found in all 

prokaryotes and is the only enzyme yet to be exploited as a target for cancer chemotherapy. 

Docking study revealed that all the designed ligands showed a good interaction energy with all 

isoforms of SHMT as did Pemetrexed. Additionally, the ligands when docked against FRα 

protein (4LRH) showed similar and in some cases higher binding energy compared to folic 

acid. This result was in line with the hypothesis of this study since the designed ligands were 

envisaged to have a competitive binding with folic acid. The figure below depicts chemical 

structures of the designed antifolate ligands. 
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2.0 Introduction 

Although the past decade witnessed a rise in peptides/ proteins as therapeutics, certain 

limitations such as short plasma half life (stability) and negligible oral bioavailability cause a 

slowdown in their use.89 To overcome these limitations, techniques like cyclisation help 

improve bioavailability and stability, guarding the peptides against the enzymatic degradation 

from aminopeptidases (N-termini) and carboxypeptidases (C-termini). Additionally cyclisation 

provides peptides with more organised conformations making them more selective towards 

their specific target.103, 104 

Disulfide-rich peptides are found throughout nature105 and have attracted attention due 

to their remarkable stability.106 This stability is a result of the disulfide bonds; sometimes a 

single bond or multiple bonds acting as structural motifs to protect peptides from stress and 

unfolding conditions.107 Additionally many other naturally occurring acyclic disulfide rich 

peptides have been cyclised to improve their stability so as to be potential drug candidates.106 

Despite the above mentioned advantages, synthesis and re-engineering of these disulfide 

containing peptides has been a challenge mainly due to the difficulty in achieving the correct 

oxidative folding; which is a major hurdle in presence of multiple disulfide bonds as the 

number of possible isomers increases.108 

To achieve correct structural conformation and to overcome the difficulty in synthesis 

of these peptides, numerous studies have been undertaken which have concluded that all the 

disulfide bonds in a particular peptide do not play an important role in order to retain its 

biological activity.109 Thus a new branch of disulfide bond engineering has emerged as an 

important strategy and many researchers have come up with novel ways to replace the much 

essential disulfide bonds with chemical linkages without disturbing the structure or activity of 

the parent peptide with amide, thioether, selenium, dicarba bridges etc.110  

Although, many disulfide rich peptides are in clinical stage, several of such peptides 

have been recently approved for human use.111 
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Figure 18: Representative peptide and disulfide bond surrogates (in yellow) 

2.1 Oxytocin 

Cyclic peptides that exhibit organised, rigid conformation act as excellent scaffolds for design 

of newer peptides since these peptides would possess better stability and enhanced biological 

activity.112 It was the early 1900’s when the physiological importance of oxytocin was first 

described that it assisted uterine contraction and lactation. A hypothalamic hormone peptide, 

discovered by H. H. Dale in 1909, it was characterised, structurally elucidated and synthesised 

by 1953. Vincent du Vigneaud in 1953 first sequenced and synthesised oxytocin for which he 

was awarded Nobel Prize in 1955.113 Since it is a peptide hormone, oxytocin induces its effects 

by interacting with high affinity receptors present on the surface of cells in various organs of 

the body.114 Numerous studies have displayed evidence that this peptide’s function may not 

only be limited to inducing labour and lactation but it may also exert other physiological and 

pathological functions, which makes oxytocin and its receptor potential targets for 

therapeutics.115  

 

Figure 19: Amino acids in oxytocin peptide 

A disulfide cyclised nonapeptide, figure 19 oxytocin is produced naturally in the hypothalamus 

in the brain. Evidence that this peptide hormone is found in equivalent concentrations in the 



Chapter 2 

 

Harsha Chilukuri, AcSIR (CSIR-NCL, Pune) Ph.D. Thesis 2021  22 
 

plasma of both males and females suggests a far more diverse function not limited to females 

as considered in the past.116 Varied functions such as cardio protection, 115inhibition of growth 

of neoplastic cells of mammary, nervous, and bone origin, 117reduction in adipose tissue 

content and fatty liver have been reported for this peptide. Additionally insulin like effects, 

glucose intolerance, insulin homeostasis, regulation of body weight, stimulating insulin 

secretion, increase in β cell responsivity have also been reported by many researchers.115,118 

increase in β cell responsivity and glucose tolerance 119 have been reported by many 

researchers. 

Above studies suggest the involvement of oxytocin in the pathophysiology of diabetes, the 

hypoglycemic effect being due to the glucose uptake via insulin like signalling pathway.115  

 

Figure 20: Metabolic effects of oxytocin : OT is secreted from the posterior lobe of the 

pituitary gland and binds to its receptor in peripheral tissues.  

 

2.2 Rationale 

Many disulfides in peptides/ proteins appear to have no direct functional role; rather 

their main purpose is to maintain the conformation of the protein.120  Additionally the disulfide 

bonds are prone to reduction in extracellular environments, by glutathione and disulfide bond 

isomerases, that further leads to chain unfolding and many a times mismatched oxidative 

refolding ultimately leading to loss of biological activity. Hence replacements for the disulfide 

bonds in peptides would lead to analogues that are not susceptible to reduction and further 

oxidative refolding. 121 
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Figure 21:  Disulfide bond engineering strategy 

The ovary is one of the most dynamic endocrine organs which requires substantial 

energy source to function. Glucose is an indispensible metabolic substrate of all mammalian 

cells for energy demand to which ovaries are no exception.122 Evidence of oxytocin and 

oxytocin receptor expression in human and subhuman primate ovaries123 makes it a good target 

for glucose uptake studies. Hence, in this study, the disulfide bond in oxytocin was replaced by 

amide bond and the resulting peptides were evaluated for glucose uptake activity in CHO-

HIRc-myc-GLUT4eGFPcells.  

 

 

Figure 22: Oxytocin and its various effects on the human body 115, 116, 118 
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2.3 Results and Discussion 

2.3.1 Synthesis of linear and cyclised peptides 

Six peptides, namely O1 (native oxytocin), O2, O3, O4, O5, O6 were synthesized employing 

solid phase method using Fmoc chemistry on MBHA resin (substitution 1.75mmol/g). Peptide 

chains were elongated in the consecutive cycles of deprotection and coupling. 3 equiv. of each 

TBTU, HOBt and DIPEA were used as coupling agents and base. Deprotection of the Fmoc 

protected amino groups was achieved with 20% piperidine in DMF. Deprotection of Boc group 

was achieved using 50% TFA in DCM followed by neutralisation of resin using 5% DIPEA in 

DCM. Coupling and deprotection steps were monitored by the Kaiser Test. It is a qualitative 

test for the presence or absence of free primary amino groups, and it can be a useful indicator 

of the completeness of a coupling step. The test is based on the reaction of ninhydrin with 

primary amines, which gives a characteristic purple colour.97  After coupling reaction, the resin 

was capped with acetic anhydride 10eq with 10 eq DIPEA as base in DCM. 

 For the synthesis of peptide O1, all the amino acids used were Fmoc amino acids. The 

side chain of cysteine was protected with Acm protection. When the desired number of 

couplings was reached after consecutive cycles of protection and deprotection, on resin 

simultaneous Acm deprotection and cyclisation was achieved using I2 in DMF. This disulfide 

cyclisation also led to inter cyclised peptide O2.  Cleavage conditions for peptide O1were 

cleaved using TFA and TFMSA for 2h. No reagents containing Thiol were employed during 

cleavage. Similarly for the synthesis of peptide O3, consecutive cycles of protection and 

deprotection of Fmoc amino acids led to the desired length of peptide. For this peptide, 

cysteine on the fourth position was replaced by lysine and the N-terminal cysteine was replaced 

by succinic acid. On resin cyclisation was achieved by employing 3eq each of HOBt, TBTU 

and DIPEA after deprotection and neutralisation of Boc on lysine side chain by using 50% 

TFA in DCM and 5% DIPEA in DCM. Cleavage of this peptide using TFA, TFMSA, 

thioanisole and 1, 2- ethanedithiol for 2hr gave peptide O3. While for peptide O4, after the 

synthesis of desired length of O3, the anchored peptide was directly cleaved using TFA, 

TFMSA, thioanisole and 1, 2- ethanedithiol for 2hr. For the synthesis of peptide O5, fourth 

position cysteine was replaced by glutamic acid and N-terminal cysteine was replaced by 

lysine. After consecutive couplings and deprotections of Fmoc amino acids, side chains of 

lysine and glutamic acid (Boc and tBu respectively) were deprotected by using 50% TFA in 

DCM. On resin cyclisation using 3 eq each of HOBt, TBTU and DIPEA was achieved. N-

terminal Fmoc protection was deprotected prior to cleavage. Cleavage of anchored peptide by 
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employing cleavage reagents TFA, TFMSA, thioanisole and 1, 2- ethanedithiol for 2hr was 

achieved. For the synthesis of peptide O6, after the desired length of peptide O5 was achieved, 

deprotection of N-terminal Fmoc followed by cleavage using TFA, TFMSA, thioanisole and 1, 

2- ethanedithiol for 2hr carried out. All the synthesised peptides were purified by reverse phase 

HPLC and unambiguously characterised by MALDI-TOF. 

Scheme 1: Detailed solid phase synthesis of native oxytocin and dimer. Reagents and 

conditions: 3 equivalents of amino acid, coupling reagents (HOBt and TBTU) and base 

(DIPEA) were used for coupling reaction. Amino acids: (1) Fmoc Gly-OH; (3) Fmoc Leu-OH; 

(4) Fmoc Pro-OH; (5) Boc Cys(Acm)-OH; (6) Fmco Asn(trt)-OH; (7) Fmoc Gln(trt)-OH; (8) 

Fmoc Ile-OH; (9) Fmoc Tyr(tBu)-OH; (10) Boc Cys(Acm)-OH; (11) 10%  I2 in DMF:H2O 

(4:1) for 40 min at room temperature followed by washing with 2% ascorbic acid in DMF. (12) 

TFA, TFMSA, 2hr, 0ºC to room temperature. 

 

Scheme 2: Detailed solid phase synthesis of amide cyclised and linear analogues of oxytocin. 

Reagents and conditions: 3 equivalents of amino acid, coupling reagents (HOBt and TBTU) 

and base (DIPEA) were used for coupling reaction. Orthogonal deprotection (2) was achieved 

with 20% piperidine in DMF. Amino acids: (13) Fmoc Gly-OH; (14) Fmoc Leu-OH; (15) 

Fmoc Pro-OH; (16) Fmoc Lys(Boc)-OH; (17) Fmoc Asn(trt)-OH; (18) Fmoc Gln(trt)-OH; (19) 

Fmoc Ile-OH; (20) Fmoc Tyr(tBu)-OH; (21) Succinic acid; (22) 50% TFA in DCM; (23) 3 eq. 

each of HOBt, TBTU, DIPEA; (24) TFA, TFMSA, 1,2-ethanedithiol, thioanisole; (25) Fmoc 
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Gly-OH; (26) Fmoc Leu-OH; (27) Fmoc Pro-OH; (28) Fmoc Glu(tBu)-OH; (29) Fmoc 

Asn(trt)-OH; (30) Fmoc Gln(trt)-OH; (31) Fmoc Ile-OH; (32) Fmoc Tyr(tBu)-OH; (33) Fmoc 

Lys(Boc)-OH; (22) 50% TFA in DCM; (23) 3 eq. each of HOBt, TBTU, DIPEA; (24) TFA, 

TFMSA, 1,2-ethanedithiol, thioanisole, 0ºC to room temperature. 

 

 

 

 

Figure 23: Single amino acid representation of synthesised peptides. 
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Table 4: MALDI-TOF characterisation of Oxytocin and its analogues  

Sr. 

No 
Peptide Name 

MALDI-TOF 

Calculated Mass Observed Mass 

1 O1 (Native oxytocin) 1007 1007(M+H), 1029 (M+Na), 

1045 (M+K) 

2 O2 (Dimer) 2014 2013,  2035 (M+Na) 

3 O3(Amide cyclised) 1013 1013, 1035 (M+Na),  

1051 (M+K) 

4 O4 (Linear) 1031 1031, 1054 (M+Na) 

5 O5 (Reverse amide 

cyclised) 

1042 1042, 1064 (M+Na), 

1080 (M+K) 

6 O6 (reverse linear) 1060 1060 

 

2.3.2 Structural confirmation by circular dichroism 

A quick and correct characterisation of proteins is essential in the field of structural 

genomics124 and Circular dichroism (CD) is a valuable and simple technique for studying the 

structure of proteins because many common conformational motifs, including poly-L-proline 

II-like helices and turns, α-helixes, β-pleated sheets, show a characteristic far UV ( 178-250 nm 

) CD spectra.125 CD spectroscopic study was carried out to assess the secondary structure of the 

synthesized peptides. CD spectra were recorded in water at 25 ºC. The absence of the native 

disulfide bond was found to exert no major structural effect on the analogues of oxytocin. The 

CD spectrum of all the analogues is similar to the CD spectrum of oxytocin except for peptide 

O4. O4 exhibits a CD spectrum with two minima at ~220nm and 230 nm similar to an α helix 

suggesting the possibility of additional secondary structures for this peptide. Remaining 

peptides showed a maximum at ~230nm and a minimum at ~195 nm which is typical of a 

random coil nature as depicted in figure 24. 
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Figure 24: CD spectra of peptides O1, O2, O3, O4, O5, O6 at 60μM in water at 25ºC 

2.3.3 Estimation of secondary structure by Circular Dichroism 

Knowing the structure of proteins is very important to understand their biological functions.126 

Circular dichroism provides very extensive information in this regard since the UV region 

between 190nm to ~240nm gives signals from amide chromophores of the peptide bond.127 CD 

spectra of proteins whose crystal structure has been already determined serve as reference 

spectra for a wide range of unknown proteins.128 Although CD can provide information 

regarding the secondary structure of proteins/ peptides, since it is an average of all conformers 

present at the time of measurement, any quantitative estimation should be considered as a 

useful guideline rather than absolute figure. The secondary structure of the synthesised peptides 

was estimated using Reed’s reference129 in the secondary structure estimation software 

provided with the JASCO J-815 spectropolarimeter. The experiment was carried out in water at 

25ºC. Estimation based on the CD plots of all the synthesised peptides (Table 5) revealed a 

100% random coil nature for all the peptides except for peptide O4 which exhibited a 13% and 

87% α helix and random coil respectively. None of the peptides exhibited a β sheet nature. This 

is also evident from the Figure 24. 

Table 5 Secondary structure estimation by Reed’s estimation on JASCO J-815 

spectropolarimeter 

Peptide 

% Secondary Structure 

α helix β sheet Random coil 

O1 0 0 100 
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O2 0 0 100 

O3 0 0 100 

O4 13 0 87 

O5 0 0 100 

O6 0 0 100 

 

2.3.4 Thermal Stability by Circular Dichroism  

Along with estimating the secondary structure, circular dichroism also can be used to 

determine the thermodynamics and kinetics of protein folding and denaturation.125 Thermal 

stability can be studied by a gradual increase in temperature and observing the changes in the 

spectrum with respect to time. Protein unfolding (at high temperature) and refolding (at lower 

temperature) can provide important information regarding the thermal stability of proteins/ 

peptides/ biomolecules.130 A similar approach was used to see the effect of an increase in 

temperature from 25ºC to 55ºC (with a step-wise increment of 10ºC) and decrease from 55ºC-

25ºC (with a step-wise decrease of 10ºC) in the temperature on the peptides (Figure 25). 

 For peptide O1, it was observed that when the temperature was increased from 25ºC to 

55ºC and vice versa, there was not much change observed in the CD plot, although a small 

change in amplitude was observed, maximum at 225 nm appears to be more or less unchanged 

indicating that the increase as well as decrease in temperature did not cause any perturbation in 

the secondary structure of the peptide. Change in amplitude was observed  Similarly when 

peptide O2 was heated from 25ºC to 55ºC, a slight dip in maxima was observed for 

temperatures 45ºC and 55ºC, while a decrease in temperature from 55ºC-25ºC resulted in an 

overall decrease in maxima. Although a change in amplitude was observed for peptide O2, the 

CD plot is indicative that the secondary structure of the peptide has been preserved throughout 

the experiment. Although the secondary structure of peptide O3 was preserved during the 

experiment, a slight dip in the maxima was observed when the temperature was brought down 

from 55ºC-25ºC. As for peptide O4, a similar dip in the maxima was seen when there was a 

decrease in temperature from 55ºC-25ºC. Peptide O5 did not exhibit noticeable difference in 

the CD plot during an increase or decrease in temperature whereas a slight dip in maxima at 

25ºC was observed for peptide O6 when the temperature was decreased from 55ºC-25ºC. 

Altogether, no drastic perturbations were seen during an increase or decrease in temperature for 
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all the peptides studied. Further, the heating and cooling experiments indicated that the slight 

decrease in amplitude that was observed during heating was reversible, and cooling resulted in 

a minimal of the original spectrum observed at 25 ºC.   

O1 heating (left) and cooling (right) 
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 O2 heating (left) and cooling (right)  
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O3 heating (left) and cooling (right)
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O4 heating (left) and cooling (right)  
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O5 heating (left) and cooling (right) 
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O6 heating (left) and cooling (right) 
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Figure 25: Heating (left panel) and cooling ( right panel) plots of peptides from 25º C to 

55º C with a 10º C increment and vice versa. Peptide concentration at 60μM in water; O1, 

O2, O3, O4, O5, O6 plots (A) (B) (C) (D) (E) (F) respectively 

 

2.3.5 Measurement of Glucose uptake by Glucose oxidase-peroxidase assay 

Glucose levels were determined by an enzymatic colourimetric glucose oxidase assay in CHO-

HIRc-myc-GLUT4eGFPcells. The colorimetric detection of glucose based on the H2O2 during 

glucose oxidase catalyzed glucose oxidation.131 All the analogues of oxytocin as well as 

oxytocin itself have shown appreciable glucose uptake in comparison to the control. 

Particularly peptide O6 at 5 μM and 10 μM concentration showed a glucose uptake very much 

similar to insulin, which was taken at a standard concentration of 200nM. Insulin produced 

glucose uptake of about 48.3% while peptide O6 at 5 μM and 10 μM concentration produced 

glucose uptake of about 42% and 46.5% respectively. (Figure 26) 
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Figure 26: Glucose uptake assay of title peptides in CHO-HIRc-myc-GLUT4eGFPcells at 

1 μM, 5 μM and 10 μM concentrations, insulin concentration is 200nM and untreated 

cells are in absence of insulin and title peptides. Insulin and title peptides were dissolved 

in deionised water prior to treatment to achieve the experimental concentration at 37º C. 

Glucose uptake of the cells was measured after 24h of treatment. Error bars represent 

standard deviation of three independent experiments. 

 

2.3.6 Cell Viability assay 

The synthesised peptides were evaluated for the cell viability of CHO-HIRc-myc-

GLUT4eGFPcells using the standard MTT assay. Reduction of the yellow tetrazolium dye to a 

purple formazan dye due to mitochondrial reductase present in live cells is the principle of this 

assay. Therefore a low colour intensity indicates low cell viability. As seen in Fig.27, there was 

no evident cyctotoxicity exhibited by the peptides at all the concentrations tested (1 μM, 5 μM 

and 10 μM). DMSO (15%) was the positive control used in the experiment since this 

concentration is known to be toxic towards the cells. These results further support the 

hypothesis that the synthesised peptides could be employed as glucose uptake agents without 

causing any evident cytotoxicity towards the cells. 
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Fig 27: Cell viability assay depicting viability of CHO-HIRc-myc-GLUT4eGFPcells in 

presence of title peptides (O1, O2, O3, O4, O5 and O6) at 1 μM, 5 μM and 10 μM. Insulin 

concentration is 200nM and untreated cells are in absence of insulin and title peptides. 

15% DMSO is the positive control. Insulin and title peptides and DMSO were dissolved 

in deionised water prior to treatment to achieve the experimental concentration at 37º C. 

glucose uptake of the cells was measured after 24h of treatment. Error bars represent 

standard deviation of three independent experiments. 

2.3.7 GLUT-4 translocation assay 

Cellular glucose uptake is mainly accomplished via facilitated transport mediated by a family 

of glucose transporters (GLUTs): GLUT1 is responsible for basal glucose uptake, and GLUT4 

is insulin regulated GLUT.132 Insulin-stimulated translocation of GLUT4 to cell membrane 

leading to glucose uptake is the rate-limiting step in diabetes and also a defined target of 

antidiabetic drug research. This assay describes a real-time, visual, cell-based qualitative 

GLUT4 translocation assay wherein GLUT4 translocation is visualized by live cell imaging 

based on GFP fluorescence.133 CHO-HIRc-myc-GLUT4eGFP cells overexpressing insulin 

receptor and GFP tagged GLUT4 were used as insulin responsive cell line model. Figure 28 

depicts the translocation of GLUT-4 and its quantification in the presence of insulin, peptide 

O1 and peptide O2 after 30 min. Native oxytocin (O1) and the dimer (O2) were used as 

representative peptides for this study. Panel A shows the GLUT-4 translocation from the 

nuclear region to cell membrane. In the control cells (con panel), there is no movement of 

GLUT-4 from the nuclear region to the cell membrane. Whereas for cells treated with insulin 

(Ins panel), there is a movement of GLUT-4 after 30 min of treatment to the cell membrane. 

Similarly for peptides O1 and O2 there is a movement of GLUT-4 from nuclear region to cell 

membrane after 30 min. Panel B shows the quantification of GLUT-4 translocation for control/ 
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untreated cells, cells treated with insulin and peptides O1 and O2. When compared with control 

cells, peptides O1 and O2 show significant glucose uptake. 

 

 

 

 

Figure 28: (A) Glut-4 translocation assay for peptides O1, O2 (500nM) and Insulin 

(200nM) at 0 min and 30 min intervals at 37ºC and (B) quantification of GLUT4 

translocation by taking the ratio of the membrane fluorescence intensity to total 

integrated fluorescence of the cell using ImageJ software. Control/ untreated cells; con, 

Insulin treated cells; ins. Asterisks indicate significant GLUT-4 translocation analysed by 

one way ANOVA and unpaired t-test (p<0.05). Error bars represent standard deviation 

of the experiment. 
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2.4 Conclusion 

Native oxytocin, it’s linear and amide-cyclised analogues were synthesized by solid phase 

peptide synthesis. The secondary structure of all the analogues was of a random coil except for 

peptide O4 which displayed a small α-helix component additional to the random coil structure 

studied by circular dichroism. In vitro cyctotoxity of the peptides towards Chinese Hamster 

Ovary (CHO) cells showed almost no cytotoxicity upto 10μM concentration. Glucose uptake 

efficiency of the synthesized peptides in CHO cells was analysed by glucose oxidase 

peroxidase assay. All the peptides showed appreciable glucose uptake. Peptides O6, O3 and O5 

showed similar glucose uptake as insulin. Furthermore, GLUT-4 translocation assay for 

peptides O1 and O2 was also carried out wherein it was confirmed that the synthesized 

peptides caused signaling that lead to GLUT-4 translocation to the cell membrane causing 

glucose uptake. Temperature dependent structural changes were also studied by circular 

dichroism wherein gradual temperature rise from 25ºC to 55ºC with an increment of 10ºC and 

vice versa showed no significant structural change. Altogether, the above studies show that 

replacement of the disulfide bridge in native oxytocin led to analogues with better activity. 

Hence like oxytocin, many other peptides containing disulfide bonds may act as starting points 

for the synthesis of disulfide-depleted peptides with potential biological activities. 

 

2.5 Methods       

2.5.1 Synthesis of native oxytocin (O1) and dimer (O2) 

Synthesis of native oxytocin and the dimer was carried out on MBHA resin with a loading of 

1mmol/g. All the amino acids used for the synthesis were Fmoc amino acids. For coupling of 

amino acids, HOBt, TBTU were the coupling reagents used and base used was DIPEA. After 

coupling reaction, the resin was capped with acetic anhydride 10eq with 10 eq DIPEA as base 

in DCM. During the synthesis, after coupling of amino acids to the resin, deprotection of Fmoc 

was carried out by 20% piperidine in DMF(5 mins * 3 times). After deprotection, thorough 

washing of resin was done with DCM and DMF and the next amino acid was coupled to the 

resin. Coupling and deprotection steps were monitored by Kaiser Test. After attachment of the 

last amino acid to the resin, simultaneous deprotection of S-Acm group and cyclization was 

carried out in presence of 10% Iodine in DMF: H2O (4:1) for 40min at rt. After cyclization, the 

resin was washed with 2% ascorbic acid in DMF. Final washing with DMF and DCM was 

carried out and cleavage of the resin was done using TFA and TFMSA for 2hr, 0ºC to room 
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temperature. No thiol reagents like thioanisole and 1, 2- ethanedithiol were used during 

cleavage. The cleaved peptide was purified using RP-HPLC and characterised by MALDI-

TOF.  During MALDI-TOF analysis, the presence of a dimerised peptide was evidenced. 

Though 1H NMR analysis was carried out, the direction of dimerization could not be identified. 

 

2.5.2 Synthesis of linear (O4 and O6) and cyclic analogues (O3 and O5) 

Synthesis of linear and amide cyclised peptides were as carried out on MBHA resin with a 

loading of 1mmol/g. All the amino acids used for the synthesis were Fmoc amino acids. For 

coupling of amino acids, HOBt, TBTU were the coupling reagents used and base used was 

DIPEA. After coupling reaction, the resin was capped with acetic anhydride 10eq with 10 eq 

DIPEA as base in DCM. During the synthesis, after coupling of amino acids to the resin, 

deprotection of Fmoc was carried out by 20% piperidine in DMF (5min * 3 times). After 

deprotection, thorough washing of resin was done with DCM and DMF and the next amino 

acid was coupled to the resin. Coupling and deprotection steps were monitored by Kaiser Test. 

For the synthesis of linear analogue O4, Fmoc Lys (Boc) OH was used instead cysteine at the 

fourth position and the terminal cysteine was replaced by succinic acid. After attachment of 

succinic acid, the peptide was cleaved from the resin using TFA, TFMSA, thioanisole and 1, 2- 

ethanedithiol. Cyclisation of this peptide to give an amide cyclised analogue (O3) of oxytocin 

was carried out while the peptide was still attached to the resin. Boc group on lysine was 

deprotected using 50% TFA in DCM (15 min * 2 times) and neutralised with 5% DIPEA in 

DCM (3 min * 3 times), after which cyclisation reaction was carried out using 3 equiv. of each 

TBTU, HOBt and DIPEA at room temperature. Following cyclisation, the peptide was cleaved 

from the resin using TFA, TFMSA, thioanisole and 1, 2- ethanedithiol.  

Similarly for the synthesis of linear analogue O5, the amino acids to replace cysteine 

used were Fmoc Lys(Boc) OH and Fmoc Glu (tBu) OH where Fmoc Glu (tBu) OH was 

coupled at the N terminus. Deprotection of Fmoc group was carried out by 20% piperidine in 

DMF (5min * 3 times) following cleavage using TFA, TFMSA, thioanisole and 1, 2- 

ethanedithiol afforded linear peptide O5. Simultaneous deprotection of both Boc and tBu was 

done using 50% TFA in DCM (15 min * 2 times) and neutralisation with 5% DIPEA in DCM 

(3 min * 3 times) followed by cyclisation in presence of 3 equiv. of each TBTU, HOBt and 

DIPEA was carried out. After cyclisation, Fmoc group on terminal lysine was deprotected 

using Fmoc was carried out by 20% piperidine in DMF (5min * 3 times) to afford cyclised 

analogue O6. 
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Figure 29: Chemical structures of oxytocin analogue peptides 

 

2.5.3 Picric acid estimation 

After first coupling, the functionalised resin was swollen in dry DCM for 30min and then 

treated with 20% piperidine in DMF for 15min (3*5min) to deprotect the protecting group. 

After deprotection reaction, the resin was washed with DMF followed by DCM. The free 

amine thus formed was treated with 0.1M picric acid solution in DCM for 5 mins. Excess 

picric acid solution was drained off from the reaction vessel. This step allows the formation of 

picrate salt of the free amine bound to the resin. 1mL 5% DIPEA in DCM was added to the 

reaction vessel to displace the picric acid. The eluant was collected and the volume was made 

upto 10mL. Absorbance was recorded at 358nm in ethanol with coefficient of extinction as 

14500cm-1M-1. The following formula was used for the estimation of loading value: 
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2.5.4 Kaiser Test 

Few resin beads were taken in a test-tube and 2 drops of each of ninhydrin, phenol and 0.1% 

potassium cyanide solution were added to the test-tube and heated for 2 minutes on a hot gun. 

The presence of free amine groups was confirmed by the appearance of dark blue coloured 

resin beads in the test tube. 

2.5.5 General procedure for cleavage of peptides from resin 

 After N-terminal Fmoc deprotection, cleavage of the peptide from the resin using 

TFA/thioanisole/EDT/TFMSA procedure was carried out. In a typical cleavage procedure, 5mg 

resin was treated with 10µL thioanisole and 4µL 1, 2- ethanedithiol. This reaction mixture was 

kept in ice bath for 10mins followed by addition of 80µL TFA and 8µL TFMSA. This reaction 

mixture was kept at 0ºC initially and was allowed to warm to room temperature for 2 hr. After 

the completion of reaction, the resin was filtered using 400 µL TFA followed by evaporation 

under pressure. The peptides were precipitated by adding ice cold ether. The precipitated 

peptides were re-dissolved in deionised water and subjected for purification by Reverse Phase 

High Performance Liquid Chromatography. (RP-HPLC)  For the cleavage of peptides 

containing disulfide bond, only TFA and TFMSA were employed, no thiol containing reagents 

were employed for cleavage. 

 

2.5.6 Purification of synthesized peptide by Reverse Phase High Performance Liquid 

Chromatography (RP-HPLC) 

The crude peptides were purified by reverse phase HPLC on a C18 column. Following linear 

gradient, the solvent system A was 95%-5%-0.1% H2O-ACN-TFA and solvent system B was 

50%-50%-0.1% H2O-ACN-TFA. All the peptides were monitored at 220 nm while 

purification. All the peptides were more than 95% pure. The purity of the peptides were re-

confirmed in solvent system A- 95%-5%-0.1% H2O-ACN-TFA and B- 50%-50%-0.1% H2O-

ACN-TFA or B- 20%-80%-0.1% H2O-ACN-TFA. Although some of the peptides show a 

broad and/or shoulder peak after purification, MALDI-TOF analysis of the broadened peaks 

and/or shoulder peaks showed a single molecular weight peak only. 
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2.5.7 Characterisation of synthesised peptides by MALDI-TOF 

Synthesised peptides were characterised by Matrix Assisted Laser Desorption Ionisation Time 

of Flight. (MALDI-TOF AB Sciex TOF/TOF 5800 spectrometer) To facilitate ionisation of 

peptides, α-cyano 4-hydroxy cinnammic acid as the matrix was used. Peptides to matrix ratio 

used was 1:1 and ionisation was recorded in the positive reflective mode. 

2.5.8 Structure determination by Circular Dichroism 

CD spectra were recorded on Jasco J-815 CD Spectrometer equipped with a Jasco PTC-

424S/15 Peltier system. Peptides samples in deionised water were prepared at a concentration 

of 60µM. All the CD spectra from 320nm to 190 nm were recorded at room temperature and 

represent an average of 3 scans and were corrected for respective blanks. 1mm pathlength 

cuvette was used for all the accumulations. 

 

2.5.9 Thermal Stability by Circular Dichroism  

Thermal stability of the synthesised peptides was evaluated on a JASCO J-815 

spectropolarimeter by recording the CD spectra at 25ºC, 35ºC, 45ºC and 55ºC from 320nm-

190nm. Peptides samples in deionised water were prepared at a concentration of 60µM. The 

spectra were collected as accumulations of three scans and were corrected for respective 

blanks. 1mm pathlength cuvette was used for all the accumulations. 

 

2.5.10 Measurement of Glucose uptake by Glucose oxidase-peroxidase assay 

Glucose oxidase enzyme (GOD) oxidizes D-glucose to gluconic acid along with liberation of 

hydrogen peroxide. CHO-HIRc-myc-GLUT4eGFP cells were seeded at a cell density of 8000 

cells per well in a 96 well plate. After the cells adhered and attained their morphology, they 

were serum starved for 4 h and treated with various concentrations of the title peptides (O1, 

O2, O3, O4, O5, O6) in triplicate for 24 h, while only serum starved cells served as control. 

After 24h treatment, the media from each well was collected and analysed for residual glucose. 

Residual media when combined with standard Glucose oxidase peroxidase (GOD-POD) 

reagent produces a pink colour proportional to the glucose present in the media. Absorbance 

was measured at 505 nm using Thermoscientific Multiscan Go plate reader and Glucose 

oxidase peroxidise kit from Agapee was for the assay. Peroxidase enzyme reacts with hydrogen 

peroxide to liberate nascent oxygen which in turn reacts to form red dye. The intensity of 
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colour is directly proportional to concentration of glucose. The intensity of colour is measured 

colorimetrically at 505 nm.  

 

2.5.11 Cell Viability assay 

CHO-HIRc-myc-GLUT4eGFP cells seeded at a cell density of 8000 cells per well in a 96 well 

plate. After the cells adhered and attained their morphology, they were serum starved for 4 h 

and treated with various concentrations of the title peptides (O1, O2, O3, O4, O5, O6) in 

triplicate for 24 h, while only serum starved cells served as control. 25µg of MTT reagent 

(dissolved in serum starvation media) was added to each well and incubated in dark at 370C for 

3h wherein violet formazan crystals were observed. Media from each well was discarded and 

crystals were dissolved in 50 mL DMSO. Absorbance was measured at 575 nm using 

Thermoscientific Multiscan Go plate reader. This assay was performed using the MTT 

molecular probes by Life Technologies 

 

2.5.12 GLUT-4 translocation assay 

CHO-HIRc-myc-GLUT4eGFP cells were used for live cell imaging to determine the effect of 

the title peptides and insulin on GLUT4 translocation. In brief, the cells were grown in a 35 

mm petri dish until 70–80% confluency was achieved. The slides were placed on a fluorescent 

microscope (Olympus, Shinjuku-ku, Tokyo, Japan) and the cells were focused under a 40 

objective followed by treatment. Insulin (200 nM) and peptides O1 and O2 (500nM) treatment 

was given to the cells. The images were captured at room temperature at the rate of one frame 

per min for 10–30 min using a CCD (cooled charge-coupled device), 1.4 megapixel, 12 bit 

camera (Olympus) attached to a microscope. GLUT-4 quantification was performed using 

Image J software. A ration of 30 min to 0 min membrane fluorescence was calculated and 

normalised and relative intensities were plotted in Graphpad Prism software. 
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MALDI-TOF spectra of peptides 43-45 

HPLC chromatograms of peptides 46- 47 
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3.0 Introduction 

One of the oldest known disease to man is Diabetes Mellitus (DM) which is very well 

identified by elevated blood glucose levels that warrant frequent monitoring and proper 

control.134 Relative or absolute deficiency of insulin secretion by pancreatic β-cells and /or 

resistance to insulin action leads to a condition of hyperglycemia or high amount of blood 

glucose level.5 If left untreated, chronic hyperglycemia leads to serious complications 

concerning the heart, kidney, eyes etc. An estimated 171 million people in the world suffer 

from diabetes and it is estimated to reach 366 million by 2030.135 

 

3.1 Glucose, Hyperglycemia, Glycation and AGEs 

Glucose is the main energy source and is required for cells to function properly and to maintain 

good health. It consists of six carbon atoms and exists in two isomeric forms as shown in figure 

30. Hyperglycaemia is the defining common feature of all types of diabetes4  which develops 

when there is an imbalance between glucose utilisation and glucose intake.136 Non enzymatic 

protein glycation is the first outcome of high glucose concentration typical of a diabetic 

state.137 Reducing sugars react with amino/ guanidino groups of proteins and peptides in the 

Maillard or glycation reaction and the products obtained thereof are known as Advanced 

Glycation End products (AGEs).138 In regards to glycation, the ring structure of glucose makes 

it highly stable and less reactive with amine residues in proteins. On the contrary, the open 

configuration accounts for its high reactivity.139 Compared to other sugars such as ribose, 

glucose shows the slowest glycation rate because of the prevalence of cyclic form rather than 

open chain in the body.140 Although glucose is less reactive compared to other reducing sugars 

in the body, its level in the body is around 3-6 mM whereas the concentration of other reducing 

sugars in the body is maintained at much lower concentrations (μM) and hence being the most 

abundant sugar, contributes the highest to glycation of proteins.139  

 

Figure 30: Chemical structures of glucose molecules. Acyclic form of D-glucose (centre) 

and cyclic forms of α-D-glucose (left) and β-D-glucose (right) 
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The occurrence of AGEs is high in state of prolonged and chronic hyperglycemia with 

accumulation in circulating blood and tissues.141 Several adverse effects are seen due to AGEs 

like altered structure and function of extracellular matrix caused due to protein cross linking, 

the interaction with specific receptors and the production of reactive oxygen species (ROS) are 

some of them.142 Conversely, this increase in ROS production can in turn lead to additional 

AGE formation.143 Along with endogenously produced AGEs, many foods also act as sources 

and approximately 6-7% enter the body through food and stay in the body for some time.141 

Different tissues such as arterial collagen, retinal blood vessel walls and renal tissue 

show evidence of more than a dozen AGE formation, which are formed at a slow but constant 

rate in the body.42 These AGEs that form can in turn react with other proteins ultimately 

leading to crosslinking reactions.137 Many chronic diseases arise due to the presence of AGEs 

such as diabetes and diabetic complications, neurodegenerative diseases, and cardiovascular 

and kidney diseases.144 

 

Protein glycation: Initiation stage 

The glycation reaction is a type of condensation reaction between amino group of biopolymers 

with the reactive carbonyl groups of reducing sugars (glucose) to produce a Schiff’s adduct 

such as glycosylamine. The product once formed rearranges itself further to form Amadori 

product or ketomine compounds that are more stable and almost irreversible. 

Protein glycation: Propagation stage 

A series of chemical rearrangements, dehydration, degradation and oxidation reactions of the 

Amadori products give rise to carbonyl compounds that have a potential to react with other 

amino molecules. The reactivity of the late stage Amadori products is higher than the reactivity 

of the original carbonyl functionality in the sugar from which they are derived. 

Protein glycation: Advanced stage 

Advanced Glycation End products are formed in this step. Further cross linking can also be 

seen in this step. The AGEs formed are of different types such as cross-linked or non-cross-

linked and fluorescent or non-fluorescent forms.139 
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Figure 31: Formation of advanced glycation end-products (AGEs)  

3.2 Antiglycation 

Since glycation is a reaction between amino groups and carbonyl groups, several macrophages 

contain receptors that recognize these AGEs and remove them by endocytosis.145 Although 

many compounds exist having antiglycating properties, they are still not in use for humans. 

There require various strategies to reduce the formation and accumulation of glycation 

products at every stage such as: 

 Block free amino groups on proteins, preventing glycation by free sugars. 

 Block reactive carbonyl groups on reducing sugars, Amadori products and dicarbonyl 

intermediates (3- deoxyglucosone, methyl glyoxal, etc.) effectively reducing the 

formation of products from glycation and/or AGEs.  

 Antibodies specific to Amadori products may be used to block their reactivity. This 

method has the advantage of increased specificity compared to the non-specific 

blocking of reactive carbonyl groups. 

 Chelation of transition metals may reduce glycation-derived free radicals. 

 Antioxidants may inhibit the reactivity of free radicals via auto-oxidative glycation, 

glycoxidation. 

 AGEs-cross-link breakers offer the potential of reversing diabetic complications.140,146 

 

3.3 Rationale 

Hypoglycaemic antidiabetic therapeutic agents are known to work by mediating an increased 

glucose disposal within the body.147 Some amino acids such as lysine and glycine have also 

been reported to have antiglycating activity. We therefore surmised that the use of non-natural 

analogues such as the title compounds would have advantages in terms of stability in vivo. 
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3.4 Results and discussion  

Scheme 3: Synthesis of title N(3-aminoalkyl)prolyl derivatives. 

 

3.4.1 Synthesis of title N(3-aminoalkyl)prolyl derivatives. 

The title compounds were synthesized using a simple strategy outlined in Scheme 1. 

Accordingly, 4(R)-hydroxy-2(S)-proline methylester was N-alkylated by treating it with 3-

((tert-butoxycarbonyl) amino)propyl methanesulfonate in CH2Cl2 in the presence of 

triethylamine to yield compound 1 which was subjected to acidolytic removal of the Boc 

protecting group to afford compound 2 in 62% yield. Compound 3 was obtained from 1 upon 

saponification with lithium hydroxide and subsequent purification by column chromatography 

on neutral alumina. The removal of the Boc protecting group in 3 resulted in 

compound 4, which was obtained in 60% yield. Mesylation of the 4(R)-OH group in compound 

1 yielded the 4(R)-O-mesyl derivative, which was further converted to its 4(S)-azide 

counterpart 5 in 67% yield over two steps after purification by column chromatography. 

Compound 6 was obtained by acidolytic removal of the Boc protecting group in 5, and purified 

by column chromatography. Compound 5, upon saponification with lithium hydroxide yielded 

7 in 65% yield after column purification. Compound 7 was further subjected to removal of the 

Boc protecting group by treating it with TFA in CH2Cl2 to yield compound 8 in 63% yield. 

Reduction of the azide function in 8 by hydrogenation in the presence of Pd–C further gave 
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compound 9 in 61% yield. All the compounds were unambiguously characterized by 

appropriate spectroscopic and spectrometric techniques. 

3.4.2 Circular Dichroism (CD) 

CD is a powerful tool for investigating the structure and conformational changes of 

proteins, such as those occurring upon glycation, where an increase in the beta sheet 

conformation is observed. A decrease in the beta sheet conformation is therefore, 

indicative of antiglycation ability. Analysis of the CD spectra of BSA upon glycation in 

the presence of the title compounds revealed a decrease in the beta sheet percentage in 

comparison to glycated BSA, when no compound was present. In particular, the beta 

sheet conformation in the presence of compounds 2, 4, 6, 8 and 9 was 3%, 1.7%, 2.5%, 

2% and 5.2% respectively, while that in glycated BSA was 18.7% and 5.7% in the 

presence of known anti-glycating agent, aminoguanidine (Amg). Thus, the title 

compounds are able to protect the conformation of BSA and inhibit beta sheet formation 

significantly, even in comparison to aminoguanidine. (figure 32) 

 

Figure 32: CDPro analysis of (A) native BSA, (B) glycated BSA and (C-H) glycated BSA 

in the presence of 20mM aminoguanidine and compounds 2, 4, 8, 6 and 9 respectively.  

(Unrd= unordered.) 

3.4.3 In vitro glycation inhibition by fluorescence spectroscopy 

The degree of glycation can be measured by measuring the fluorescence intensity at 440nm, 

using an excitation wavelength of 370nm, since most AGEs have a characteristic fluorescence 

with an excitation maximum approximately at 370nm, and emission around 440nm.148 A 

decrease in the fluorescence emission intensity is thus, indicative of inhibition of AGE 

formation. BSA was incubated with glucose in the presence and absence of title compounds 

and the fluorescence emission of the compounds was monitored after excitation at 370nm. The 

formation of AGEs was monitored after 14 days by measuring the fluorescence emission 
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intensity at 440nm. The fluorescence-based assay for AGEs was also used to determine the 

IC50 values of representative title compounds 2 and 6. Accordingly, these were found to be 

19.2mM and 29.5mM respectively. In comparison, the IC50 value of aminoguanidine, 

considering the fluorescence excitation/emission as 370nm/440nm is reported to be 10mM. 

However, this fluorescence-based method may be less specific because some fluorescent AGEs 

differ in their excitation-emission wavelengths. (figure 33) 

 

Figure 33: AGE fluorescence spectra of BSA, glycated BSA, and glycated BSA treated 

with 20mM title compounds and aminoguanidine. 

3.4.4 Western Blot Assay 

Western blot analyses of the glycation products of BSA in the presence and absence of 

the title compounds were carried out using both anti-AGE as well as anti-CML (anti-

Carboxymethyl lysine) antibodies, since CML is known to be the most abundant non-

fluorescent AGE. In both the cases, compounds 2 and 4 were found to exhibit potent 

anti-glycation activity, which was even superior to aminoguanidine. Ponceau staining of 

the gels was also carried out to illustrate the protein (BSA) content in the samples.  

(figure 34) Ponceau S is a diazo dye that may be used to prepare a stain for rapid 

reversible detection of protein bands on nitrocellulose or PVDF membranes (western 

blotting), as well as on cellulose acetate membranes.149 
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Figure 34 (A) Western blot analysis: Anti-CML Blot: Lane (1-9) compound 9, 6, 8, 4, 2, 

aminoguanidine, glycated BSA, BSA, ladder; Anti-AGE Blot: Lane (1-8) compound 9, 6, 8, 4, 

2, aminoguanidine, glycated BSA, BSA (B) Ponceau staining: Anti-CML Blot: Lane (L-R) 

compound 9, 6, 8, 4, 2, aminoguanidine, glycated BSA, BSA, ladder; Anti-AGE Blot: Lane (L-

R) compound 9, 6, 8, 4, 2, aminoguanidine, glycated BSA, BSA 

3.4.5 MALDI-TOF-MS based insulin glycation assay 

Following a previously reported MALDI-TOF assay, insulin (m/z 5808) was glycated in 

presence of glucose to form Amadori modifications (m/z 5970). The intensity of glycated 

insulin was monitored in the presence or absence of inhibitors. Figure 35 shows that all the title 

compounds were able to inhibit Amadori modification of insulin which is indicated by the 

decreased intensity of the glycated insulin peak, with compound 9 showing the highest 

inhibition. 

 

Figure 35: MALDI-TOF assay for glycation inhibition for glycated insulin, insulin in 

presence of compounds 2, 4, 6, 8, 9 and aminoguanidine. 
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3.4.6 Fructosamine Assay 

In the early stages of glycation, unstable Schiff bases are formed and turned into 

Amadori products such as fructosamine, which is clinically used as an indicator for 

short-term control of blood sugar in diabetic patients. Reduction of fructosamine, 

therefore, is a therapeutic strategy to delay incident vascular complications. The 

fructosamine assay is a simple colorimetric test that measures glycated serum protein 

concentrations. Colour change is based on the reduction of nitroblue tetrazolium (NBT) 

to monoformazan (MF) by Amadori rearrangement products. The fructosamine levels in 

presence of the title compounds were found to be significantly lower than that in 

glycated BSA (figure 36). Specifically, the fructosamine levels were 539, 551, 476, 592 

and 526mol L-1 in the presence of compounds 2, 4, 6, 8 and 9 respectively, which were 

even lower than that in the presence of aminoguanidine (735mol L-1), while the 

fructosamine level in glycated BSA was 976mol L-1. This data is thus, in accordance 

with that obtained from the MALDI-TOF assay, which suggested that the title 

compounds inhibited Amadori product formation. 

 

Figure 36: Fructosamine levels of BSA, glycated BSA and glycated BSA in presence of 

aminoguanidine or title compounds. 

 

3.4.7 Adduct formation of title compounds with glucose 

The title compounds were incubated in the presence of glucose and the reaction mixture 

was subjected to LC-MS analysis. All the compounds were found to form adducts with 

glucose. These are probably Schiff base type of adducts formed by the reaction of the 

free amino group in the title compounds with the aldehyde group of the sugar. The 
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formation of adduct with glucose could thus, be one of the ways by which the title 

compounds inhibit glycation. (figure 37) 

 

Figure 37: Adduct formation between representative title compound and glucose 

3.4.8 Cytotoxicity assay 

The cytotoxicity of the title compounds was evaluated in L6 rat muscle cells by 

measuring the cell viability using the standard MTT assay. It is a colourimetric assay 

that is based on the reduction of the tetrazolium dye, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide to a purple formazan derivative, that is achieved by 

enzymes present in viable cells. A decreased colour intensity is therefore indicative of 

low cell viability as a result of increased cytotoxicity. As seen in Figure 38, all the title 

compounds were non-toxic at almost all concentrations tested, except at 40mM 

concentration, where a slight decrease in cell viability was observed, this being more 

pronounced in compounds 6 and 8. However, this concentration is double that used for 

the glycation inhibition studies described herein. 
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Figure 38: MTT assay depicting viability of L6 rat muscle cells in presence of title 

compounds. 
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3.4.9 Anti-oxidant properties of title compounds 

AGEs, along with advanced lipoxidation products, have also been implicated in the 

generation of free radicals and reactive oxygen species (ROS), that are known to be 

involved in a variety of cellular processes ranging from apoptosis and necrosis to 

carcinogenesis.16 It therefore follows that any candidate, that is capable of inhibiting 

AGE formation and additionally possess anti-oxidant properties, would have increased 

therapeutic value. Keeping this in mind, the title compounds were evaluated for their 

ability to reduce the concentration of intracellular ROS, using ascorbic acid as a control 

anti-oxidant, in a fluorescence-based assay. The anti-oxidant activity of a compound is 

evidenced by a decrease in the fluorescence intensity. Figure 39 shows a comparative 

study of the title compounds for anti-oxidant activity, wherein, it was found that 

compounds 2 and 4 exhibited higher anti-oxidant activity than other compounds, 

including ascorbic acid. More specifically, the percent fluorescence values were 57, 56, 

83, 62 and 70 for compounds 2, 4, 6, 8 and ascorbic acid respectively. Compound 9 did 

not show anti-oxidant activity as observed for other compounds. 

 

Figure 39: Anti-oxidant properties of title compounds in comparison to ascorbic acid. 

3.5 Conclusion 

The studies reported herein represent an important contribution towards the search for new 

molecules that not only inhibit glycation and AGE formation, but are also effective at 

controlling the concentration of intracellular reactive oxygen species. Moreover, the title 

compounds are easily accessible synthetically through simple chemical transformations, that 

should be amenable to scale-up. The superior antiglycation properties of the title compounds 
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have been demonstrated by circular dichroism, fluorescence spectroscopy, Western blot assay 

and also mass spectrometry. Mass spectrometric analysis and the fructosamine assays suggest 

that the title compounds form adducts with glucose, indicating that they probably act by 

inhibiting the formation of Amadori products. The low cytotoxicity of the title compounds is 

yet another favourable attribute. On the whole, the compounds-methyl (2S,4R)-1-(3-

aminopropyl)-4-hydroxypyrrolidine-2-carboxylate (2) and (2S,4R)-1-(3-aminopropyl)-4-

hydroxypyrrolidine-2-carboxylic acid (4) exhibited the best activity in the present study. These 

results suggest the contribution of the C4-hydroxyl group towards the antiglycation activity of 

the title compounds, in addition to the free amino function. The hydroxyl group offers 

possibilities of hydrogen-bonding and/or metal ion chelation, which could influence the 

activity of the respective title compound. Further, C4 being a chiral centre, the role of 

stereochemistry on the observed activity also cannot be ruled out.  

3.6 Methods 

3.6.1 General Information 

All reagents were purchased from Sigma-Aldrich. DMF, CH2Cl2 (dichloromethane), 

were dried following standard procedures. DMF, CH2Cl2 were stored in 4 Ǻ molecular 

sieves. Column chromatography was performed for purification of compounds on silica 

gel (100- 200 mesh or 60-120 mesh, Merck). TLCs were performed on Merck 5554 

silica 60 pre-coated aluminium sheets. Compounds were visualized by spraying with 

Ninhydrin reagent and heating. 1H and 13C NMR spectra were obtained using Bruker 

AC-200, AC-400 or AC-500 NMR spectrometers. The chemical shifts are reported in 

delta (δ) values and referred to internal standard TMS for 1H.   1H NMR data are 

reported in the order of chemical shift, multiplicity (s, singlet; d, doublet; t, triplet; q, 

quartet; br, broad; br s, broad singlet; m, multiplet and/ or multiple resonance), number 

of protons. MALDI-TOF spectra were obtained from MALDI-TOF AB Sciex TOF/TOF 

5800 spectrometer with CHCA (α-Cyano-4-hydroxycinnamic acid) as the matrix. 

Circular Dichroism (CD) analyses were performed on a JASCO J-815 

spectrophotometer, and spectra were recorded at 25 °C in a 1 mm path length cuvette as 

accumulations of 3 scans. Specific rotations of samples were recorded on a Bellingham 

Stanley ADP220 Polarimeter, IR was recorded on Bruker Alpha spectrophotometer. 

Primary anti-AGE antibody, anti-CML antibody and secondary antibody conjugate were 

purchased from Merck Millipore (India). 
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3.6.2 Circular Dichroism (CD) 

The CD spectra were measured as described earlier. The protein concentration was 

constant in all the samples (0.02 mg ml-1). CD spectra were acquired on a JASCO J-815 

spectropolarimeter at room temperature. The spectra were collected as accumulations of 

three scans and were corrected for respective blanks. Results are expressed as molar 

ellipticity, [] (deg cm2 dmol-1). The CD spectra of the protein samples were analysed to 

calculate the secondary structure content using CDPro software that has three 

algorithms: CONTINLL, CDSSTR and SELCON3. 

 

3.6.3 In vitro glycation inhibition by fluorescence spectroscopy and IC50 determination 

The BSA glycation reaction was performed as described earlier by Kanska and 

Boratyński with minor modification described recently by Kolekar et al 148 with or 

without title compounds (20mM) and kept at 37°C for 10-15 days. In vitro glycation 

was monitored by fluorescence spectroscopy, excitation at 370nm and emission at 

440nm by using a spectrofluorometer (Thermo, Varioskan Flash Multimode Reader). 

The percent inhibition of AGE formation was calculated using the formula: 

%Inhibition = (1 – Fi/Fc)  100, where Fi = fluorescence intensity of glycated BSA 

treated with inhibitor and Fc = fluorescence intensity of glycated BSA in the absence of 

any inhibitor. The apparent IC50 was determined by plotting the percent glycation 

inhibition Vs inhibitor concentration. 

3.6.4 Western Blot Assay 

BSA, glycated BSA or glycated BSA with 20mM of aminoguanidine or 20mM of 

compounds 2, 4, 6, 8, and were incubated at 37°C for 10-15 days. 5μg of each protein 

sample was separated by 12% SDS-PAGE and transferred onto a PVDF membrane. The 

membranes were blocked with 5% skimmed milk powder dissolved in PBS. The 

proteins were probed by anti-AGE and anti-CML antibodies at the antibody dilution of 

1:2000 each. Secondary anti-rabbit antibody conjugated with HRP was used at a 

dilution of 1:5000 for both the blots. Immunoreactive bands were visualized using 

Western Bright Quantum western blotting detection kit (Advansta) and documented by 

Syngene Imaging System. 
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3.6.5 MALDI-TOF-MS based insulin glycation assay 

The reaction mixture (100 µl) comprising phosphate buffer (pH 7.4, 0.1M) title 

compounds (20mM), insulin (1.8 mg/ml, 25µl) and glucose (250mM, 25µl) was 

incubated at 37°C. The reaction was monitored till the relative intensity of glycated 

insulin reached 100% as seen by MALDI-TOF-TOF analysis (AB SCIEX TOF/TOF™ 

5800) (5 days). The reaction mixture was mixed with sinapinic acid (ratio 1:5) and 

analysed by MALDI-TOF-TOF in linear mode using Anchor Chip 384 targets as 

described. 

3.6.6 Fructosamine Assay 

The fructosamine level was measured by the NBT Labkit (Chemelex, S.A.) protocol. 

300 µl of 0.75 mM NBT was added to a 96-well microplate containing 30 µl of 0.50µg 

BSA, glycated BSA, or glycated BSA with title compounds (20mM). Glycated BSA 

with aminoguanidine (20mM) was taken as a control. The reduction of NBT absorbance 

by fructosamine was measured at 520nm immediately after additions (considered as 

Abs1) and after incubation at 37°C for 15 min (considered as Abs2). The absorbance 

was monitored by using a UV spectrophometer (UV 1800, Shimadzu).  

 

3.6.7 Adduct formation of title compounds with glucose 

To elucidate the AGE inhibition mechanism of the title compounds, 2, 4, 6, 8, 9 (20mM 

each) were incubated with glucose (0.5M) in phosphate buffer pH 7.4 at 37°C for 6 

days. The reaction was analysed by LC-MS on Q-Exactive Orbitrap to study and detect 

the glucose adduct formation with the title compounds.  

 

3.6.8 Cytotoxicity assay 

L6 rat muscle cells were seeded at a cell density of 1x104 cells per well in a 96 well 

plate. After the cells adhered and attained their morphology, they were serum starved 

for 4h and treated with various concentrations of the title compounds (2, 4, 6, 8, and 9) in 

triplicate for 16h, while only serum starved cells served as control. After incubation, 

cells were given one wash with PBS and 100µL fresh serum free media was added. 6µL 

of 5mg/ml MTT (dissolved in PBS) was added to each well and incubated in dark at 

37°C until violet formazan crystals were observed. Media from each well was discarded 

and crystals were dissolved in 100µL DMSO. Absorbance was measured at 555nm 
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using Varioskan flash multimode plate reader. This assay was performed using the 

Vybrant MTT Proliferation Assay Kit from Invitrogen. 

3.6.9 Anti-oxidant properties of title compounds 

Levels of intracellular ROS were measured in the presence of title compounds using 

ascorbic acid as control with 2’, 7’-dichlorodihydrofluorescein diacetate (Molecular 

Probes). Cells were grown in SD medium with or without compounds for 3 days. 

Briefly, aliquots were taken after 3 days; cells were pelleted down and washed with PBS 

(137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, and 2mM KH2PO4). Cells were 

incubated with the dye (10μM) for 90min at 30°C. Cells were then washed twice in PBS 

and analyzed by flow cytometry analysis on BD Accuri C6 flow cytometer equipped 

with a 50mW argon laser emitting at 488nm. The green fluorescence was collected 

through a 488nm blocking filter. Data acquired from a minimum of 10,000 cells per 

sample at low flow rate were analyzed using BD accuri C6 software. 

3.6.10 Synthesis of monomers 

Methyl (2S,4R)-1-(3-((tert-butoxycarbonyl)amino)propyl)-4-

hydroxypyrrolidine-2-carboxylate (1). Methyl (2S,4R)-4-

hydroxypyrrolidine-2-carboxylate (1.00g, 6.8mmol)was dissolved 

in dry DMF; to it dry Et3N (3.6mL, 20.0mmol) was added and 

stirred for 5 min at RT. Then to the above solution, 3-((tert-

butoxycarbonyl)amino)propyl methanesulfonate (2.09g, 8.0mmol) 

was added drop-wise with continuous stirring. The reaction mixture was heated at 90°C 

for 10h. The reaction was monitored by TLC and after completion of the reaction, DMF 

was removed under vacuum and the compound was extracted from water with ethyl 

acetate. The organic layer was concentrated to get the crude compound, which was 

purified by column chromatography to get yellow coloured gum. (1.3g, 65%) 

Specific rotation: [α]D = -48.31 (c= 0.135 in MeOH) 

 1H NMR (200 MHz, CDCl3) δ: 1.44 (s, 9H), 1.59-1.69 (m, 2H), 2.08-2.17 (m, 2H), 

2.38-2.56 (m, 2H), 2.69-2.83 (m, 1H), 3.08 (br s, 1H), 3.19 (br m, 2H), 3.36-3.43 (dd, J 

= 5.4, 10.1Hz, 1H), 3.50-3.58 (t, J = 7.6Hz, 1H), 3.72 (s, 3H), 4.43-4.46 (m, 1H), 5.38 

(br s, 1H) ppm.  

13C NMR (50 MHz, CDCl3) δ: 28.0, 28.4, 39.3, 51.8, 60.9, 64.4, 70.0, 78.9, 156.3, 

174.4 ppm 



Chapter 3 

 

Harsha Chilukuri, AcSIR (CSIR-NCL, Pune) Ph.D. Thesis 2021  62 
 

13C DEPT (50 MHz, CDCl3) δ: 28.0 (CH2), 28.4, 38.5 (CH2), 39.3 (CH2), 51.8 (CH2), 

51.8, 60.9 (CH2), 64.4, 70.0 ppm.  

HRMS: Calculated Mass forC14H26N2O5: 302.1842, Observed Mass (M+H): 

303.1915,(M+Na): 325.1713. 

 

Methyl (2S,4R)-1-(3-aminopropyl)-4-hydroxypyrrolidine-2-

carboxylate (2). To compound 1 (0.10g, 0.33 mmol), a 50% solution 

of TFA in DCM (5mL) was added with vigorous stirring at RT. After 

completion of the reaction, solvents were removed under vacuum 

and crude compound was purified by column chromatography. The 

resultant TFA salt of the compound was obtained in 62% yield 

(0.065g).  

Specific rotation:[α]D = -24.47 (c= 0.11 in MeOH).  

IR (neat):  3352, 2946, 2833, 1749, 1683 cm-1. 

 1H NMR (200 MHz, D2O) δ: 2.09 - 2.21 (m, 2H), 2.33-2.41 (m, 1H), 2.49 - 2.60 (m, 

1H), 3.05-3.13 (m, 2H), 3.28-3.41 (m, 2H), 3.54-3.60 (m, 1H), 3.86 (s, 3H), 3.91-3.99 

(m, 1H), 4.66 (br m, 2H) ppm.  

13C NMR (50 MHz, D2O) δ: 24.6, 38.0, 38.8, 52.7, 53.2, 60.2, 64.8, 69.2, 175.5 ppm. 

13C DEPT (50 MHz, D2O) δ: 24.6 (CH2), 38.0 (CH2), 38.8 (CH2), 52.7, 53.2 (CH2), 

60.2 (CH2) 64.8, 69.2 ppm.  

HRMS: Calculated Mass for C9H18N2O3: 202.1317, Observed Mass (M+H): 203.1392. 

 

 (2S,4R)-1-(3-((tert-Butoxycarbonyl)amino)propyl)-4-

hydroxypyrrolidine-2-carboxylic acid (3). Compound 1 (0.2g, 0.66 

mmol) was dissolved in methanol and to it, 2N LiOH (3mL) was 

added with vigorous stirring. The reaction was monitored by TLC 

and after completion of reaction, the reaction mixture was neutralised 

using Dowex H+ resin; the resin was subsequently filtered off. The 

filtrate was concentrated under vacuum and the compound was purified by column 

chromatography (0.12g, 64%). 

Specific rotation: []D =-35.06, (c=0.09 in MeOH).  
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1H NMR (200 MHz, D2O) δ: 1.39 (s, 9H), 1.82-1.86 (m, 2H), 2.11-2.51 (m, 2H), 3.16 

(br m, 2H), 3.23 (br s, 1H), 3.31 (br. m, 2H), 3.85-3.93 (dd, J = 4.2, 13.0Hz, 1H), 4.14-

4.23 (m, 1H), 4.59 (br s, 1H) ppm. 

 13C NMR (50 MHz, D2O) δ: 28.3, 30.1, 40.5, 58.0, 64.2, 71.1, 71.8, 83.6, 160.7, 175.6 

ppm.  

13C DEPT (50 MHz, D2O) δ: 28.3 (CH2), 30.1, 39.3 (CH2), 40.5 (CH2), 58.0 (CH2), 

64.2 (CH2) 71.1, 71.8 ppm.  

HRMS: Calculated Mass for C13H24N2O5: 288.1685, Observed Mass (M+H): 289.1757. 

 

 (2S,4R)-1-(3-Aminopropyl)-4-hydroxypyrrolidine-2-carboxylic 

acid (4). Compound 3 (0.30g, 1.04mmol) was dissolved in a 50% 

solution of TFA in DCM (5mL) with vigorous stirring at RT. The 

reaction was monitored by TLC and after the completion of reaction, 

solvents were removed under vacuum. Yield 0.19g (60%).  

Specific rotation:[α]D = -12.18 (c= 0.11 in MeOH).  

IR (neat): 3375, 2948, 2834, 1684 cm-1. 

 1H NMR (400 MHz, D2O) δ: 2.12 - 2.13 (m, 2H), 2.25 - 2.32 (m, 1H), 2.52 - 2.56 (m, 

1H), 3.06-3.10 (m, 2H), 3.27-3.38 (m, 2H), 3.52-3.54 (m, 1H), 3.94-3.97 (m, 1H), 4.51-

4.55 (dd, J = 7.1, 11.3Hz, 1H), 4.64 (br s, 1H) ppm.  

13C NMR (100 MHz, D2O) δ: 23.4, 36.3, 38.0, 48.8, 54.5, 61.8, 69.3, 172.9 ppm.  

13C DEPT (100 MHz, D2O) δ: 23.4 (CH2), 36.3 (CH2), 38.0 (CH2), 54.5 (CH2), 61.8 

(CH2), 68.6, 69.3 ppm.  

HRMS: Calculated Mass for C8H16N2O3: 188.1161, Observed Mass (M+H): 189.1235. 

 

Methyl (2S,4S)-4-azido-1-(3-((tert-butoxycarbonyl)amino) 

propyl)pyrrolidine-2-carboxylate (5). To a solution of 1 (0.7g, 

2.30mmol) in dry DCM, dry Et3N (0.9mL, 6.90mmol) was added and 

stirred for 5min at RT. Ms-Cl (0.3mL, 0.003mol) was added dropwise at 

0°C, with continuous stirring. After completion of the reaction, DCM was 

evaporated under vacuum and the crude mesylated compound was used 

for further reaction without further purification. The mesylated compound was dissolved in dry 

DMF, to it NaN3 was added with continuous stirring (1.5g, 23.1mmol). The reaction was 
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heated for 10h at 75°C. After completion of the reaction, DMF was removed under vacuum 

and the compound was purified by column chromatography (0.58g, 67%). 

Specific rotation: [α]D = -0.0686 (c= 0.1 in CHCl3).  

1H NMR (200 MHz, CDCl3) δ: 1.44 (s, 9H), 1.65-1.68 (m,2H), 2.02-2.15 (br m, 1H), 2.43 - 

2.53 (m, 3H), 2.78 - 2.88 (m, 1H), 3.15 - 3.25 (br m, 4H), 3.77 (s, 3H), 3.96 (br s, 1H), 5.47 (br 

s, 1H) ppm.  

13C NMR (50 MHz, CDCl3) δ: 27.8, 28.4, 35.4, 38.4, 51.7, 52.1, 58.0, 58.7, 64.8, 78.6, 156.2, 

173.3 ppm. 

 13C DEPT (50 MHz, CDCl3) δ: 27.7 (CH2), 28.4, 35.4 (CH2), 38.4 (CH2), 51.7 (CH2), 52.1, 

58.0 (CH2), 58.7, 64.8 ppm.   

HRMS: Calculated Mass for C14H25N5O4: 327.1907, Observed Mass (M+H): 328.1979, 

(M+Na):350.1797. 

 

Methyl (2S,4S)-1-(3-aminopropyl)-4-azidopyrrolidine-2-

carboxylate (6). To compound 5 (0.3g, 0.91mmol), a 50% solution of 

TFA in DCM (5mL) was added with vigorous stirring at RT. The 

reaction was monitored by TLC and after the completion of reaction, 

solvents were removed under vacuum and the product was purified by 

column chromatography (0.19g, 61%). 

Specific rotation: [α]D = -8.83 (c= 0.105 in MeOH).  

IR (neat) : 3376, 2188, 1745, 1678 cm-1.  

1H NMR (200 MHz, D2O) δ: 0.97-1.11 (m, 1H), 1.89-2.02 (m, 2H), 2.30-2.37 (m, 1H), 

2.63-2.68 (m, 1H), 2.87-2.94 (m, 2H), 3.24-3.34 (m, 2H), 3.71 (s, 3H), 4.47-4.52 (m, 

2H) ppm.  

13C NMR (50 MHz, D2O) δ: 23.1, 33.7, 36.2, 52.9, 54.2, 58.6, 59.9, 65.7, 169.2 ppm. 

13C DEPT (50 MHz, D2O) δ: 23.0 (CH2), 33.6 (CH2), 36.1 (CH2), 52.8 (CH2), 54.1, 

58.5, 59.8 (CH2), 65.7 ppm.  

 HRMS: Calculated Mass for C9H17N5O2: 227.1382, Observed Mass (M+H): 228.1457. 
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 (2S,4S)-4-Azido-1-(3-((tert-butoxycarbonyl)amino)propyl) 

pyrrolidine-2-carboxylic acid (7). Compound 5 (0.2g, 0.61 mmol) 

was dissolved in methanol and to it 2N LiOH (3mL) was added with 

vigorous stirring. After completion of the reaction, the reaction 

mixture was neutralised using Dowex H+ resin; the resin was 

subsequently filtered off. The filtrate was concentrated under vacuum 

and the compound was purified by column chromatography (0.125g, 65%). 

Specific rotation: [α]D = -4.54 (c= 0.11 in MeOH).  

1H NMR (200 MHz, D2O) δ: 1.42 (s, 9H), 1.87-1.89 (br m, 2H), 2.34-2.41 (m, 1H), 

2.68 - 2.79 (m, 1H), 3.06 - 3.39 (br m, 6H), 3.76-3.82 (m, 1H), 4.08-4.12 (m, 1H), 4.57 

(br s, 1H) ppm.  

13C NMR (50 MHz, D2O) δ: 25.7, 27.6, 34.3, 53.5, 59.0, 59.6, 67.2, 81.1, 158.2, 173.0 

ppm.  

13C DEPT (50 MHz, D2O) δ: 25.7 (CH2), 27.6, 34.3 (CH2), 36.8 (CH2), 53.5 (CH2), 

59.0, 59.6 (CH2), 67.2 ppm.  

HRMS: Calculated Mass for C13H23N5O4: 313.1750, Observed Mass (M+H): 314.1817, 

(M+Na):336.1635. 

 

 (2S,4S)-1-(3-Aminopropyl)-4-azidopyrrolidine-2-carboxylic acid 

(8). To compound 7 (0.3g, 0.95mmol), a 50% solution of TFA in 

DCM (5mL) was added with vigorous stirring at RT. The reaction 

was monitored by TLC and after the completion of reaction, solvents 

were removed under vacuum. The crude compound was used without 

further purification (0.132g, 63%).  

Specific rotation: [α]D = -13.90 (c= 0.105 in MeOH).  

IR (neat): 3377, 2953, 2122, 1683 cm-1.  

1H NMR (200 MHz, D2O) δ: 2.08-2.16 (m, 2H), 2.38-2.46 (m, 1H), 2.70-2.85 (m, 1H), 

3.04-3.11 (m, 2H), 3.37-3.41 (m, 2H), 3.80-3.86 (m, 1H), 4.25-4.29 (dd, J = 3.5, 

10.8Hz, 1H), 4.56-4.59 (m, 1H) ppm.  

13C NMR (50 MHz, D2O) δ:  23.3, 34.1, 36.4, 52.8, 58.8, 60.0, 66.4, 162.7, 171 ppm. 

13C DEPT (50 MHz, D2O) δ: 23.3 (CH2), 34.1 (CH2), 36.3 (CH2), 52.8 (CH2), 58.8, 

60.0 (CH2), 66.4 ppm.   

HRMS: Calculated Mass for C8H15N5O2: 213.1226, Observed Mass (M+H): 214.1299. 
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 (2S,4S)-4-Amino-1-(3-aminopropyl)pyrrolidine-2-carboxylic acid 

(9). Compound 8 (0.2g, 0.61 mmol) was dissolved in methanol, to it 

Palladium on charcoal (0.02g) was added and the reaction was 

allowed to proceed under H2 pressure (35-40psi). After completion of 

reaction, the solvent was removed under vacuum and the crude 

compound (0.112g, 61%) was purified by HPLC. 

Specific rotation: [α]D = -13.9 (c= 0.1 in MeOH). 

 1H NMR (400 MHz, D2O) δ: 1.99-2.23 (m, 3H), 2.95-3.09 (br. m, 3H), 3.2-3.35 (m, 

1H), 3.43-3.58 (m, 1H), 3.7-3.81 (m, 1H), 3.91-4.0 (m, 1H), 4.24-4.34 (m, 2H) ppm. 13C 

NMR (100 MHz, D2O) δ: 23.2, 32.7, 36.2, 47.2, 52.7, 55.8, 67.6, 163, 170.1 ppm. 13C 

DEPT (50 MHz, D2O) δ: 23.2 (CH2), 32.7 (CH2), 36.2 (CH2), 47.2, 52.7 (CH2), 55.8 

(CH2), 67.6 ppm.  

HRMS: Calculated Mass for C8H17N3O2: 187.1321, Observed Mass (M+H): 188.1392. 
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G-H8 #496 RT: 2.21 AV: 1 NL: 6.16E9

T: FTMS + p ESI Full ms [100.00-1500.00]
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DEPT Compound 2 

HRMS Compound -2 

Calculated Mass: 202.1317 

Observed Mass (M+H): 203.1392 
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1H NMR Compound 3 

 

 

13C NMR Compound 3 
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H-6 #96 RT: 0.43 AV: 1 NL: 6.01E9

T: FTMS + p ESI Full ms [85.40-1281.00]
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DEPT Compound 3 

HRMS Compound -3 

Calculated Mass: 288.1685 

Observed Mass (M+H): 289.1757 
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1H NMR Compound 4 

 

 

13C NMR Compound 4 
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G-H9 #483 RT: 2.15 AV: 1 NL: 1.66E8

T: FTMS + p ESI Full ms [100.00-1500.00]
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DEPT Compound 4 

HRMS Compound -4 

Calculated Mass: 188.1161 

Observed Mass (M+H): 189.1235 
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1H NMR Compound 5 

 

13C NMR Compound 5 
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H-5 #88 RT: 0.39 AV: 1 NL: 1.55E9

T: FTMS + p ESI Full ms [86.00-1290.00]
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DEPT Compound 5 

HRMS Compound -5 

Calculated Mass: 327.1907 

Observed Mass (M+H): 328.1979 

                          (M+Na):350.1797 
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1H NMR Compound 6 

 

 

13C NMR Compound 6 
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H-6 #96 RT: 0.43 AV: 1 NL: 6.01E9

T: FTMS + p ESI Full ms [85.40-1281.00]
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DEPT Compound 6 

HRMS Compound -6 

Calculated Mass: 288.1685 

Observed Mass (M+H): 289.1757 
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1H NMR Compound 7 

 

 

13C NMR Compound 7 
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H-10 #93 RT: 0.42 AV: 1 NL: 3.63E9

T: FTMS + p ESI Full ms [85.40-1281.00]
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DEPT Compound 7 

HRMS Compound -7 

Calculated Mass: 313.1750 

Observed Mass (M+H): 314.1817 

                          (M+Na):336.1635 
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1H NMR Compound 8 

 

 

13C NMR Compound 8 
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G-H11 #534 RT: 2.38 AV: 1 NL: 2.46E9

T: FTMS + p ESI Full ms [100.00-1500.00]
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DEPT Compound 8 

HRMS Compound -8 

Calculated Mass: 213.1226 

Observed Mass (M+H): 214.1299 
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1H NMR Compound 9 

 

 

13C NMR Compound 9 
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H-13_150326135800 #79 RT: 0.35 AV: 1 NL: 2.09E8

T: FTMS + p ESI Full ms [85.40-1281.00]
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DEPT Compound 9 

HRMS Compound -9 

Calculated Mass: 187.1321 

Observed Mass (M+H): 188.1392 
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Compound 2 – glucose adduct, m/z 365.19  

 

 

 

Compound 4 – glucose adduct, m/z 351.1765 

 

HARSHA-9 #80 RT: 0.36 AV: 1 NL: 8.67E6

T: FTMS + p ESI Full ms [86.00-1290.00]
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Compound 6- glucose adduct, m/z 390.198 

 

 

Compound 8 – glucose adduct, m/z 378.1832 

 

 

HARSHA-12 #77 RT: 0.34 AV: 1 NL: 6.72E6

T: FTMS + p ESI Full ms [86.00-1290.00]
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Compound 9- glucose adduct, m/z 350.1925 
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4.0 Introduction 

Folic acid (FA) is a completely oxidised molecule composed of a pteridine ring, a para-

aminobenzoic acid and an L-glutamic acid.150,151 Compounds sharing a common chemical 

backbone are known as folates.150 Vitamin B9, a folate is thought to be one of the 13 essential 

vitamins that helps in DNA replication and is a substrate for various enzymatic reactions 

involving amino acid synthesis and vitamin metabolism. This vitamin is not synthesised in the 

body and therefore must be obtained from diet or supplements.152 Although folic acid is 

involved in important functions of the body, it is not metabolically active and must be reduced 

to participate in cell functions.152  

 

Figure 40: Chemical structures of folic acid, dihydrofolate and tetrahydrofolate 

Whereas natural folates are present in the reduced form such as di-hydro- or tetrahydrofolate 

and may carry a carbon moiety (i.e., methyl, methylene, methenyl or formyl).151 The most 

reduced and stable form, tetrahydrofolate is the only enzymatically active form which is 

generated in the folate pathway and acts as a C1 donor to generate deoxythymidine 

monophosphate, purine nucleotides, and the amino acids methionine and histidine.53Thus DNA 

replication would be halted if the folate pathway is inhibited. Therefore antifolate drugs act as 

inhibitors to the folate pathway and have been targeted to rapidly growing cancer cells, 

proliferating bacterial and protozoal pathogens.61 3 major pathways are involved in the folate 

transport namely folate receptor alpha (FRα), reduced folate carrier (RFC) and proton-coupled 

folate transporter (PCFT). FRα is present on the cell membrane and binds to and transports 

folates with high affinity via receptor mediated endocytosis, whereas PCFT has a lower affinity 

for folates compared to FRα. RFC has a comparable affinity as PCFT for reduced folate 

uptake.153 

4.1 Antifolates  

Structurally similar to natural folates, antifolates are a class of antimetabolites that compete 

with folates and bind to enzymes of the folate cycle thus halting nucleotide biosynthesis.154 The 

search of new antifolates as antimetabolite agents continues to be an important area of research. 
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60 One of the primary reasons that targeting the folate pathway has been successful for such a 

wide range of applications is the conservation and essentiality of the pathway across all forms 

of life. 155Although there involves 50 years of study in this field, developing better antifolates 

still remains a challenge156 directly inhibiting nucleotide synthesis involves binding to enzymes 

while indirect inhibition takes place by blocking folate cycle.154 Although halting folate 

biosynthesis by antifolates is a potential option, inhibiting conserved enzymes has led to most 

successful drug candidates.157 Additionally, incorporation into nucleic acids such as DNA and 

RNA is also a prevalent mechanism of antimetabolites.158 Molecules with similarity in 

structure to folic acid are known as “classical antifolates” which compete with enzymes in the 

folate cycle thereby inhibiting folate metabolism while structurally different molecules known 

as “non classical antifolates” which act by inhibiting folic acid biosynthesis.157 

 

Figure 41: Representative chemical structures of antifolates: Methotrexate (a), 

Sulfacetamide (b) and Pemetrexed (c) 

Since numerous enzymes are involved in the folate metabolism, the mechanism of antifolates 

depends on the enzyme they act upon. 157Targeting important enzymes such as serine 

hydroxymethyltransferase, dihydrofolate reductase and thymidylate synthase have been 

exploited to treat cancer, malaria and various bacterial infections.159  

 

4.2 Rationale 

Many folate conjugated drugs and toxin, anti- FRα antibodies, antifolates and folate based 

imaging agents have been widely administered due to the dependency of many tumours.160 

Even though there have been decades of research devoted to the discovery of antifolates, there 

are only approximately eight compounds that are clinically used across all indications.60 There 

are basically four categories of antimetabolites: antifolates, purine analogues, pyrimidine 

analogues and sugar-modified analogues.158 Crystal structure studies reveal that the pteroate 

moiety of folic acid is buried inside the receptor, whereas its glutamate moiety sticks out of the 

pocket entrance, allowing it to be conjugated to desired molecules without adversely affecting 

FRα binding.160 As seen in figure 42, N5 atom of folic acid forms one hydrogen bond with the 

H135 side chain of the receptor with a distance of 2.9Å. It can be anticipated that the presence 
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of a hydrogen bond between the side chain of H135 with an oxygen atom instead of the 

original N5 nitrogen atom would lead to a stronger hydrogen bonding between the ligand and 

the receptor owing to reduced hydrogen bonding distance and the possibility of an oxygen 

atom to form an additional hydrogen bond with arginine, R103 side chain. Thus, design of new 

folate receptor ligands was carried out by employing simple chemical transformations on 

commercially available guanine, as it structurally resembles pterin moiety and contains sites for 

necessary modifications required for the receptor binding while the glutamic acid part of the 

native folic acid was kept undisturbed.  

 

 

Figure 42: Folic acid with ligand binding pocket residues160 and designed N7 and N9 

substituted ligands  
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4.3 Results and Discussion 

4.3.1 Synthesis of designed antifolates 

A series of antifolate ligands were designed (Figure 43) keeping in mind the rationale 

described in Section 4.3 

 

Figure 43: Chemical structures of designed antifolate ligands 
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The syntheses of ligands A and B were attempted starting from commercially available 

guanine. Guanine was reacted with isobutyryl chloride in dry DMF in presence of 

triethylamine to yield compound 1 in 64% yield, which was further subjected to N alkylation 

with ethylbromoacetate in presence of triethylamine to afford N7-substituted 2 and N9-

substituted 3 in 27% and 30% yields respectively (Scheme 4) after column chromatography. 

The N7 substituted guanine (compound 2) was confirmed by X-ray analysis (figure 44). 

Further compound 2 and 3 were separately subjected to base mediated ester hydrolysis in 

presence of 1N LiOH to yield compounds 4 and 5 respectively in 61% and 66% yield 

respectively. Further, commercially available para amino benzoic acid was reacted with Cbz-

Cl in presence of NaHCO3 to give compound 6 in 80% yield. Also commercially available L 

glutamic acid was converted to its di-ester by reacting it with SOCl2 in MeOH as a solvent to 

give compound 9 in 67% yield. Compound 6 was then reacted with compound 9 over 2 steps to 

give compound 7 in 67% yield. The Cbz protection was removed by hydrogenation from 

compound 7 in presence of palladium on carbon to give compound 8 in 82% yield. Further 

compound 5 and compound 8 were reacted under different conditions (table 6) but did not yield 

the desired ligand (Scheme 4). 

Scheme 4: Attempted Synthesis of ligand B 

 

 

Figure 44: ORTEP structure of compound 2 
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Scheme 4 contd. 

 

Reagents and conditions: (A) iBu-Cl, DMF,  150 ºC, 64% (B) Ethylbromoacetate, TEA, 

DMF, 0º C- rt, 27% (N7) + 30% (N9) respectively (C) 1N LiOH, MeOH, rt, 61% (N7) + 66% 

(N9) (D) CBZ-Cl, NaHCO3, 80% (E) SOCl2, MeOH, 67% (F) (i) SOCl2, DCM, DMF, reflux, 

(ii) TEA, DMF, rt, 67% (G) H2, Pd/C, MeOH, rt, 82% 

 

Table 6: Optimisation of different reaction conditions for reaction (H) 

Entry No. Reagent/ Base Solvent Time/ 

Temperature 

Comment 

1 HOBt (3 eq.) 

EDC (3 eq.) 

DIPEA (3 eq.) 

DMF 20h, rt No reaction, 

starting material 

recovered 

2 HBTU (3 eq.) 

DIPEA (3 eq.) 

DMF 20h, rt No reaction, 

starting material 
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recovered 

3 PyBOP (3 eq.) 

 TEA (3 eq.) 

DMF 20h, rt No reaction, 

starting material 

recovered 

4 (i) SOCl2 (5 eq.) 

(ii) TEA (3 eq.) 

DCM  

DMF 

5h, reflux No reaction, 

starting material 

could not be 

recovered 

5  (3 eq.) 

 

TEA (3 eq.) 

THF 20h, rt No reaction, 

starting material 

recovered 

 

For the synthesis of ligands C and D (Scheme 5), commercially available glycine was reacted 

with Boc anhydride in presence of TEA to give compound 10 in 75% yield. Further compound 

10 was reacted with N,O-dimethylhydroxylamine in presence of EDC and TEA to give 

compound 11 in 64% yield. Compound 11 was further reacted with LiAlH4 at -78 ºC to give 

compound 12 in 30% yield. Compound 12 was reacted under reductive amination conditions 

with methyl-4-aminobenzoate in presence of AcOH and NaBH3CN to give compound 13. 

Unfortunately, subjecting compound 13 to conditions of ester hydrolysis in presence of LiOH 

did not yield in the desired ligand, the starting material remained unreacted after 10h of 

reaction.  
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Scheme 5: Attempted Synthesis of ligand D 

 

Reagents and conditions: (I) Boc anhydride, TEA, 75% (J) N,O-Dimethylhydroxylamine, 

EDC, TEA, 64% (K)  LiAlH4, -78 ºC, 30% (L) methyl 4 aminobenzoate, AcOH, NaBH3CN, 

MeOH, rt, 36% (M) 2N LiOH, THF:H2O(1:1), reflux 

The synthesis of ligand E (Scheme 6) was attempted from commercially available p-amino 

benzoic acid, which was reacted with chloroacetyl chloride and NaOH to give compound 14. 

Compound 14 on further reacting with compound 9 in presence of PyBOP and TEA gave 

compound 15 in 50% yield. Compound 15 reacting with NaN3 gave compound 16 in 40% 

yield. Further hydrogenation of compound 16 in presence of Pd/C gave a crude mixture which 

could not be purified. However, this mixture on reacting with compound 4 in presence of 

coupling reagents HOBt and EDC did not give the desired ligand.  
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Scheme 6: Attempted Synthesis of ligand E  

 

Reagents and conditions: (N) Chloroacetyl chloride, NaOH, 70% (O) PyBOP, TEA, 50% (P) 

NaN3, DMF, 40% (Q) H2, Pd/C (R) HOBt, EDC 

Finally, a new short synthetic route was designed with potential antifolate ligands G, H, I and J 

keeping the rationale in mind. The title compounds were synthesized using a simple strategy 

outlined in schemes 4, 7 and 8. Commercially available 4-aminomethylbenzoic acid was 

reacted with Boc anhydride in H2O: dioxane (1:1) with NaOH as the base to give compound 18 

in 75% yield (Scheme 7). Compound 18 and 9 were reacted together in presence of PyBOP and 

triethylamine in dry DMF as solvent at room temperature to yield compound 19 with 67% 

yield. Further treatment of compound 19 with 50% TFA in DCM at room temperature gave 

compound 20 in 60% yield. Compound 5 was reacted with compound 20 (Scheme 8) in 

presence of HATU and triethylamine in DMF to yield compound 21 (ligand J) in 22 % yield. 

All compounds were characterised by appropriate spectroscopic techniques and confirmed by 

HRMS analysis. 
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Scheme 7: Synthesis of dimethyl (4-(aminomethyl)benzoyl)-L-glutamate 

 

Reagents and conditions: (S) (Boc)2O, NaOH, H2O: Dioxane(1:1), rt, 75% (T) dimethyl L-

glutamate, PyBOP, TEA, DMF, rt, 67% (U) 50% TFA/DCM, DCM, rt, 60%  

Scheme 8: Synthesis of ligand J 

 

Reagents and conditions: (V) TEA, HATU, DMF, rt, 22% 
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4.3.2 Molecular docking study 

Understanding small molecule interaction with ligands through molecular docking plays a very 

important role in the development of research and ultimately, development of drugs.161 There 

exist different types of docking wherein protein-ligand docking is of special interest to 

researchers.162 For the sake of convenience, ligands G, H, I and J will be called as Ligands 

1, 2, 3 and 4 respectively from now on in this chapter. Hence in connection with efforts in 

searching for novel antifolates, studies were performed for the title ligands, folic acid and a 

marketed drug ‘Pemetrexed’ against the protein Serine hydroxymethyltransferase (SHMT). 

Pemetrexed is reported to act as a cancer chemotherapeutic against SHMT and the designed 

ligands of this study are structurally similar to this drug. SHMT is a ubiquitous enzyme found 

in all prokaryotes and is the only enzyme yet to be exploited as a target for cancer 

chemotherapy. Examples such as inhibition of the enzyme in cultured myeloma cells caused a 

dose dependent reduction of cell growth, a correlation between SHMT activity and tumour 

growth was also seen in human, mouse and rat leukemia models signify the importance of 

SHMT as a therapeutic target for cancer treatment 163signify the importance of SHMT as a 

therapeutic target for cancer treatment. Additionally SHMT is an attractive target for cancer 

chemotherapy since it plays a pivotal role in nucleotide biosynthesis.  

Two isoforms of SHMT are often found in humans and other higher organisms namely 

a cytosolic isoform (cSHMT) and a mitochondrial isoform (mSHMT).84 All the computational 

procedures for this molecular docking study were carried out with the Molecular Operating 

Environment (MOE). Initially these protein receptors were prepared with the default 3D 

protonation procedure in MOE. Proteins in the study were the two isoforms of SHMT found in 

humans viz cSHMT (PDB Id: 1BJ4) and mSHMT (PDB Id: 6DK3) and another isoform found 

in Mus musculus; mmSHMT (PDB Id: 1EJI). Higher interaction energy of the ligands to the 

above proteins would suggest a better binding affinity and vice versa which would make them 

potential antifolates. Additionally all the ligands were docked against whole folate receptor 

FRα (PDB Id: 4LRH) and the known binding pocket separately to corroborate the rationale. 

 

 

 

 

 

 



Chapter 4 

 

Harsha Chilukuri, AcSIR (CSIR-NCL, Pune) Ph.D. Thesis 2021  100 
 

Table 7: Docking result for ligands in binding site of folate receptor 

Entry 

no. 
Ligand 

Binding Energy 

(Kcal/mol) 

1 1 -16.032 

2 2 -14.839 

3 3 -12.767 

4 4 -12.969 

5 Pemetrexed -14.822 

6 Folic Acid -13.661 

 

All the ligands in their ionic states were docked against binding pocket of folate receptor to 

determine the binding energies. As seen in Table 7 above, binding energy of ligand 1 and 

Pemetrexed (entry no. 1 and 5 respectively) is lower than the binding energy of folic acid 

(entry no. 6). Whereas ligands 2, 3 and 4 (table 7, entry 2, 3 and 4 respectively) also show 

binding energies similar to native folic acid. Among all the ligands studied, ligand 1 

demonstrates the lowest binding energy with the binding pocket of the receptor. This result 

confirms that the newly designed antifolate analogues have affinity towards the receptor 

allowing for competitive binding with folic acid. The main interactions between the folic acid 

and ligands 1, 2, 3, 4 with folate receptor in the binding pocket and the predicted docked 

conformation are shown in the Figure 45. The high binding predicted for ligand 1 can be 

attributed to π-interaction with Trp A102, Trp A171 and Tyr A85 and hydrogen bonding with 

Ser A174 and Asp A81 in the binding pocket, among others (Figure 45 (A)). Similarly,  ligand 

2 shows π interaction with Tyr A85 and Trp A171 and hydrogen bonding with Thr A82 (Figure 

45 (B)). Ligand 3 shows one π interaction with Trp A171 and hydrogen bonding with Thr A82, 

Asp A81, His A135 and Ser A174 (Figure 45 (C)). In case of ligand 4, no π interaction is seen 

with residues in the binding pocket while one hydrogen bonding interaction is seen with Ser 

A174 (Figure 45 (D). Commercial drug Pemetrexed shows π interaction with Trp A171, Tyr 

A85 while hydrogen bonding is seen with Asp A81, Trp A102, Trp A140 (Figure 45 (E)). In 

our study, folic acid shows π interaction with Trp A140 and hydrogen bonding interaction can 

be seen with Tyr A85 and His A135 (Figure 45 (F)). As discussed in the rationale, interactions 

between native folic acid and the folate receptor show N1 and N2 atoms (Figure 42) form 

strong hydrogen bonds with the side-chain carboxyl group of D81, the N3 and O4 atoms 

(Figure 42) with the S174 hydroxyl group. The O4 atom additionally forms two hydrogen 
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bonds with the guanidinium groups of R103 and R106, and the N5 atom forms one hydrogen 

bond with the H135 side chain. Extensive interactions are also seen for the glutamate part of 

the molecule, which forms six hydrogen bonds with the reactive site residue W102, K136 and 

W140 side chains, as well as by backbone interactions with H135, G137 and W138. Although 

different softwares were used for docking in our case, in comparison to the reported 

literature,160 similar interactions are seen in both the cases. 
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 Figure 45: Two-dimensional depiction of the observed interactions between Ligands 1 

(A), 2 (B), 3 (C), 4 (D), Pemetrexed (E), Folic acid (F) and active site of 4LRH  obtained 

by MOE. Key interactions are depicted as follows: , , , , 

, , , , , 

, , , , , 

, , , , three letter code denotes amino 

acid in the protein, Single alphabet denotes protein chain, number denotes amino acid 

residue. 

 

Table 8: Docking energy of ligands and whole proteins (folate receptor; 4LRH, cytosolic 

SHMT; 1BJ4, mitochondrial SHMT; 6DK3, mmSHMT; 1EJI) 

Entry No. Name Hydrogen 

Bonding 

π interaction Target Binding 

Energy 

(Kcal/mol) 

1 Ligand 1 Lys F 30, Arg F 36 Arg F 36, Arg F 

39 

(a) 4LRH -12.195 

His 504, Arg 66, 

Thr 406 

- (b) 1BJ4 -13.163 

Asn 55, Arg 43 - (c) 6DK3 -11.500 

Tyr A 73, Asp B 

228, Thr B 388 

- (d) 1EJI -14.724 
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2 Ligand 2 Pro D 27, Arg F 36 - (a) 4LRH -12.099 

Asn 78, Glu 77, 

Glu 401 

Arg 66 (b) 1BJ4 -13.422 

Asn 42, Glu 54, 

Arg 465, Glu 469 

Arg 43 (c) 6DK3 -11.605 

Asn B 385, Leu B 

396, Tyr A 73 

Arg B 402 (d) 1EJI -17.754 

3 Ligand 3 Thr D 46 Arg F 36, Lys F 

30 
(a) 4LRH -11.022 

Lys 64, Gln 67  (b) 1BJ4 -11.530 

Arg 43, Ser 381 Arg 465 (c) 6DK3 -11.615 

Tyr A 83, Gly A 

303, Thr B 254, 

His B 256, Ser B 

203 

Lys B 257 (d) 1EJI -12.197 

4 Ligand 4 Lys D 30 - (a) 4LRH -10.042 

Glu 72, Arg 69 Arg 66 (b) 1BJ4 -10.592 

Arg 263, Glu 378 Arg 43 (c) 6DK3 -10.086 

Lys B 257, Ser B 

203, Asn B 124, 

Thr B 388 

- (d) 1EJI -12.584 

5 Pemetrexed Arg F 36, Arg F 

39, Lys f 30, Glu D 

38 

- (a) 4LRH -12.234 

Arg 69, Arg 66, 

Thr 406 

Arg 66 (b) 1BJ4 -11.795 

Asn 42, Lys 39, 

Ser 381, Glu 378 

- (c) 6DK3 -11.365 

Glu A 75, Ser B 

53,  Arg b 402 

- (d) 1EJI -15.350 

6 Folic Acid Arg F 39, Arg F 

36, Pro D 27, Glu 

D 28, Lys F 30 

Arg F 39, Arg F 

36 
(a) 4LRH -11.344 

Glu 77, Arg 66, 

Arg 69 

Arg 66 (b) 1BJ4 -13.806 

Arg 43, Ser 381, 

Arg 263 

Arg 43 (c) 6DK3 -12.573 

Arg B 402, Tyr A  

82, Glu A 75, Tyr 

A 83, Ser B 119 

Lys B 257 (d) 1EJI -17.149 

 



Chapter 4 

 

Harsha Chilukuri, AcSIR (CSIR-NCL, Pune) Ph.D. Thesis 2021  104 
 

Further, when the ligands were docked against whole FRα protein, (4LRH) interaction energy 

of ligands compared to folic acid was also found to be slightly low (table 8, entry 1, 2, 3 and 6 

subentry (a)) when compared to native folic acid. This result was again in line with the 

hypothesis of this study since the designed ligands were envisaged to have a competitive 

binding with folic acid. Furthermore, when the ligands were docked against cytosolic SHMT 

(1BJ4), among all the ligands docked, ligand 1 (table 8, entry 1, subentry (b)) and ligand 2 

(table 8, entry 2, subentry (b)) had a better interaction with the protein when compared to 

commercial drug Pemetrexed (table 8, entry 5, subentry (b)). When the ligands were docked 

against mitochondrial SHMT (6DK3), all the ligands showed similar binding interaction with 

the protein. Docking ligands against mmSHMT (1EJI) revealed low interaction energy for 

ligand 1(table 8, entry 1, subentry (d)), ligand 2 (table 8, entry 2, subentry (d)), Pemetrexed 

(table 8 entry 5, subentry (d)) and folic acid (table 8, entry 6, subentry (d)). Among all the 

designed ligands, ligand 2 (table 8, entry 2, subentry (d)) showed lowest interaction energy 

with mmSHMT conferring this ligand with highest binding with the protein. On the other hand, 

ligand 3 (table 8, entry 3, subentry (a), (b), (c), (d)) and ligand 4 (table 8, entry 4, subentry (a), 

(b), (c), (d)) overall showed high interaction energy revealing an important structural aspect 

which is the presence of a free amine at position 2 and the absence of the methyl ester on the 

glutamate moiety. Specifically the main interactions between the ligands 1, 2, 3, 4, Pemetrexed 

and folic acid with the 4 proteins and the predicted docked conformation are shown in the 

Figures 46, 47, 48 and 49. 

Figure 46 shows interactions of all the studied ligands with folate receptor, 4LRH. To 

summarise the interactions, only ligands 1, 3 and folic acid exhibit π interactions, specifically 

with Arg F39, Arg F36 and Lys F30. The hydrogen bonding interactions are seen in all the 

ligands with Arg F36, Lys F30, NAG K303, Pro D27, Thr D46, Lys D30, Glu D28 and Arg 

F39.  



Chapter 4 

 

Harsha Chilukuri, AcSIR (CSIR-NCL, Pune) Ph.D. Thesis 2021  105 
 

 

 

 

 

 

  

Figure 46: Two-dimensional depiction of the observed interactions between Ligands 1 

(A), 2 (B), 3 (C), 4 (D), Pemetrexed (E), Folic acid (F) and 4LRH. Key interactions are 
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depicted as follows: , , , , , 

, , , , 

, , , , , 

, , , , three letter code denotes amino 

acid in the protein, Single alphabet denotes protein chain, number denotes amino acid 

residue. 

 

Interactions of ligands with IBJ4 in Figure 47 can be summarised as π interactions with ligands 

2, 3, 4 and folic acid specifically with Arg 43 and Arg 455 and hydrogen bonding interactions 

specifically with Arg 43, Asn 55, Asn 42, Arg, 465, Glu 54, Ser 381, Glu 378 and Arg 263. 
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Figure 47: Two-dimensional depiction of the observed interactions between Ligands 1 

(A), 2 (B), 3 (C), 4 (D), Pemetrexed (E), Folic acid (F) and 1BJ4. Key interactions are 

depicted as follows: , , , , , 

, , , , 

, , , , , 

, , , , three letter code denotes amino 

acid in the protein, As there is only a single protein chain, the single alphabet denoting 

protein chain is not included, number denotes amino acid residue. 

 

Figure 48 shows π and hydrogen bonding interactions between all the ligands and the protein 

6DK3. π interactions can be seen with ligands 2, 4, Pemetrexed and folic acid with Arg 66 only, 

whereas hydrogen bonding can be seen with His 504, Arg 66, Thr 406, Asn 78, Glu 77, Glu 

401, Lys 64, Gln 67, Glu 72, Arg 69 and Thr 406. 
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 Figure 48: Two-dimensional depiction of the observed interactions between Ligands 1 

(A), 2 (B), 3 (C), 4 (D), Pemetrexed (E), Folic acid (F) and 6DK3. Key interactions are 

depicted as follows: , , , , , 

, , , , 

, , , , , 

, , , , three letter code denotes amino 
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acid in the protein, As only one protein chain is present, the single alphabet denoting 

protein chain is omitted, number denotes amino acid residue. 

 

π and hydrogen bonding interactions between all the ligands and the protein 1EJI can be seen 

in Figure 49. The amino acids Arg B402, and Lys B257 are involved in π interactions between 

ligands 2, 3 and folic acid with the protein. Whereas amino acids Thr B288, Tyr A73, Asp 

B228, Asn B385, Leu B396, Tyr A83, Gly A303, Thr B254, Ser B203, Lys B257, Asn B124, 

Glu A75, Ser B53, Arg B402, Tyr A82, Ser B119 are involved in hydrogen bonding 

interactions with the protein. 
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Figure 49: Two-dimensional depiction of the observed interactions between Ligands 1 

(A), 2 (B), 3 (C), 4 (D), Pemetrexed (E), Folic acid (F) and 1EJI. Key interactions are 

depicted as follows: , , , , , 

, , , , 

, , , , , 

, , , , three letter code denotes amino 

acid in the protein, Single alphabet denotes protein chain, number denotes amino acid 

residue. 

4.4 Conclusion 

Antifolate analogues were designed and their synthesis from commercially available guanine 

was attempted. Guanine was chosen for the design and synthesis as it is structurally similar to 

the pteridine ring and has sites suitable for further chemical modifications and construction of 

the antifolates. All the analogues were structurally similar to commercial antifolate 

Pemetrexed. Molecular docking study was carried out for all the analogues against different 

proteins such as native folate receptor (4LRH), and different isoforms of Serine 

hydroxymethyltransferase (cSHMT, mSHMT, mmSHMT). The analogues were docked against 

whole protein as well as binding pocket of 4LRH. Docking study revealed that all the designed 

antifolates showed appreciable binding to the target proteins. From a structural aspect, N7 

analogues showed better interaction with the target proteins than the N9 analogues. 

Additionally analogues bearing free amine at position 2 and bearing no ester group in glutamic 

acid were better in interaction with the target proteins.  
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4.5 Methods 

4.5.1General Information 

All reagents were purchased from Sigma-Aldrich. DMF, DCM, were dried following 

standard procedures. DMF, DCM were stored in 4 Ǻ molecular sieves. Column 

chromatography was performed for purification of compounds on silica gel (100- 200 

mesh or 60-120 mesh, Merck). TLCs were performed on Merck 5554 silica 60 pre-

coated aluminium sheets. Compounds were visualized under UV light. 1H and 13C NMR 

spectra were obtained using Bruker AC-200, AC-400 or AC-500 NMR spectrometers. 

The chemical shifts are reported in delta (δ) values and referred to internal standard 

TMS for 1H.   1H NMR data are reported in the order of chemical shift, multiplicity (s, 

singlet; d, doublet; t, triplet; q, quartet; br, broad; br s, broad singlet; m, multiplet and/ 

or multiple resonance), number of protons.  

 

4.5.2MOE Methodology used for Docking Study 

The drug compounds were also employed to energy minimization using MOE. Docking study 

were performed using all default parameters with Triangle Matcher, Rigid Receptor, initial 

scoring method London dG retaining 10 poses and final scoring method used was GBVI/WSA 

with 5 poses. Protein structures were prepared in MOE after removing water molecules, and all 

hydrogen atoms were added to the structure with their standard geometry followed by their 

energy minimization using default parameters with Forcefield value Amber 10:EHT and RMS 

gradient of 0.1 kcal/mol. The binding site of each receptor was identified through the MOE Site 

Finder program, which uses a geometric approach to calculate putative binding sites in a 

protein, starting from its tridimensional structure. Active sites were identified and dummy 

atoms were created around the resulting alpha spheres centers. The backbone and residues were 

kept fixed and the energy minimization was performed. Additionally, ligands were prepared by 

converting into 3D structures and energy were minimised. 

4.5.3 Synthesis of designed antifolates 

 N-(6-oxo-6,7-dihydro-1H-purin-2-yl)isobutyramide (1) Guanine(1 g, 

6.6mmol) was suspended in dry DMF; to it dry TEA (0.6 mL, 6.6 mmol) 

was added at room temperature. To this reaction mixture, isobutyric 

chloride (0.6mL, 6.6mmol) was added with continuous stirring. The 

reaction mixture was refluxed for 5 hr at 150ºC cooled to room 
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temperature and the solvent was evaporated under reduced pressure.  The crude product was 

recrystallised in boiling ethanol/water (1:1) to give compound 1 as white crystals (0.9g 64%) 

1H NMR (400 MHz, DMSO-d6) δ: 1.11-1.13 (d, 6H), 2.73-2.80 (m, 1H), 8.03 (s, 1H) ppm 

13C NMR (100 MHz, DMSO-d6) δ: 18.97, 34.79, 180.10 ppm 

13C DEPT (100 MHz, DMSO-d6) δ:  46.07 (CH2), 19.41, 35.23 ppm 

HRMS: Calculated Mass for C9H11N5O2: 221.09 Observed Mass: [M+H] 222.09  

 

ethyl 2-(2-isobutyramido-6-oxo-1,6-dihydro-7H-purin-9 

yl)acetate(2) To a suspension of compound 1 in dry DMF, (1g, 

4.5mmol) at 0ºC was added TEA (0.75mL, 5.4mmol) and ethyl 

bromoacetate( 0.55mL, 4.9mmol). The reaction mixtrure was stirred at 

room temperature for 10h. The reaction was monitored by TLC and 

after completion of the reaction, DMF was removed under vacuum. The and the residue was 

chromatographed using 0–5% (v/v) methanol in dichloromethane Eluted first was the less polar 

compound 2 (N7-isomer) as a yellow solid (0.38g, 27%) 

 

1H NMR (400 MHz, DMSO-d6) δ: 1.10-1.14 (d, 6H), 1.21-1.25 (t, 3H), 2.67-2.81 (m, 1H), 

4.12-4.22 (q, 2H), 5.21 (s, 2H), 8.15 (s, 1H), 11.60 (s, 1H), 12.16 (s, 1H) ppm 

13C NMR (100 MHz, DMSO-d6) δ: 14.00, 18.87, 34.73, 47.33, 61.35, 111.70, 144.93, 

147.27, 152.63, 153.87, 167.87, 179.99 ppm 

13C DEPT (100 MHz, DMSO-d6) δ:  47.08 (CH2), 61.10 (CH2), 13.74, 18.62, 34.48, 144.67 

ppm 

HRMS Calculated Mass for C13H17N5O4: 307.13 Observed mass: [M+H] 308.13 

 

ethyl 2-(2-isobutyramido-6-oxo-1,6-dihydro-9H-purin-7-yl)acetate(3) 

To a suspension of compound 1 in dry DMF, (1g, 4.5mmol) at 0ºC was 

added TEA (0.75mL, 5.4mmol) and ethyl bromoacetate (0.55mL, 

4.9mmol). The reaction mixtrure was stirred at room temperature for 

10h. The reaction was monitored by TLC and after completion of the 

reaction, DMF was removed under vacuum. The and the residue was chromatographed using 
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0–5% (v/v) methanol in dichloromethane Eluted after the less polar N7-isomer was the N9 

isomer, compound 3 (0.42g, 30%) 

 

1H NMR (400 MHz, DMSO-d6) δ: 1.01-1.11 (d, 6H), 1.12-1.23 (t, 3H), 2.75-2.80 (m, 1H), 

4.13-4.19 (q, 2H), 5.01 (s, 2H), 7.96 (s, 1H), 11.67(s, 1H), 12.10 (s, 1H) ppm 

13C NMR (100 MHz, DMSO-d6) δ: 14.00, 18.85, 34.69, 44.30, 61.52, 119.71, 140.26, 

148.17, 149.00, 154.84, 167.68, 180.23 ppm 

13C DEPT (100 MHz, DMSO-d6) δ:  44.80 (CH2), 62.02 (CH2), 14.50, 19.35, 35.19, 140.76 

ppm 

HRMS Calculated Mass for C13H17N5O4: 307.13 Observed mass: [M+H] 308.13 

 

2-(2-isobutyramido-6-oxo-1,6-dihydro-7H-purin-7-yl)acetic acid(4) 

Compound 2 (0.1g, 0.32mmol)was dissolved in 2mL MeOH. To it 2N 

NaOH (2mL) was added dropwise. The reaction was monitored by TLC 

and after completion of reaction, the reaction mixture was neutralised 

using Dowex H+ resin; the resin was subsequently filtered off. The filtrate was concentrated 

under vacuum which afforded compound 4(0.055g, 61%) 

1H NMR (400 MHz, DMSO-d6) δ: 1.09-1.11 (d, 6H), 2.71-2.76 (m, 1H), 5.10 (s, 2H), 8.12 (s, 

1H), 11.56 (s, 1H), 12.13 (s, 1H) ppm 

13C NMR (100 MHz, DMSO-d6) δ: 18.96, 34.82, 47.45, 111.86, 145.03, 147.26, 152.75, 

156.86, 169.39, 180.07 ppm 

13C DEPT (100 MHz, DMSO-d6) δ:  47.19 (CH2), 18.71, 34.56, 144.77 ppm 

HRMS Calculated Mass for C11H13N5O4: 279.26 Observed mass: [M+H] 280.10 

2-(2-isobutyramido-6-oxo-1,6-dihydro-9H-purin-9-yl)acetic acid(5) 

Compound 3 (0.1g, 0.32mmol)was dissolved in 2mL MeOH. To it 2N 

NaOH(2mL) was added dropwise. The reaction was monitored by TLC 

and after completion of reaction, the reaction mixture was neutralised 

using Dowex H+ resin; the resin was subsequently filtered off. The 

filtrate was concentrated under vacuum which afforded compound 4(0.06g, 66%) 
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1H NMR (400 MHz, DMSO-d6) δ: 1.09-1.10 (d, 6H), 2.74-2.79 (m, 1H), 4.92 (s, 2H), 8.03 (s, 

1H), 11.70 (s, 1H), 12.10 (s, 1H) ppm 

13C NMR (100 MHz, DMSO-d6) δ: 18.89, 34.73, 45.68, 140.41, 148.18, 154.78, 169.04, 

180.25 ppm 

13C DEPT (100 MHz, DMSO-d6) δ: 44.29 (CH2), 45.42 (CH2), 18.85, 34.48, 140.15 

4-(((benzyloxy)carbonyl)amino)benzoic acid  (6) para aminobenzoic acid 

(1g, 0.00729 mmol) was suspended in H2O:THF (1:1) and NaHCO3 (6.1g, 

0.0729mmol) was added. This reaction mixture was cooled to 0 ºC and Cbz-Cl 

(1 mL, 0.00729 mmol) was added dropwise and the reaction mixture was 

allowed to come to room temperature and stirred for 4 hr. After the completion 

of reaction indicated by TLC, the reaction mixture was acidified with 1N HCl giving a brown 

sticky solid. This solid was dissolved in ethyl acetate wherein a white solid precipitate, 

compound 6 was obtained which was filtered and used for further reactions without 

purification. (1.52g, 80%)  

1H NMR (400 MHz, DMSO-d6) δ: 5.21 (s, 2H), 7.36-7.45(m, 4 H), 7.69-7.72(d, J= 9 Hz, 

2H), 8.05-8.07 (d, J=8 Hz, 2H), 10.38 (s, 1H) ppm 

dimethyl (4-(((benzyloxy)carbonyl)amino)benzoyl)-L-glutamate 

(7) compound 6 (0.05 g, 0.184mmol) was dissolved in DCM and to 

this SOCl2 (0.015 mL, 0.129 mmol) and catalytic amount of DMF 

was added and the reaction was refluxed for 4 hr. After the 

completion of 4 hr, the DCM was evaporated under vacuum, DMF 

and TEA (0.077 mL, 0.552 mmol) and compound 9 (0.097g, 0.552 

mmol) was added and the reaction was stirred at room temperature for 10 hr. DMF was 

removed under vacuum and the crude reaction mixture was purified by column 

chromatography to yield compound 7 ( 0.053g, 67%) 

1H NMR (200 MHz, CHCl3) δ: 1.80-2.06 (m, 3H), 3.48 (s, 3H), 3.54 (s, 3H), 4.31-4.36 (m, 

1H), 5.07 (s, 2H), 7.29-7.32 (m, 5H), 7.43-7.47 (m, 2H), 7.69-7.75 (m, 2H), 8.48-8.52 (d, 1H), 

9.97 (s, 1H) ppm 
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dimethyl (4-aminobenzoyl)-L-glutamate (8) compound 7(0.1g, 

0.233 mmol) was dissolved in MeOH (2 mL) followed by the 

addition of 10% Pd/C (10% w/w, 0.01g) and subjected to 

hydrogenation for 6 hr. After the completion of raction indicated by 

TLC, the reaction mixture was filtered over celite and the solvent 

was evaporated under vacuum giving compound 8 in high purity and 

was used for subsequent reactions without further purification. 

(0.057 g, 82%) 

1H NMR (200 MHz, CHCl3) δ: 2.07-2.35 (m, 2H), 2.43-2.52 (m, 2H), 4.77-4.85 (m, 1H), 

6.64-6.68 (d, J= 8 Hz, 2H), 7.62-7.67 (d, J= 8Hz, 2H) ppm 

Dimethyl L-glutamate (9) Commercially available L-glutamic acid( 

1g, 6.9 mmol) was dissolved in MeOH (5mL). This reaction mixture 

was maintained at 0ºC and thionyl chloride was added dropwise 

(1mL, 1.39mmol).  After completion of the reaction solvent was evaporated in vacuo to give 

compound 7 (0.8g, 67%). 

1H NMR (400 MHz, CHCl3) δ: 2.36-2.41 (m, 2H), 2.63-2.74 (m, 2H), 3.66 (s, 3H), 3.81(s, 

3H), 4.30 (br.s, 1H), 8.65 (s, 2H) ppm 

13C NMR (100 MHz, CHCl3) δ: 28.2, 43.2, 77.9, 126.8, 129.3, 145.3, 155.8, 167.2 ppm 

13C DEPT (100 MHz, CHCl3) δ: 52.1 (CH2), 53.5 (CH2), 25.4, 29.2 ppm 

HRMS: Calculated Mass for C7H13NO4: 175.08 Observed mass: [M+H] 176.09 

(tert-butoxycarbonyl)glycine (10) L-glycine (5g, 0.0666 mmol) was 

suspended in H2O:1,4-dioxane (1:1) mixture to which NaOH (3.9g, 

0.0999 mmol) followed by Boc anhydride (21.7g, 0.0999 mmol) was 

added and this reaction mixture was stirred at room temperature for 4 hr. after completion of 

the reaction indicated by TLC, partial reaction mixture was evaporated under vacuum and the 

remaining reaction mixture was acidified with 1N HCl and the crude mixture was extracted 

with DCM. A white coloured compound 10 was obtained on removing all the DCM under 

vacuum. This product was used for further reactions without purification. (8.7g, 75%) 

1H NMR (200 MHz, CHCl3) δ: 1.46 (s, 9H), 3.95-3.97 (m, 2H) ppm 

CHCl3) δ: 1.46 (s, 9H), 3.95-3.97 (m, 2H) ppm 
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tert-butyl (2-(methoxy(methyl)amino)-2-oxoethyl)carbamate (11) 

compound 10 (0.2g, 1.14 mmol) was suspended in DCM and cooled 

to 0 ºC. To this, N,O-Dimethylhydroxylamine (0.174g, 1.52 mmol), 

EDC (0.212g, 1.36 mmol), TEA (0.266 mL, 1.9 mmol) and catalytic amount of DMAP was 

added and the reaction mixture was stirred at 0 ºC for 1hr after which the ice bath was removed 

and the reaction was stirred at room temperature for 10 hr. After the completion of reaction 

indicated by TLC, the reaction mixture was washed with 1N HCl and saturated NaHCO3 and 

the DCM was removed under vacuum to give compound 11 as a white solid. (0.16g, 64%) 

1H NMR (200 MHz, CHCl3) δ: 1.46 (s, 9H), 3.21 (s, 3H), 3.72 (s, 3H), 4.10 (br s, 2H) ppm 

tert-butyl (2-oxoethyl)carbamate (12) LiAlH4 (0.021g, 0.5733 mmol) was 

suspended in dry THF and cooled to -78 ºC. To this mixture compound 11 

(0.1g, 0.4587 mmol) which was separately dissolved in dry THF was added 

via syringe in a drop wise manner. After 10 min, the reaction was quenched with 10% KHSO4 

and the reaction mixture was extracted with ether which gave compound 12 as colourless oil. 

(0.022g, 30%) 

methyl 4-((2-((tert-butoxycarbonyl)amino)ethyl)amino)benzoate 

(13) to a solution of methyl 4-aminobenzoate (0.057g, 0.377 mmol) 

and acetic acid (0.022 mL, 0.377 mmol) in dry MeOH containing 

molecular sieves was added compound 12 (0.06 g, 0.377 mmol) under 

inert condition and the reaction was stirred at room temperature for 1 

hr after which NaBH3CN (0.023 g, 0.377 mmol) was added and the reation was stirred at room 

temperature for 10 hr. After completion of reaction, the solvent was evaporated under pressure 

and the residue was dissolved in ethyl acetate and washed with 1N HCl. Ethyl acetate layer was 

evaporated under pressure to give the crude compound 13 which was purified by column 

chromatography. (0.04 g, 36%) 

1H NMR (200 MHz, CHCl3) δ: 1.43 (s, 9H), 3.28-3.46 (m, 3H), 3.83 (s, 3H), 6.51-6.55 (d, 

J=8Hz, 2H), 7.81-7.85 (d, J= 8Hz, 2H) ppm 
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4-(2-chloroacetamido)benzoic acid (14) para amino benzoic acid (1g, 

0.00729 mmol) was suspended in H2O and cooled to 0 ºC. To this, NaOH 

(0.87g, 0.2189 mmol) was added followed by drop wise addition of 

chloroacetyl chloride (1.7mL, 0.2189 mmol). The reaction was allowed to 

come to room temperature and stirred for 5hr. After completion of reaction 

indicated by TLC, the reaction mixture was acidified wit 1N HCl and the 

white precipitate was filtered to give compound 14. (1.1g, 70%) 

1H NMR (200 MHz, DMSO) δ: 4.30 (s, 2H), 7.68-7.73 (d, J=8 Hz, 2H), 7.90-7.94 (d, J= 8Hz, 

2H), 10.63 (s, 1H) ppm 

dimethyl (4-(2-chloroacetamido)benzoyl)-L-glutamate (15) to 

compound 14 (2g, 0.00862 mmol) in dry DMF was added 

compound 9 (4.5g, 0.0258 mmol), PyBOP (4.4g, 0.00862 mmol), 

and TEA (3.6 mL, 0.0258 mmol) and stirred at room temperature 

for 10hr. After the completion of reaction, the solvent was 

evaporated under vacuum and the crude mixture was purified by 

column chromatography to give compound 15 (1.7g, 50%) 

1H NMR (200 MHz, CHCl3) δ: 2.14-2.37 (m, 2H), 2.46-2.55 (m, 2H), 3.67 (s, 3H), 3.79 (s, 

3H), 4.22 (s, 2H), 7.65-7.69 (d, J=8 Hz, 2H), 7.82-7.87 (d, J=8 Hz, 2H), 8.41 (br s, 1H) ppm 

dimethyl (4-(2-azidoacetamido)benzoyl)-L-glutamate (16) to a 

solution of compound 15 (0.1 g, 0.270 mmol) in DMF, NaN3 (0.175 

g, 2.70 mmol) was added and the reaction was carried out at 65 ºC 

with continuous stirring. After the completion of reaction, the solvent 

was evaporated under vacuum and the crude product was purified by 

column chromatography to yield the desired compound 16 (0.04 g, 

40%) 

1H NMR (200 MHz, CHCl3) δ: 2.11-2.36 (m, 2H), 2.44-2.53 (m, 2H), 3.65 (s, 3H), 3.76 (s, 

3H), 4.11 (s, 2H), 4.72-4.82 (m, 1H), 7.59-7.64 (d, J=8 Hz, 2H), 7.76-7.80 (d, J= 8 Hz, 2H), 

8.57 (br.s, 1H) 
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4-(((tert-butoxycarbonyl)amino)methyl)benzoic acid (18) Commercially 

available 4 (aminomethyl)benzoic acid (1g, 6.6mmol) was suspended in 

H2O/1,2-dioxane (1:1). To this mixture, NaOH (0.396g, 9.9mmol) was 

added with vigorous stirring. Boc anhydride (1.7g, 7.9mmol) was added to 

this reaction mixture. The reaction was monitored by TLC. After completion 

of the reaction, the pH of the reaction mixture was adjusted to acidic with 2N HCl, and the 

precipitate was filtered under vaccum to yield a white coloured crude compound 6 (1.6g, 75%). 

This crude compound 18 was found to be pure by NMR and was used for subsequent reactions 

without further purification. 

1H NMR (400 MHz, DMSO-d6) δ: 1.39 (s, 9H), 4.18-4.20 (d, J = 6 Hz, 2H), 7.33-7.35 (d, J = 

8 Hz, 2H), 7.88-7.90 (d, J = 8 Hz, 2H) ppm 

13C NMR (100 MHz, DMSO-d6) δ: 28.2, 43.2, 77.9, 126.89, 129.37, 145.37, 155.83, 167.23 

ppm 

13C DEPT (100 MHz, DMSO-d6) δ: 42.96 (CH2), 27.98, 126.64, 129.12 ppm 

HRMS Calculated Mass for C13H17NO4: 251.28 Observed mass: [M+Na] 274.10  

 

Dimethyl (4-(((tert-butoxycarbonyl)amino)methyl)benzoyl)-L glutamate 

(19) Compound 18 was dissolved DMF (0.5g,1.99mmol). To this reaction 

mixture TEA (0.83mL, 5.97mmol), PyBOP (1.03g, 1.99mmol) and 

compound 9 (1.04g, 5.97mmol) were added. The reaction mixture was 

stirred at room temperature for 10h. The solvent was evaporated in vacuo 

and the crude mixture was purified by column chromatography to give the 

product as a white solid (1.6g, 60%). 

1H NMR (400 MHz, CHCl3) δ: 1.43 (s, 9H), 2.11-2.27 (m, 2H), 2.42-2.49 (m, 2H), 3.63 (s, 

3H), 3.75 (s, 3H), 4.31 (s, 2H), 4.74-4.80 (m, 1H), 5.16 (br.s, 1H), 7.27-7.31 (d, J = 8 Hz, 2H), 

7.73-7.75 ( d, J = 8Hz, 2H) ppm 

13C NMR (100 MHz, CHCl3) δ: 26.9, 28.2, 30.1, 44.0, 51.8, 127.3, 132.3, 155.8, 166.8, 172.3, 

173.5 ppm 

13C DEPT (100 MHz, CHCl3) δ:  27.0 (CH2), 30.2 (CH2), 44.2 (CH2), 28.4, 51.9, 127.4 ppm 

HRMS Calculated Mass for C20H28N2O7: 408.19 Observed mass: [M+H] 409.19 
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Dimethyl (4-(aminomethyl)benzoyl)-L-glutamate (20) To compound 19 

(0.5g, 1.22 mmol), a 50% solution of TFA in DCM (5mL) was added with 

vigorous stirring at RT. After completion of the reaction, as monitored by 

TLC, the solvents were removed under vacuum and the crude compound 

was purified by column chromatography. The resultant TFA salt of the 

compound was neutralised with Et3N and the crude compound was purified 

by column chromatography to give compound 20 as a brown oil (0.3g, 

60%). 

1H NMR (400 MHz, MeOH-d4) δ: 2.22-2.43 (m, 2H), 2.58-2.62 (m, 2H), 3.74 (s, 3H), 3.84 

(s, 3H), 4.31 (s, 2H), 4.76 (br.s, 1H), 7.67-7.69 (d, J = 8 Hz, 2H), 8.00-8.02 (d, J = 8 Hz, 2H) 

ppm 

13C NMR (100 MHz, MeOH-d4) δ: 31.3, 43.9, 53.0, 129.3, 130.2, 135.6, 138.4, 173.7, 175.0 

ppm 

13C DEPT (100 MHz, MeOH-d4) δ:  29.0 (CH2), 41.6 (CH2) ppm 

HRMS Calculated Mass for C15H20N2O5: 308.14 Observed mass: [M+H] 309.14 

Dimethyl (4-((2-(2-(isobutylamino)-6-oxo-1,6-

dihydro-9H-purin-9-

yl)acetamido)methyl)benzoyl)-L-glutamate (21) 

To compound 5 (0.1g, 0.358mmol ) in dry DMF 

was added HATU (0.136g, 0.3584mmol) and TEA 

(0.149mL, 0.752mmol) and the reaction was stirred at room temperature for 10 min. To this 

reaction mixture, compound 20 (0.099g, 0.322mmol) was added. The reaction mixture was 

further stirred and monitored by TLC at room temperature for 10h. After completion of the 

reaction, the solvent was removed under reduced pressure. The residue was taken up in DCM 

and washed with saturated NaHCO3. The compound was extracted in DCM and the combined 

organic layers were dried over sodium sulphate and concentrated under vacuum The crude 

mixture was purified by column chromatography to yield pure 21 a white solid (0.045g, 22%). 

1H NMR (500 MHz, CDCl3) δ: 1.26-1.28 (d, J = 6 Hz, 6H), 2.22-2.39 (m, 2H), 2.57-2.74 (m, 

3H), 3.63 (s, 3H), 3.91 (s, 3H), 4.64-4.68 (m, 1H), 4.98-5.06 (m, 2H), 5.46-5.49 (m, 1H), 7.01-

7.03 (d, J = 8 Hz, 2H), 7.67-7.68 (d, J = 8 Hz, 2H), 8.31 (s, 1H), 8.78 (s, 1H), 9.59 (s, 1H), 

10.27 (s, 1H), 11.69 (s, 1H)  ppm 
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13C NMR (125 MHz, CDCl3) δ: 18.2, 19.5, 25.6, 30.6, 35.7, 51.7, 52.9, 113.8, 121.0, 127.7, 

131.4, 140.8, 141.9, 147.6, 149.8, 156.9, 166.8, 180.2 ppm 

13C DEPT (125 MHz, CDCl3) δ: 25.6 (CH2), 30.6 (CH2), 42.8 (CH2), 46.4 (CH2), 68.6 (CH2), 

18.2, 19.6, 31.0, 35.7, 51.8, 52.8, 113.9, 127.6, 141.9 ppm 

HRMS Calculated Mass for C26H31N7O8: 569.22 Observed  mass: [M+H] 570.23 
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Appendix 

Characterization Page number 

Compound 1- 1H, 13C NMR 122 

Compound 1- DEPT, HRMS 123 

Compound 2- 1H, 13C NMR 124 

Compound 2- DEPT, HRMS 125 

Compound 3- 1H, 13C NMR 126 

Compound 3- DEPT, HRMS 127 

Compound 4- 1H, 13C NMR 128 

Compound 4- DEPT, HRMS 129 

Compound 5- 1H, 13C NMR 130 

Compound 5- DEPT NMR 131 

Compound 6- 1H NMR 131 

Compound 7- 1H NMR 132 

Compound 8- 1H NMR 132 

Compound 9- 1H, 13C  NMR 133 

Compound 9- DEPT, HRMS 134 

Compound 10- 1H NMR 135 

Compound 11- 1H NMR 135 

Compound 13- 1H NMR 136 

Compound 14- 1H NMR 136 

Compound 15- 1H NMR 137 

Compound 16- 1H NMR 137 

Compound 16- IR 138 

Compound 18- 1H NMR 138 

Compound 18- 13C, DEPT 139 

Compound 18- HRMS 140 

Compound 19- 1H NMR 140 

Compound 19- 13C, DEPT 141 

Compound 19- HRMS 142 

Compound  20- 1H NMR 142 

Compound  20- 13C, DEPT 143 

Compound  20- HRMS 144 

Compound  21- 1H NMR 144 

Compound  21- 13C, DEPT 145 

Compound  21- HRMS 146 
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A-1 #252 RT: 1.42 AV: 1 NL: 2.34E8
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HRMS Compound -1 

Calculated Mass: 221.09 

Observed Mass (M+H): 222.09 
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N7 ester DEPT.esp
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B-2_191218115032 #257 RT: 1.43 AV: 1 NL: 1.69E9
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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857.4644
R=28300

HRMS Compound -2 

Calculated Mass: 307.13 

Observed Mass (M+H): 308.13 
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C-3 #248 RT: 1.41 AV: 1 NL: 9.55E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HRMS Compound -3 

Calculated Mass: 307.13 

Observed Mass (M+H): 308.13 
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HC-C #256 RT: 1.90 AV: 1 NL: 3.24E8
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HRMS Compound -4 

Calculated Mass: 279.26 

Observed Mass (M+H): 280.10 
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H-9 #140 RT: 0.80 AV: 1 NL: 1.60E9
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HRMS Compound -9 

Calculated Mass: 175.08 

Observed Mass (M+H): 176.09 
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E-5 #257 RT: 1.47 AV: 1 NL: 1.99E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HRMS Compound -18 

Calculated Mass: 251.12 

Observed Mass (M+Na): 274.10 
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Aminomethyl glutamate diester.esp
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F-6 #255 RT: 1.45 AV: 1 NL: 5.98E8
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HRMS Compound - 19 

Calculated Mass: 408.19 

Observed Mass (M+H): 409.19 
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Aminomethyl glutamate diester.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

METHANOL-d4

3
1
.3

3

4
3
.9

4

4
9
.1

5
5
3
.0

5

1
2
9
.3

8
1
3
0
.2

4
1
3
5
.6

0
1
3
8
.4

3

1
7
3
.7

6
1
7
5
.0

5

 

 

 

 
Aminomethyl glutamate diester DEPT.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

2
5
.0

4
2
9
.0

3

4
1
.6

5

5
0
.7

7

1
2
7
.0

9
1
2
7
.9

6

 

 

 

 

 

 

 



Chapter 4 

 

Harsha Chilukuri, AcSIR (CSIR-NCL, Pune) Ph.D. Thesis 2021  144 
 

 

 

 

 

 
AV-400-20191218-123418-42827.001.001.1r.esp
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G-7 #140 RT: 0.80 AV: 1 NL: 3.06E8
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HRMS Compound - 20 

Calculated Mass: 308.14 

Observed Mass (M+H): 309.14 
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AV-400-20191218-123418-42827.003.001.1r.esp
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D-4_191218120317 #239 RT: 1.37 AV: 1 NL: 2.90E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HRMS Compound – 21 

Calculated Mass: 569.22 

Observed Mass (M+H): 570.23 
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Designing new molecules for drug development has gathered interests of many researchers. 

Many diseases, although identified many decades ago, still require new strategies as therapy. 

For this reason many small molecules, peptides, oligonucleotides, proteins etc have been 

extensively developed. Antidiabetics and antimetabolites such as antifolates are classes of 

drugs that have been used in the clinics from a long time but many drugs still fall short of being 

ideal therapy. This thesis describes the appropriate design, synthesis and evaluation of potential 

small molecules and peptides as antidiabetics and antimetabolites. One section of the thesis 

describes glucose uptake activity of several linear and cyclic oxytocin analogues on Chinese 

Hamster Ovary cells. The disulfide bond in native oxytocin was replaced with an amide bond 

to overcome serum degradation. Glucose uptake activity was assessed by glucose oxidase-

peroxidase assay. All the analogues of the study showed glucose uptake activity. Another 

section of the thesis describes the synthesis of a new series of non-natural N-(3-

aminoalkyl)proline derivatives exhibiting antiglycation activity. The compounds were 

unambiguously characterized by NMR, mass and IR spectroscopy. The in vitro antiglycation 

activity was studied by circular dichroism and fluorescence spectrometry. The mechanism of 

action was also studied and found to take place by Schiff base formation between the sugar and 

the protein further inhibiting Amadori product formation. The third section of the thesis 

describes the design and in silico evaluation of antifolates derived from guanine nucleobase.  

These new analogues of guanine are structurally similar to many antifolates that are currently 

in use. All the designed ligands were docked against three isoforms of Serine 

hydroxymethyltransferase (SHMT) which is a ubiquitous enzyme found in all prokaryotes and 

is the only enzyme yet to be exploited as a target for cancer chemotherapy. Docking study 

revealed that all the designed ligands showed good binding energy with all isoforms of SHMT. 

Additionally, the ligands when docked against folate receptor, FRα (4LRH) showed similar and 

in some cases higher binding energy compared to folic acid. This result was in line with the 

hypothesis of this study since the designed ligands were envisaged to have a competitive 

binding with folic acid
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