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ABSTRACT 

19.3 million new cancer cases and 10 million cancer deaths are reported worldwide in 

the year 2020. In the male population, prostate cancer (PCa), is the second most 

diagnosed cancer. PSMA is a membrane-bound protein and is an important target to 

identify prostate cancer at an early stage. It is overexpressed 100 to 1000-fold in 

cancerous tissues than that of the normal or healthy cells. In this study, we have 

designed ten aminoacetamide-based ligands to target PSMA protein. Molecular 

docking studies were performed to identify potent ligands, and currently, we are 

synthesizing the new ligands. The best among the designed ligands will be used in solid 

phase peptide methodology to synthesize bioconjugates that can be attached to a 

fluorescent reporter, rhodamine B or chelating moiety to deliver radioisotopes such as 

99mTc for early diagnosis of PCa. The bioconjugates have potential applications for 

performing diagnosis and intraoperative fluorescence-guided surgery (FGS) of PCa. 
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Chapter 1 

INTRODUCTION 

1.1 Cancer and its statistics  

Cancer cells are different from normal cells in terms of their cell division which is 

extremely fast and hence proliferates unrestrictedly. When this tendency of cell 

division spreads in the body to other distant organs, it is called cancer metastasis. There 

may be different causes of initiation of cancer some of which are caused by external 

factors like tobacco chewing, exposure to radiation and chemicals, and internal factors 

such as inherited mutation. Database from GLOBOCAN 2020 report shows that 19.3 

million new cancer cases and 10 million cancer deaths are reported worldwide [1]. In 

the male population, prostate cancer (PCa) is the second most diagnosed cancer after 

lung cancer [1].  

Table 1. GLOBOCAN 2020, incidence and mortality [1] 

 

 

 

 

 

1.2 Conventional therapy of cancer  

There are several conventional approaches to treat cancer. Surgery, chemotherapy, and 

radiotherapy are most often practiced by physicians in India for the treatment of cancer. 

Surgery: The best result is found in surgery when cancer has not spread to distant 

organs. But unfortunately, when cancers are diagnosed, they are in advanced stage and 

difficult to treat by surgery alone. Moreover, there is always a chance for recurrence of 

the disease even after surgery. 

Chemotherapy: The cytotoxic drugs can be used for metastasis because the effect of 

these drugs is not localized. The drugs can destroy cancer cells in distant organs. 

Cancer site No. of cases  

(% of all sites) 

No. of deaths  

(% of all sites) 

Female breast  2,261,419 (11.7)    684,996 (6.9) 

Lung  2,206,771 (11.4) 1,796,144 (18.0) 

Prostate  1,414,259 (7.3)    375,304 (3.8) 
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Chemotherapy can be either neoadjuvant (shrinking down of the tumor lesions before 

surgery or radiotherapy) or adjuvant chemotherapy (remaining cancer cells are killed 

after surgery or radiotherapy). But, because of its almost indiscriminating property 

between healthy and cancer cells, the cytotoxic drugs act upon the healthy cells also 

and cause various side effects. 

Radiotherapy: Radiation therapy prevents cancer cell divisions and does not allow 

cancer cells to grow and proliferate. Almost 50% of the patients suffering from cancer 

receive radiotherapy [2].  

1.3 Biomarkers and targeted delivery  

Most of the abnormal cells overexpress membrane proteins that have a high affinity for 

their naturally occurring inhibitors or ligands to grow and proliferate faster. These 

proteins are called biomarkers. When radionuclides or fluorescent probes are attached 

to these ligands and bind to the biomarkers, healthy cells can be differentiated from 

diseased cells. Receptor-mediated delivery of cargos can minimize the damage to 

healthy cells [3]. Using this phenomenon, many diagnostic methods like PET, SPECT, 

MRSI, optical imaging, and radio nuclear imaging have been developed. 

1.4 Molecular imaging probe 

Molecular imaging probes are useful to observe tissue and biomarkers overexpressed 

on the cell membrane. A molecular imaging probe contains targeting moiety (which 

can bind to the biomarker), a linker (which connects the signaling agent to targeting 

moiety), and a signaling agent from which images are obtained [4]. There are some 

characteristic features that make molecular imaging probes highly useful for imaging 

purposes. First, the tendency of the imaging probe to bind to the target should be high 

i.e., rate of association of probe with binding target must be much higher than the rate 

of dissociation. A high affinity constant will make a probe sensitive wherein a minimal 

amount of probe will be required to produce an image. Second, the probe should be 

highly selective so that it doesn’t bind to the healthy cells and provide a high contrast 

image of the diagnosed organ. Third, it should have higher stability in vivo, low 

toxicity, and be affordable for wide use. 
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Figure 1. Schematic representation of molecular imaging probes 

1.5 Prostate cancer  

In the United States from the year of 2015 to 2017, it was found that in the age range 

of 70 to older, one person among twelve people has prostate cancer and in the age range 

of 60 to 69, one person among twenty people was reported having prostate cancer [5]. 

In India, at the age range of 70 years, one person among 125 people was reported as 

having prostate cancer in the year 2020 [6]. Prostate cancer spreads to the distant organ, 

and to the bone and causes pain and disability [7]. In the advanced stage of PCa people 

suffer from muscle waste, cognitive decline, osteoporosis, and in case of biological 

recurrence people suffer from sexual dysfunction and incontinence, feel pain, anger, 

and decreased mental health, thereby quality of life decreases [8]. There are several 

diagnostic tests for prostate cancer like digital rectal examination (DRE), prostate-

specific antigen (PSA) test, and biopsy guided by ultrasound [9]. But none of these 

tests are not very effective because of their disadvantages. 

1.6 PSMA 

For imaging and therapy of PCa, prostate specific membrane antigen (PSMA) is a 

popular target as it is a cell membrane protein and overexpressed about 100 to 1000-

fold in cancerous cells than that of normal tissues such as small intestine, kidney, and 

salivary gland [10]. PSMA is also found in epithelial cells of the prostate gland [11]. It 

is a binuclear zinc peptidase and known as N-acetyl-aspartyl-glutamate peptidase I 
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(NAAG peptidase I) or glutamate carboxypeptidase II (GCPII) or folate hydrolase 1 

(FOLH 1). There are three distinct domains of glutamate carboxypeptidase II at the 

extracellular portion. They are protease domain (domain I) containing residues 57 to 

116 and 352 to 590, the apical domain (domain II) containing residues 117 to 351, and 

the C-terminal domain containing residues 591 to 750 (Figure 2). The amino acids of 

these three domains recognize substrates. Figure 2 of GCPII shows a subunit in grey 

colour. Dark, green-colored spheres represent two Zn2+ ions, red-colored spheres 

represent Ca2+ ion and yellow-colored sphere represents chloride ion [12].  

 

Figure 2. Structure of glutamate carboxypeptidase II (GCP II) 

Figure 3 schematic representation shows that PSMA consists of a short NH2- terminal 

cytoplasmic domain (CD), a hydrophobic transmembrane region (TM), and a large 

extracellular domain (ED). Alphabet Y indicates a highly glycosylated extracellular 

domain of PSMA [13]. PSMA transports substrate across the plasma membrane 

through clathrin-mediated endocytosis by recycling the receptors from the cytoplasm 

to the surface of the plasma membrane for the next rounds of uptake [14]. 
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Figure 3. Schematic representation of PSMA 

Folic acid is important for red blood corpuscles and for the repair and synthesis of RNA 

and DNA. On the other hand, N-acetylaspartyl glutamate (NAAG), which is found in 

the central nervous system, is an important neurotransmitter, the hydrolysis of which 

by PSMA will produce glutamate neurotransmitter. Excess glutamate, being an 

excitatory neurotransmitter, can cause damage to neurons resulting in neurological 

disorders. PSMA, which is also called folate hydrolase I, dissociates folyl-poly-γ-

glutamate in the small intestine to generate glutamic acid and folate [15].  

 

Figure 4. Hydrolysis of NAAG by PSMA 

There are two subunits of PSMA when it acts as GCPII. One subunit is S1' which can 

recognize glutamate and the other one is S1 pocket which is amphiphilic in nature [16]. 

Near the S1 pocket, there is a 20 Å cylindrical deep tunnel that reaches the enzyme 

surface [11]. At the interface of two pockets S1 and S1' there are the two Zn2+ ions 

having coordination with five amino acid residues [11]. 
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Figure 5. Biological function of prostate specific membrane antigen 

Two Zn2+ ions which are active sites of PSMA are located at 20 Å tunnel deep inside 

the protein. In figure 6, aspartyl residue does not bind with the amino acid residues in 

the S1 pocket, whereas glutamate residue makes interaction with Lys699 and Tyr700 

in the S1' pocket. Therefore, Lys699 and Tyr700 residues are also known as ‘glutamate 

sensor’ residues. Glu424 plays an important role in the hydrolysis of NAAG substrate. 

The water molecule is bridged between two Zn2+ ions and a hydrogen atom of the water 

molecule is involved in hydrogen bonding with the carbonyl oxygen of Glu424 

carboxylate residue and the hydroxyl oxygen of Glu424 makes another H-bonding 

interaction with the glutamate -NH of NAAG. Next, Glu424 abstracts a proton from a 

water molecule to release hydroxyl anion for nucleophilic attack on the amide bond of 

NAAG substrate to produce N-acetyl aspartate and glutamate. 
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Figure 6. Activity of NAAG peptidase I 

1.7 Project objectives  

The objective of the project is to design, synthesize and perform a biological evaluation 

of novel small molecule inhibitors which will be used for early diagnosis and therapy 

of prostate cancer. We have designed aminoacetamide ligands based on molecular 

docking studies of inhibitors with PSMA protein that can be used for the synthesis of 

ligand-targeted bioconjugates for early diagnosis and therapy of PCa. 

1.8 Retrosynthetic approach for the synthesis of designed aminoacetamide ligands 

We have designed several aminoacetamide ligands and a retrosynthetic approach is 

shown in scheme 1. The aminoacetamide ligands 2a-j can be derived from tris(t-

butylcarboxy)benzyl carboxy-protected precursors 1a-j. 1a-j can be prepared from 

dicarboxy-protected glutamic acid 5 and α-bromoacetamide amino acids 3a-j which in 

turn can be obtained from α-bromoacetic acid t-butylcarboxy amino acids 4a-j. 
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Scheme 1. Retrosynthesis for glutamic acid-based aminoacetamide ligands 

1.9 Work plan 

Initially, we plan to synthesize carboxylic acid-protected aminoacetamide-based small 

molecule inhibitors 1a-j (Figure 7) using a methodology developed in our research 

group. Later the precursors 1a-j can be deprotected to afford appropriate PSMA ligands 

2a-j (Figure 8). JB7 is considered a standard inhibitor of PSMA protein and molecular 

docking of 2a-j is performed using JB7 as a reference ligand to determine docking 

scores. Based on docking scores, the best ligands or inhibitors will be selected for 

conjugation to prepare bioconjugates with a fluorescent reporter or chelating moiety to 

deliver radionuclides that can be used for diagnosis as well as therapy of PCa. 

 

Figure 7. Designed aminoacetamide ligand precursors 1a-j 
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Figure 8. Designed aminoacetamide ligands 2a-j 

 

1.9.1 Proposed synthesis of protected aminoacetamide ligands 

The t-butylcarboxy-protected amino acids 4a-j can react with α-bromoacetic acid in 

presence of DCC and HOBt to provide α-bromoacetamide amino acids 3a-j. The 

intermediate 3a-j can be reacted with γ-benzylcarboxy-α-t-butylcarboxy glutamic acid 

in the presence of triethylamine (TEA) at 85 °C to afford tris(t-butylcarboxy)-γ-

benzylcarboxy protected precursors 1a-j (Scheme 2). 
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Scheme 2. Proposed synthesis of carboxy protected aminoacetamide precursors 1a-j 

 

1.9.2 Proposed synthesis of designed aminoacetamide ligands 

The tris(t-butylcarboxy)-γ-benzylcarboxy protected precursors 1a-j can be 

debenzylated by hydrogenation using palladium on charcoal to give debenzylated 

precursors 6a-j which can be completely deprotected using mild trifluoroacetic acid in 

DCM solvent at room temperature to provide aminoacetamide ligands 2a-j (Scheme 

3). 

 

Scheme 3. Proposed deprotection to aminoacetamide ligands 2a-j 

 

1.9.3 Proposed synthesis of conjugation of aminoacetamide ligands with 

rhodamine B 
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Commercially available 1,2-diaminoethyltrityl resin 7 (Scheme 4) will be utilized to 

synthesize rhodamine B bioconjugate by following the standard procedure developed 

by our research group. The free amino group present in 7 will be coupled with Fmoc-

Asp(OtBu)-OH using PyBOP as an amide coupling agent to provide dipeptide chain 8. 

The NHFmoc amino group in the growing dipeptide chain 8 will be deprotected using 

a solution of 20% piperidine in DMF. The Fmoc free amino group in 8 will be now 

coupled with Fmoc-Lys(Tfa)-OH and 8-aminocaprylic acid to provide tetrapeptide 9 

with trifluoroacetyl protected ε-amino group of lysine. It is important to mention that 

the α-amino group of lysine will be protected as NHFmoc which is labile to 20% 

piperidine in DMF and readily available for constructing next amide bond in the 

growing dipeptide chain. Whereas the ε-amino group of lysine protected as 

trifluoroacetyl group is stable under NHFmoc cleavage conditions and it readily 

undergoes deprotection in 2M aqueous piperidine. The selection of α- and ε-amine 

protecting groups in lysine amino acid, which are labile under different basic 

conditions, will be crucial to strategize the synthesis of attaching the fluorescent agent 

to ε-amino group of lysine in the final step of the preparation of conjugate 13. After the 

deprotection of NHFmoc group, the tetrapeptide 9 will be tethered sequentially with 

two phenylalanine residues, another 8-aminocaprylic acid and finally to tris(tert-

butoxy) AAPT precursor to afford the polypeptide chain 12. The trifluoroacetyl group 

in lysine amino acid of polypeptide chain 12 will be deprotected using 2M aqueous 

piperidine and a fluorescent agent, rhodamine B will be coupled to lysine amino using 

PyBOP as coupling agent to give tert-butyl protected precursor of final conjugate 13. 

Finally, the polypeptide chain 13 will be cleaved from the resin beads with the help of 

cleaving cocktail TFA:TIS:H2O (95:2.5:2.5) solution to afford rhodamine B 

bioconjugate 13. 
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Scheme 4. Proposed SPPS for synthesis of rhodamine B bioconjugate 13 with 

aminoacetamide ligand 

1.9.4 Proposed synthesis of chelating linker with glutamic acid-based 

aminoacetamide 

The synthesis of chelating linker conjugate 21 will begin from commercially available 

2-chlorotrityl cysteine resin 14 pre-attached to cysteine amino acid via carboxylic acid 

functional group (Scheme 5). The free amino group present in 14 will be subsequently 

coupled with Fmoc-Asp(OtBu)-OH, Boc-Dap(Fmoc)-OH to form the chelating core of 

20. The chelating core can be used as a multipurpose handle for loading drug cargos, 

radionuclides, or nanomaterials. Other amino acids like 8-aminocaprylic acid, 

phenylalanine, 4-(Fmoc-aminomethyl)benzoic acid will be utilized for the construction 

of 20 and the targeting ligand precursor tris(tert-butylcarboxy) AAPT will be attached 

to the peptide sequence in a similar fashion as described earlier for the construction of 

bioconjugate 13. The polypeptide chain 19 will be detached from the chlorotrityl resin 

after attaching the targeting ligand and simultaneously all the carboxylic acid 
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protecting tert-butyl groups of amino acids will be deprotected with the help of 

cleavage cocktail TFA:EDT:TIPS:H2O (92.5:2.5:2.5:2.5) to provide 20. 

 

 

Scheme 5. Proposed synthesis of chelating bioconjugate 21 to deliver radio nuclide 
99mTc 
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Chapter 2 

LITERATURE REVIEW 

2.1 Aminoacetamides as small molecule ligands 

Being inspired by the substrate NAAG for PSMA, new small molecule ligands are 

designed. In 1996, it was reported that 2-PMPA (2-phosphonomethylpentanedioic 

acid) has the highest binding affinity (Ki = 0.275 nM) for PSMA protein [17]. Later, 

several urea-based small molecule ligands were designed and utilized for delivery of 

radioisotopes [18, 19]. 

 

Figure 9. Urea based small molecule ligands for PSMA 

It was also found that the ligands with S-amino acid configuration are more active than 

the ligands with R-configuration [20]. We have also recently synthesized 

aninoacetamide based PSMA small molecule ligands wherein the methylene carbon 

and amide moieties are switched between amino acids to afford different kind of PSMA 

ligands that are patented and currently in preclinical trials (Figure 10).  
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Figure 10. Aminoacetamide ligands for targeting PSMA with different structure 

 

2.2 Molecular imaging probes for PSMA  

The small molecule ligands are attached with fluorophore or radioisotopes with the 

help of linker which is made of amino acid residues. These conjugates can be used as 

molecular imaging probes for diagnosis of PCa (Figure 11). The conjugates with 

rhodamine B or IRDye800CW-NHS emits fluorescence in the range of near infrared 

(NIR) region [21-23]. 
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Figure 11. Molecular imaging probes for PCa 

NIR quantum dots, QD655 [24], radio nuclides such as 99mTc, 68Ga, 64Cu were also 

used for imaging purpose [25-27]. Recently we have also reported from our research 

group the interaction of PSMA targeted bioconjugate with rhodamine B as fluorophore 

as shown in figure 12 [28]. 
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Figure 12. Interaction of imaging probe in PSMA [28] 
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                                                                        Chapter 3 

                                                                Experimental Section 

3.1 General information 

 Amino acids, reagents, and solvents which were used in chemical synthesis, were 

purchased from Sigma-Aldrich, Merck, Iris Biotech GmbH, and Spectrochem. Drying 

agents like CaH2, CaCl2 were used to prepare anhydrous solvents by using standard 

procedures. Moisture-sensitive reactions were done under an inert nitrogen 

atmospheric condition and glasswares were used by drying in oven. Silica gel glass 

Thin Layer Chromatographic (TLC) plates (60 F254) were used to monitor the chemical 

reactions and the spots of products were identified under UV light, iodine chamber and 

ninhydrin (for free primary amine). Appropriate reduced pressure and about 40 °C were 

used in rotary evaporator to remove volatile solvents. Distilled n-hexane and distilled 

ethyl acetate were used as eluents to purify compounds in silica gel column 

chromatography (100-200 or 230-400 mesh). 

3.2 Drying of solvents 

 Various common organic solvents employed for carrying out reactions were dried 

using drying agents such as CaH2, P2O5, MgSO4 and Na2SO4. 

3.2.1 Drying of DMF 

 DMF (50 mL) was taken in a round bottom flask (100 mL). A pinch of CaH2 was 

added to the same flask with small spatula and was stirred overnight. Finally, the 

solvent was distilled off via vacuum distillation under reflux conditions and collected 

in another round bottom flask containing flame dried 4Å molecular sieves. 

3.2.2 Drying of DCM 

 DCM (50 mL) was taken in a round bottom flask (100 mL). A pinch of CaH2 was 

added to the same flask with a small spatula and was stirred overnight. Finally, the 

solvent was distilled off under reflux conditions and collected in another round bottom 

flask containing flame dried 4Å molecular sieves. 

3.3 Protein preparation, Receptor grid generation and Molecular modelling 

studies to design new ligands 

Molecular docking simulation based on extra-precision (XP) docking approach was 

performed on newly designed ligands (figure 8) on the PSMA ligand binding site for a 

better understanding of the binding mode of interaction between protein-ligands 
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complex by using the Schrodinger software suite. Build panel of the software was used 

to sketch the molecules in a 3D format which were further prepared for docking using 

LigPrep application. Co-crystallized protein complexed with ligand (JB7) was 

downloaded from Protein data bank (PDB ID: 4NGM) for docking study and optimized 

by using “Protein preparation wizard” which includes addition of hydrogen atoms, 

correction in bond orders, correction in missing residue side chain, deletion of water 

molecules and formation of disulfide bonds. Epik was used to generate heterogeneous 

states and Protassign was used for further optimisation of hydrogen bonds. Impref 

software was used to minimise the receptor energy at RMSD 0.30 by using force fields 

OPLS 2005. All the docking calculations were performed after generation of the grid 

around an active catalytic site of a protein receptor using receptor grid generation 

module of Glide version 5.5.  

 

3.4 Synthesis of (S)-5-(tert-butoxy)-4-((2-(((S)-1,5-di-tert-butoxy-1,5-

dioxopentan-2-yl)amino)-2-oxoethyl)amino)-5-oxopentanoic acid (6a) 

 

3.4.1 Synthesis of di-tertiary-butyl L-glutamate from L-glutamic acid 4a 

 

L-Glutamic acid (5 g, 33.98 mmol) was added to a single neck round bottom flask (250 

mL). Tertiary-butyl acetate (100 mL, 747.56 mmol) was added using a measuring 

cylinder in one lot. The mixture was cooled to 0 °C and 60% perchloric acid (11.15 

mL, 101.94 mmol) was added dropwise to the reaction mixture with stirring. The 

reaction mixture was warmed to room temperature and stirred for a further 26 h. After 

this, 0.5 N HCl (2 × 50 mL) was added to the reaction mixture and stirred for a few 

minutes. The aqueous layer was then separated and neutralized using solid Na2CO3. 

The aqueous layer was extracted with ethyl acetate (3 × 30 mL), washed with brine 

solution (25 mL), dried over anhydrous Na2SO4, filtered and the solvent evaporated 

using a rotary evaporator under reduced pressure to afford the crude mixture. The crude 

mixture was purified by column chromatography using 230-400 mesh silica with 30-

90% ethyl acetate in hexane as eluent to afford di-tertiary-butyl L-glutamate. Yield 
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20% (1.8 g); Rf 0.5 (ethyl acetate). 1H NMR (500 MHz, CDCl3) δ 6.44 (s, 3H), 4.20 (t, 

1H), 2.52 (t, 2H), 2.36 – 2.17 (m, 2H), 1.51 (s, 9H), 1.44 (s, 9H); 13C NMR (125 MHz, 

CDCl3) δ 173.07, 167.47, 85.29, 82.30, 53.62, 31.25, 28.01, 27.88, 25.17. MS (ESI) 

m/z (M+H)+ calculated for C13H25NO4
: 260.1856; Observed: 260.1810. 

3.4.2 Synthesis of 5-benzyl 1-(tertiary-butyl) L-glutamate 5 

 

5-Benzyl glutamate (1 g, 4.21 mmol) was added to a single neck round bottom flask 

(50 mL). Tertiary-butyl acetate (20 mL) was added and cooled to 0 °C. 60% Aq. 

perchloric acid (1 mL) was added dropwise to the reaction mixture with stirring. The 

reaction mixture was warmed to room temperature and stirred for a further 24 h. 0.5 N 

HCl (8 × 10 mL) was added to the reaction mixture to extract the product. The aqueous 

layer was then separated and neutralized with solid Na2CO3 to pH 7-8. The aqueous 

layer was extracted with ethyl acetate (3 × 20 mL), washed with brine solution (25 

mL), dried over anhydrous Na2SO4, filtered and the solvent evaporated using a rotary 

evaporator under reduced pressure to afford the crude mixture. The crude mixture was 

purified by column chromatography using 230-400 mesh silica gel with 30-80% ethyl 

acetate in hexane as eluent to afford 5-benzyl 1-(tertiary-butyl) L-glutamate. Yield 42% 

(0.520 g); Rf 0.5 (ethyl acetate). 1H NMR (500 MHz, CDCl3) δ 7.38–7.28 (m, 5H), 5.11 

(s, 2H), 4.13 (dd, J = 8.7, 5.5 Hz, 1H), 3.71 (s, 1H), 2.60 (m, 2H), 2.27–2.14 (m, 1H), 

2.08 (m, 1H), 1.46 (s, 9H). 

 

 

 

 

 

3.4.3 Synthesis of α-bromoacetamido di-tertiary butylcarboxy glutamic ester 3a 
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α-Bromoacetic acid (0.523 g, 3.76 mmol), HOBt (0.373 g, 2.757 mmol) and DCC 

(1.034 g, 5.012 mmol) were taken in a single neck RB (100 mL). Dry DCM (13 mL) 

was added to dissolve it under nitrogen atmosphere and stirred for 30 min. Di-tert-butyl 

glutamate (0.65 g, 2.506 mmol) was added to it as solution in dry DCM (7 mL). The 

reaction mixture was warmed to room temperature and continued stirring for 25 h. 

DCM was evaporated and ethyl acetate (13mL) was added to the residue. The white 

precipitate was filtered using Whatmann filter paper and the filtrate was concentrated 

to afford crude reaction mixture. The crude product was purified by column 

chromatography using 100-200 mesh silica gel with 0-8% ethyl acetate in hexane as 

eluent. Yield 57% (0.538 g); Rf 0.4 (1:3 ethyl acetate:hexane). 1H NMR (500 MHz, 

CDCl3) δ 7.09 (d, J = 7.7 Hz, 1H), 4.40 (td, J = 7.8, 4.9 Hz, 1H), 3.83 (s, 2H), 2.27 (m, 

1H), 2.19 (m, 1H), 2.10 (m, 1H), 1.90 (m, 1H), 1.42 (s, 9H), 1.38 (s, 9H); 13C NMR 

(125 MHz, CDCl3) δ 172.12, 170.44, 165.75, 82.92, 52.97, 31.32, 28.72, 28.08, 27.99, 

27.38, 25.47. MS (ESI) m/z (M+Na)+ calculated for C15H26BrNO5: 402.0887; 

Observed: 402.0896. 

 

3.4.4 Synthesis of di-tertiary-butyl (2-chloroacetyl)-L-glutamate 3a' 

 

A stirred solution of di-tbutyl glutamate (1 g, 3.856 mmol) and sodium bicarbonate 

(0.809 g, 9.639 mmol) in DCM (5 mL, 5V) and water (0.5 mL, 0.5 V) was cooled to 0 

°C. α-Chloroacetyl chloride (0.767 mL, 9.639 mmol) was added dropwise over a period 

of 15 minutes at 0 °C. The reaction mixture was stirred further for 1.5 h while the 

reaction warm to room temperature. The reaction mixture was diluted with water (15 

mL) and DCM (10 mL). The organic layer was separated and washed with saturated 

sodium bicarbonate solution (2 × 20 mL). The organic layer was dried over anhydrous 

sodium sulphate and the crude product was purified by column chromatography using 

100-200 mesh silica gel with 7-18% ethyl acetate in hexane as eluent to afford pure 

3a'. Yield 70% (0.905 g); Rf 0.6 (1:2 ethyl acetate:hexane). 1H NMR (500 MHz, CDCl3) 

δ 7.15 (d, J = 7.8 Hz, 1H), 4.43 (td, J = 7.9, 4.9 Hz, 1H), 3.99 (s, 2H), 2.32–2.23 (m, 

1H), 2.19 (m, 1H), 2.15–2.05 (m, 1H), 1.90 (m, 1H), 1.42 (s, 9H), 1.38 (s, 9H); 13C 
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NMR (125 MHz, CDCl3) δ 170.97, 169.40, 164.90, 81.73, 79.84, 51.59, 41.43, 30.32, 

27.05, 26.96, 26.39. HRMS (ESI) m/z (M+Na)+ calculated for C15H26ClNO5: 

358.1392; Observed: 358.1395. 

 

3.4.5 Synthesis of glutamic acid-based tris(tertiary-butylcarboxy) 1-benzylcarboxy 

aminoacetamide precursor 1a 

 

Di-tertiary-butyl (2-chloroacetyl)-L-glutamate 3a' (0.1 g, 0.298 mmol) and 5-

benzylcarboxy-1-tertiary-butylcarboxy glutamate 5 (0.087 g, 0.298 mmol) were 

dissolved in triethylamine (0.125 mL, 0.894 mmol) in a sealed tube and the reaction 

mixture was heated to 85 °C with stirring for 4 h. Ethyl acetate (15 mL) was added to 

the reaction mixture and the organic layer was washed with 0.5 N HCl (2 × 15 mL) 

followed by brine (20 mL) and dried over anhydrous sodium sulphate. The organic 

layer was concentrated under reduced pressure and crude product was purified by 

column chromatography over 100-200 mesh silica gel using 20-25% ethyl acetate in 

hexane as eluent to afford 1a. Yield 21% (0.037 g); Rf 0.6 (1:1 ethyl acetate:hexane). 

1H NMR (500 MHz, CDCl3) δ 7.60 (d, J = 8.5 Hz, 1H), 7.38 – 7.27 (m, 5H), 5.09 (d, J 

= 12.2 Hz, 1H), 5.16 (d, J = 12.2 Hz, 1H), 4.48 (td, J = 8.5, 5.0 Hz, 1H), 3.33 (d, J = 

17.1 Hz, 1H), 3.10 (dd, J = 8.9, 5.1 Hz, 1H), 2.96 (d, J = 17.1 Hz, 1H), 2.65–2.49 (m, 

2H), 2.35–2.21 (m, 2H), 2.17–2.09 (m, 1H), 2.06–1.97 (m, 1H), 1.96–1.84 (m, 3H), 

1.43 (s, 9H), 1.43 (s, 9H), 1.44 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 172.52, 172.10, 

171.02, 170.12, 169.93, 134.89, 127.53, 127.37, 127.26, 125.97, 81.03, 80.93, 79.55, 

65.33, 60.75, 50.68, 50.00, 30.68, 30.26, 28.68, 27.39, 27.07, 27.04, 26.98, 26.75. MS 

(ESI) m/z (M+H)+ calculated for C31H48N2O9
: 593.3224; Observed: 593.3433. 

3.4.6 Synthesis of debenzylated tris(tertiary-butylcarboxy) AAPT precursor 6a 

 



23 
 

Tris(tertiary-butylcarboxy) 1-benzylcarboxy aminoacetamide precursor 1a (0.500 g, 

0.844 mmol) was taken in two neck RB (50 mL) and dissolved in methanol (15 mL). 

Slowly 10% Pd/C (0.269 g, 30% mol) was added to the reaction mixture and purged 

with H2 gas in a bladder. The reaction mixture was further stirred for 45 h. After the 

completion of the reaction by TLC, the reaction mixture was filtered through a celite 

545 pad taken in sintered Buchner funnel and filtered using a filtration pump. The celite 

pad was washed with methanol (3 × 15 mL). The filtrate was concentrated and purified 

by column chromatography using 100-200 mesh silica gel with 10-100% ethyl acetate 

in hexane as eluent. 
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                                                Chapter 4 

                                        Results and Discussion 

4.1. Design of new inhibitors 

Inspired by the molecular structure of endogenous PSMA substrates such as NAAG 

and folyl-γ-Glu, at the S1 pocket of PSMA, a methylene carbon unit has been inserted 

between carbonyl carbon and nitrogen of amide bond, in the newly designed inhibitors, 

to enhance the number of new interactions in the binding pocket of PSMA. Further L-

glutamic acid-based aminoacetamide inhibitors 2a-j (Figure 8), which closely resemble 

NAAG as well as folyl-γ-Glu, has been designed to examine the structural and 

functional requirements necessary for binding at the active site of the PSMA protein. 

 

Figure 13. Design of lead aminoacetamide peptidomimetic 1 for PSMA 

enzyme inhibition 

It is well documented that the active site of the GCPII protein contains hydrophobic 

(S1 pocket) and hydrophilic pocket (S1' pocket) and the interactions at the S1ꞌ site are 

believed to be more critical for better binding affinity. Literature report suggests that 

JB7 interact with several amino acid residues such as Tyr 700, Arg 210, Lys 699, Asn 

257, Gly 518, Tyr 552, Glu 424, Asn 519, Arg 536, and Arg 534 through hydrogen 

bonds that are critical for better binding of a ligand with the protein. Therefore, the 

aforementioned amino acid interactions should be taken into consideration while 

performing docking studies of the newly designed ligands 1−10 with GCPII protein. 

Table 2 shows a correlation between amino acid residues of S1 and S1' pockets present 

in PSMA protein and the newly designed amino-acetamide ligands 2a−j interacting 



25 
 

through hydrogen bonds. In addition, some extra hydrogen bonding interaction with 

Val 208, Gly 548, Ser 547, Asn 544, Lys 539, Gly 548 and Glu 457 residues was also 

observed (Table 2).  

 

Table 2. Hydrogen bonding interactions between GCPII protein and aminoacetamide 

ligands 2a-j along with the bond distance of interaction in Å 

Site 

Amino 

acid 

residue 

JB7 Post or 

re docking 

interactions 

with GCPII 

in Å 

H-bonding interactions of ligands 1-10 with GCPII protein in Å 

2a 2b 2c 2d 5e 2f 2g 2h 2i 2j 

S1' site of 

GCPII 

(Hydrophilic 

pocket) 

Arg 

210 
2.14   2.05 2.60  2.45 1.90  2.28  

Asn 

257 
   

 
     2.72  

Lys 

699 
1.70      

 
 

 
  

Tyr 

552 
    1.90  1.99     

Tyr 

700 
1.59  

 
1.77 1.79 

 
1.95 2.03 

 
2.08  

Glu 

424 

 
2.32 2.32 2.30 2.46 2.33 2.26 2.30 

2.37 
1.92 2.39 

Glu 

425 
   

 
 

 
  

 
  

Tyr 

552 
 2.09 2.37 

2.08 
 

2.26 
 2.12 

1.99 
 2.13 

S1 site of 

GCPII 

(Hydrophobic 

pocket) 

Gly 

518 

1.79 

2.08 
   1.97  1.94 1.99    

Asn 

519 
1.95 1.87  

 
 1.90   2.49 

2.06 
2.12 

Arg 

534 
1.82 1.66 1.65 

2.71 

2.68 

1.92 

2.33 

1.76 

2.79 

2.51 

2.20 

2.77 

2.26 
1.78 

1.92 

2.15 

2.70 

1.72 

Arg 

536 
1.82  

2.16 
1.83 1.83 2.07 1.99 

1.82 1.82 
1.79 2.0 

Asp 

453 
  

 
 

 
      

Asp 

387 
    

 
    

  

Ser 

454 
    

 
    

  

Tyr 

549 
    

 
 

 
  

  

Ser 

517 
    

 
 

 
 

 
2.18  

Arg 

463 
 1.99  1.61 1.63  1.52 

1.71 
 2.10  

Other 

Interactions 

Val 

208 
  1.90         

Gly 

548 
 1.87          

Ser 

547 
 2.53          

Asn 

544 
 1.97       2.12   

Lys 

539 
 1.86       1.81   

 
Gly 

548 
        2.43   

 
Glu 

457 
        1.89   
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The exposure of three-dimensional crystal structures of PDB 4NGM complexed with 

inhibitor gives valuable insight into key interactions between ligand and enzyme. The 

binding free energy of the protein-ligand complex was calculated using the prime 

module. Moreover, in the glide module of the Schrodinger software suite, hydrogen 

bond distances more than 3 Å length are considered as weak and are not visible during 

docking study. Among the newly designed aminoacetamide ligands, the docking score 

of 2b is found to be the highest followed by ligand 2a (second most active) in the series. 

Brief information for docking results of NGM series is given in table 3.  

 

Table 3. Molecular docking scores of aminoacetamide ligands 2a-j and JB7 with 

GCPII protein (PDB 4NGM) 

Rank Ligand 
Docking 

score 

1 
2b -15.313 

2 
2a -15.068 

3 
JB7 -15.004 

4 
2h -14.649 

5 
2c -14.321 

6 
2i -14.122 

7 
2f -13.697 

8 
2g -13.605 

9 
2d -13.061 

10 
2j -12.132 

11 
2e -11.323 

 

The most active ligand, 2b, in the series is oriented toward the residues of PSMA 

protein in such a way that it interacts extensively at the hydrophilic S1' pocket of the 

side chain of protein at the active site with Glu424, Tyr552, and Tyr700 residues 

through two hydrogen bonds and - stacking interactions, respectively, while JB7 

interacts at same pocket through Arg210, Lys699, and Tyr700 with hydrogen-bonding 
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interactions. In the hydrophobic S1 pocket of the enzyme, ligand 2b and JB7 show the 

same interactions where both are interacting with the same amino acid residues 

(Arg534 and Arg536 respectively) through carboxylic acid moiety present in the 

structure. Apart from these interactions, the most active ligand 2b of the series forms 

an additional H-bond at the backbone of protein where the phenolic group of tyrosine 

moiety interacts with the carbonyl oxygen of Val208. This fact suggests that the 

tyrosine moiety of 2b interacts strongly with the protein active site compared to JB7 

(Figures 14 and 15). At the hydrophobic pocket of the active site of PSMA protein, the 

hydroxyl group of the glutamic acid moiety of ligand 2a interacts with a free amino 

group of Arg534 with a bond length of 1.65 Å which is considerably less in comparison 

to the bonding length of JB7 which is 1.82 Å. 

 

Figure 14. Molecular docking study of inhibitor 2b at GCPII active cavity (PDB 

4NGM) 

 

Figure 15. Molecular docking study of JB7 with GCPII protein (PDB 4NGM) 
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The ligand 2a has also shown similar hydrogen bonding interactions as ligand 2b 

towards the amino acid residues Glu424 and Tyr552 located at the side chain of S1' 

pocket of the active site of PSMA while - stacking interaction with Tyr700 is absent 

which may be a significant reason for slightly less activity of 2a compared with ligand 

2b. Also, ligand 2a shows one extra hydrogen bond with the sidechain of the 

hydrophobic pocket of the active site of protein where oxygen moiety of acetamido 

group of ligand interacts with guanidine moiety of Arg463. Apart from S1 and S1' 

pockets, ligand 2a also shows hydrogen bonding interactions with Gly548, Ser547, 

Asn544, and Lys 539 residues, respectively which is due to the presence of polar 

glutamate scaffold in the molecular framework of the ligand 2a (Figure 16). 

 

Figure 16. Molecular docking study of inhibitor 2a at GCPII active cavity (PDB 

4NGM) 

Further, to analyze the effect of polar and non-polar substituents on the efficiency of 

ligands to inhibit the activity of the GCPII enzyme, several derivatives of 2-amino 

acetamide ligands have been designed and synthesized for evaluation. After tyrosine 

(2b) and glutamate (2a) ligands, the aspartic acid derivative (2h) was observed to have 

better docking scores compared to the other designed analogs. 
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Figure 17. Molecular docking study of inhibitor 2h at GCPII active cavity (PDB 

4NGM) 

4.2 Synthesis of glutamic acid-based aminoacetamide ligand (6a) 

 

Scheme 6. Preparation of di-tertiary-butyl L-glutamate (4a) and 5-benzyl 1-(tertiary-

butyl) L-glutamate (5) 

  

 With the retrosynthetic approach in our hand, synthesis of 2a commenced with the 

preparation of tertiary-butylcarboxy protected amino esters 4a and 5 (Scheme 6). The 

reaction of L-glutamic acid with tertiary-butyl acetate in the presence of an acidic 

medium provided di-tertiary-butyl L-glutamate 4a. Whereas the reaction of 5-benzyl 

glutamate with tert-butyl acetate in an acidic medium afforded the corresponding 5-

benzyl 1-(tertiary-butyl) L-glutamate 5. Generation of a tertiary-butyl carbocation 

from tertiary-butyl acetate in acidic conditions furnished 4a and 5 in 20% and 42% 

yields, respectively. The protected esters are sensitive to moisture, undergo 

considerable decomposition over time, and are therefore used as early as possible after 

their preparations without long-term storage. 
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Di-tertiary-butyl L-glutamate 4a was coupled with α-bromoacetic acid using DCC as 

a coupling agent in the presence of HOBt to form activated hydroxybenzotriazole ester 

of α-bromoacetic acid which on reaction with 4a afforded di-tertiary-butyl (2-

bromoacetyl)-L-glutamate 3a in 57% yield. However, our various attempts to displace 

bromide from 3a using 5-benzyl 1-(tertiary-butyl) L-glutamate 5 were not successful 

to synthesize tris(tertiary-butylcarboxy) 1-benzylcarboxy aminoacetamide precursor 

1a (Scheme 7). 

   

 

Scheme 7. Attempted preparation of tris(tertiary-butylcarboxy) 1-benzylcarboxy 

aminoacetamide precursor 1a from 3a  

 

Next, we reacted 4a with α-chloroacetyl chloride in a biphasic reaction using water and 

CH2Cl2 in presence of a mild base like NaHCO3 to afford di-tertiary-butyl (2-

chloroacetyl)-L-glutamate 3a' in a higher yield of 70%. Finally, the chloride in 3a' was 

displaced with 5-benzyl 1-(tertiary-butyl) L-glutamate 5 in presence of Et3N as a base 

in a sealed tube at 85 ˚C to provide tris(tertiary-butylcarboxy) 1-benzylcarboxy 

aminoacetamide precursor 1a albeit in a low yield of 21% (Scheme 8). The reaction 

conditions are currently under optimization to improve the yield of 1a. Utilization of 

DIPEA as a base resulted in the formation of 1a in 10% yield despite performing the 

reaction for a shorter time (4-18 h). 
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Scheme 8. Preparation of tris(tertiary-butylcarboxy) 1-benzylcarboxy 

aminoacetamide precursor 1a from 3a'  

Debenzylation of 1a in presence of H2(1 atm)/Pd-C in MeOH at room temperature 

resulted in the formation of tris(tertiary-butylcarboxy) aminoacetamide glutamic acid 

precursor 6a in poor yield and the reaction conditions are being optimized currently 

(Scheme 9). A carboxylic acid group is available, and it can be used as a handle to 

attach the peptide linker to provide the required bioconjugates. 

 

 

Scheme 9. Preparation of tris(tertiary-butylcarboxy) aminoacetamide glutamic acid 

precursor 6a 

 

4.3 Synthesis of conjugation of aminoacetamide ligands with rhodamine B 

Commercially available 1,2-diaminoethyltrityl resin 7 (Scheme 4) was utilized to 

synthesize rhodamine B bioconjugate by following the procedure reported by our 

research group. The free amino group present in 7 was coupled with Fmoc-Asp(OtBu)-

OH using PyBOP as an amide coupling agent to provide dipeptide chain 8. The 

NHFmoc amino group in the growing dipeptide chain 8 was deprotected using a 

solution of 20% piperidine in DMF. The Fmoc free amino group in 8 was now coupled 
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with Fmoc-Lys(Tfa)-OH and 8-aminocaprylic acid to provide tetrapeptide 9 with 

trifluoroacetyl protected ε-amino group of lysine. It was important to mention that the 

α-amino group of lysine was protected as NHFmoc which is labile to 20% piperidine 

in DMF and readily available for constructing next amide bond in the growing 

dipeptide chain. Whereas the ε-amino group of lysine protected as trifluoroacetyl group 

is stable under NHFmoc cleavage conditions and it readily undergoes deprotection in 

2M aqueous piperidine. The selection of α- and ε-amine protecting groups in lysine 

amino acid, which are labile under different basic conditions, was crucial to strategize 

the synthesis of attaching the fluorescent agent to ε-amino group of lysine in the final 

step of the preparation of conjugate 13. After the deprotection of NHFmoc group, the 

tetrapeptide 9 was tethered sequentially with two phenylalanine residues, another 8-

aminocaprylic acid, and finally to tris(tert-butoxy) AAPT precursor to afford the 

polypeptide chain 12. The trifluoroacetyl group in lysine amino acid of polypeptide 

chain 12 was deprotected using 2M aqueous piperidine and a fluorescent agent, 

rhodamine B was coupled to lysine amino using PyBOP as a coupling agent to give 

tert-butyl protected precursor of final conjugate 13. Finally, the polypeptide chain 13 

was cleaved from the resin beads with the help of a cleaving cocktail TFA:TIS:H2O 

(95:2.5:2.5) solution to afford rhodamine B bioconjugate 13. 
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Scheme 10. SPPS for the synthesis of rhodamine B bioconjugate 13 with 

aminoacetamide ligand 
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                                                                        Chapter 5 

                                                                    CONCLUSION 

 For imaging as well as for therapeutic applications selective delivery of cargo is 

important. We have designed targeting ligands with aminoacetamide core and plan to 

synthesize bioconjugates that can be used as a molecular imaging probe for the 

diagnosis of PCa in the future. Molecular docking studies are being performed to design 

targeting ligands with better binding affinity to PSMA protein. Currently, we are 

synthesizing the targeting ligands with various amino acids to confer hydrophilic or 

hydrophobic properties, and later we will perform in vitro enzyme inhibition analysis 

to identify high-affinity ligands that can be conjugated with fluorophores or 

radioisotopes to develop molecular imaging or therapeutic agents. 
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APPENDIX A 

Figure 18. 1H NMR spectrum (500 MHz) of 4a in CDCl3 
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Figure 19. 13C NMR spectrum (125 MHz) of 4a in CDCl3

 

Figure 20. 1H NMR spectrum (500 MHz) of 3a in CDCl3
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Figure 21. 13C NMR spectrum (125 MHz) of 3a in CDCl3
 

 

Figure 22. 1H NMR spectrum (500 MHz) of 3a' in CDCl3 
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             Figure 23. 13C NMR spectrum (125 MHz) of 3a' in CDCl3  

 

 

Figure 24. 1H NMR spectrum (500 MHz) of 1a in CDCl3 
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Figure 25. 13C NMR spectrum (125 MHz) of 1a in CDCl3 

 
Figure 26. 1H NMR spectrum (500 MHz) of 5 in CDCl3 
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Figure 27. Mass spectrum of 4a in MeOH 
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   Figure 28. Mass spectrum of 3a in MeOH 
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Figure 29. HRMS of 3a' in MeOH 
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Figure 30. Mass spectrum of 1a in MeOH 
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