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INVESTIGATION OF PENICILLAMINE REPLACEMENT OF CYSTEINE
RESIDUES IN DOTA‐[TYR3]‐OCTREOTATE: SYNTHESIS,
CHARACTERIZATION AND EVALUATION OF BIOLOGICAL ACTIVITIES
Nalini Shenoy
Dr. Susan Z. Lever, Dissertation Supervisor
ABSTRACT
Modification of the peptide sequence of DOTA‐Tyr3‐octreotate is carried out by
substituting the cysteine moieties with D‐Cysteine, L‐Penicillamine and D‐
Penicillamine in one or both positions to study the effect of this replacement on
chemical and receptor binding properties. Fmoc‐solid phase peptide synthesis
was used to construct the linear sequence of the peptides, including the
attachment of DOTA. The cyclization of the peptides were carried out by use of
[Pt(en)2Cl2]Cl2 or DMSO. Steric constraints imposed by the gem‐dimethyl groups
on the penicillamine moieties resulted in longer reaction times and lower yields
compared to the cysteine moieties. After preparative HPLC or Sep‐Pak®
purification, these peptides were characterized by using LCMS.
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radiolabelling of these peptides was carried out. These were purified by using
HPLC and the isolated radiolabelled peptide was used to carry out in vitro
studies. In serum stability studies, all radiolabelled peptides were found to be
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stable. Preliminary results from cell uptake studies (using AR42J cell line)
showed all modified peptides had lower uptakes in comparison to the control
peptide,

In‐DOTA‐Tyr3‐octreotate. IC50 values of two peptides,

111

[DCys2, Tyr3, DCys7]‐octreotate and
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In‐DOTA0‐[Pen2, Tyr3, Pen7]‐octreotate
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were in the range of 10‐6‐10‐5 M range.
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Chapter 1

1. Introduction
1.1 Radiopharmaceuticals
Radiopharmaceuticals are molecules that contain a radionuclide designed
for either diagnostic or therapeutic purposes. They could be either small organic
/ inorganic molecules or macromolecules such as monoclonal antibodies or
antibody fragments and can be classified into two classes: those whose
biodistribution is determined solely by their physical and chemical properties or
those whose biodistribution is further determined by biological interactions and
receptor binding (receptor binding target specific radiopharmaceuticals).1
1.2 Target specific radiopharmaceuticals
Diagnosing and treating cancer has been a challenge of foremost
importance.2, 3 Diagnostic techniques help in detecting and localizing the site of
the tumor. Several techniques such as computed tomography, magnetic
resonance imaging, single photon or positron emission tomography facilitate
diagnosis.2, 3 One of the approaches is targeting antigens or receptors expressed
by tumor cells utilizing radiolabelled molecules, which display high affinity
towards these antigens or receptors.2, 3
Development of antibodies for antigens expressed by cell surfaces of
tumors was thought to be feasible by use of hybridoma technology.4 It was
theorized that radiolabelled antibodies with high affinity and specificity towards

1
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cell surface antigens would provide a high target‐to‐background contrast.5 In the
1970s and 1980s, radiolabelled monoclonal antibodies were used to visualize
tumors.6
However, this promising approach did not live up to all its expectations
due to several inadequacies. For example, it was found that binding of antibodies
to target molecules was present, but in low amounts and was often delayed after
injection.3 Diffusion of antibodies was hindered by barriers in tumors caused by
low capillary permeability.5,

7

The large size of monoclonal antibodies (for

example IgG – 145 kDa ) contributes to their slow diffusion into tumor tissues,
thereby showing restricted accumulation into their targets as well as resulting in
low blood clearance.7 The slow diffusion into tumor tissue and low blood
clearance resulted in low target‐to‐background contrasts. The slow diffusion into
the tumor tissues led to long durations between the injecting of the antibody and
obtaining useful images for diagnosis.4 Degradation of radiolabelled monoclonal
antibodies in the liver resulted in high radioactive doses to the liver.4 If the
radiolabel dissociated from the antibodies, it persisted in the liver or in the
abdomen owing to passage through the biliary tract and intestines, adding
unnecessary radioactive doses to the abdominal region.4 This phenomenon also
masked the tumor sites in the liver or abdominal region. In addition, there is also

2

Chapter 1
a possibility of production of human antimouse antibodies (HAMA) against
antibodies of murine origin.4
Nonetheless, introduction of molecular engineering technologies such as
chimerization or humanization of mouse antibodies, made it possible to
overcome some of the restrictions tied to the use of mouse monoclonal
antibodies.8 The Food and Drug Administration (FDA) approved the 90Y‐labelled
anti‐CD20 monoclonal antibody (ibritumomab tiuxetan, Zevalin™) for the
treatment of non‐Hodgkin’s lymphoma in February 2002.9 Zevalin consists of a
mouse monoclonal anti‐CD20 antibody (ibritumomab), which is covalently
conjugated to tiuxetan (Figure 1.1), and which binds to 111In and 90Y.10 To image
the distribution of the sites (of non‐Hodgkin’s lymphoma) in the body,
ibritumomab tiuxetan is administered prior to the administration of
ibritumomab tiuxetan for therapy. 11

O

O
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HO

N
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O
N

N

O
S

C

O
OH HO

N

Figure 1.1 Structure of the bifunctional chelate in Zevalin™
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Subsequently in June 2003, Iodine‐131 tositumomab, (Bexxar™) was
approved for the clinical treatment of patients with CD20‐positive non‐
Hodgkin’s lymphoma.12 Tyrosine residues present in the immunoglobin (IgG)
murine monoclonal antibody, tositumomab form a covalent bond with 131I. 12
As lymphoma is a malignant growth of cells in the lymph system, a long
residence time of the monoclonal antibodies in the blood proves to be
advantageous

in

this

case.11

Furthermore,

radioimmunotherapy

using

monoclonal antibodies of non‐Hodgkin’s lymphoma does not necessitate the
visualization of the tumor cells, since the monoclonal antibodies seek out the
tumor cells specifically.11
An

attractive

alternative

concept

began

to

materialize

when

characterization of tumor cells over‐expressing receptors (which bound to
peptide hormones) were documented in the mid 1980s.13

Due to the

characterization of over‐expressed receptors in several human tumors, several
regulatory peptide‐receptor systems are being investigated for potential
applications in nuclear medicine.14 Isolation of peptide based neurohormones,
accompanied with cloning of certain receptors during the mid 1980s and early
1990s, set the stage for development of peptide based radiopharmaceuticals.4
In contrast to monoclonal antibodies, peptides are smaller in size, display
rapid blood clearance and low immunogenicity.15 Using automated synthesis
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techniques, peptides can be synthesized with a relatively low cost.16 In several
cases, peptides display higher affinities towards receptors than monovalent
antibody fragments.4 Unlike antibodies, they have higher tolerance towards
harsh chemical conditions such as high temperature and pH, which are often
necessary in radiolabelling.17 They diffuse into tumor cells in a shorter duration
resulting in a shorter time frame between injection and obtaining diagnostic
images.5 A number of peptides found endogenously bind to receptors expressed
on cell surfaces. Over 850 endogenous peptides have been characterized.18 An
example of such regulatory peptide‐receptor system that has received extensive
research interest is that of somatostatin and the somatostatin receptors. 14
1.3 Somatostatin receptors
Somatostatin acts through interaction with receptors expressed on the
surface of cells (in both normal and malignant tissues),19 named as somatostatin
receptors. 13, 20 Five subtypes have been characterized and named somatostatin
receptor subtype (sstr) 1‐ 5.20 ,21 The somatostatin receptors belong to a family of
receptors known as G protein‐coupled receptors.20

G‐protein receptors are

usually composed of a single polypeptide chain, which is embedded in cell
membranes, with seven transmembrane domains. The extracellular area is the
ligand binding site and the intracellular part has the second messenger activation
sites. Characterization of somatostatin receptors subtypes in rodent, human
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tissues, tumor tissues and cell lines has been accomplished.14 Over‐expression of
somatostatin receptors have been observed in several tumors.22 High densities of
somatostatin receptors have been characterized in neuroendocrine tumors.14 This
gives rise to the possibility of receptor‐targeting using this peptide.
Somatostatin was discovered in an experiment conducted in order to find
Growth Hormone Release Factor (GHRF) in hypothalamic extracts.23 The
presence of another component, which inhibited Growth Hormone (GH) release,
was confirmed.23 An isolated product of 8.5 mg was extracted from 500,000 sheep
hypothalamus fragments and the chemical structure, depicted in Figure 1.2 was
established. The cyclic peptide was named Somatostatin.24

Ala1‐Gly2‐Cys3‐Lys4‐Asn5‐Phe6‐Phe7‐Trp8‐Lys9‐Thr10‐Phe11‐Thr12‐Ser13‐Cys14
Figure 1.2 Peptide sequence of somatostatin
This peptide was chemically synthesized, and displayed the biological
activity of the native peptide on hormonal release.24 Further research into the
functions of somatostatin showed that it also played an inhibitory function in
order to regulate physiological functions of several organ systems. 20
Somatostatin exists in two active forms, somatostatin‐14 (shown in Figure
1.2) and somatostatin‐28.25 Enzymatic cleavage of prosomatostatin, a 92 amino
acid polypeptide yields both somatostatin‐14 and somatostatin‐28.20
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somatostatin receptor subtypes bind with high affinity towards somatostatin‐14
and somatostatin‐28.20
The presence of somatostatin has been reported in the central and
peripheral nervous system. The pancreas and the gut are other organs where
somatostatin has been detected.22 Somatostatin plays a role in inhibition of
hormone secretion (endocrine and exocrine).26 It inhibits the growth of both
normal and tumor cells.
As inhibition of hormonal release and cell growth was brought about by
somatostatin, it was thought to have potential applications as a drug.27 However,
the use of somatostatin in clinical applications was hindered. Somatostatin has a
relatively short biological half‐life in circulation (~3 minutes) due to enzymatic
degradation.22 It showed multiple effects on different organ systems and a short
duration of action.14 Clinical use of somatostatin needed continuous intravenous
administration. In order to use somatostatin as a drug, there was a need to
synthesize analogues that are stable towards enzymatic degradation.28
1.4 Development of synthetic analogues of somatostatin
After the peptide sequence of somatostatin‐14 was known, the fact that the
natural peptide sequence was not useful for as a drug necessitated research in
development of analogues.
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The peptide structure of somatostatin showed enzymatic degradation in 5
places, depicted in Figure 1.3.28 The Trp8‐Lys9 (number referring to the amino
acid sequence in the original peptide) bond cleavage rendered the peptide
inactive. 29

Ala Gly Cys Lys Asn Phe Phe Trp Lys Thr Phe Thr Ser Cys

Figure 1.3 Peptide structure of somatostatin with arrows depicting sites of
enzymatic degradation
The development of analogues involved synthesis of series of peptides,
with approaches such as replacement of single residues with alanine and
replacement of L‐amino acids with D‐amino acids.28 A series of analogues of
somatostatin were synthesized by substitution of the single amino acids with
alanine in somatostatin in order to determine the role of the side chains of the
amino acids, while the backbone of the peptide chain was maintained intact.30
The peptide analogues in which alanine was systematically substituted for Gly2,
Lys4, Asn5, Thr10, Thr12 and Ser13 displayed no loss of biological activity
(determined by in vitro inhibition of GH secretion), while the analogues with
alanine substitution for Phe6, Phe7, Trp8, Lys9 and Phe11 showed a decrease in GH
inhibition levels.30

8

Chapter 1
Rivier et al. reported that the D‐Trp8‐somatostatin analogue of
somatostatin

possessed

higher

biological

potency

in

comparison

to

somatostatin.31 The potencies of both peptides were measured using in vitro and
in vivo binding assays to test inhibition of growth hormone, glucagon and
insulin. In these assays, D‐Trp8‐somatostatin showed 6‐8 times higher potency in
comparison to somatostatin.31 Most peptide analogues of somatostatin now
incorporate this single substitution.
In related studies, the structure (depicted in Figure 1.4) was deduced as
the minimum essential sequence of the peptide, possessing similar biological
activity of somatostatin by Vale et al.30 This analogue displayed low GH
inhibition in vitro, but maintained a reasonable in vivo activity.

Cys‐Phe‐D‐Trp‐Lys‐Thr‐Cys

Figure 1.4 Cyclohexapeptide analogue of somatostatin
Veber et al. pursued the optimization of the structure of somatostatin in
another direction by using computer modeling. The hexapeptide structure
shown in Figure 1.4 was found to be a potent analogue of somatostatin in terms
of GH secretion.30 Bauer et al. chose to continue to optimize the structure of the
analogue depicted in Figure 1.4.32 Extension of the C‐terminal of the
cyclohexapeptide did not enhance any desirable properties. An analogue was
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developed by attaching D‐Phe in place of Phe6 in somatostatin.32 The computer
modeling studies showed this amino acid was able to fill some of the
conformational space which is occupied by Phe6 in somatostatin.32 This also
helped in shielding the disulfide bond from enzymatic activity. An alcohol
functionality at the C‐terminal helped in stabilizing the peptide against metabolic
degradation.32 Change of the D‐Thr‐ol into the L‐configuration, while
maintaining the alcohol terminal, displayed the best inhibitory activity against
GH in vivo and in vitro tests.32 This led to the development of the structure of
SMS 201‐995 (Figure 1.5). This peptide was found to be resistant to degradation
by peptidases for about 90‐120 minutes, much longer than the 3 minute stability
of native somatostatin. 28

D‐ Phe1‐Cys2‐Phe3‐D‐Trp4‐Lys5‐Thr6‐Cys7‐Thr 8(ol)

Figure 1.5 Structure of SMS‐201‐995, octreotide
1.5 Radiolabelled somatostatin analogues
SMS 201‐995, later known as octreotide (depicted in Figure 1.5), as
described above is a synthetic peptide analogue of somatostatin, possessing a
longer half‐life (90‐120 minutes) in the body towards enzymatic degradation and
retaining somatostatin’s inhibitory action towards hormones production. 32
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Several tumors have high densities of somatostatin receptors, which were
found to bind to octreotide with high affinities.33 The discovery of this fact led to
the concept of using octreotide labelled with a gamma‐emitting radionuclide,
which could be used for detection and localization of somatostatin receptor
expressing tumor tissues.5 As octreotide could not be directly labelled with a
gamma‐emitting radionuclide, Phe3 was replaced with Tyr3, which allowed the
molecule to be radiolabelled with iodine.34

D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Cys7‐Thr 8(ol)
Figure 1.6 Peptide sequence of Tyr3‐substituted SMS‐201‐995
This analogue (depicted in Figure 1.6) has been successfully labelled with
125

I and used for the detection of somatostatin receptor rich tumors in vitro.35

Hence attempts were made to develop methods to incorporate
molecule. Chloramine‐T was used to carry out direct iodination (with

123

I in the

123

I) of the

peptide.34 This radiolabelled peptide (Figure 1.7) was used in imaging of several
types of tumors.36

11

Chapter 1
123I

O

H
N

H2 N

H
N

N
H

O

OH

NH
O

S

O
HN

S
O
HO
HO

H
N
O

H
N

N
H

O
HO

NH2

Figure 1.7 [123I]‐[3‐iodo‐Tyr3]‐octreotide
However, 123I‐Tyr3‐octreotide could not be used extensively due to the lack
of availability of high specific activity

123

I (a cyclotron produced isotope) and the

time consuming purification steps.37 The radiolabelled peptide was also found to
possess high lipophilicity, which cleared from the body through the liver.38 This
caused problems with obtaining diagnostic images of the abdominal region.38
Since

123

I‐Tyr3‐octreotide was not useful as a diagnostic agent, the

bifunctional approach was used to attach a radioactive label to the peptide.37 The
bifunctional approach consists of a targeting biomolecule, a bifunctional
chelating agent (BFCA) and a metallic radionuclide.39 A bifunctional chelating
agent is a molecule which possesses a functional group (that binds covalently to
the biomolecule) and donor groups, which can complex the radiometal. 40 The
bifunctional chelating agents should possess characteristics such as couple to
either the antibody or peptide with ease; bind the radioisotope tightly; form a
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complex with the radioisotope resistant to acid or cation prompted dissociation;
undergo metal complexation reactions in the pH range of 4‐9 and temperatures
of 4 – 40 °C (specially in the case of radiolabelling of antibodies, which can be
denatured at higher temperatures)41 Factors that are desirable in metal chelates
also include high thermodynamic stability and kinetic inertness.39

A high

thermodynamic stability of metal chelates is indicative of the integrity of the
complexes in presence of competing ligands.39 The kinetic inertness of the metal
complex is indicative of the rate of dissociation of the metal chelate from the
ligand.39
Octreotide was derivatized with diethylenetriaminepentaacetic acid
(DTPA) on the amine terminus (illustrated in Figure 1.8).37 Attaching this chelate
to the peptide allowed radiolabelling of the molecule with

111

In.37

111

In decays by

electron capture (EC) and emits gamma photons of 173 and 245 keV (89% and
94%, respectively).42 It forms stable complexes with ligands such as DTPA with
nitrogen and oxygen donor groups.
O
N

N

N

COOH COOH COOH

NH

D‐ Phe1‐Cys2‐Phe3‐D ‐Trp4‐Lys5‐Thr 6‐Cys7‐Thr 8(ol)

COOH

Figure 1.8 Structure of DTPA0‐[D‐Phe1]‐octreotide
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The reaction of labelling DTPA‐octreotide with

111

In was a single step

protocol.37 Binding assays carried out using rat brain cortex membranes as a
source of somatostatin receptors with

111

In‐DTPA0‐[D‐Phe1]‐octreotide in rat

brain cortex membranes showed high affinity toward somatostatin receptors.37
The longer half‐life of

111

In allowed the possibility of acquiring images 24 hours

after injection.37
After the development of

111

In‐DTPA‐D‐Phe1‐octreotide for detecting of

tumors expressing somatostatin receptors in vivo, radiolabelling of this conjugate
with the therapeutic chemical analogue of

111

In, namely

therapy, was not successful.43 DTPA did not complex

90

90

Y, a β emitter for

Y well.44 Y3+ typically

forms an 8‐9 coordinate complex with ligands and DTPA was unable to satisfy
the coordination demand of this ion.45
Displacement of Yttrium from its DTPA complexes by competing metal
ions (such as calcium, magnesium and zinc) present in serum in vivo has been
observed.41 Displacement of metal ions from their DTPA complexes in vivo led to
formation of complexes with reduced kinetic stability. The loss of the metal ions
from the complexes in vivo is an irreversible reaction; the metal ion is quickly
surrounded by serum proteins such as transferrin (10‐5 mol dm‐3 in human
serum). Meanwhile, the ligand binds to serum cations to form complexes.41
Macrocyclic chelating agents help to alleviate some of the issues mentioned
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above.41 Macrocyclic ligands are resistant to acid catalyzed pathways of
dissociation and are usually charged which help to form neutral or cationic
complexes with metal ions.41 Incubation of 90Y‐DOTA complex (DOTA = 1, 4, 7,
10 tetraazacyclododecane N, N’, N’’, N’’’ tetraacetic acid, Figure 1.9) with 500‐
fold excess of DTPA at pH 5.5 for 72 hours did not show any loss of 90Y from the
chelate.46
O

O

HO

N

N

HO

N

N

O

OH

OH

O

Figure 1.9 Structure of 1, 4,7,10 tetraazacyclododecane N, N’, N’’, N’’’ tetraacetic
acid
Dissociation of less than 0.5 % was observed for a Y complex of
nitrobenzyl DOTA (Figure 1.10) incubated in serum (at pH 7.4, 37 °C).47 DOTA
complexes with several metal ions are stable due to the conformation adopted in
the solid or solution phase.48
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Figure 1.10 Structure of nitrobenzyl DOTA
Monoclonal antibody B72.3 was conjugated to either of the ligands DOTA,
CT‐DTPA and CA‐DTPA (shown in Figure 1.11) and radiolabelled with

90

Y.49

These 90Y labelled antibody conjugates were injected into mice.49 90Y levels in the
femur shaft (bone) in the mice were ~7% for the 90Y‐DOTA‐B72.3 antibody, and
~44% for 90Y‐CA‐DTPA‐B72.3 antibody and 90Y‐CT‐DTPA‐B72.3 antibody.49
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CA‐DTPA; DTPA anhydride

Figure 1.11 Structures of chelating agents derived from DTPA
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The chelating agent, DTPA, (coupled to octreotide) was substituted with
DOTA (shown in Figure 1.9), which enabled the radiolabelling of this conjugate
with 90Y.50
111

In‐DTPA0‐octreotide (Octreoscan) and

In‐DOTA0‐[Tyr3]‐octreotide in

111

the same patients showed comparable distribution patterns.51 Tumor localization
in animal models by use of

In‐DOTA0‐[D‐Phe1, Tyr3]‐octreotide was found

111

superior in comparison with Octreoscan.44 Higher tumor uptake and high tumor‐
to‐background ratios were established for

111

In and

90

Y labelled‐DOTA0‐[D‐

Phe1,Tyr3]‐octreotide in an AR42J tumor bearing mouse model.52
Octreotate is another peptide analogue of somatostatin, which differs from
octreotide where the C‐terminal amino acid residue is threonine (instead of
threoninol in octreotide).53 This change was made to study the influence of the
additional negative charge on cell uptake and clearance. To evaluate the

111

In

labelled analogues such as DTPA0‐octreotide, DTPA0‐[Tyr3]‐octreotide, DOTA0‐
[Tyr3]‐octreotide and DTPA0‐[Tyr3]‐octreotate for their receptor binding affinities
and related characteristics, they were tested for somatostatin receptor binding
and internalization as well as biodistribution in rats bearing tumors.53 The
unlabelled peptides displayed high affinity towards the somatostatin receptor
with IC50 values in the nanomolar range.53 Internalization of all compounds was
observed; however, among the compounds, internalization of 111In‐DTPA0‐[Tyr3]‐
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octreotate was the highest, at 211.5% relative to the internalization observed for
125

I‐Tyr3‐octreotide (set as 100%).53
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Figure 1.12 Structure of DOTA‐Tyr3‐octreotate
Modified analogues of somatostatin were thus synthesized and
derivatized with bifunctional chelating agents to enable radiolabelling them for
purposes of diagnostic or therapeutic applications.22 Development of analogues
of bioactive peptides is a major area of research since the discovery of peptides
being involved in several physiological functions. 54
1.6 Design of peptide analogues of bioactive peptides
Peptides are involved in several biological roles such as hormones,
neurotransmitters and enzyme inhibitors.54 Some of these functions are brought
about through interactions with various classes of receptors.
An interaction between a peptide and receptor is initiated by recognition
of the peptide by the receptor. This process involves interactions between the
peptide with the receptor (three dimensional structures of both the peptide and
receptor). This three dimensional structure of the peptide could be formed by

18

Chapter 1
amino acid residues adjacent to each other in the peptide or separated from each
other, but interact with each other due to the peptide conformation. After the
peptide is recognized by the receptor, the peptide and receptor continue
interactions to bring about the biological response (in case of agonists). Once this
is accomplished, the peptide‐receptor complex dissociates.55
Since

peptides

are

instrumental

in

several

biological

functions,

possibilities exist they may be useful as drugs.56 Factors such as their high
specificity and affinity towards their targets and lower toxicity are favorable
towards use of peptides as drugs. 56 Several problems plague their direct use as
drugs. Peptide hormones and neurotransmitters undergo enzyme degradation
and often have very short biological half‐lives.56 This is important to preserve the
proper functioning of biological processes, as most of these peptide hormones
and neurotransmitters play roles in regulating these biological functions.
Degradation of them by enzymes helps in preventing over‐functioning of
receptors.56 Another associated problem with use of the native sequence of
bioactive peptides as drugs is the possibility of the peptide hormone interacting
with homologous receptor systems (interaction across several receptor classes).
Biologically active peptides are usually composed of 3‐50 amino acid residues in
length. By virtue of their structure, several conformations exist in solutions at
physiological temperatures. 54
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An amino acid has the general structure as depicted in Figure 1.13. Each
central tetrahedral carbon is connected to an amino group, carboxylic acid group,
a R (side chain) group and hydrogen. Twenty different amino acids are found
naturally, which differ in the R group. All amino acids except glycine are chiral
in nature. The L‐isomer exists in natural proteins and peptides.
R

H

H2N

COOH

Figure 1.13 General structure of an amino acid
An amide or peptide bond (shown in Figure 1.14) is formed between the
carbonyl group of one amino acid and the amino group of the next amino acid.
Amide / peptide bond
R

H

H
Cα

O

N
Cα

H2N
O

R

OH
H

Figure 1.14 Amide bond formed between two amino acids
As amino acids react to form peptides, the conformation of the peptide
becomes important. Figure 1.15 depicts the structure of a peptide. The term i is
used to denote the central amino acid. The angle φ is defined as the angle
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between C‐N‐Cα‐C, the two Cs being the carbonyl carbons. The angle ω is
defined by the Cα‐N‐C‐ Cα. Holding the α‐carbon and the carbonyl carbon rigid,
the two nitrogens define the angle ψ. The torsion angles of the side chains are
termed as χ. N‐ Cα‐Cβ‐Cγ defines the angle χ1.

i‐1

i

H

Cα

N

ω

φ
Cα

O

χ1

ψ
H

Cβ

χ2

i+1

O

Cα

N
H

Cγ

Cδ

R

Figure 1.15 Definitions of angles in a peptide
The amino acid residues in peptides can assume any φ, ω, ψ and χ torsion
angles in theory. Steric hindrances between the amino acid and peptide chain
and energy requirements of some angles restrict the torsional angles found
normally. Natural peptide hormones such as somatostatin and oxytocin have a
cyclic structure due to the presence of disulfide bonds. Due to this additional
constraint, they are flexible to a lesser degree.57
The presence of several conformations of peptides in solution complicates
the determination of the conformation of the biologically active conformer of the
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peptide (when the peptide is bound to the receptor). Several studies aimed at
finding the preferred conformations of peptides have been done in a variety of
solvents, the conformers isolated vary from the one that the peptide assumes
when bound to the receptor.58 Peptides assume a “certain” conformation when
they interact with receptors. This conformation is not necessarily the lowest
energy conformation of the peptide. 59
The inherent flexibility of biologically active peptides (especially linear)
makes it difficult to establish the active conformation when they bind to
receptors.56 Biologically active peptides also possess shortcomings such as their
rapid degradation in the body due to enzymatic degradation.56 In order to
overcome these problems, development of synthetic analogues of peptides is
carried out.
Overall strategies for development of synthetic peptide analogues
Development of synthetic analogues of the native peptide sequence is
useful in solving some of problems discussed earlier and a systematic approach
has been developed to achieve this purpose.56
In a preliminary step, the function/role of the side chains of the peptide is
delineated by using alanine scans, deletion of the amino acid residues from the
amino and carboxy termini.56 Replacement of the amino acid moieties by alanine
keeps the peptide backbone intact while substituting the side chain with a small
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and neutral side chain. Synthesis of analogues formed by a single amino acid
deletion at a time helps to determine the amino acids in the native sequence vital
for biological activity.56 This approach was previously discussed.
Substitution of amino acids with the corresponding D‐amino acid is an
approach used to synthesize analogues. Often, this substitution was found to
help

achieve

increased

metabolic

stability

of

the

peptides.60

The

“pharmacophore” of the peptide, the part of the peptide that is necessary for the
biological activity, is established by use of the above listed approaches.
Improvement of the biological stability of octreotide was summarized earlier.
In the next step of this approach, an attempt is made to determine the
biologically active conformation of the peptide. Utilization of local and global
constraints can help to establish the three dimensional conformation of the
peptide.56
Local constraints are employed to limit the φ, ψ and ω torsional angles.
For example, use of a D‐amino acid moiety instead of an L‐amino acid at certain
positions can stabilize or destabilize a β turn structure in a peptide. This can be
indicative of the presence of a β turn structure in the peptide.59
Global constraints employed involve converting a linear sequence into a
cyclized structure. Formation of covalent bonds between two distant parts of the
peptide results in reduction of the number of conformers accessible to the
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peptide.59 This results in the peptide adopting more defined conformations.
Cyclization of peptide sequences can be accomplished by introduction of a
disulfide bond (backbone to backbone cyclization); lactam formation, side chain
to backbone cyclization or side chain to side chain cyclization, as shown in Figure
1.16.61

side chain to side chain cyclization
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Figure 1.16 Examples of covalent cyclizations
Use of disulfide bonds as a constraint in peptides
A method used in determination of the biologically active conformations
of the peptide is by limiting the number of accessible conformations of the
peptide by employing constraints such as cyclization of the peptide. Such an
approach limits the conformational space available to some of the residues in the
peptide.54
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Cyclized peptides have more defined conformations than their linear
counterparts. Cyclization reduces conformational freedom of the peptide
resulting in higher selectivity towards receptors. 60, 62, 63
Literature precedents, which highlight the presence of the disulfide bond
in peptides and how characteristics of peptides such as receptor binding were
influenced by the disulfide bond, are discussed in the following sections.
Oxytocin is a cyclic peptide hormone. Its hormonal action influences
functions such as uterine contraction.64 Oxytocin has the peptide sequence as
shown in Figure 1.17, with a disulfide bond between the cysteine residues 1 and
6.

Cys1‐Tyr2‐Ile3‐Gln4‐Asn 5‐Cys6‐Pro7‐Leu8‐Gly9‐NH 2

Figure 1.17 Peptide structure of oxytocin
A synthetic peptide analogue of oxytocin was synthesized by replacing
the cysteine residue in position 1 with a Penicillamine residue. Conclusions by
Meraldi et al. indicated the gem‐dimethyl groups conformationally constrained
the ring.65 Critical examination of oxytocin, Pen1‐oxytocin and Pen1‐Leu2‐oxytocin
suggested the presence of the penicillamine residue led to antagonistic
properties.65 By virtue of the imposed constraint of this residue, the
conformations of the side chain moieties of positions 1, 2, 4, 5, 7 and 8 and
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constraint in the disulfide conformations in comparison to the native peptide
sequence contributed to the antagonistic properties of this analogue.65
The effect of cyclization is that side chain groups, which are distant from
each other in sequence, are brought closer in three‐dimensional space.66 [Leu5]‐
enkephalin and [Met5]‐enkephalin (structure shown in Figure 1.18) are two
peptides that bind to δ opioid receptor sub‐type but are not so selective towards
it, because they also interact with μ and κ opioid receptors sub‐types. The Tyr1
residue, Phe4 residue and the amino terminal amino acid were essential for
biological activity. Introducing a cyclization in these molecules by substituting
the Gly2 and Leu5/Met5 with D‐Cys2 and D‐Cys5 resulted into an analogue that
was more potent in comparison to the native peptide, but not selective towards
δ, μ and κ opioid receptors.56 The cyclization of the peptide chain resulted in a
large conformational constraint in the molecule. Subsequently, these two cysteine
moieties were substituted with D‐Penicillamine in the place of Gly2 and
L‐Penicillamine or D‐Penicillamine in place of Leu5/Met5.56 The modified peptides
had the sequences of Tyr1‐c[D‐Pen2‐Gly3‐Phe4‐D‐Pen5], DPDPE and Tyr1‐c[D‐
Pen2‐Gly3‐Phe4‐Pen5], DPLPE. The cyclic enkephalin analogue [D‐Pen2, D‐Pen5]
enkephalin (DPDPE) (ring size of 14 atoms) has been shown to have more
selectivity towards the δ opioid receptor (structure shown in Figure 1.8).67 In
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addition, DPDPE also possesses a high metabolic stability towards enzymatic
degradation.
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Figure 1.18 Peptide structures of [Met5]‐enkephalin and c[D‐Pen2, D‐Pen5]
Enkephalin (DPDPE)
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The conformational constraint imposed by the cyclization was enhanced
by the presence of the two geminal dimethyl groups. Thus, substituting one or
both the cysteine residues with penicillamine residues gives the opportunity of
probing the effects of the extra steric bulk on the disulfide bond.68
Another example of a similar study is that of Urotensin‐II, a cyclic peptide
containing 11 amino acid residues, sequence shown in Table 1.1. Three
dimensional models are shown in Figure 1.19.

Table 1.1 Urotensin‐II peptide sequence
Peptide
Urotensin‐II

Peptide Sequence
H‐Glu‐Thr‐Pro‐Asp‐Cys‐Phe‐Trp‐Lys‐Tyr‐Cys‐Val‐OH

P5U

H‐Asp‐Pen‐Phe‐Trp‐Lys‐Tyr‐Cys‐Val‐OH

Urotensin‐II

P5U

Figure 1.19 Three dimensional structures of Urotension‐II and P5U
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The sequence (Cys‐Phe‐Trp‐Lys‐Tyr‐Cys‐Val) is cyclized by a disulfide
bridge between the cysteine residues. This sequence was found to be essential for
biological activity.69 A recent study reported the finding of a very potent
Urotensin‐II receptor agonist by replacing the Cys5 moiety in the octa‐peptide
hU‐11 with penicillamine (ring size of 20 atoms).69 Conformational analysis of the
peptide P5U indicated that the pharmacophoric group of Urotensin‐II has the
same spatial orientation as is present in the native peptide. The replacement of
the Cys5 residue with penicillamine resulted in conformational restriction of P5U
peptide.69 This change in the peptide resulted in 3 fold increase in affinity
towards the Urotensin receptor in comparison to the original peptide.69, 70
In summary, disulfide bonds play an important role in maintaining the
peptide conformations which plays an important role in interactions of the
peptide with receptors. A seemingly small substitution such as synthesizing
analogues with a penicillamine residue rather than a cysteine residue or with
different stereochemistry (such as substituting L‐Pen group with D‐Pen) may
bring about dramatic differences in the receptor binding abilities of these
analogues as was observed in the case of DPDPE.67
Summary
The research area of targeting of receptors overexpressed on tumor cells
with radiolabelled peptides has accomplished tremendous progress. An example
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for this approach is that of the somatostatin receptors and somatostatin. The
native peptide, somatostatin could not be used directly for this purpose due to its
rapid degradation by enzymes, which triggered development of its synthetic
analogues, such as [Tyr3]‐octreotide and [Tyr3]‐octreotate. Octreotide was
derivatized with DTPA and DOTA to facilitate the radiolabelling with
radionuclides such as

111

In or 90Y for diagnostic or therapeutic applications. Both

octreotide and octreotate are cyclized by the presence of a disulfide bond
between two cysteine moieties. The presence of the disulfide bond imposes
constraints on the peptide, restricting the number of accessible conformations.
This approach was used to limit the inherent flexibility of the peptides oxytocin
and enkephalin. Additional constraint on peptides already containing a disulfide
bond is introduced by substituting the cysteine residues with bulkier residues
such as penicillamine. Peptide analogues synthesized by this method frequently
display changes in their biological properties. Therefore, evaluation of the
structural modifications introduced in biologically active peptides is a major area
of research. In the next chapter, the hypothesis central to this thesis, evaluation of
incorporating structural changes in somatostatin analogues is outlined along
with details of approaches utilized in order to test the hypothesis.
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2. Hypothesis and Approaches
2.1 Specific aims
Several biological processes such as intercellular communications and
immune response are brought about by protein (receptor)‐peptide (ligand)
interactions. Peptides are also known to act as hormones and neurotransmitters.
Although several examples of peptides such as oxytocin and insulin are used as
drugs, most peptides are not used directly as drugs. Development of analogues
of such peptides (agonist or antagonist) to facilitate receptor‐peptide interactions
is of prime importance.
Apart from normal cells, peptides are involved in several roles in tumor
cells. Tumor cells express receptors on their cell surface, which bind to peptides
(ligands). Targeting tumor cells utilizing peptide based radiopharmaceuticals
which bind receptors expressed on these cells has received great interest in recent
times.71 An example of such a receptor expressed on the cell surface of many
tumors is the somatostatin receptor. [Tyr3]‐octreotide and [Tyr3]‐octreotate are
synthetic peptide analogues of somatostatin‐14, sequences shown in Table 2.1.
Each of these peptides is cyclized by the presence of a disulfide bond formed
between the two cysteine residues.
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Table 2.1 Peptide sequences of Somatostatin and some analogues
Peptide Name
Somatostatin‐14
Octreotide
Octreotate

Sequence
Ala1‐Gly2‐Cys3‐Lys4‐Asn 5‐Phe6‐Phe7‐Trp8‐Lys9‐Thr10‐Phe11‐Thr12‐Ser 13‐Cys14

D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr 6‐Cys7‐Thr(ol)8
D‐Phe1‐Cys2‐Tyr3‐D ‐Trp4‐Lys5‐Thr6‐Cys7‐Thr(‐OH) 8

Disulfide bonds play an important role in maintaining conformation and
structure of the peptide, which is often critical for the peptide’s ability to interact
with the receptor. As previously described in Chapter 1, in the literature
penicillamine replacement for cysteine residues in the peptide analogues of
enkephalin resulted in one of the most potent δ opioid receptor selective
molecule known.

The presence of the penicillamine moiety in the peptide

appeared to play a significant role in its ability to discriminate between the μ and
the δ opioid receptors and selectively bind to δ opioid receptors.
The specific aim central to this thesis is to investigate the effect of
substitution of the L‐Cysteine residues (one or both) with D‐Cysteine,
L‐Penicillamine, D‐Penicillamine residues in the somatostatin‐14 analogue (In‐
labelled DOTA substituted [Tyr3]‐octreotate).
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The hypothesis is that these perturbations in the peptide structure would
result in measurable changes in the chemical and receptor binding properties in
the following ways:
1. Substitution of the L‐Cysteine residues with D‐Cysteine would provide an
opportunity to investigate the effect of stereochemistry of cysteine
residues;
2. Substitution of L‐Cysteine residues with L‐Penicillamine would allow
probing the effect of addition of extra bulk of the gem‐dimethyl groups;
3. Replacement of L‐Cysteine residues with D‐Penicillamine would provide
insights into the effect of the steric bulkiness of the gem‐dimethyl group
and stereochemistry;
4. To examine the effect of substitution of each L‐Cysteine moiety found in
positions 2 and 7, it is substituted with L‐Penicillamine in position 2 or 7;
In summary, the peptides that incorporate the above substitutions are
shown in Table2.2.
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Table 2.2 Peptide sequences of octreotate and analogues
Peptide
DOTA0‐[Tyr3]‐octreotate

Peptide sequence
DOTA0‐D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys 5‐Thr6‐Cys7‐Thr8

DOTA0‐[D‐Cys2, Tyr3, D‐Cys7]‐
octreotate

DOTA0‐D‐Phe 1‐D‐Cys2‐Tyr 3‐D‐Trp4‐Lys 5‐Thr6‐D‐Cys7‐Thr8

DOTA0‐[Cys2, Tyr3, Pen7]‐
octreotate

DOTA 0‐D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr 6‐Pen7‐Thr8

DOTA0‐[Pen2, Tyr3, Cys7]‐
octreotate

DOTA 0‐D‐Phe1‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr 6‐Cys7‐Thr8

DOTA0‐[Pen2, Tyr3, Pen7]‐
octreotate

DOTA 0‐D‐Phe 1‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr 6‐Pen7‐Thr8

DOTA0‐[DPen2, Tyr3, DPen7]
octreotate

DOTA0‐D‐Phe1‐ D‐Pen2‐Tyr 3‐D‐Trp4‐Lys 5‐Thr6‐D ‐Pen7‐Thr8

It is anticipated that the steric constraints imposed by this substitution (in
case of Penicillamine residues) would result in decreased flexibility and
conformations for the peptides due to addition of the extra bulk of the gem‐
dimethyl groups. This substitution may bring about changes in the receptor
binding affinities of the peptide analogues, as it constraints the three‐
dimensional structure of the peptide analogues which influences the way the
peptide interacts with the receptor..72 The flowchart in Scheme 2.1 denotes the
steps followed in synthesis of the compounds and the nomenclature used for
them in the following chapters.
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Flowchart of steps followed for synthesis and
initial evaluation of compounds planned
Synthesis of the DOTA substitued linear sequence of
peptides using Fmoc synthesis strategy
(Linear peptides denoted by #a, e.g. 1a)

Cyclization of the peptides
(Cyclized peptides denoted by #b, e.g. 1b)

Radiolabelling of peptides with 111 In
Complexation of peptides with nat In
(111In labelled compounds denoted by #c, e.g. 1c)
(natIn labelled compounds denoted by #d, e.g. 1d)

Cell uptake and binding assays;
serum stability experiments

Scheme 2.1
As illustrated in Scheme 2.1, the proposed project consists of a number of
steps. First, linear sequences of the peptides, DOTA0‐[Tyr3]‐octreotate and the
modified analogues will be synthesized using Fmoc‐solid phase synthesis
protocols and characterized. Upon successful synthesis, the linear peptide chains
will be cyclized by using cyclizing reagents such as DMSO and trans‐
[Pt(en)2Cl2]Cl2. Following the cyclization step, purification of the cyclized peptide
chain will be performed using preparative HPLC or Sep‐Pak® purification
methods. The DOTA‐peptides would then be radiolabelled with
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corresponding

In‐DOTA0‐peptides will be synthesized. A number of in vitro

nat

studies of these analogues would be carried out. Cell uptake and receptor
binding assays will be carried out for these radiolabelled peptides. The stability
of the radiolabelled DOTA peptides in serum would be tested. These results
should provide a better understanding to the biological effects derived from
these structural modifications.
The following section describes in more detail the methodologies utilized
for accomplishing the steps outlined in the flowchart (Scheme 2.1).
2.2 Approach
Synthesis and characterization of peptides
Fmoc (9‐fluorenylmethoxycarbonyl) synthesis strategy is used for the
synthesis of the linear peptide chain. Reversed Phase High performance liquid
chromatography (RP‐HPLC) and Liquid Chromatography‐Mass Spectrometry
(LCMS) are used for characterization of the peptides.
In solid phase peptide synthesis (SPPS), the desired peptide chain is built
first by attachment of an amino acid to a polymeric support followed by
successive attachment of the side chain protected α amino acid residues. Fmoc
(9‐fluorenylmethoxycarbonyl)

and

Boc

(tert‐Butoxycarbonyl)

protection

strategies are two commonly used methodologies in solid phase peptide
synthesis, and are based on the chemical stability of these protecting groups in
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acidic or basic environments. The acid‐labile Boc group or base‐labile Fmoc
group are used to protect the amino functional group of the amino acid. The
protecting group is removed and then the next protected amino acid is added,
using either a coupling reagent or pre‐activated protected amino acid derivative.
O

O

O

C
O

C

tert‐ Butoxycarbonyl (Boc)
9‐fluorenylmethoxycarbonyl (Fmoc)

Figure 2.1 Structures of Fmoc and Boc protecting groups
The advantages in using SPPS include
1. The peptide chain synthesized is attached to a polymeric support, which
makes separation of the desired product from by‐products and soluble
reagents by filtration and washing; and,
2. Physical losses of the product remains minimal as the product remains
attached to the polymeric support throughout the synthesis.
The general principle of solid phase peptide synthesis is shown in Figure
2.2. The amino acid (the terminal amino acid of the C‐terminus of the desired
peptide) is attached to a polymer support (the resin). Any side chain of the
amino acid that could possibly undergo reaction under the chemical conditions
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employed during the synthesis is protected by “permanent” protecting groups,
which are not affected by the reaction conditions. The α‐amino group is
protected by a temporary protecting group, which is removable by conditions
that should not affect the “permanent” protecting groups on the side chains. This
step is termed as the deprotecting step. In order to introduce the second amino
acid in the desired peptide chain, an excess of the amino acid is added, with the
carboxy group of this amino acid activated through the formation of an activated
ester to facilitate formation of the amide bond. This step is termed as the coupling
step. After the coupling step is completed, the excess reagents are removed by
washing the resin with solvents. The deprotecting step is repeated at this point to
remove the temporary protecting group from the α‐amino group of the
dipeptide. In the following step, the coupling step is repeated with the addition
of the next amino acid as required in the desired peptide chain. Once the entire
peptide chain is assembled, the step of cleavage of the peptide from the resin is
carried out. Often, the “permanent” protecting groups are chosen so that they are
removed during the cleavage step.
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Deprotect α‐amino protecting group
O
H2N
Repeat

O
Rʹ
Pʹ
T

O
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N

A
Rʹʹ
P

Pʹʹ

Rʹʹ

O

H
N

T

N
H

Couple

O

O
Rʹ
P

Deprotect α‐amino protecting group
and cleavage from resin

Rʹʹ

O

H
N

H2N
O

OH

n = # of amino acids residues in peptide

Rʹ n

Rʹ, Rʹʹ= Side chains of amino acids
T = Temporary protecting group e.g. Fmoc
P = Permanent protecting group e.g. Boc
A = Carboxy activating group

Figure 2.2 Scheme of Fmoc‐solid phase peptide synthesis strategy
In Boc solid phase synthesis strategy, the α‐amino acid is protected by the
tert‐butoxycarbonyl group. This group is cleaved by use of neat trifluoroacetic
acid(TFA). The reactive side chains of amino acids are protected by a group of
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benzyl based protecting groups. The removal of the “permanent” protecting
groups and the cleavage of peptide from the resin are accomplished by using
anhydrous hydrogen fluoride. In Fmoc/t‐butyl synthesis method, the protecting
groups are selected so that they are removed in different chemical conditions.
The Fmoc group used for protecting the α‐amino group is base labile, while side
chains are protecting groups such as t‐butyl group that are cleaved by use of
trifluoroacetic acid.
Peptide synthesis that utilizes the Fmoc solid phase strategy follows the
methodology described below. 73 , 74 The peptide chain is attached by means of its
C terminus to an insoluble support (the resin). Removal of the Fmoc group of the
N‐terminal of the peptide chain attached to the resin is done by treating the
peptidyl resin to 20‐50 % piperidine in dimethyl formamide (DMF), for 4‐10
minutes (proposed mechanism is shown in Figure 2.3). An alternative base, 1,8‐
Diazabicyclo[5.4.0] undec‐7‐ene (DBU) is
objective.
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Fmoc group
O
H

O

HN

HN
O

O

H
N

H2
N

Piperidine

O

HN
O

H2
N

NH2
H
N
N
CO2

Figure 2.3 Removal of the Fmoc group by Piperidine
An excess of the next amino acid (which is an N‐α‐protected amino acid)
is added to the reaction vessel, along with the reagents to activate the carboxyl
group of the incoming amino acid (proposed mechanism depicted in Figure 2.4).
In order to ensure the completion of the reaction, an excess of the activated
amino acid derivative is utilized in a ratio of 2‐10 times excess to the resin. O‐
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Benzotriazole‐N,N,Nʹ,Nʹ‐tetramethyluroniumhexafluorophosphate (HBTU) and
N‐Hydroxybenzotriazole (HOBt) are used for the peptides synthesized in this
thesis.

DIEA

R

R

N
OH

O

(Fmoc) N
H

(Fmoc) N
H
O

O
(H3C) 2N

N(CH3)2
N
N PF6‐
N
O

R

R
O

N

(Fmoc) N
H
O

HBTU

CH3

OBt
(Fmoc) N
H

‐

CH3
O

OBt

N
H3C

CH3

Figure 2.4 Activation of carboxy terminus of Fmoc protected amino acid with
HBTU
The coupling step is done twice to ensure complete coupling. After the
coupling reaction, excess reagents are washed off with N‐methylpyrrolidone
(NMP). The temporary protecting group present on the N terminus of the
dipeptide is removed by use of a solution of DBU/piperidine, before addition of
the third amino acid. These steps are repeated, modifying the structure of the
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incoming amino acid as required, until the complete peptide chain is built. After
the last amino acid is assembled onto the peptide chain, the resin holding the
new peptide is treated to a solution of 2% DBU/20 % piperidine in DMF to
remove the temporary protecting group (Fmoc) present on the last amino acid.
The resin is treated with methanol to wash off residual reagents and to allow the
resin to shrink down, and then it is recovered from the reaction vessel.
The peptidyl resin is then treated with a cocktail of scavengers (2.5 % of
water, phenol, ethanedithiol (EDT), triisopropylsilane (TIS) and thioanisole in
TFA) so that the peptide chain is cleaved from the resin and the side chain
protecting groups are removed. In most cases, the “permanent” protecting
groups used are also removed simultaneously with the cleavage of the peptide
chain from the resin. Treating of the peptidyl resin with TFA may lead to
formation of cations such as t‐butyl cation, which can react with the side chain of
amino acids such as tryptophan. In order to minimize the unwanted chemical
modifications to amino acid residues such as arginine, cysteine, histidine,
methionine, tryptophan and tyrosine, the final cleavage step is done using excess
amounts of scavengers which compete for any alkylating species generated
during the reaction. In order to minimize such modifications, effective
scavengers such as ethanedithiol are used.
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For peptide synthesis, a resin with small crosslinking and small particle
size is preferred. This is due to the fact that it aids in rapid diffusion of reagents
inside the beads and has high swelling properties enabling them to
accommodate the bulky growing peptide chains. The 2‐Chloro‐Trityl resin
typically has high substitution levels of 1.0‐1.6 mmol/g, which could pose a
problem for the growing peptide chains. Therefore, the substitution level is
reduced by treating the resin to a sub‐stoichiometric amount of amino acid and
then deactiviting the unreacted sites with methanol.
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2
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Figure 2.5 Schematic diagram of the peptide synthesizer “reactor” parts
A schematic diagram of the peptide synthesizer ”reactor” is shown in
Figure 2.5. The ACT synthesizer (model 396 Ω) contains 96 wells. In the figure, 1
and 2 correspond to reagent bottles for HBTU and DIEA, respectively. The rack
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for amino acids is denoted in Figure 2.5 by the number 3. In this synthesizer, the
rack for amino acids has 36 racks available for placing the protected amino acid
stock solutions. Each of these racks is given a number (1‐36) in the ACT
synthesizer software. Piperidine dissolved in DMF (40%v/v) is kept in three
reagent bottles denoted in the figure by number 4. The reaction vessel of the
synthesizer is shown in the figure by the number 5, which has 96 wells. A well is
basically a small compartment fitted with a fritted filter in order to hold the resin,
while letting solvents to drain through easily. Each well corresponds to a number
in the synthesizer software. Two robotic arms are available to deliver the liquid
into the desired reaction vessel well. A pump is attached to the synthesizer in
order to drain the solvents. Four reagent bottles are connected to the synthesizer
in order to hold solvents such as NMP and DMF.
Using Microsoft Word and Excel programs, the files and calculation for
reagents as required for carrying out a synthesis with the peptide synthesizer are
prepared. The sequence of the desired peptide chain is written in a document in
a format as required by the ACT synthesizer software.
Once the sequence file is input into the synthesizer software, four different
files are built and named as deprotection, pre‐coupling wash, coupling and post‐
coupling wash. The deprotection file contains details of the Fmoc deprotection
protocol. Basically, a small volume of piperidine in DMF (40%v/v) is dispensed
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into the reaction chamber three times along with similar volume of solvent
(DMF). The first dispensing of piperidine is done in order to condition the resin
with DMF and piperidine. The other two times when piperidine is dispensed
into the reaction vessel, it is mixed for 10 minutes with the resin to facilitate the
deprotection of the Fmoc group from the N‐terminal of the peptide chain.
The pre‐coupling file contains a simple wash protocol, in which 1 mL of
NMP is dispensed to the reaction wells. Each time mixing is done for a minute
and then the solvent is drained out, which is repeated 4 times. This step is done
in order to remove any residual traces of piperidine and DMF and to condition
the resin to the solvent NMP.
The coupling file contains the protocol of the coupling reaction. In this
protocol, 200 μL of NMP is dispensed first followed by 180 μL of DIEA into the
reaction well. Then the “dispense list” is used by the software in order to
dispense the correct protected amino acid solution (250 μL) into the
corresponding reaction vessel. Finally 170 μL of HBTU is added to the reaction
vessel. The coupling reaction is allowed to continue over a period of 20 minutes.
The reaction vessel is then drained and washed with 1000 μL of NMP. Following
draining of the solvent, a second round of coupling is done in a similar manner
to the first. A wash cycle follows the second coupling cycle. The post coupling
wash protocol is similar to the pre‐coupling wash.
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After the deprotecting, pre‐coupling, coupling and post‐coupling files are
prepared, a synthesis file is set up. The sequence file that was input into the
synthesizer software is utilized to set up a synthesis file in to which cycles of
deprotection, pre‐coupling wash, coupling and post‐coupling washes in a
sequence are established. This generates the “dispense list” which is a list of the
amino acids that need to be dispensed to a particular reaction well in a particular
cycle. Each reaction vessel well that is used in the synthesis is termed as “active.”
The synthesis file contains the cycle of deprotection, pre‐coupling wash,
coupling, post‐coupling wash in a certain number. This number corresponds to
the number of amino acid residues which are a part of the desired peptide chain.
Once the synthesis file is set up, the required resin is dispensed into the
desired number of reaction vessels. Solutions of corresponding protected amino
acid residues, HBTU, DIEA and piperidine are prepared and placed into the
synthesizer and then the synthesis is started. All the Fmoc protected amino acid
solutions (made in 0.3 M HOBt in NMP) and the solutions required for the
coupling and deprotection cycles are placed in their respective places in the
synthesizer. Amino acid side chain protection groups used are as follows: tBu
(Ser, Thr, Tyr); tBuO (Asp, Glu); Boc (Lys, Trp); Trt (Asn, Gln and His); Pbf (Arg).
After deprotection, required amounts of solutions of HBTU/DIEA/HOBt and the
amino acid are dispensed into the reaction vessels. Addition of the amino acid
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solution with coupling agents (e.g., HBTU and a tertiary base, DIEA) results in
activation of the amino acid “in situ”, which in turn reacts with the free amino
terminal on the resin. To one equivalent of the resin, 3 equivalents of the amino
acid and HOBt, 2.7 equivalents of HBTU and 6 equivalents of DIEA are used. The
coupling step is allowed to proceed for 20 minutes. Usually two coupling steps
are carried out for each cycle.
After the synthesis of the desired peptide chain is completed using the
synthesizer, the peptidyl resin is treated with methanol in order to let it shrink.
The resin (in methanol) is then collected into Eppendorf tubes and then dried
using a lyophilizer. The resin is subsequently treated to the cleavage solution in
order to cleave the peptide off the resin and to remove the “permanent”
protecting groups from the side chains for a period of 90 minutes. Following the
cleavage step, the peptides are then precipitated from the cleavage mixture and
washed several times using cold diethyl ether. The peptides are air dried and
then stored in Eppendorf tubes in a ‐4°C refrigerator.
A characteristic of the resin or solid phase support used for peptide
synthesis is the loading capacity or substitution level. Units of the substitution
level is μmoles/mg. The number of micromoles of the resin used is calculated
using the amount of resin in milligrams. The percentage yield obtained for
peptide synthesis is calculated based on the number of micromoles of desired
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peptide obtained divided by the initial number of micromoles of the resin used
(based on the substitution level of the resin). This method of calculating
percentage yield is specific to synthesis performed by solid phase, such as the
synthesis of peptides. Unlike multi‐step small molecule organic synthesis, the
intermediates formed in reactions carried out on solid phase are not isolated and
purified before proceeding to the next step. The efficiency of the coupling step
needs to be as high as possible and therefore, 2 coupling steps are performed for
each amino acid residue that is attached. Due to the fact that the intermediates
are not isolated at each step, the coupling efficiency of attachment of each residue
is not determined specifically. Hence the percentage yield is calculated in this
manner for synthesis carried out by solid phase. The amounts/yield of the linear
precursors of peptides is usually high.
Attachment of DOTA to the peptides is carried out either in the manual
reaction vessel or by use of the automatic peptide synthesizer. The monomer
used in the case of DOTA is 1, 4, 7, 10‐ tetraazacyclododecane‐1, 4, 7‐tris (t‐butyl
acetate)‐10‐acetic acid shown in Figure 2.6. In order to use the principles of Fmoc
synthesis strategy for attaching this monomer to the peptide, three of the four
carboxyl groups are protected by tert‐butyl group.
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Figure 2.6 Structure of DOTA‐tris (t‐butyl ester)
The peptide analogues synthesized include DOTA0‐[Tyr3]‐octreotate to
serve as the control for experiments. As an example, in the schemes below,
synthesis of DOTA0‐[Tyr3]‐octreotate is depicted. The initial step in the synthesis
of the linear sequence of the peptides by attaching (Fmoc)‐Thr(t‐Bu)‐OH to the
resin in a manual reaction vessel is shown in Scheme 2.2.
After the first amino acid is attached to the resin, the resin is transferred to
the automatic synthesizer to build the rest of the chain. Table 2.3 and Figure 2.7
show a list and structures of the building blocks used in Fmoc peptide synthesis.
Elongation of the linear sequences of the peptide and coupling of the bifunctional
chelating agent, DOTA to the peptides are accomplished by using Fmoc solid
phase peptide synthesis protocols (shown in Scheme 2.3 and Scheme 2.4).
Treating the resin with trifluoroacetic acid and scavengers, the DOTA‐peptide is
cleaved from the solid support (the resin) and side chain protecting groups, as
depicted in Scheme 2.5.
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Scheme 2.2
Table 2.3 List of amino acid building blocks and their protecting groups
Amino acid

Symbol

Protecting group used for side chain

Cysteine

Cys

Trityl

Lysine

Lys

t‐Butoxycarbonyl

Penicillamine

Pen

Trityl

D‐Phenylalanine

Phe

‐

D‐Tryptophan

Trp

t‐Butoxycarbonyl

Threonine

Thr

t‐butyl

Tyrosine

Tyr

t‐butyl

DOTA

t‐butyl
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Figure 2.7 Fmoc protected amino acid building blocks used in peptide synthesis
of DOTA0‐[Tyr3]‐octreotate and modified analogues
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Linear sequence of (side chain protected)[Tyr3]‐octreotate

(tBu)‐O

O

Cl

O

(Trt)S

2. 20% Piperidine in DMF

1. (Fmoc) Amino acid* in HOBt/NMP,HBTU, DIEA
Ratio 3: 2.7: 6 to resin

O
O

(tBu)‐O
Cl

H
N

O

N
H

O

H
N

O
S(Trt)

O‐(tBu)

NH(Fmoc)

1. (Fmoc)‐X‐(Trt)‐OH (X=Cys, D Cys,Pen, D Pen)
2. (Fmoc)‐Thr(tBu)‐OH
3. (Fmoc)‐Lys(Boc)‐OH
4. (Fmoc)‐DTrp(Boc)‐OH
5. (Fmoc)‐Tyr(tBu)‐OH
6. (Fmoc)‐X‐(Trt)‐OH (X=Cys, D Cys,Pen, D Pen)
7. (Fmoc)‐DPhe‐OH

*= Amino acid follows this sequence
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In the case of chemically synthesized peptides or proteins, formation of
the disulfide bond is usually the final step. At the end of solid phase peptide
synthesis, the peptide is cleaved from the resin, and the protecting groups on the
side chains of the peptides are concomitantly removed. When the protecting
groups on cysteine and penicillamine are removed, they yield a free thiol group.
In oxidation or cyclization reactions of peptides, the desired reaction is the
formation of the disulfide bond between the two thiol groups (shown in Figure
2.8).
DPhe‐DOTA
O

R
HN

R

SH

O

H
N

DPhe‐DOTA

R
S

R
S

R
R
NH

O

SH

HN

R

Thr‐OH

O

R
R = H or CH3

Figure 2.8 Schematic diagram of formation of disulfide bond
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A few methods are available in order to accomplish the cyclization of
peptides by means of formation of a disulfide bond. These include air oxidation,
potassium ferricyanide mediated oxidation, dimethyl sulfoxide (DMSO) and
trans‐ [Pt(en)2Cl2]Cl2.75
Air oxidation to form disulfide bond in peptides
Air oxidation is one of the most common methods of formation of the
disulfide bond in peptides. Air oxidation reactions are usually done under
slightly alkaline conditions using a highly diluted concentration of the peptide to
be cyclized. The high dilution factor is required to ensure that the disulfide bond
formed is the intramolecular bond and not the intermolecular bond. However,
this method has limited applications due to factors such as long reaction times
(up to 5 days for completion of reaction) and formation of dimers in spite of the
dilute solutions of the substrate employed.75
Use of dimethyl sulfoxide (DMSO) as a cyclizing agent
Cyclization by use of dimethyl sulfoxide (DMSO) as the cyclizing reagent
is carried out over a large pH range (pH 3‐8).76 The higher range of pH available
for carrying out this reaction helps in case of peptides with hydrophobic or basic
residues, which are harder to dissolve in water (for air oxidation). DMSO is
miscible with water. Concentrations up to 20% (v/v) can be used for faster
reactions. Problems have been reported with use of DMSO as a cyclizing reagent,
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such as reactions with the side chains of methionine residues.77 Generally, the
reaction is carried out using ammonium acetate to maintain the pH. RP‐HPLC is
used to monitor the reaction.
Use of trans‐ [Pt(en)2Cl2]Cl2 as cyclizing agent
A more recently reported cyclization method involves the use of trans‐
[Pt(en)2Cl2]Cl2 for cyclizing peptides. The reagent was reported to aid in the
formation of disulfide bond in peptides efficiently with ring sizes of 14 ‐53
atoms.78
The cyclization of each peptide is carried out using trans‐[Pt(en)2Cl2]Cl2 in
phosphate buffer at a slightly acidic or neutral pH. trans‐[Pt(en)2Cl2]Cl2 is in
slight molar excess (1.5:1) compared to the peptide. The solution is then vortexed
and the cyclization reaction is monitored as a function of time using RP‐HPLC
and LCMS techniques.
Characterization of peptides
Synthesis of peptide molecules based on solid phase synthesis methods
has been increasingly popular since Merrifield devised this method in 1960.79
The yield of the desired peptide is obtained after stepwise assembly of the
peptide chain on a solid support.74 The traditional characterization methods
available for monitoring of organic reactions such as TLC, HPLC and NMR are
not useful in the case of solid phase peptide synthesis. Monitoring of the
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intermediates of solid phase peptide synthesis using these classical methods of
characterization is detrimental to the yield of the reaction, since the intermediates
can be isolated only after cleavage from the solid support.80 Characterization of
peptides is usually carried out by using techniques such as Reversed Phase High
performance liquid chromatography (RP‐HPLC) and Liquid Chromatography‐
Mass Spectrometry (LCMS) at the end of the synthesis of the desired peptide
chain.
RP‐HPLC is one of the most commonly used methods for analysis and
purification of peptides. Several features offered by this method such as the high
resolving power, speed and efficiency of separations, availability of volatile
mobile phase solvents, useful for both analytical and preparative purposes, make
it

a

popular

choice

for

these

purposes.

The

basis

of

achieving

separations/resolution between similar molecules can be explained by
differential interaction of peptide molecules towards the stationary phase of the
column. Separation of a mixture of peptides occurs due to a preferential or low
adsorption of peptides towards the stationary phase. Peptides that display high
affinity towards the stationary phase are retained longer and thus, elute later in a
chromatographic run. In RP‐HPLC of peptides, the stationary phase of the
column is made up of hydrophobic alkyl chains (e.g., C‐18 packing). Thus,
peptides containing more hydrophobic residues are retained longer than the
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peptides containing hydrophilic residues. This chemical difference results in a
separation of the mixture of peptides. The retention times of peptides in RP‐
HPLC changes depending upon the mobile phase pH because of ionizable side
chains of the constituent amino acid residues. The degree of ionization is
dependent on the pH of the mobile phase. The mobile phase of RP‐HPLC is
usually prepared with strong acids such as TFA or ortho‐phosphoric acid. At this
pH, the carboxylate groups of the peptides are protonated. The presence of the
protonated carboxylate groups reduces the possible hydrophilic contribution of
the ionized carboxylic group to the peptide’s overall hydrophilicity, which
increases the peptide retention time. The basic amino acids and the terminal –
NH2 groups are also fully ionized at this pH. The anion (trifluoroacetate)
associates or ion‐pairs with the basic amino acids and the terminal –NH2 groups.
This ion‐pairing phenomenon results in increased affinity towards of the peptide
toward the stationary material. TFA is volatile in nature, while ortho‐phosphoric
acid is not. Hence, TFA is more commonly used.
The most common mobile phase for the RP‐HPLC of peptides is 0.1 %
aqueous TFA and acetonitrile containing 0.1% TFA.81,

82

The organic solvents

commonly used in RP‐HPLC are acetonitrile, isopropanol and methanol.
Acetonitrile is the most popular choice due to characteristics such as its lower
viscosity (which reduces column back pressure), higher volatility and lower
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background absorbances than other common solvents at wavelengths below 200
nm.
Peptide (amide) bonds absorb UV light strongly in the range of 210‐220
nm, the highest molar absorbtivity being at 214 nm. The amino acids containing
aromatic side chains such as phenylalanine, tryptophan and tyrosine absorb light
at 250‐290 nm. Hence wavelength of 280 nm is useful for detection of peptides
containing aromatic side chains.
The range of acetonitrile: water percentage that is practically useful for
isocratic separation of peptides is very narrow. In a study done by Mant and his
coworkers comparing the isocratic separations of certain peptides and
alkylphenones on a C‐8 column, the interaction behavior of the peptides with the
stationary phase was found to be very different compared to the alkylphenones.
A plot of the log of the capacity factor( k’) (k’ = tR‐t0/t0) values versus the
percentage of acetonitrile for isocratic elution shows a linear dependence.83 This
implies that a small change in the increase of acetonitrile concentration showed a
big decrease in the capacity factor, k’ values for the peptides.
To take advantage of these results, gradient elution is the favored method
for peptides. The gradient runs start at a point of high polarity (high aqueous
content, lower organic content) and finishes at a point of low polarity (low
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aqueous content, high organic content). The order of elution of solutes goes from
hydrophilic solutes to hydrophobic solutes.
In the case of using RP‐HPLC for separation or purification of peptides,
the initial runs are carried out, using a broad gradient (e.g. 10% ‐60% Acetonitrile
over a period of 30 minutes) to determine the solvent composition percentages at
which the compounds elute. At the end of analysis of the compounds using the
broad gradient, the gradient is usually modified (e.g. 20 % ‐ 35% Acetonitrile
over a period of 30 minutes instead of the initial 10% ‐ 60% Acetonitrile)
depending on the result obtained in the initial run (illustrated in Figure 2.9). In
order to optimize the separations of the desired peptide from impurities, the
gradient slope is modified by making the gradient run over a longer period of
time. In most cases, decreasing the gradient slope usually results in increased
resolution.
Modified Gradient
Absorbance, AU

Absorbance, AU

Broad Gradient

Gradient 1

Gradient 2

Time, Minutes

Time, Minutes

Figure 2.9 Diagram showing broad and shallow gradients

62

Chapter 2
Peptide chemists rely on analytical techniques of HPLC and mass
spectrometry for the characterization of the synthesized molecules. In the last
two decades, availability of new techniques for the ionization of large molecules
(e.g., peptides and proteins) such as electrospray ionization (ESI) methods
facilitated combining liquid chromatography with the mass spectrometer.84 The
impact of these scientific advances is evident when the Nobel Prize in Chemistry
for the year 2002 was awarded in part to Dr. John Fenn, for his pioneering work
ʺfor the development of methods for identification and structure analyses of
biological macromolecules”.85
The

information

obtained

from

mass

spectrometric

analysis

is

complementary to the data obtained from liquid chromatography. The LCMS
consists of the mass‐spectrometer coupled with a high performance liquid
chromatography instrument. The solvent systems, column, gradient elution
methods, similar to that of the HPLC are used in the LCMS. Hence, the sample
undergoes the process of liquid chromatography before reaching the ionization
source. The ionization method typically used is the electro‐spray ionization (ESI)
method.
Three fundamental parts of the mass spectrometer are the ionization
source, the analyzer and the detector. The sample is introduced into the
ionization chamber where it gets ionized. Once sample molecules are ionized,
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these ions are pulled into the analyzer region of the instrument where ions are
separated according to their mass (m) to charge (z) ratios (m/z). These ions are
then detected and a m/z spectrum is compiled from the signal obtained for the
m/z ratios and the relative abundance of these ions.
A typical mass spectrum obtained from LCMS of the samples using ESI
method for ionizing the sample is shown in Figure 2.10.
RT: 0.00 - 39.97
NL:
4.28E7

15.79
40000000

Channel C
UV 100-6

uAU

30000000

20000000
19.19

10000000
2.41

0.38

0
0

10.03 10.90 11.73 12.19

7.44

2

4

6

8

10

12

14

16

19.66

18.92

16.81

14.10

22.24
18

20
Time (min)

22.68

23.75 25.61 26.16 26.95

22

24

26

29.38 30.09 31.07
28

30

33.62 33.91
32

34

35.86 37.29 38.06 39.89
36

38

RT: 0.00 - 40.02

Relative Abundance

NL:
4.82E5

15.97

100

16.10

TIC M S
100-6

80
16.39

60
40

2.22 2.56

3.72

5.22

13.27 13.39 13.52
14.18
9.35 11.06 11.43 12.47

5.56
7.01 7.10

37.64

19.35 19.77

16.52
0.56

20

20.10

19.10
16.85 18.77

22.85 23.06

20.39

25.77

26.18 26.31

27.47 29.31

0
0

2

4

6

8

10

12

14

16

18

20
Time (min)

22

24

26

1600

1700

28

30.97 31.89

30

32

1900

2000

34.39 35.31
34

36.27
36

37.81 39.31
37.97

37.27

38

40

100-6 # 381 RT: 15.89 AV: 1 NL: 1.77E5
T: + c ESI Q1M S [ 350.00-2500.00]
719.3

Relative Abundance

100
80
60
40

720.4

20

741.4

0

424.3 480.0 513.5 580.0
400

500

600

687.1
700

1438.1
1437.2

743.2
800

967.5 1033.3
900

1000

1116.1
1100

1320.2 1383.0
1200

1300

1440.7

1400
1500
wavelength (nm)

1808.8
1800

2444.4
2100

2200

2300

2400

Figure 2.10 Typical LCMS chromatogram
The topmost frame in this figure corresponds to the liquid chromatogram
of the sample. The second frame from the top is the total ion count (TIC) of the
sample. The bottom two frames correspond to the mass spectra of the sample.
As ESI method of ionization (positive ionization mode) is used, protonated
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molecular ions of the formula (M+ H)+ and multiple charged molecular ions
are observed.
At the end of synthesis and characterization of any compound, the need to
isolate desired compounds in high purity is often present. The most commonly
used techniques for the isolation of desired peptides is the preparative HPLC
technique.
For this project, the initial HPLC analysis is always carried out by using
the standard gradient method (Figure 2.11). In Figure 2.11, the parts of the
standard gradient method are shown. A gradient method consists of a time of
injection, gradient, washing out of column and a re‐equilibration time. The initial
step for pursuing preparative HPLC purifications of a peptide is the
development of a suitable analytical method. Initially, the results obtained from
analyzing the peptide of interest is inspected to note the time at which the
peptides elute in a given gradient. From this information, the solvent
composition at which the peptide of interest elutes is calculated.
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Standard Gradient
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Figure 2.11 Standard gradient for HPLC analysis
Once this step is accomplished, the analytical gradient is modified so that
separation between the desired product and the impurities can be achieved
(separation between the required product and the impurities should have at least
two‐three minutes difference in their retention times). In order to accomplish this
separation, the slope of the gradient (in the gradient elution of the peptide) is
decreased. A new method is designed, in which the gradient is set up to start at a
solvent composition with a lower percentage organic solvent than the one at
which the peptide elutes (around 5% ‐ 7.5 % less compared to that where the
peptide elutes) and to a higher solvent percentage beyond the percentage where
the peptide eluted. It may be necessary to test a few methods in this manner in
order to find optimal conditions to separate the peak of interest from the other
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impurities. At times, gradient analytical methods do not produce sufficient
separation for preparative purposes. In this event, isocratic methods can be
tested as an alternative.
Once a gradient/isocratic run is found to give good separations, the
analytical method is then scaled up in order to do preparative separations of
peptides. The amount of sample injected in each preparative run depends on the
mass loading capacity of the column. Practically, a mass of 50 mg can be injected
each time for the preparative column ‐ Prep Nova‐Pak HR C‐18 Column 6μm 19
x 300 mm.
Wavelengths of 225‐245 nm are typically used for monitoring the
preparative purifications of peptides. The wavelengths of 214 and 280 nm are not
used because the amount of sample injected for a typical preparative run can
easily saturate the detector at these wavelengths. At the end of the preparative
runs, the samples are analyzed on the analytical scale using the HPLC and LCMS
in order to check for which fraction contains the desired product. Once this is
known, the purest fractions are combined and lyophilized to obtain the desired
product.
Preparative HPLC purification is a powerful technique which is useful in
isolation of the desired product from impurities. However, preparative HPLC
purification techniques can be associated with problems such as low recoveries
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and requirement of large amounts of solvents. An alternate method useful for
isolation of the peptides is the Sep‐Pak® based method. Solid phase extraction is a
separation technique in which the selective partitioning of one or more
components between two phases, one of which is a solid absorbent. The desired
compound may preferentially absorb onto the solid phase or remain in the liquid
phase. Once equilibrium is reached in the adsorption process by the desired
component between the two phases, these are separated. If the desired
component is adsorbed onto the solid phase, it is then desorbed by use of a
suitable solvent. Achieving a good separation using the solid phase extraction
depends upon the choice of solid sorbent and the eluting solvents.
Sep‐Pak® cartridges are available from Waters Inc, Milford, MA. A Sep‐
Pak® cartridge works on the principle of the solid phase extraction. Several
different kinds of sorbents are available in a variety of cartridge designs. As an
example, the separation of a peptide from an ionic compound, trans‐
[Pt(en)2Cl2]Cl2 can be considered. For separation of peptides, C‐18 based sorbents
are chosen. The peptides bind preferentially to the C‐18 based solid sorbent. As
the peptide preferentially binds to the C‐18 sorbent, trans‐[Pt(en)2Cl2]Cl2 elutes
with a lower organic solvent composition (higher water content) than the
peptide. This is used to separate the peptide from trans‐[Pt(en)2Cl2]Cl2 salts using
a Sep‐Pak® cartridge.
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Synthetic peptides with high synthetic purity may not have 100% peptide
content (even after purification and lyophilization) due to retention of waters of
hydration and buffer salts after lyophilization. Determination of peptide content
can be done by amino acid analysis and/or several colorimetric tests for
peptide/protein concentration.86 The peptide content of any peptide needs to be
accounted for any calculations of the concentration of peptide for biological
assays (e.g.,. receptor binding assay), which are sensitive to small changes in
concentration to assure greatest accuracy in the result.
A

colorimetric

assay

for

the

determination

of

peptide/protein

concentration is by use of UV absorbance spectroscopy. Beer’s law relates
absorbance, A as a linear function of the molar concentration c, as shown in the
equation below:
A=εxcxl
where ε is the molar absorbance coefficient and l is the cell length.
Amino acids residues such as tryptophan and tyrosine and, to a small
extent, the disulfide bonds present in cysteine show absorbance in the region
between 270 nm and 300 nm. Therefore, if one measured absorbances of
tryptophan or tyrosine of known concentrations, a calibration curve could be set
up for a range of concentrations versus the absorbances measured. This standard

69

Chapter 2
curve can then be used for estimating the concentrations of peptide/protein in a
solutions, when these amino acid residues are present.87
Since peptides and proteins contain derivatized forms of the amino acids,
the effect of the neighboring residues on the spectral properties of the amino acid
need to be considered. Edelhoch studied the absorption properties of several
tryptophanyl

derivatives

in

6.0

M

Guanidine

Hydrochloride‐0.02

M

Phosphate(pH 6.5),88 which are shown in Table 2.4. The spectral properties of all
the five tryptophan derivatives listed show that the substituents exert little
influence of the substituents on the spectral properties of the indole
chromophore.
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Table 2.4 Absorption properties of tryptophanyl derivatives
Compound

Structure

Peak (nm)

ε

280.0

5800

280.8
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281.0
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O
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Edelhoch also studied the influence of substituents on the absorption
properties of tyrosyl derivatives. The derivatives of tyrosine and their absorption
properties measured in 6.0 M Guanidine Hydrochloride (pH 6.5) are listed in
Table 2.5.

Table 2.5 Absorption properties of tyrosyl derivatives
Compound

Structure

Peak (nm)

ε

275.5

1475

275.5

1470

275.5

1490

275.5

1500

275.5

1500

H2N
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HO

O

OH
NH2

O
O

NH

NH

OH

O

Gly‐L‐Tyr‐Gly

OH

O
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HN
HO
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O

O
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O

tyrosyl ethyl

NH
HO

O
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HO
NH

L‐Leucyl‐L‐
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HO
O
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Substituents at the α‐amino group of tyrosine had very little effect on the
absorption properties of the phenolic chromophore.
The disulfide bond (present between Cys‐Cys residues) also absorbs
between 270‐300 nm. However, the molar extinction coefficient of cysteine at 280
nm is only about 10% of tyrosine and 2% of tryptophan. Therefore, the
contribution to the absorbance properties from the disulfide bond is negligible.
Overall then, for a peptide that contains tryptophan and tyrosine residues,
calculation of the absorbance coefficients at 280 nm can be done using the
following equation. 87

ε280[M‐1 cm‐1]= 5500 x nTrp + 1490 x nTyr,
where nTrp and nTyr is the number of tryptophan and tyrosine residues present in
the peptide.
Determination of the peptide content for octreotate and its modified
analogues will be performed utilizing a calibration curve constructed with
solutions of Tryptophan and Tyrosine in a 1:1 mole ratio. Octreotide acetate was
obtained from company with certified peptide content to use as a control.
Octreotide acetate contains tryptophan in its peptide chain and phenylalanine in
the place of tyrosine. At the wavelengths used for the spectrophotometric assay,
(280 nm), there is no interference from phenylalanine, which does not absorb
light at this wavelength.89
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After synthesis of the DOTA substituted somatostatin analogues,
preliminary evaluation of biological activity is initiated. Execution of receptor
binding assays is done in the presence of radiolabelled compounds (ligand),
which are reported to bind with high affinity towards the receptor (for e.g.,
somatostatin receptor in this project). Several radioactive nuclides are used for
radiolabelling compounds. Peptides have been radiolabelled with radionuclides
such as 99mTc, 125I, 123I and 111In.1
The components of a radiolabelling reaction involving a peptide with the
attached bifunctional chelating agent include the buffering reagents to control
the pH, a weak chelator to prevent formation of colloids and a radiolytic
stabilizing agent.90 Labelling reactions of alpha or beta emitting radionuclides are
usually accompanied by radiolysis.90 Radiolysis occurs due to the presence of the
high energy particles emitted by the radionuclide.90 The high energy particles
can cause the formation of highly reactive free radical species such as hydroxyl
and superoxide radicals.91 These can react with the biomolecule or the metal
chelate to cause degradation.90 A radiolytic stabilizer is an antioxidant which
reacts with the superoxide or hydroxyl radicals.90 In the radiolabelling reactions
of DOTA0‐peptides with 111In, sodium ascorbate is added as the stabilizing agent
(Scheme 2.6).92

Breeman et al. investigated the factors affecting the labelling

reaction of DOTA‐peptides with

111

In to optimize the labelling reactions.92

74

Chapter 2
Labelling of DOTA‐peptides with

111

In was found to occur best at pH of 4‐4.5.92

At pH > 5.0, the labelling reaction was found irreproducible.92 In addition, the
labelling reaction was complicated by formation of precipitates.92 The reaction
was found to be complete after heating at 100 °C for 30 minutes.92 Dilution of the
radionuclide decreased the labelling efficiency.92 The presence of trace metals
such as iron and cadmium also lowered the labelling efficiency, as these metals
compete with
111

111

In for the chelate.92 The product formed from decay of

Cd, which is a competitor for the chelate.92 Incorporation of

111

DOTA‐peptides is carried out by using the following Scheme 2.6.
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Scheme 2.6
Analytical tools used for characterizing radiolabelling reactions include
thin layer chromatography (TLC) and high performance liquid chromatography
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(HPLC). Thin layer chromatography for radiolabelling reactions of peptides with
radionuclides such as

111

In(III) are carried out using C‐18 TLC plates.72 The

development of the TLC plate spotted with the radiolabelling reaction is
performed with an organic solvent (e.g., methanol) and ammonium acetate.72 The
free (unreacted) radiometal remains at the origin, while the radiolabelled peptide
travels with the solvent front.72 TLC is a quick method for establishing the
radiolabelling yield.72 HPLC analysis of radiolabelling reactions of biomolecules
(e.g. peptides) is carried out with 0.1% TFA in water and acetonitrile (0.1% TFA)
as the solvents and C‐18 based HPLC columns. 72 The HPLC analysis allows the
determination of the radiochemical purity of the radiolabelling reaction.72
In vitro tests such as receptor binding, cellular uptake and serum stability
are performed for the radiolabelled DOTA‐peptides. Radiolabelled [DOTA0‐
Tyr3]‐octreotate is used to serve as a control for these studies.
AR42J cells are of rat pancreatic endocrine origin and are a widely used
cell line that expresses receptors for somatostatin. This cell line was derived from
cultured cells from rat pancreatic carcinoma, which was induced by exposure to
azaserine.

93

This cell line expresses sstr2 (somatostatin receptor subtype 2)

receptors both in vivo and in vitro.52

125

I‐[Tyr11]‐somatostatin binding assays with

AR42J cells showed receptor binding depended on time and temperature. In
saturation binding assays of AR42J cells with increasing amounts of
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somatostatin, saturation was achieved between 3‐5 nM free

125

I‐[Tyr11]‐

somatostatin.94 Scatchard analysis of this data had a Hill coefficient of 1.016 and
Kd (equilibrium dissociation constant) of 0.55 ± 0.06 nM.

94

The Bmax value

(maximal density of binding sites) was 258 ± 20 fmol/106 cells, which
corresponded to ~150,000 somatostatin receptors/cell.94
The determination of the inhibitory concentration at which 50% of the
radioligand is bound to the receptor, IC50 values of the peptides is determined by
a competition binding assay using

111

In‐DOTA0‐[Tyr3]‐octreotide as the ligand

that is displaced with varying concentrations in the range of 10‐12 to 10‐5 M of
In‐DOTA0‐peptides. AR42J cells are used for the competition binding assays.

nat

Kd value of

111

In‐DOTA‐Tyr3‐octreotide was determined to be 2.54 nM in rat

cerebral cortical membranes.

44

Non‐specific binding is determined by using 1

μM range of DOTA0‐[Tyr3]‐octreotide.
An in vitro method of checking the stability of radiolabelled peptides is by
incubating the compound in serum. The stability of the radiolabelled compound
is checked over a period of 24 hours. Aliquots are taken at periods of 0 hour, 1
hour, 4 hours and 24 hours after mixing of the radiolabelled compound with the
serum. The stability of the radiolabelled DOTA‐peptide synthesized is
determined by analyzing each aliquot using RP‐HPLC.
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In summary, the synthesis of linear peptide sequence will be carried out
by Fmoc solid phase synthesis strategy. Cyclization of the linear peptides will be
carried

out

by

using

cyclizing

reagents,

DMSO

or

[Pt(en)2Cl2]Cl2.

Characterization of these reactions will be accomplished by utilizing HPLC and
LCMS methods. Preparative HPLC and Sep‐Pak® based purifications based
methods will be used to isolate the desired products after the cyclization
reactions. Peptide content of the isolated peptide analogues will be determined
utilizing UV spectrophotometric techniques. Radiolabelling of these purified
analogues with

111

In will be carried out followed by in vitro tests such as cell

uptakes, receptor binding assays and serum stability studies.
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3. Experimental
Materials and Methods
Anhydrous N‐methyl 2‐pyyrolidinone (NMP), Acetonitrile (HPLC grade)
and Water (HPLC grade) were obtained from Fisher Scientific, Inc, Pittsburgh,
PA. Trifluoroacetic acid (TFA) was obtained from VWR Scientific Products, St.
Louis, MO. Fmoc‐protected amino acids and O‐Benzotriazole‐N,N,Nʹ,Nʹ‐
tetramethyl‐uronium‐hexafluoro‐phosphate (HBTU), N‐Hydroxybenzotriazole
(HOBt) were obtained from Novabiochem, San Deigo, CA. DOTA (tris‐t‐butyl
ester) was procured from Macrocyclics, Dallas, TX. Diisopropylethylamine
(DIEA), 1, 8 ‐Diazabicyclo [5.4.0] undec‐7‐ene (DBU) and 2, 4, 6‐trinitrobenzene‐
1‐sulfonic acid (TNBSA) were purchased from Fluka, St. Louis, MO.
Automated solid‐phase synthesis was accomplished by use of an
Advanced ChemTech ACT Model 396 Omega Multiple Biomolecular Synthesizer
(now AAPPTEC, Louisville, KY). Analytical and preparative RP‐HPLC were
performed on a Beckman Coulter System Gold chromatograph equipped with a
168 diode array detector, a 508 auto‐injector, and the 32 KARAT software
package (Beckman Coulter, Fullerton, CA). The column for analytical HPLC was
purchased from Keystone Scientific Inc, San Jose, CA. The specifications of the
column were C‐18 Kromosil, 150 x 4.6 mm, 5 μm, 100 Å. The wavelengths used
for UV detection were 214 and 280 nm for analytical RP‐HPLC. The column used
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for the LCMS analysis was procured from Waters (Milford, MA) (Specifications
are NovaPak C18, 300 x 3.9 mm column, 4 μm). HPLC eluents used in all runs
consisted of solvent A (0.1% TFA/H2O) and solvent B (0.1% TFA/CH3CN).
The Fmoc evaluation gradient method was 0 ‐ 15 min at 20% ‐ 60 % B, 15‐
20 minutes at 60 %‐ 80% B, 20 ‐ 30 minutes at 80 % ‐ 20% B. The standard
gradient elution profile was 0 ‐ 30 minutes at 10% ‐ 50 % B, 30 ‐ 35 minutes at 50
%‐ 80% B, 35 ‐ 43 minutes at 80 % B, 43 ‐ 50 minutes 80 % ‐ 10% B, 50 – 60 minutes
at 10% B. The elution gradient of method B was 0 ‐ 40 minutes at 20% ‐ 30 % B, 40
‐ 45 minutes at 30 %‐ 80% B, 45 ‐ 50 minutes at 80 % B, 50 ‐ 56 minutes 80 % ‐ 20%
B, 56 – 66 minutes at 20% B. The complete elution profile of method C was 0 – 60
minutes at 20%B, 60‐ 65 minutes ‐20%‐80 % B, 65‐ 70 minutes at 80 % B and 75‐80
minutes at 80%‐20% B. The complete elution gradient D used was 0 ‐ 40 minutes
at 15% ‐ 35 % B, 40 ‐ 45 minutes at 35 %‐ 80% B, 45 ‐ 50 minutes at 80 % B, 50 ‐ 56
minutes 80 % ‐ 20% B, 56 – 66 minutes at 20% B. The complete elution gradient E
used was 0 ‐ 28 minutes at 23% ‐ 30 % B, 28‐ 33 minutes at 30% ‐ 80% B, 33 ‐ 43
minutes at 80% B, 43 ‐ 55 minutes at 80% ‐ 23 % B. The complete elution gradient
method F used was 0 ‐ 30 minutes at 0% ‐ 50 % B, 30‐ 35 minutes at 50% ‐ 100% B,
35 ‐ 45 minutes at 100% ‐ 0% B, 40 ‐ 45 minutes at 0% B.
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The LCMS analysis was done on a Finnigan TSQ7000 mass spectrometer
(Thermo Finnigan, San Jose, CA). The column used for the LCMS analysis was
procured from Waters (Specifications are NovaPak C18, 300 x 3.9 mm column).
Trypan Blue Solution, 0.4 % was purchased from Sigma Aldrich, St. Louis,
MO. Reichert Brightline Improved Neubauer Hemacytometer was obtained from
Hausser Scientific, Horsham, PA. Thin layer chromatography plates (MKC‐18F
Silica gel 60 Å 2.5 x 7.5 cm Layer 200 μm thickness) were obtained from
Whatman International Ltd, Maidstone, England. Radio‐TLC scans were
performed using a Bioscan AR 2000 (Washington, DC). HPLC analysis was
performed using a Waters 600S Chromatograph, equipped with a Controller 626
pump, Waters 2487 dual wavelength absorbance detector and a Canberra model
radiodetector (procured from Waters, Milford, MA). The analytical HPLC was
carried out using a Phenomenex Jupiter 5μ C18 300 Å 250 x 4.6 mm (Torrance,
CA). Trypsin‐EDTA (0.05% Trypsin with EDTA 4Na), Dulbeccoʹs Phosphate‐
Buffered Saline (D‐PBS) (1X), F‐12K Nutrient Mixture (Kaighn’s Modification
(1X)) liquid were obtained from Invitrogen Gibco cell culture, Carlsbad, CA.
Scintillation counting was performed on a Wallac 1480 Wizard automated
gamma counter (PerkinElmer Life Sciences, Gaithersburg, MD). A temperature
controlled heating block was obtained from Grant, Fisher Scientific, Inc,
Pittsburgh, PA. 111InCl3 was obtained from Theragenics Corporation, Buford, GA
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and Mallinckrodt, Inc., Hazelwood, MO. AR42J cells were obtained from the Cell
and Immunology Core, University of Missouri, Columbia, MO.
3.1 Synthesis and characterization of peptides
D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Cys7‐Thr8‐Thr9, 1a (“Cys control peptide”)
Step 1. Reaction of C‐terminal amino acid to the solid support
2‐Cl‐Trityl resin (1.0 g) was weighed out and transferred to a 25 mL
manual reaction vessel. The 2‐Cl‐Trityl resin had the starting substitution level
of 1.4 μmole/mg. The manual reaction vessel was equipped with fritted bottoms
to facilitate filtration, with a three way valve. The manual reaction vessel was
placed into a vacuum flask to collect all the drain solutions. One valve was used
to control the nitrogen bubbling and another valve was used to drain the manual
reaction chamber. The resin placed in the manual reaction vessel was washed
with dichloromethane (DCM) a few times in order to let it swell. A solution of
Fmoc Thr(t‐Bu)–OH (695.62mg; 0.825mmol) is prepared (0.75 equivalent of
amino acid to 1 equivalent of the resin) using 6 mL of N‐methyl 2‐pyyrolidinone
(NMP). Diisopropylethylamine (DIEA) (0.706 mL; 2.065 mmol) was dissolved in
6 mL of Dimethylformamide (DMF) (2.5 equivalents of DIEA in ratio to the
amino acid). The resin was then conditioned to a DCM/NMP solution mixture,
by washing with a DCM/NMP solution a few times. Meanwhile, 3 mL of Fmoc‐
Thr(t‐Bu)‐OH solution and DIEA solution in DMF were mixed together in a 15
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mL centrifuge tube and vortexed slowly for 5 minutes to allow the preactivation
of the amino acid. This was then transferred to the manual reaction vessel to
allow the coupling of the amino acid to the resin. The coupling reaction was
allowed to react for an hour under nitrogen bubbling. At the end of an hour, the
liquid in the manual reaction vessel was drained. A second coupling cycle was
performed by repeating the steps of the first coupling cycle (Preactivating of the
amino acid solution (Fmoc‐Thr(t‐Bu)‐OH solution (3 mL) and DIEA solution (3
mL) were mixed and vortexed for 5 minutes) and transferring the amino acid
solution to the manual reaction vessel). The second coupling step was also
allowed to react for an hour under nitrogen bubbling. After the coupling cycles
were completed, the resin was washed with DCM to remove excess reagents.
A 2, 4, 6‐trinitrobenzene‐1‐sulfonic acid (TNBSA) test was performed to
check for any free amino acid terminal present.95 Using a glass pipette, an aliquot
of the resin was taken and placed in a small filter column, which was kept in a 15
mL centrifuge tube. Once the solution drained from the column, the resin was
washed with a few drops of DCM. The resin was then treated with a few drops
of 10 % DIEA followed by a few drops of TNBSA. No change of color was
observed for the resin, indicating the absence of free amine terminals on the
resin. The resin was washed with methanol a few times so that the remaining
unreacted sites could be deactivated. A small aliquot of the resin was taken out at
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this point of the reaction and set aside for Fmoc evaluation. Then the resin was
treated with a 25 % solution of piperidine in NMP for a period of 25 minutes so
that the Fmoc‐protecting group of the Fmoc‐ Thr (t‐Bu) 2‐Cl‐Trityl resin could be
removed (and repeated). The TNSBA test was then repeated again to check for
free amine groups on the resin. The presence of an orange‐red color of the resin
was observed after a period of 2‐3 minutes. The resin was then washed with
methanol to allow the resin to shrink. The resin was then collected and dried
using a lyophilizer.
Step 2. Measurement of substitution level
Fmoc evaluation of the resin was done so that the substitution level at the
end of the reaction could be established. 2.97 mg (10 μ moles) of Fmoc‐ Gly‐OH,
45.45 mg (10 μ moles) of XAL‐PEG resin and 16.17 mg (10 μ moles) of Rink amide
resin were weighed out into 1.5 mL Eppendorf tubes. To each of these Eppendorf
tubes, 1 mL of 25% piperidine (in NMP) solution for 90 minutes was added. At
the end of 90 minutes, the solution contained in each Eppendorf tube was filtered
using a fritted filter column. The filter column holds the resin back while
allowing the solution pass through it, which was collected in a 15 mL centrifuge
tube. The filtrate was diluted by 10 times with NMP. These aliquots were
analyzed by RP‐HPLC using the Fmoc evaluation gradient, 0 ‐ 15 min at 20% ‐ 60
% B, 15‐20 minutes at 60 %‐ 80% B, 20 ‐ 30 minutes at 80 % ‐ 20% B. Wavelengths
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of 214 and 290 nm were used. A flow rate of 1 mL/minute was used. The aliquot
of resin left aside was weighed and then treated with a 25 % piperidine solution
for a period of 90 minutes and then the solution was filtered. This solution was
diluted by 10 fold with NMP and analyzed by RP‐HPLC similar to the other
aliquots. Based on the ratio of the area percentages of the peak, (corresponding to
the Fmoc‐piperidine adduct with retention time of 12 minutes) at 290 nm of the
standards (Fmoc‐Glycine, XAL‐PEG resin and Rink Amide resin), and the
micromoles of each standard, the substitution level of the H‐Thr(t‐Bu)‐2‐Cl‐Trityl
resin was calculated. The Fmoc evaluation of the resin was performed to
establish the substitution level (the actual amount of free amines on the resin) of
the H‐Thr(t‐Bu)‐2‐Cl‐Trityl resin, and found to be 0.36 μmole/ mg.
The substitution level was used to calculate the amount of reagents
required for peptide synthesis in the synthesizer. The ratios of moles of resin:
amino acid: HOBt: HBTU: DIEA used were 1.0:3.0:3.0:2.7:6.0. The H‐Thr(t‐Bu)‐2‐
Cl‐Trityl resin was loaded into the automatic peptide synthesizer to complete the
assembling of the rest of the peptide chain.
Step 3. Assembly of peptide chain
Using Microsoft Excel and Word, the sequence for the peptides to be
synthesized and calculations for required reagents was prepared. The sequence
of the desired peptide chain to be built was prepared to fit the required format of
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the synthesizer software. Using the synthesizer software, the deprotection, pre‐
coupling wash, coupling and post‐coupling wash files were built. The sequence
file was entered into the software. The synthesis file was then set‐up, in which
cycles of deprotection, pre‐coupling wash, coupling and post‐coupling washes in
the appropriate order were established. This step generated the “dispense list”
which is a list of the amino acids that need to be dispensed to a particular
reaction well in each cycle. This order corresponds to the sequence of amino
acids in the peptide chain.
Once the synthesis file was set up, the resin (175 mg, 63 μmoles) (H‐Thr(t‐
Bu)‐2‐Cl‐Trityl resin) was dispensed manually into the desired number of
reaction vessels. Solutions of the required Fmoc protected amino acid residues,
HBTU, DIEA and piperidine were prepared and placed into the synthesizer. The
elongation of the peptide was then accomplished by using the automatic peptide
synthesizer. At the end of the synthesis using the peptide synthesizer, the
peptide chain of D‐Phe1‐Cys(Trt)2‐Tyr(t‐Bu)3‐D‐Trp(Boc)4‐Lys(Boc)5‐Thr(t‐Bu)6‐
Cys(Trt)7‐Thr(t‐Bu)8‐Thr(t‐Bu)9 was accomplished.
The resin was washed with methanol in order to shrink the resin (3 times).
After this process, at the last methanol wash, methanol was not drained from the
reaction vessels. The resin was retrieved from the synthesizer using a pipette and
placed into labelled Eppendorf tubes. The resin was dried using a lyophilizer.
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The peptidyl resin was then treated to a cocktail of scavengers in trifluoroacetic
acid (TFA) (water, phenol, ethanedithiol (EDT), triisopropylsilane (TIS) and
thioanisole in TFA, (2.5:2.5:2.5:2.5:2.5:87.5 in ratio)) for a period of 2 hours. At the
end of the 4 hours period, this solution was poured into fritted filter columns
placed in 15 mL centrifuge tubes. The resin was held back by the filter and the
solution containing the peptide was left in the centrifuge tube. Cold diethyl ether
was added to this solution to precipitate the peptide. This tube was then
centrifuged to allow the precipitate to settle at the bottom of the tube. The diethyl
ether was drained off carefully and the precipitated peptide was washed 3 times
with cold diethyl ether to remove the traces of TFA and scavengers. After
cleavage of the peptide, the peptide was analyzed by using RP‐HPLC and LCMS
using the standard gradient (described in materials and methods, page 81).The
mass of the peptide obtained was 49.8 mg, 41 μmoles at 68 % yield. The peptide
was found to contain an extra Threonine by LCMS analysis. LCMS data:
Calculated mass: 1151.6; found m/z= 1152.26. Using the standard HPLC
conditions, the retention time for 1a was 18.0 minutes (k’= 9.62).
The yield obtained at the end of peptide synthesis was calculated. Based
on the Fmoc evaluation level, the substitution level (or the loading capacity) of
the resin was established, which had the units of micromoles/milligram. Using
the substitution level of the resin and the number of milligrams of resin used, the
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number of initial moles of the resin used was determined. The number of moles
of the peptide obtained at the end of the synthesis was calculated using the
molecular weight of the peptide. The percent yield of the peptide synthesis was
calculated by finding the ratio between the moles of peptide obtained and the
initial moles of the resin.
D‐Phe1‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Pen7‐Thr8‐ Thr9, 2a (“Pen control peptide”)
Synthesis of Pen‐control peptide, 2a was carried out with the same
procedure as Cys‐control peptide, 1a. The amount of resin used was 175 mg, 63
μmoles. The mass of peptide obtained was 51.2 mg, 42.3 μmoles (67 % yield).
LCMS data: Calculated mass: m/z, (M+H)+ = 1208.6; found = 1208.0. HPLC
retention time for 2a, 21.5 minutes under standard HPLC gradient analysis (k’=
11.94).
DOTA0‐D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Cys7‐Thr8 , 4a
The protocol described for synthesis of 1a was used for attaching the first
amino acid, Fmoc‐Thr(t‐Bu)‐OH to the 2‐Cl‐Trityl resin. Fmoc‐Thr(t‐Bu)‐OH was
attached to the 2‐Cl‐Trityl resin in a manual reaction vessel. The substitution
level of the resin was found to be 0.54 μmole/mg. Using 90 mg, 48.8 μ moles of
H‐Thr(t‐Bu)‐2‐Cl‐Trityl resin, elongation of the peptide chain was accomplished
in the peptide synthesizer. At the end of the synthesis, a small aliquot of
peptidyl‐2‐Cl‐Trityl resin was treated with the cleavage cocktail mixture and the

89

Chapter 3
peptide precipitated. This step was carried out to ensure the peptide chain
synthesized matched the expected molecular mass, confirming the peptide, 3a
was synthesized as expected.
LCMS data; m/z calculated for C49H66N10O12S2 (M+ H)+ = 1051.24, found
1051.3.
The peptidyl‐2‐Cl‐Trityl resin was then placed in a manual reaction vessel
to conjugate DOTA to the peptide. The resin was placed in the manual reaction
vessel and washed with NMP a few times, followed by a 50:50 mixture of
NMP/DMF (v/v) mixture. The resin was then treated twice with 25% piperidine
solution in DMF for a period of 30 minutes. Ratio between resin: DOTA (tris‐t‐
butyl ester): HOBt: HBTU: DIEA was 1.0: 3.0: 3.0: 2.7: 5.4. HOBt (45.9 mg, 0.339
mmoles) was dissolved in NMP. This solution was used to dissolve DOTA (tris‐t‐
butyl ester), (194.7 mg, 0.339 mmoles). HBTU (116.0 mg, 0.305 mmoles) is
dissolved in DMF. The preactivation of the DOTA (tris‐t‐butyl ester) is done by
mixing the DOTA (tris‐t‐butyl ester) solution (3 mL) with HBTU solution (3 mL)
and DIEA (104.7 μL) in a 15 mL centrifuge tube and vortexed for 15 minutes.
This solution was transferred into the manual reaction vessel containing the
resin. The coupling of DOTA (tris‐t‐butyl ester) to the resin was carried out for a
period of 45 minutes, after which the solution is drained. The coupling reaction
was carried out two more times, using the same conditions as the first coupling
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cycle. After the coupling cycles are complete, the resin is washed a few times
with NMP. Then it was treated with methanol (5‐6 mL, 3 times) to allow the resin
to shrink. The resin was then collected from the manual reaction vessel into
labelled Eppendorf tubes and dried using a lyophilizer. This resin was then
subjected to the cleavage procedure (for 4 hours) to free the peptide from the
resin and the protecting groups of the side chains.
Characterization of the product obtained at the end of cleavage by using
HPLC and LCMS was found to contain both [Tyr3]‐octreotate, 3a and DOTA0‐
[Tyr3]‐octreotate 4a.

LCMS data; m/z calculated for C65H92N14O19S2 (M+ H)+

=1437.64, found 1438.4, ( M+ H2)2+ =719.5;

m/z calculated for C49H66N10O12S2

(M+ H)+ = 1051.24; found (M+ H)+ = 1051.5; ( M+ H2)2+ =526.4. HPLC retention time
found for 4a and 3a, 16.26 minutes and 17.00 minutes (k’= 8.92 and 9.11),
respectively, under standard HPLC gradient analysis. The level of purity for 4a
was 74% based on the HPLC chromatogram.
For synthesizing additional amounts of 4a, the synthesis of the peptide 4a
was performed in a separate synthesis. H‐Thr(t‐Bu)‐2‐Cl‐Trityl resin was
synthesized in a manual reaction vessel. The mass of 4a obtained was 21.3 mg,
with a yield of 74%. HPLC and LCMS analyses showed the product obtained
was the linear peptide, 4a. LCMS data; m/z calculated for C65H92N14O19S2 (M+ H)+
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=1437.64, found 1438.4. Under standard gradient HPLC method, the retention
time of 16.3 minutes was found for the linear peptide, 4a with 80% purity.
DOTA0‐D‐Phe1‐D‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐D‐Cys7‐Thr8, 5a
This peptide was synthesized using the protocols as the one described for
the DOTA0‐[Tyr3]‐octreotate, 4a. Attaching of the first amino acid, Fmoc‐Thr(t‐
Bu)‐OH to 2‐Cl‐Trityl resin was accomplished in the manual reaction vessel,
whose Fmoc substitution level was found to be 0.60 μmoles/mg. 175 mg of resin,
104.0 μmoles was used for the elongation of the peptide chain and conjugation of
DOTA of 5a in the peptide synthesizer. 71.2 mg of product in 68.5% yield was
obtained. LCMS data; m/z calculated for C65H92N14O19S2 (M+ H)+ =1437.64, found
1437.8, ( M+ H2)2+ 719.4. RP‐HPLC analysis of the crude product obtained at the
end of the synthesis showed the presence of a single peak with > 90% purity
(retention time of 5a, 17.36 minutes, k’= 9.33).
DOTA0‐D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Pen7‐Thr8, 7a
The linear chain of DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate, 7a was
synthesized using Fmoc synthesis strategy. Attachment of Fmoc‐Thr‐(t‐Bu)‐OH
to 2‐Cl‐Trityl resin was carried using a manual reaction vessel using the protocol
as described for 1a. This resin (Fmoc substitution level of 0.40 μmoles/mg, 28
μmoles, 70 mg of resin) was then loaded into the automatic peptide synthesizer
in order to construct the rest of the peptide chain. DOTA conjugation was carried
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out in the manual reaction vessel in a later step, similar to the protocol followed
for the synthesis of 4a. After cleavage of the peptide from the resin, 38.7 mg of
product was obtained (in 75% purity) and yield of 67%.
HPLC and LCMS analyses of the product obtained showed the presence
of [Cys2, Tyr3, Pen7]‐octreotate, 6a and DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate, 7a.
HPLC retention time for both 6a and 7a under standard HPLC gradient analysis
was 18.01 minutes (k’= 9.72). LCMS data; m/z calculated for C67H96N14O19S2 (M+
H)+ =1465.69, found 1466.1 ( M+ H2)2+ 732.9; m/z calculated for C51H70N10O12S2 (M+
H)+ = 1079.29, found 1079.1.
DOTA0‐D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Pen7‐Thr8, 9a
Peptide synthesis of DOTA0‐[Pen2, Tyr3, Cys7]‐octreotate, 9a was carried
out in a similar manner as DOTA0‐[Tyr3]‐octreotate, 4a. The first amino acid
Fmoc‐Thr‐(t‐Bu)‐OH was attached to 2‐Cl‐Trityl resin in a manual reaction
vessel. Fmoc substitution level was found to be 0.40 μmoles/mg. For elongation
of the peptide chain, 68 μmoles, 170 mg of resin was used. DOTA conjugation
was carried out in a manual reaction vessel, using the protocol described for 4a.
The mass of peptide obtained after synthesis was 41.7 mg (in 74% purity), yield
of 61%. LCMS data; m/z calculated for C67H96N14O19S2 (M+ H)+ =1465.69, found
1466.9 ( M+ H2)2+ 733.4; m/z calculated for C51H70N10O12S2 (M+ H)+ = 1079.29, found
1079.4. Under standard gradient HPLC analysis, retention time for [Pen2, Tyr3,
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Cys7]‐octreotate, 8a and DOTA0‐[Pen2, Tyr3, Cys7]‐octreotate, 9a was 17.4 minutes
(k’=9.37).
DOTA0‐D‐Phe1‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Pen7‐Thr8, 10a
Peptide synthesis of this analogue was carried out in a similar manner as
DOTA0‐[D‐Cys2, Tyr3, D‐Cys7]‐octreotate, 5a. The substitution level of H‐Thr(t‐
Bu)‐2‐Cl‐Trityl resin was found to 0.51 μmoles/mg. 39 μmoles of resin, 80 mg of
resin was used for the synthesis of the linear peptide, 10a. The mass of peptide
obtained after synthesis was 22.0 mg (in 77 % purity), yield of 56 %. LCMS data;
m/z calculated for C69H100N14O19S2 (M+ H)+ = 1493.74; found (M+ H)+ 1493.9, ( M+
H2)2+ 747.7. HPLC retention time of 10a was 19.90 minutes (k’= 10.84) under
standard HPLC gradient analysis.
In order to synthesize additional amounts of this peptide, the synthesis of
10a was carried out. The H‐Thr(t‐Bu)‐2‐Cl‐Trityl resin was synthesized in a
manual reaction vessel using the protocol described for the synthesis of 1a. The
substitution level of the resin was found to be 0.61 μmoles/mg. 42 mg of this
resin (26 μmoles) was used for elongation of the peptide chain in the peptide
synthesizer. After cleavage, 29.7 mg of the peptide was obtained with 76.9 %
yield. Using HPLC and LCMS characterization methods, the synthesis of the
expected molecule was confirmed.
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DOTA0‐D‐Phe1‐D‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐D‐Pen7‐Thr8, 11a
Synthesis of DOTA0‐[D‐Pen2, Tyr3, D‐Pen7]‐octreotate, 11a was carried out
using the same protocol as described for 5a. Fmoc substitution level of the resin
was found to be 0.56 μmoles/mg. The amount of resin used for the synthesis was
185 mg (104.0 μmoles). The mass of peptide obtained after cleavage was 68 mg
(in 68% purity) and yield of 51.4 %. HPLC analysis of the crude product obtained
after the cleavage from the resin showed the presence of 3 peaks, one
corresponding to the desired peptide, 11a with a retention time of 20.0 minutes
under the standard HPLC gradient method analysis. The two other peaks in the
chromatogram corresponded to the peptide missing a threonine residue in its
sequence and another one missing a D‐Penicillamine residue. LCMS data; m/z
calculated for C69H100N14O19S2 (M+ H)+ = 1493.74, found 1494.4, (M+ H2)2+ 747.1;
(M+ H)+ 1362.86, ( M+ H2)2+ 682.1 (11a missing a D‐Pen residue); (M+ H)+ 1392.7,
( M+ H2)2+ 696.7 (11a missing Thr residue).
Subsequently, in order to synthesize additional amounts of this
compound, the synthesis of the linear peptide was carried out twice using
protocols as described above. The substitution level of H‐Thr(t‐Bu)‐2‐Cl‐Trityl
resin used for the synthesis was 0.62 μmoles/mg. 100 mg of the resin (62 μmoles)
was used for the elongation of the peptide 11a. The amount of the product
peptide obtained were 69.8 mg (56.8 % of 11a in this product, 43 % yield of
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desired product). The product obtained contained the two impurities observed
with this peptide (the deletion mutant peptide missing a threonine residue and
another one missing a D‐Penicillamine residue). For another batch of this peptide
synthesized, the amount of the desired peptide obtained was 60.6 mg (containing
11a in 65 % purity).
3.2 Cyclization, purification and characterization of peptides
Optimizing of cyclization reactions
The Cys control peptide, 1a and Pen control peptide, 2a were used to test
methods of cyclization and determine which would be used for cyclizing the
linear peptides.
Air oxidation
The peptide was dissolved in 0.01 M ammonium bicarbonate in order to
achieve a concentration of 0.10 mg/mL (15.00 mg, 0.095 mM for Cys control
peptide, 1a; 5.00 mg, 0.09 mM for Pen control peptide, 2a). An aliquot of each of
the solutions was used at this point for purposes of conducting HPLC analysis of
the starting material. The resulting solution was allowed to sit in an Erlenmeyer
flask and a supply of air (at a slow pace) was bubbled into the solution for over 2
days.
An aliquot was analyzed by HPLC with the standard gradient. At the end
of two days of air bubbling, the cyclization reaction was complete for Cys control
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peptide, 1a. In contrast, the cyclization proceeded to an extent of 6% for the Pen
control peptide, 2a.
Use of DMSO as a cyclizing agent
The Cys control peptide, 1a (0.9 mg, 0.781 μmol, 0.414mM) and Pen
control peptide, 2a (1.0 mg, 0.828 μmol, 0.39 mM) were weighed out, transferred
to 15 mL centrifuge tubes and dissolved in 0.5 mL of water: acetonitrile (50: 50,
v/v). To each of these solutions, 2 mL of ammonium acetate (0.2 M) were added
and the pH determined (found to be ~7.0). DMSO (300 μL, 328 mg, 4.29 mmol) is
added each of these solutions and vortexed on an automatic shaker at a slow
speed overnight. Aliquots of the cyclizing reaction mixtures at time t = 0 and t =
20 hours are taken. The HPLC and LCMS analysis confirmed the formation of the
disulfide bond in the Cys control peptide, 1a was complete to an extent of 93%
after a time period of 20 hours.
The analysis of the cyclization reaction of 2a as monitored by HPLC at the
after 20 hours after the start of the reaction showed the presence of the cyclized
product, to an extent of 12%. The cyclization reaction for 2a was found not to be
complete (~60%) after 144 hours after the start of the reaction.
Use of trans‐[Pt(en)2Cl2]Cl2 as a cyclizing reagent
Both peptides 1a and 2a (1 mg, 0.83 μmoles) were weighed out and
transferred into 1.5 mL Eppendorf tubes. Each of these peptides was dissolved in

97

Chapter 3
1 mL of 0.1 M phosphate buffer (pH 6.0) containing 1.0 mM EDTA. A stock
solution of trans‐[Pt(en)2Cl2]Cl2 (10 mM, 4.57 mg) dissolved in 1.0 M NaCl
solution was made. To each of the Eppendorf tubes containing the dithiol
peptide, the solution containing trans‐[Pt(en)2Cl2]Cl2 was added in ratio of 1.5:1
(mole: mole) with respect to the peptide. Each tube was placed on an automatic
shaker. HPLC analyses were carried out for the peptide dissolved in buffer and
for the reaction mixture. The reaction of formation of the disulfide bond for the
peptides, 1a and 2a was found to be complete to an extent of 90 % and 60 % each
in the duration of an hour. The formation of the disulfide bond in both the
peptides was verified by LCMS analysis.
Alternative conditions for the cyclization reaction of peptides using trans‐
[Pt(en)2Cl2]Cl2 were developed due to degradation/further oxidation observed in
the case of 10a and 11a cyclization reactions. The modifications to the protocol
involved using acetonitrile: water solution to dissolve the linear peptides instead
of phosphate buffer. The time for the cyclization reaction to proceed towards
completion increased, while degradation of the peptide material of 10a and 11a
occurred to some extent.
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3.3 Large scale cyclization and purification of peptides
DOTA 0‐D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Cys7‐Thr 8, 4b

DOTA0‐[Tyr3]‐octreotate, 4a (1.2 mg) was transferred into a 15 mL
centrifuge tube. It was dissolved in 1 mL of 0.1 M phosphate buffer (pH 6.0)
containing 1.0 mM EDTA. To this solution, trans‐[Pt(en)2Cl2]Cl2 (10 mM
dissolved in 1.0 M NaCl) solution was added, keeping the ratio between the
peptide and trans‐[Pt(en)2Cl2]Cl2 reagent as 1:1.5 (mole:mole). This tube was
vortexed and the reaction was monitored by RP‐HPLC and LCMS analysis. The
reaction proceeded to cyclized product in a few minutes after the addition of the
trans‐[Pt(en)2Cl2]Cl2 reagent. However, since the starting peptide material
contained an impurity (octreotate, 3a without DOTA attached), it was necessary
to find appropriate conditions for isolation of the desired cyclized peptide, 4b
from the trans‐[Pt(en)2Cl2]Cl2 and octreotate, 3b without DOTA attached. LCMS
data; m/z calculated for C65H90N14O19S2 (M+ H)+ =1435.62, found 1435.0, ( M+ H2)2+
=718.6 ; C49H64N10O12S2 (M+ H)+ = 1049.24, found 1049.4, ( M+ H2)2+ 525.7.
The cyclized peptides, 3b and 4b co‐eluted under the standard gradient
method conditions for HPLC analysis. Optimization of the HPLC conditions was
accomplished by analyzing the reaction mixture using different gradients. Using
the standard gradient, the retention times of both the cyclized DOTA‐octreotate,
4b and cyclized octreotate, 3b are noted, and the percentage of organic phase at
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which these two peaks eluted were determined. From HPLC chromatograms of
the cyclized peptides 3b and 4b using the standard method, the peptides eluted
between 27 % ‐ 30 % B. The cyclization reaction mixture was analyzed by using
gradient methods A and B (described in materials and methods section, page 81)
to find optimal gradients for preparative HPLC purposes. An isocratic method
(method C, described in materials and methods section, page 81) was also
investigated for the analysis. From these HPLC analyses, the peptides 3b and 4b
were separated well when analyzed by the isocratic method.
Preparative HPLC purification of 4b
4b (22.0 mg) was transferred into a 50 mL centrifuge tube. Using
phosphate buffer (0.1 M, pH 6.0), it was dissolved to yield a solution with a
concentration of 1 mg peptide /mL. trans‐[Pt(en)2Cl2]Cl2 solution was added to
this solution so that the peptide is trans‐[Pt(en)2Cl2]Cl2 was in slight molar excess
in comparison to the peptide (1.5:1 mole:mole ratio). The reaction mixture was
vortexed using an automatic shaker. LCMS and HPLC analysis were carried out
to confirm the formation of the disulfide bond.
For purification of this peptide, the preparative column and UV flow cell
were used. 10 mL of the sample was injected for each run. Wavelengths of 225
nm and 235 nm were used to monitor preparative HPLC run. The flow rate was
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maintained at 5 mL/ minute at the first few minutes. Once the pump pressure
was stable, it was increased to 7 mL/minute.
The solvent composition used was 20% B for 50 minutes and then a slow
gradient was started. The fractions were collected as a function of the rise and
fall in the UV absorbance. After the end of the preparative HPLC runs, the HPLC
was reconfigured for analytical work. One fraction from each run was found to
contain both [Tyr3]‐octreotate, 3b and DOTA0‐[Tyr3]‐octreotate, 4b. The two
fractions were lyophilized to reduce their volume and then re‐purified. After this
purification run, one fraction was found to contain only DOTA0‐[Tyr3]‐octreotate,
4b. The purified sample weighed 1.0‐1.1 mg after lyophilization. The isolated
yield was 5%, based on the starting amount of 4a present in the large cyclization
reaction. LCMS data; m/z calculated for C65H90N14O19S2 (M+ H)+ =1435.62, found
1436.1, ( M+ H2)2+ = 718.6.
Determination of peptide content was determined to be 85.4% using UV
spectrometric techniques as described below.
Peptide content
Solutions of a mixture of Tryptophan and Tyrosine (in 1:1 mole ratio) and
octreotide were prepared for the concentration range of 5‐300 μM (1 mL) in
water (triplicate samples). The batch of octreotide was certified to contain 86.4%
peptide. Octreotide contains phenylalanine instead of tyrosine in the third
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position in contrast to the peptides studied in this project. The solutions made for
octreotide were made in the concentration range of 5 ‐ 300 μM, with adjustments
for the peptide content of 86.4%. Using a UV spectrophotometer, the absorbance
of the solutions of the mixture of tryptophan and tyrosine and octreotide were
measured at the wavelength of 280 nm and a calibration curve for each of the
compounds measured was constructed. The slope of the calibration curve for
mixture of tryptophan and tyrosine was compared to the slope obtained for
octreotide acetate. The ratio (0.0045: 0.006) between the two slopes was equal to
the ratio (5550: 7040) of the absorptivity value (ε) of tryptophan to ( ε) of
tryptophan and tyrosine mixture. The equation of the line obtained for the
calibration curve of tryptophan and tyrosine was y = 0.006x + 0.063. The
synthesized peptides are weighed and dissolved in water at a single
concentration (in the range of 5‐300 μM) and their absorbance measured using
the UV spectrophotometer.
Using the equation of the line for the mixture of tryptophan and tyrosine
(y = 0.006x + 0.063) and the absorbance obtained for the peptide, the
concentration of the peptide was calculated. The concentration of the peptide
obtained from calculation and the known concentration (the concentration of the
peptide solution) of the peptide was compared and the peptide content (%) of all
the octreotate analogues was calculated.
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Purification of 4b using Sep‐Pak®
The linear DOTA0‐[Tyr3]‐octreotate, 4a (13.9 mg) was dissolved into 7 mL
of water: acetonitrile (50:50 % v/v). trans‐[Pt(en)2Cl2]Cl2 was added to this
solution in a ratio of 1.5 moles to 1 mole of peptide. The resulting solution was
monitored by analyzing aliquots of the reaction mixture by HPLC for the
disappearance of the dithiol precursor. The cyclization reaction was found to be
complete after a period of 17 hours. The reaction was quenched by addition of a
few mL of concentrated hydrochloric acid.
The protocol for using a Sep‐Pak® Vac (5 g, 30 cc) cartridge to isolate the
peptide from trans‐[Pt(en)2Cl2]Cl2 is described in the following lines. The
cartridge was always loaded with about 5‐6 mL of solvent mentioned at each
step. The cartridge was placed in a 50 mL centrifuge tube and centrifuged at a
slow speed for a period of 5 minutes. The Sep‐Pak® cartridge was initially
flushed with acetonitrile in order to let the sorbent to be solvated. The Sep‐Pak®
cartridge was then conditioned with water (2 times). The crude reaction mixture
was loaded onto the column (2‐3 mL of solution diluted with 3 mL of water). The
trans‐[Pt(en)2Cl2]Cl2 complexes eluted when the Sep‐Pak® cartridge was treated
with 5 % acetonitrile (in water). The Sep‐Pak® cartridge was then washed once
with water. The peptide eluted with 50 % acetonitrile (in water) (2 times). The
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cartridge was then washed with 100 % acetonitrile in order to remove any
peptide that was still adsorbed onto the sorbent.
The Sep‐Pak® separation was monitored by analysis of aliquots by HPLC.
The method used here was the method D (described in material and methods,
page 81). The initial attempt at using Sep‐Pak® for separation of the peptide from
the Pt complex was not successful. Most fractions contained both the peptide and
the Pt complex, as found by HPLC analysis. The fractions obtained from this Sep‐
Pak® purification of cyclized DOTA0‐[Tyr3]‐octreotate, 4b were lyophilized to
reduce the volume and then loaded onto two Sep‐Pak® cartridges. A similar
protocol was followed for this purification using the Sep‐Pak®, with a change in
solvents used. Instead of 50% acetonitrile in water used to wash the cartridge
after the 5% acetonitrile in water wash, a 40% solution was used. The aliquots
eluted with 40% acetonitrile were found to contain the peptide, which were then
lyophilized to recover the peptide. The amount of the recovered peptide was 4.9
mg (36% isolated yield) in > 85 % purity. The peptide content of this batch of 4b
was found to be 80.4%.
DOTA0‐D‐Phe1‐D‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐D‐Cys7‐Thr8, 5b

An analytical scale cyclization reaction for this peptide was carried out in
a similar manner as DOTA0‐[Tyr3]‐octreotate, 4b. This cyclization reaction was
monitored by HPLC and LCMS, by using the standard gradient method. HPLC
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and LCMS analysis showed that the cyclization reaction was completed in an
hour for this peptide.
Development of gradient methods to purify the desired cyclized peptide
5b by HPLC was carried out. Different gradients were tested for the purification
of the cyclized peptide. Similar to the preparative HPLC purification of the
DOTA0‐[Tyr3]‐octreotate 4b, the percentage of acetonitrile was calculated at the
retention time of 5b. Methods were set up starting at a lower percentage of
acetonitrile to a higher percentage of acetonitrile (from the calculated
percentage). This solvent composition was changed over a period of several
minutes so that the gradient slope was lesser than the standard method.
Analysis of the cyclization reaction mixture of 5b using the method B
(described in materials and methods, page 81) showed better separation of the
desired peptide from impurities, which was used for preparative HPLC
purification of the peptide.
Preparative HPLC purification of 5b
The large scale cyclization reaction of 5a was carried out by dissolving 70
mg of the peptide in phosphate buffer (pH 6.0) to achieve a concentration of
1 mg /mL. trans‐[Pt(en)2Cl2]Cl2 was added to this solution in mole ratio of 1.5
equivalents to 1 mole of the peptide. The cyclization reaction was monitored by
analyzing aliquots of the reaction mixture by RP‐HPLC and LCMS. The reaction
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of formation of the disulfide bond in the linear precursor, 5a to form 5b was
confirmed by HPLC and LCMS analysis. Method B was used for the preparative
HPLC purification of 5b. 3 runs were done in order to purify the desired peptide.
Fractions were collected during the preparative runs as a function of the
absorbance. At the end of the preparative HPLC purification runs, fractions were
analyzed by analytical HPLC. Four fractions were found to be pure. After
lyophilizing these fractions, a total mass of 17 mg (isolated yield of 24%) was
obtained. LCMS data; m/z calculated for C65H90N14O19S2 (M+ H)+ =1435.62, found
1435.0, ( M+ H2)2+ = 718.6. Peptide content of the isolated product was 77.8 %.

DOTA0‐D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys 5‐Thr6‐Pen7‐Thr8, 7b

The crude peptide, 7a (including 6a as an impurity) (0.8 mg) was
dissolved in 0.5 mL of water/acetonitrile mixture (50:50). Ammonium acetate
(0.2 M) (2 mL) was added to the peptide solution followed by addition of DMSO
(300 μL) is added to this solution and stirred overnight. The progress of the
reaction was monitored by analyzing aliquots by RP‐HPLC, by disappearance of
the dithiol precursor (6a and 7a) and appearance of the disulfide containing
peptide, 6b and 7b. As the reaction proceeded towards completion, the large
scale cyclization of the peptide was carried out by using DMSO as the cyclizing
reagent.
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Under the standard gradient method HPLC analysis of the cyclization
reaction mixture of [Cys2, Tyr3, Pen7]‐octreotate, 6b and DOTA0‐[Cys2, Tyr3,
Pen7]‐octreotate, 7b, peaks corresponding to 6b and 7b eluted together.
Development of an analytical method to separate the two peaks by a few minutes
was carried out. Methods D and E (described in methods and materials, page 81)
were used for analyzing the cyclization reaction mixture.
Separation of the two peaks (6b and 7b) was observed from the
chromatogram using method D. The two peaks corresponding to 6b and 7b in
the HPLC chromatogram analyzed by method E eluted with enough separation
to scale up for preparative HPLC purification.
Preparative HPLC purification of 7b
This gradient method E was scaled up for running the preparative HPLC
purification of the cyclized DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate, 7b. A few
fractions were found to contain pure DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate by RP‐
HPLC analysis. After lyophilization, 4.7 mg of cyclized DOTA0‐[Cys2, Tyr3, Pen7]‐
octreotate, 7b was obtained. LCMS data; m/z calculated for C67H96N14O19S2 (M+
H)+ = 1463.68, found 1463.5, ( M+ H2)2+ 732.6. The isolated yield was 15%. Peptide
content found for the isolated peptide was 87.9 %.
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DOTA 0‐D‐Phe1‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Cys7‐Thr 8, 9b

The large scale cyclization reaction was carried out with use of DMSO.
The cyclized peptides, 8b and 9b eluted together under the standard method.
Analytical method development to purify the desired compound by using
preparative HPLC techniques was carried out. Analysis of the reaction mixture
carried out using method D showed the two peaks were separated, but not
enough to use the method for preparative purposes. Analysis of the reaction
mixture using the method E separated the two peaks corresponding to 8b and 9b
sufficiently in order to scale up the method for preparative purposes.
Preparative HPLC purification of 9b
Preparative HPLC purification was carried out using the gradient method
E, the protocol followed similar to the described one for 4b. Fractions collected
were analyzed by analytical HPLC. Three fractions were lyophilized and a total
amount of 5.7 mg of the peptide, 9b was recovered (12% isolated yield). LCMS
data; m/z calculated for C67H96N14O19S2 (M+ H)+ = 1463.68, found 1464. 4. Peptide
content for the isolated peptide, 9b was 89.7 %.
DOTA 0‐D‐Phe1‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Pen7‐Thr 8, 10b

The crude DOTA0‐[Pen2, Tyr3, Pen7] octreotate, 10a was dissolved in
phosphate buffer. The cyclization reaction was carried out by using trans‐
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[Pt(en)2Cl2]Cl2

and monitored using HPLC and LCMS using the standard

method. After addition of trans‐[Pt(en)2Cl2]Cl2, the peptide showed the presence
of the desired cyclized product, 10b and also some products corresponding to a
sulfone derivative of the peptide.
Similar to the purification processes used for the cysteine versions of the
peptide, some analytical HPLC methods were developed for the preparative
HPLC purification of cyclized DOTA0‐[Pen2, Tyr3, Pen7] octreotate, 10b. The
retention times of the cyclized peptides were noted and the solvent composition
at that time point was calculated. Based on these percentages, several analytical
gradients were setup which start at a percentage lower than the solvent
composition of the retention time of the desired peptide to a higher solvent
composition each time with a different gradient slope. Analysis of the cyclization
reaction of 10b was carried out by method B (described in materials and
methods, page 81), which showed sufficient separation for using for the
preparative HPLC purification.
Preparative HPLC purification of 10b
The large scale cyclization reaction was carried out for 20 mg of the
peptide. Peptide 10a was dissolved in 20 mL of buffer solution, to which trans‐
[Pt(en)2Cl2]Cl2 was added. The reaction was monitored by analytical HPLC and
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LCMS. This solution was then purified by HPLC. The method used for
purification was the method B.
The second purification run was conducted successfully. One fraction was
found pure after analysis by HPLC. After lyophilizing the purest samples, 0.5 mg
of sample was obtained at an isolated yield of 2%. Peptide content found for the
isolated product was 80.8 %. LCMS data; m/z calculated for C69H98N14O19S2 (M+
H)+ = 1491.73, found; (M+ H)+=1492.1; ( M+ H2)2+ = 746.4.
Purification of 10b using Sep‐Pak®
DOTA0‐[Pen2, Tyr3, Pen7]‐octreotate, 10a (23.8 mg) was dissolved in 23 mL
(1 mg/mL) water‐acetonitrile mixture (50:50 percent in ratio).The cyclization
reaction was carried out using the modified cyclization reaction protocol. trans‐
[Pt(en)2Cl2]Cl2 (dissolved in water) was added to this mixture in a mole ratio of
1.5: 1 to the peptide into the water‐acetonitrile solution containing the peptide.
This solution was then vortexed for a period of about 12 hours.
The progress of the cyclization reaction was carried by analysis of reaction
aliquots by HPLC. When peak corresponding to the dithiol precursor
disappeared, the reaction was quenched by addition of concentrated
hydrochloric acid (a few mL). Two types of Sep‐Pak® cartridges were used for
purifications, the Sep‐Pak® Plus and Sep‐Pak® Vac column. The procedure
followed for using Sep‐Pak® Vac column were similar to the one described for
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the Sep‐Pak® purification of 4b. The isolation of the DOTA0‐[Pen2, Tyr3, Pen7]‐
octreotate, 10b from the salt was achieved in > 90% chemical purity. The trans‐
[Pt(en)2Cl2]Cl2 eluted primarily in the first wash with 5 % acetonitrile in water.
The peptide eluted in the elution of the Sep‐Pak elution with 50% acetonitrile in
water (2nd wash). From an initial amount of uncyclized peptide 10a, the reaction
and recovery yielded 11.5 mg (48% yield) of cyclized DOTA0‐[Pen2, Tyr3, Pen7]‐
octreotate, 10b after lyophilization. Peptide content found for the isolated
peptide was 86 %.

DOTA0‐D‐Phe1‐D‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐D‐Pen7‐Thr8, 11b
Preparative HPLC purification of 11a
The crude peptide DOTA0‐[D‐Pen2, Tyr3, D‐Pen7]‐octreotate, 11a obtained
at the end of the peptide synthesis contained impurities. The major peak
corresponded to the desired peptide; two minor peaks which appear correspond
to peptide lacking a Thr residue/D‐Pen residue. This crude peptide was purified
in order to remove these impurities using the following method. The crude
peptide weighed 68 mg. Three preparative runs were done.
Method D (described in materials and methods, page 81) was used for the
preparative HPLC purification. Different fractions were collected. Fractions were
analyzed using by HPLC and LCMS in order to find the pure fractions. From
these purification runs, 27 mg of purified peptide, 11a was obtained after
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lyophilization. The isolated yield was 39%. LCMS data; m/z calculated for
C69H100N14O19S2 (M+ H)+ = 1493.74., found (M+ H)+ =1494.3 ; ( M+ H2)2+ =747.5.
Subsequently, the preparative HPLC purification for obtaining 11a was
carried out two times. In the first preparative HPLC purification, 69.8 mg of the
crude peptide was purified with 16.7 mg of peptide recovered after purification
and lyophilization with an isolated recovery of 24%. Following this, the
preparative HPLC purification carried out for the crude peptide containing 11a,
(60.5 mg), 18.7 mg of 11a was isolated (31% recovery).
Preparative HPLC purification of 11b
For cyclization of this peptide, trans‐[Pt(en)2Cl2]Cl2 reagent was used, the
protocol followed was similar to the one for 4b. Analysis of the reaction mixture
was carried out using RP‐HPLC. The HPLC chromatogram of the reaction
mixture after the addition of trans‐[Pt(en)2Cl2]Cl2 reagent had the presence of
several peaks. From LCMS analysis, the cyclized and uncyclized peptides (11a,
11b) were found along with peaks which showed a mass of 32.0 units more than
the cyclized peptide. These could be the peptide in which the thiol group of the
penicillamine residues was further oxidized (not just to disulfide bonds, but to
the corresponding sulfone).
For the large scale cyclization reaction, after the addition of the trans‐
[Pt(en)2Cl2]Cl2, cyclization occured for this peptide and some degradation of the
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peptide was seen. The peak corresponding to the cyclized peak remained
unchanged in area even after 3 hours of the addition of Pt reagent. Method B
(described in materials and methods, page 81) was found to be most suitable for
the preparative HPLC purification. At the end of preparative HPLC run,
fractions were analyzed by HPLC and the fractions containing the desired
peptide were lyophilized. The isolated mass was 0.20 mg. The isolated recovery
corresponded to 1%. LCMS data; m/z calculated for C69H98N14O19S2 (M+ H)+ =
1491.73, found; (M+ H)+=1491.4; ( M+ H2)2+ =746.3. Peptide content was found to
be 83.8 %.
Purification of 11b using Sep‐Pak
Sep‐Pak® based purifications were attempted for isolation of 11b. The
protocol followed for this was similar to the one for 4b, Sep‐Pak® purification. An
isolated recovery of 17% was obtained for this purification. Peptide content of the
isolated peptide was found to be 88.4 %.
Additionally, in another attempt to synthesize and purify additional 11b,
the peptide, 11a (18.5 mg) was cyclized with trans‐[Pt(en)2Cl2]Cl2 using the
modified cyclization reaction conditions. The separation of the cyclized peptide
from the cyclizing reagent was carried out using a C‐18 Sep‐Pak® Vac cartridge
(protocol used similar to the one described for 4a). Subsequently, the product
obtained here was purified by preparative HPLC (protocol used similar to the
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one described for 4a) in order to isolate 11b from the other peptide impurities. 0.6
mg of 11b was isolated after lyophilization. The isolated recovery was 3%.
3.4 Radiolabelling of DOTA‐peptides with 111In and characterization
Optimization of labelling reaction
A 5.6 mM solution of DOTA0‐[D‐Cys2, Tyr3, D‐Cys7]‐octreotate, 5b was
prepared by using NH4OAc buffer (50.0 mM, pH 5.0) as the solvent. 111InCl3 (9.83
mCi) was delivered in 0.02 mL (0.05 M HCl) in a sealed plastic tube with
appropriate shielding by Theragenics Corporation. Using sufficient shielding
and precautions to handle radioactive solutions, 111InCl3 was diluted with 0.05 M
HCl to ensure a total volume of 500 μL of solution. This solution was then
carefully transferred into a labelled 1.5 mL plastic screw capped tube. The
optimization of the radiolabelling procedure was undertaken here. The
procedure of radiolabelling of DOTA‐peptides with
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In was followed with

certain modifications from literature.92 The labelling buffer used for the
procedure was 25 mM sodium ascorbate in 30 mM NaOAc solution (pH 5). The
labelling buffer was filtered through a column containing chelex to ensure the
removal of trace elements present, which could potentially interfere with the
labelling. To a 1.5 mL screw capped plastic tube, 50 μL of labelling buffer was
added, followed by 10.5 μL (200 μCi ) of

InCl3 and finally, 1 μL of the DOTA0‐

111

[D‐Cys2, Tyr3, D‐Cys7]‐octreotate, 5b solution. This tube was then capped tightly
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and vortexed for a minute to ensure mixing of the solutions. It was then heated
on a temperature controlled heating block at 99 °C for 30 minutes. After the
reaction was completed, the reaction tube was removed from the heating block
and set in a lead pig to cool down to room temperature.
These reactions were analyzed by using radio‐TLC. A developing
chamber for TLC was prepared by adding 14 mL of methanol and 6 mL of 10%
ammonium acetate. A C18 TLC plate marked using a pipette, 1‐2 μL of the
labelling reaction was transferred onto the plate. Precaution was taken to ensure
that the spot was kept as small as possible. The TLC plate was allowed to dry
before it was placed in the developing chamber and removed after 15 minutes.
The TLC plate was then scanned using the TLC scanner (BioScan AR2000).
Each sample was counted for 2.0 minutes. The scanner uses a gas‐filled
proportional counter, detecting gamma emitters. The flow of the counting gas
(P10 counting gas (90% Argon/10% Methane)) was turned on and the plate was
counted. Under this method of radio‐TLC analysis, free 111InCl3 stays at the origin
(Rf value of 0.0) and the radiolabelled peptide has an Rf value of 0.4 – 0.7. From
radio‐TLC analysis, the labelling efficiency of the reaction was found to be 77 %.
The second reaction tube contained 110.0 μL of labelling buffer, 52.3 μL (1
mCi) of

InCl3 and 1 μL of peptide solution, 5b. 93.4%

111
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InCl3 was found to

remain at the origin, suggesting that the labelling did not occur. In the third
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labelling reaction tube, 50 μL of labelling buffer, 10.5 μL (200 μCi) of 111InCl3 and
4 μL of peptide solution, 5b was added together. Radio‐TLC analysis showed
that labelling efficiency for this reaction was 18.7 %.
Using another batch of
111

111

InCl3, more labelling reactions were carried out.

InCl3 was supplied in 0.03 mL of 0.05 M HCl, which was diluted to 0.5 mL

before transferring out into a different tube. The amount of radioactivity received
was 18.8 mCi (37.5 μCi/ μL). Labelling reactions carried out with this batch of
111

InCl3 were carried out using protocols described above. In a labelled screw

capped plastic tube, 80 μL of labelling buffer was pipetted in, followed by 26.6
μL (1 mCi) of

111

InCl3 and 1 μL of 5b. The tube was capped tightly and heated at

99 °C for 30 minutes on the heating block. This reaction was analyzed by using
radio‐TLC techniques. The labelling efficiency was 95.9 %.
3.5 Synthesis of natIn‐ DOTA0‐peptides (compound denoted by #d)
Synthesis of the
protocol as the

111

In‐DOTA0‐peptides was accomplished using the same

nat

In radiolabelling procedure. Each peptide, 4b, 5b, 7b, 9b, 10b

(1.0 mg of each peptide) was taken and dissolved in NH4OAc buffer (50.0 mM,
pH 5.0) to achieve a concentration of 5 mg/mL. The mole ratios between the
peptide to natInCl3 used were 1:10. The peptide solution, labelling buffer (400 μL)
and the natInCl3 were added into a 1.5 mL screw capped tube and heated at 99 °C
for 30 minutes. In order to remove the excess of natInCl3, the reaction was purified
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using Sep‐Pak® Lite cartridge. The reaction was characterized using HPLC and
LCMS. The yield of the products, 4d, 5d, 7d, 9d, 10d was obtained in the range of
85 ‐ 90% yield.
For 4d, LCMS data; m/z calculated for C65H87InN14O19S2 (M+H)+ =1547.42,
found (M + H)+ 1548.2, ( M+ H2)2+ 774.4. For 5d, LCMS data; m/z calculated for
C65H87InN14O19S2 (M+H)+ =1547.42, found (M + H)+ 1548.7, ( M+ H2)2+ 774.4. For 7d,
LCMS data; m/z calculated for C67H91InN14O19S2 (M+ H)+ =1575.47, found 1575.9,
( M+ H2)2+ = 788.0. For 9d, LCMS data; m/z calculated for C67H91InN14O19S2 (M+ H)+
=1575.47, found 1575.4. For 10d, LCMS data; m/z calculated for C69H95InN14O19S2
(M+ H)+ =1603.52, found 1603.8, ( M+ H2)2+ = 802.3.
Optimized procedure adopted for the labelling of DOTA0‐[Tyr3]‐peptide
Each DOTA0‐peptide was dissolved in NH4OAc buffer (50.0 mM, pH 5.0)
to achieve a concentration of 5.7 mM (in case of 10b or 11b), 5.6 mM (in case of
4b or 5b) and 6.1 mM (in case of

111

In‐DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate, 7b or

9b). Into a 1.5 mL screw capped plastic container, labelling buffer (30 mM
NaOAc, 25 mM sodium ascorbate, filtered through a column containing chelex,
pH 5.0)was added, followed by 0.20 ‐ 1.00 mCi

111

InCl3 (supplied in 0.05 M HCl)

and followed by 1 μL of the DOTA0‐peptide. The amount of labelling buffer
added depended upon the volume of 111InCl3 added. At volumes below 40 μL of
111

InCl3, the volume of labelling buffer added was 80 μL. The volume of labelling
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buffer added for volumes of 111InCl3 higher than 40 μL was double the volume of
the

111

InCl3. The volume of labelling buffer was added in this manner to keep the

pH at 5.0. Once the peptide solution was pipetted into the tube, the tube was
capped tightly and vortexed for a minute to ensure proper mixing of the
labelling reaction mixture. This tube was heated for 30 minutes at 99 °C. After
cooling the tube to room temperature, it was analyzed by radio‐HPLC and/or
TLC. HPLC analyses of the radiolabelling reactions were performed using a
Waters HPLC instrument, connected to a radiodetector. Two wavelengths, 214
nm and 280 nm were used for UV detection. The HPLC method used for analysis
of the radiolabelling reaction followed the gradient method F (described in
materials and methods, page 81).
Fractions were collected as a function of peaks observed in the
radiodetector. The sum total radioactivity of the fractions collected was
compared to the amount of radioactivity injected. This helped to confirm the fact
that the column did not retain any radioactivity. Quality control of the collected
peaks was performed using the same gradient. Co‐injection of the cold‐Indium
complexed‐DOTA‐peptide with the fraction corresponding to the

111

In‐labelled

DOTA‐ peptide was performed to ensure that the fraction contained the desired
radiolabelled compound.
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Calculations of the moles of 111In(III) were based on the equation relating
the radioactivity with number of atoms (A=λN) followed by conversion of the
number of atoms obtained into moles (dividing the number of atoms of

111

In(III)

obtained by Avagadro’s number, 6.023 x 1023 atoms in 1 mole). The ratio of the
moles of the peptide: 111In were calculated. The specific activity achieved for these
reactions were calculated by dividing the isolated yield achieved for each case by
the millimoles of the peptide. This gives the minimum specific activity in units of
Ci/mmole. The calculated specific activity was termed as the “minimum” specific
activity due to the fact that the isolated peptide may contain unlabelled peptide
in spite of HPLC purification of the labelling reaction because of the close eluting
nature of the labelled peptide and unlabelled peptides.
Incorporation of

111

In(III) in the DOTA0 –peptides was carried out at 29 –

130 mole excess of the peptide. The isolated yields obtained after HPLC
purification was in the range of 57%‐ 97 %. The “minimum” specific activity
achieved for the labelling reaction was 296 – 1568 Ci/mmole.
3.6 Cell uptake, receptor binding and serum stability studies
Cell uptake studies
AR42J is a rat pancreatic cell‐line, which expresses somatostatin receptors
on the cell surface. To maintain the cells,the growth media for maintaining these
cells was made of 400 mL of F‐12K (Kaighn’s modified media), 100 mL of Fetal
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Bovine Serum (FBS), 5 mL of glutamine and 0.6 mL of gentamycin. The cells
were maintained in an incubator at 37 °C under 5% CO2 atmosphere. AR42J cells
grow adherent to the cell culture dish. After obtaining a cell culture flask of
AR42J cells, they were allowed to grow in the same culture dish until they start
forming clumpy cell colonies (usually over a period of 3‐5 days). The growth
media was replaced every 2nd day. The harvesting of the cells was done by
aspirating the growth media, followed by rinsing with 5 mL of Dulbecco
phosphate buffered saline (PBS). The wash buffer was aspirated and 1‐2 mL of
Trypsin is added to the cell culture plate. The plate was then placed back in the
incubator until the adherent cells were detached from the culture plate surface.
The phenomenon was checked under a microscope. Then, growth media (8‐9
mL) was added to this cell culture tube. Using a 10 mL pipette, the cells were
mixed gently and transferred into a 50 mL centrifuge tube. These were mixed
well again before counting them.
For counting the cells, an improved Neubauer hemacytometer was used.
Trypan blue staining solution was used to check the viability of the cells. Using a
pipette, 100 μL of the cell suspension from the centrifuge tube was aliquoted into
an Eppendorf tube. Trypan blue staining solution (100 μL) was pipetted into the
Eppendorf tube and mixed well. Two drops of this solution was placed on to the
hemocytometer and covered with the cover slip. The hemocytometer was placed
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under the microscope and the cells counted. A representative diagram of the
hemocytometer (as visible under the microscope) is shown in Figure 3.1.
1.0 mm

1.0 mm

A

1.0 mm

B
1.0 mm

1.0 mm

C

D
1.0 mm

Figure 3.1 Schematic diagram of a hemocytometer
The coverslip used to cover the hemocytometer was held 0.1 mm over the
counting chamber. Each of the squares marked A, B, C and D had the dimensions
of 1.0 mm x 1.0 mm. The total volume of each square was 1.0 mm2 x 0.1 mm, or
0.1 mm3 or 10‐4 cm3. The cells shown shaded blue in Figure 3.1 depicts the dead
cells stained blue by Trypan blue staining solution. The cells, which are not
stained blue and present in the four squares (A, B, C and D) were counted. The
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calculation of the concentration of the cells was calculated by the equation shown
in Equation 3.1. This is equivalent to cells/mL. This number is then multiplied
with the volume of the cell suspension to get the total number of cells.

Concentration
of cells =

Total number of
cells counted
0.1 (mm)

(cells / mm)
=
4 (mm2)

=

# cells / mm 3
dilution factor

=

4
# of cells/10‐4 cm3 # of cells x 10
=
mL

Equation 3.1 Formula for calculating cell concentration
For cell uptake studies, 10 million cells were used, at a concentration of 2
million cells per mL. After the cells were counted, the centrifuge tube containing
the cells was centrifuged for 5 minutes. The supernatant solution was aspirated
with care to ensure that the cell pellet is not disturbed. The cell pellet was then
diluted with growth media which does not contain any fetal bovine serum (FBS),
to achieve a concentration of 2 x 106 cells/mL.
Uptake experimental protocol
AR42J cells (10 x 106 cells) in 5 mL of FBS free growth media was obtained
and placed in 50 mL centrifuge tube, which was then placed in a water bath
maintained at 37 °C equipped with a mixer.

111

In‐DOTA0‐peptide (1 μCi, 0.021

pmoles) was added to the cell suspension. The centrifuge tube containing the cell
suspension was then placed back in the water bath for the duration of the
experiment. At time intervals of 1, 5, 15, 30, 60, 120 and 240 minutes, this tube

122

Chapter 3
was retrieved from the water bath. Triplicate aliquots of 200 μL were removed
from this cell suspension and placed in 1.5 mL Eppendorf tubes. To each of these
aliquots, 800 μL of fresh media (FBS free) was added. Each of these tubes was
centrifuged for 30 seconds. After centrifuging, a faint white cell suspension was
seen at the bottom of each tube. Without disturbing this cell pellet, 900 μL of
supernatant was aliquoted into separate Eppendorf tubes, labelled as
supernatant. Into the Eppendorf tube, containing the tube containing the cell
pellet and 100 μL of media, 900 μL of fresh media (FBS free) was added. Each
tube was then centrifuged again for 30 seconds. This step was performed into
order to remove any radiolabelled peptide that was found on the cell surface and
not taken up by the cell. After the centrifuging, the supernatant was once again
removed and placed in a separate Eppendorf tube and labelled as washing
supernatant. The tube containing the cell pellet and 100 μL of the media was
labelled as cell pellet. At the end of the time period of 240 minutes, these aliquots
were placed in scintillation vials and capped securely. These were loaded onto
the gamma‐counter and counted. The percentage cell uptake was calculated by
using Equation 3.2.
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Percentage cell
uptake

=

cell pellet
‐ Washing supernatant counts
counts
9

x 100

Total counts of cell pellets +
supernatant + washing supernatant

Equation 3.2 Formula for calculating cell uptake
All the uptake experiments were conducted using the above mentioned
protocol. The percentage uptake into AR42J cells of 4c was 27.0 % ± 4.7 at 60
minutes and 17.0 % ± 0.002 at 240 minutes. At 60 and 240 minutes, 0.4 ± 0.05 and
0.28 ± 0.01 percent cell uptake was found for 5c. For 7c and 9c, percentage cell
uptakes of 1.0 ± 0.3 and 1.08 ± 0.09 were observed at 60 minutes respectively. Cell
uptake for 10c at 60 minutes was found to be 1.66 % ± 0.28 at 60 minutes.
Percentage cell uptake for 11c was 0.7 ± 0.2 at 240 minutes.
Binding affinities of DOTA‐peptides to somatostatin receptors
The displacement of

111

In‐DOTA0‐[Tyr3]‐octreotide by 6 increasing

concentrations of each compound
5d and

In‐DOTA0‐[D‐Cys2, Tyr3, D‐Cys7]‐octreotate,

nat

In‐DOTA0‐[Pen2, Tyr3, Pen7]‐octreotate, 10d were studied using AR42J

nat

cells as a source of somatostatin receptors. AR42J cells are known to
predominately express somatostatin subtype 2.52 Solutions of each peptide in the
concentration range of 2.2 x 10‐9 M to 2.2 x 10‐4 M were prepared and mixed with
the

111

In‐DOTA0‐[Tyr3]‐octreotide. AR42J cells (2 x 106 cells) in 200 μL of serum‐
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free RPMI 1640 medium (cell growth media) were placed in 1.5 mL Eppendorf
tube. To each Eppendorf tube, 10 μL of the prepared solutions containing 5d or
10d (at various concentrations) and 10 μL of the radiolabelled compound was
added. Triplicate samples at each concentration were prepared to a total volume
of 220 μL (6 concentrations from 10‐10 M to 10‐5 M). Separate tubes containing the
cells and 1 μM DOTA0‐[Tyr3]‐octreotide were added as well as to define non‐
specific binding. Each of the Eppendorf tubes was incubated for a period of 2
hours at 37 °C with continuous agitation. At the end of two hours, 800 μL of
medium was added into the tube. Contents of each tube was mixed to allow
washing of the cells and then centrifuged for 1 minute at 10.0 R.P.M. to form a
pellet of cells. The medium (solvent) from each tube was aspirated carefully,
ensuring that the cell pellet is not disturbed. This process was repeated 2
additional times with fresh media in order to remove any compound adhered to
the cell surface. All the tubes were counted using the γ counter. Counts at each
corresponding concentration was converted to % radioactivity remaining bound.
Serum stability studies of 111In‐labelled DOTA‐peptides and characterization
Mouse serum (500 μL) was aliquoted into a 1.5 mL Eppendorf tube and
centrifuged at 15 RPM for 15 minutes, 3 times. At the end of each 15 minutes of
centrifugation, the serum was transferred into a different Eppendorf tube to
separate the serum from some white precipitate (protein material) that formed at
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the bottom of the Eppendorf tube. The serum in the new Eppendorf tube was
again centrifuged and transferred into a fresh Eppendorf tube if any more white
precipitate was found. The supernatant (200 μL of mouse serum) at the end of
third round of centrifugation was then mixed with 10 ‐ 20 μCi of the
radiolabelled peptide which is incubated at 37 °C for a period of 24 hours.
Aliquots were taken at times of 0 hour, 1 hour, 4 hours and 24 hours after mixing
of the radiolabelled compound with the mouse serum. The stability of the
radiolabelled DOTA‐peptide, 4c was determined by analyzing each aliquot by
RP‐HPLC, using method F. Results show that the radiolabelled peptide was still
intact to an extent of 96% over a period of 24 hours.
For

111

In‐DOTA0‐[D‐Cys2, Tyr3, D‐Cys7]‐octreotate, 5c, over a period of 24

hours, 94% of the radiolabelled peptide still remained intact. In the case of
111

In‐

111

In‐DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate, 7c, at the end of 24 hours, 88% of the

radiolabelled peptide was found intact. In the cases of
Cys7]‐octreotate, 9c and

111

111

In‐DOTA0‐[Pen2, Tyr3,

In‐DOTA0‐[Pen2, Tyr3, Pen7]‐octreotate, 10c, the

radiolabelled peptides were found to be completely intact at the end of the serum
stability study.

111

In‐DOTA0‐[D‐Pen2, Tyr3, D‐Pen7]‐octreotate, 11c was found to

be 98% intact at the end of the serum stability study.
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4. Results and Discussions
4.1 Synthesis and characterization of peptides
Synthesis of the peptides
Synthesis of the linear peptide sequence of 1a, 2a, DOTA0‐[Tyr3]‐
octreotate, 4a and the modified analogues 5a, 7a, 9a, 10a and 11a were performed
using Fmoc synthesis strategy. In a manual reaction vessel, the first amino acid,
Threonine (amino acid building block used was Fmoc‐Thr (t‐Bu)‐OH) was
attached to the 2‐Cl‐Trityl‐resin in the presence of a base, diisopropyl ethyl
amine (Scheme 4.1). The substitution levels achieved after attaching of the first
amino acid (Threonine) to 2‐Cl Trityl resin were in the range of 0.36 ‐ 0.62
μmoles/mg.
(tBu)‐O
(tBu)‐O

HO
Cl

Cl

NH(Fmoc)

O

O

Cl

NH(Fmoc)

O

N
2‐Cl‐Trityl resin

diisopropyl ethyl amine
20% piperidine in DMF

(t Bu)‐O
Cl
O
O

NH2

H‐Thr(t‐Bu)‐2‐Cl‐Trityl resin

Scheme 4.1

127

Chapter 4

Using Fmoc‐ protected amino acids activated by HBTU in the presence of
HOBt, the elongation of the peptide chain on the resin was accomplished in the
automatic peptide synthesizer (as shown in Scheme 2.3). The coupling cycles
were performed twice to ensure that the coupling (of the amino acid building
block at that stage) was as complete as possible. The elongation of the peptide
chain follows the sequence as shown in Scheme 4.2. Due to an error in the
sequence file prepared for the peptide synthesizer for 1a and 2a, the two peptides
synthesized had an extra threonine residue in them. Rather than discard these
peptides, they were fortuitously utilized as control peptides.
Conjugation of the HBTU/HOBt activated DOTA‐tris (t‐butyl ester) to the
peptide chain was carried out using either the manual or automatic synthetic
methods (as depicted in Scheme 4.3). The term “DOTA” used here to denote the
bifunctional chelating agent attached to peptides is a derivatized form of DOTA
(monoamide derivative of DOTA), which is bonded to the peptide chain by
means of an amide bond formed between one of the carboxylate groups of
DOTA and the amine group of the peptide. The peptides were cleaved from the
solid support (resin) using a cleavage mixture composed of water, phenol,
ethanedithiol, triisopropylsilane (TIS) and thioanisole in trifluoroacetic acid
(TFA), shown in Scheme 2.5.
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In the case of the synthesis of 4a, 7a, 9a, the peptidyl resin was set aside
for a short period of time, before the coupling of the chelating group, DOTA was
accomplished. In each of these cases, the reaction of attaching DOTA to the
peptide was partial or incomplete. This could be due to the fact that the peptidyl
resin was not reactive after storing in NMP over a time period. In the case of all
the other peptides synthesized, the conjugation of DOTA was carried out
following the elongation of the peptide chain. In all of these cases, the DOTA
conjugation reaction to the peptide was complete.
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H‐Thr‐(t ‐Bu)‐2‐Cl‐Trityl resin
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O
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N
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Scheme 4.2

Linear sequence of (side chain protected) [Tyr3]‐octreotate attached to 2‐Cl‐Trityl resin

(tBu)‐O

O

Cl

O

(Trt)S

2. 20% Piperidine in DMF

1. (Fmoc) Amino acid* in HOBt/NMP, HBTU, DIEA
Ratio 3: 2.7: 6 to resin

O

Cl

(tBu)‐O

H
N

O

N
H

O

H
N

O
S(Trt)

O‐( tBu)

1. (Fmoc)‐Cys(Trt)‐OH
2. (Fmoc)‐Thr(tBu)‐OH
3. (Fmoc)‐Lys(Boc)‐OH
4. (Fmoc)‐ D‐Trp(Boc)‐OH
5. (Fmoc)‐Tyr(tBu)‐OH
6. (Fmoc)‐Cys(Trt)‐OH
7. (Fmoc)‐ D‐Phe‐OH

*= Amino acid follows this sequence

NH(Fmoc)
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At the end of synthesis of DOTA0‐[D‐Pen2, Tyr3, D‐Pen7]‐octreotate 11a,
the presence of two impurities was found, one being the peptide lacking a D‐
Penicillamine residue and the other being the peptide lacking a Threonine
residue.

Table 4.1 Data corresponding to peptides

Peptide
4a

Purity at
end of
synthesis
74 %

5a

MS data
1438.4

Mass
obtained
32.5 mg

Yield
66.5 %

90 %

1437.8

71.2 mg

68.5%

7a

75 %

1466.1

38.7 mg

67%

9a

74 %

1466.8

41.7 mg

61%

10a

77 %

1492.8

22.0 mg

56 %

11a

57%

1494.4

68.0 mg

51%

In Table 4.1, the level of purity of the linear peptide chain from HPLC
chromatograms obtained at the end of peptide synthesis, the mass obtained and
other data are given. Characterization of the peptides was carried out using RP‐
HPLC and LCMS. The calculated yields are based on the number of moles of the
resin at the beginning of the peptide synthesis. The initial number of moles of the
resin was calculated based on the Fmoc substitution level or loading capacity of
the resin obtained. The units of the loading capacity are μmoles/ mg. The weight
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of the crude peptide (corrected for purity) obtained at the end of the synthesis
was converted to the number of moles. The number of moles of product obtained
was divided by the initial number of moles of the resin and converted into the
percentage yield. The yields obtained for peptide synthesis of multiple repetitive
steps of coupling and deprotection cycles were high in comparison to multi‐step
small organic molecules.
From the results obtained for the synthesis of the linear sequences of the
peptides, 1a ‐ 10a, no significant differences could be discerned in terms of the
yields obtained. However, in the case of 11a, the linear peptide synthesis always
contained impurities, which were deletion mutants of 11a.
4.2 Cyclization of peptides
Upon successful synthesis of the peptides, the next step was to accomplish
the cyclization of the linear peptides by means of a disulfide bond, as shown in
Scheme 4.5. The formation of the disulfide bond in the synthesized peptides was
attempted by using air oxidation, DMSO or [Pt(en)2Cl2]Cl2 methods. In order to
find a suitable method to carry out the cyclization of the linear peptides, the
control peptides 1a and 2a were used to find optimized reaction conditions. RP‐
HPLC and LCMS analyses were used to characterize the cyclization reactions.
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Air oxidation
The cyclization reaction of 1a to form 1b was found to be complete after a
period of 2 days after the start of the reaction, observed by comparison of the
HPLC traces of the reaction mixture carried out at the time of the beginning and
2 days of the reaction. Upon analysis of the HPLC profiles of the cyclization
reaction of the peptide, Pen control peptide, 2a showed different results as
compared to the peptide, 1a. HPLC profile of the reaction mixture after 2 days of
air bubbling shows the presence of a new peak appearing, when compared to the
HPLC chromatogram of the reaction mixture at the time of initializing of the
reaction. The cyclization reaction proceeded to an extent of 6.0 % for 2a.
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Use of DMSO as a cyclizing reagent
The cyclization reaction was carried out on the control peptides, 1a and 2a
using DMSO as the cyclizing reagent. Results for cyclization reaction of 1a with
10% DMSO showed completion of reaction in a period of 20 hours, results shown
in Figure 4.1(i). In contrast, the oxidation reaction for 2a did not show similar
results with a similar amount of DMSO added (in comparison at 12 hours after
the start of the reaction). Comparison of the cyclization reaction carried out using
10% and 40% DMSO for 2a yielded 65 % and 68% of the starting material
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converted into their cyclized counterparts after 140 hours of initiation of the
reaction, respectively, as confirmed by HPLC and LCMS. Upon using higher
amounts of DMSO (40% and 70%), the desired product, 2b was observed along
with formation of impurities. The impurities were formed in higher amount in
70% DMSO in comparison to the 40 % DMSO reaction.
From the results obtained for the cyclization reaction of the peptides (1a
and 2a) carried out using DMSO, this reagent was useful for the cyclization of
peptides containing cysteine residues. Cyclization of the peptides containing
penicillamine residues proved difficult using this reagent.
From literature, trans‐[Pt(en)2Cl2]Cl2 was reported to be useful in
cyclization of linear peptides containing both cysteine and penicillamine
residues.78 Therefore, the cyclization reactions of the control peptides were
carried out using this reagent.
Use of [Pt(en)2Cl2]Cl2
The cyclization reaction for 1a carried out using trans‐[Pt(en)2Cl2]Cl2
showed formation of 1b a few minutes after beginning the reaction. The
cyclization reaction carried out on 2a showed completion of reaction within an
hour of addition of the reagent, confirmed by HPLC and LCMS.
The cyclization of the control peptides was carried out using three
methods. The linear peptides and their cyclized counterparts were analyzed by
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RP‐HPLC and their identity confirmed by using LCMS analysis. The Cys control
peptide, 1a was cyclized by air oxidation after 2 days of reaction time. The Pen
control peptide, 2a was cyclized only to an extent of 6.0 % by the air oxidation
method. In case of the reaction carried out by using DMSO as the cyclizing
reagent, the reaction went towards completion in case of Cys control peptide, 1a
in 20 hours, depicted in Figure 4.1(i). In case of the Pen control peptide 2a, the
reaction was incomplete (68%) after a period of 140 hours, possibly due to
hindrance caused by the steric repulsion between the gem‐dimethyl groups
present. In the case of the oxidation reaction carried out with use of the Pt
reagent, the reaction went to completion for both the peptides in under an hour
(Figure 4.1(ii)).
trans‐[Pt(en)2Cl2]Cl2 was used for accomplishing the cyclization of most of
the peptides studied. The cyclization reaction carried out in the case of the 4a and
5a by using the trans‐[Pt(en)2Cl2]Cl2 was completed without much degradation.
In case of scaling up of the cyclization of 10a, there was noticeable degradation of
the peptide. Monitoring of the peptide cyclization reaction after two hours after
initiation of the reaction showed formation of the desired product, along with
several peaks. The sample analyzed after a period of 4 hours showed the similar
profile, without any increase of the area for the peak of desired product.
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In case of peptide, 11a, the crude peptide obtained after peptide synthesis
showed the presence of impurities, deletion mutants being the peptide lacking a
D‐Penicillamine residue and a peptide lacking a Threonine residue arising
during the peptide synthesis process. Degradation products were observed in the
cyclization reaction of this peptide as well. The presence of these impurities
accompanied by the degradation products formed during the cyclization reaction
necessitated the preliminary preparative purification to eliminate the deletion
mutants. Hence it was purified first by use of preparative HPLC before the
cyclization of the peptide was performed.
Using the modified cyclization reaction conditions, the cyclization
reaction of 11a was performed in water: acetonitrile ( 50:50%v/v) as the solvent.
This was done to check if the cyclization reaction proceeded in the absence of
phosphate buffer and to check if the degradation products arising during the
cyclization reaction of the penicillamine containing peptides would appear if the
reaction was carried out in modified conditions. Results from this cyclization
reaction showed that the cyclization reaction proceeded in the absence of
phosphate buffer, but required longer time periods for the conversion of the
peptide from linear to the cyclized analogue.
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4.3 Large scale cyclization and purification of peptides
Formation of the disulfide bond in the case of 4a, 5a, 10a and 11a were
carried out using trans‐[Pt(en)2Cl2]Cl2. Cyclization reactions carried out by using
DMSO as the oxidizing reagent were used in the case of 7a and 9a.
DOTA 0‐D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Cys7‐Thr 8, 4b

In Figure 4.2(i), the HPLC trace of the crude peptide mixture is depicted,
which contains two major peaks. The peak (retention time of 16.26 minutes, k’=
8.92) corresponds to the linear DOTA0‐[Tyr3]‐octreotate, 4a and the peak
(retention time of 17.00 minutes, k’= 9.11) corresponds to the [Tyr3]‐octreotate, 3a.
After addition of trans‐[Pt(en)2Cl2]Cl2 reagent, the formation of the disulfide bond
between the two cysteine residues in both the peptides, 3a and 4a occurred, thus
cyclizing the peptides. The HPLC trace shown in Figure 4.2(ii) shows the trace of
the reaction mixture of the cyclization reaction. Here the peak with retention
time of 15.98 minutes (k’=8.51) corresponds to the cyclized [Tyr3]‐octreotate, 3b
and DOTA0‐[Tyr3]‐octreotate, 4b. As seen in the chromatogram, both the peaks
elute as a single peak under the HPLC conditions used for this analysis. In order
to purify the peptide of interest from the impurities (including the cyclized
[Tyr3]‐octreotate) by using preparative RP‐HPLC, separation of at least a few
minutes was required between the peptide of interest and the impurities.
Utilizing a gradient with a less steep slope in comparison to the standard
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gradient resulted in separation of the peptide from the impurities. In order to set‐
up a less steep gradient for the analysis of this peptide mixture, the percent
acetonitrile at which the peptide eluted out in the analytical run was calculated.
From the HPLC chromatogram analyzed using the standard gradient, (Figure 4.2
(i)) the peptide of interest eluted out between 27 % ‐ 30 % B. To attempt to
resolve the peak of interest from the other peaks, two shallow gradients were
setup, starting at a lower percentage of acetonitrile than the percentage at which
the peptide of interest eluted.
The gradient change in method A set up was 20 %‐ 35 % B in 30 minutes.
In Figure 4.2(iii), the HPLC trace of the reaction mixture (the cyclization reaction)
analyzed by using method A is shown. The peak with retention time of 11.20
minutes (k’ = 5.66) corresponds to 3b, while peak at retention time of 11.81
minutes (k’= 6.03) corresponds to 4b. The chromatogram of the reaction mixture
analyzed by using method B is shown in Figure 4.2(iv). The peak with retention
time of 13.35 (k’= 6.94) and 14.51 minutes (k’= 7.64) corresponds to 3b and 4b,
respectively.
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After trials of all the different gradients described above, no favorable
gradient method was found that could resolve the peptides sufficiently for
preparative purification purposes. Therefore an isocratic method was tested. This
method C consisted of 20% B isocratic for an hour and then going to 80% B in 5
minutes to wash the column followed by re‐equilibration. The analytical elution
profile shown in Figure 4.3(i) shows the peaks corresponding to 3b eluted at
20.55 minute (k’= 11.23) and 4b at 24.91 minutes (k’= 13.83), separated enough
from each other to be used for a preparative purification.
A large scale cyclization reaction of 3a and 4a by using trans‐
[Pt(en)2Cl2]Cl2 was carried out. The completion of the reaction was verified by
HPLC analysis of the reaction mixture, which showed the disappearance of the
peak corresponding to the linear peptide chain, 3a and 4a and new peaks
appearing corresponding to 3b and 4b.
Preparative HPLC purification of 4b
This reaction mixture was purified by preparative HPLC. Wavelengths of
225 and 235 nm were used to monitor the preparative run. The wavelengths of
214 and 280 nm were not used as the high load of peptide injected for
preparative runs swamped the detection system. After injecting the reaction
mixture to the HPLC, the isocratic conditions optimized for the preparative runs
was used. Fractions were collected as the sample band was observed (fraction
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collection was started at the beginning of the sample band, and stopped when it
tapered off) in the UV detector. Though the isocratic conditions were maintained
a period of 50 minutes, the peaks did not elute; after which a slight gradient was
started, which resulted in the peaks co‐eluting from the column. In Figure 4.3 (ii),
the fractions collected during preparative run are identified. In preparative runs,
the sample loaded usually overloads the UV detector and hence there is usually a
loss of resolution and distortion of bands in comparison to the analytical runs.
After the preparative run, the fractions collected were analyzed. From both the
preparative runs, one fraction was found to contain both 3b and 4b, (retention
time of 10.83 minutes (k’= 5.44) and 12.18 minutes (k’= 6.25)), shown in Figure 4.3
(iii). Due to similar HPLC profiles of the two fractions, they were pooled together
and lyophilized. A subsequent preparative HPLC re‐purification (Figure 4.3(iv))
carried out using the isocratic gradient led to the purification of the peptide, 4b.
After this re‐purification process, one fraction contained the purified product.
The purified sample weighed 1.0‐1.1 mg after lyophilization with an isolated
yield of 5%.
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Peptide content
Determination of the peptide content was carried out using a calibration
curve constructed from solutions of tryptophan and tyrosine as standards.
Absorbance of solutions (at 280 nm) composed of tryptophan and tyrosine in a
1:1 mole ratio was recorded for solutions over a range of 5‐300 μM. The
absorbances were measured in triplicate. The calibration curve obtained for
tryptophan and tyrosine is depicted in Figure 4.4.
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Figure 4.4 Calibration curve of Trp + Tyr
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1.60
1.40

Absorbance

1.20
1.00
0.80
0.60
0.40

2

R = 0.99

0.20
0.00
0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

μM

Figure 4.5 Calibration curve of octreotide
Octreotide was obtained from a company with a certified peptide content.
The batch of octreotide was certified to contain 86.4% peptide. Octreotide
contains phenylalanine instead of tyrosine in the third position in contrast to the
peptides studied in this project. The slope of the calibration curve for a mixture
of tryptophan and tyrosine was compared to the slope obtained for octreotide
acetate (curve shown in Figure 4.5). The ratio (0.0045: 0.006) between the two
slopes was equal to the ratio (5550: 7040) of the absorptivity value (ε) of
tryptophan to (ε) of tryptophan and tyrosine mixture. The equation of the line
obtained for this calibration curve was used to estimate the peptide content of 4b
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‐ 11b, whose absorbance was measured at a single concentration falling in the
range of 100 ‐ 300 μM.
Purification of 4b using Sep‐Pak®
Utilizing the modified cyclization reaction conditions, the linear DOTA0‐
[Tyr3]‐octreotate, 4a was dissolved in acetonitrile:

water (50:50 %, v/v) and

cyclized by using [Pt(en)2Cl2]Cl2. The cyclization reaction was monitored by
analyzing aliquots of the reaction mixture by HPLC for the disappearance of the
dithiol precursor. The HPLC chromatogram of the dithiol precursor, 4a is shown
in Figure 4.6(i). The retention time of the peak corresponding to 4a is 13.23
minutes (k’= 6.87). The cyclization reaction was found to be complete after a
period of 17 hours (HPLC trace of the cyclized product shown in Figure 4.6(ii),
retention time of 4b is 13.08 minutes, (k’= 6.78)). The reaction was quenched by
addition of a few mL of concentrated hydrochloric acid.
Sep‐Pak® based purification relies on the partition of the components
between two phases, one of the phases being the solid sorbent. For example,
peptides adsorb preferentially on the C18 Sep‐Pak® sorbent, while trans‐
[Pt(en)2Cl2]Cl2 does not adsorb to the C‐18 sorbent as strongly as the peptides.
Once an equilibrium for the adsorption of components to the solid sorbent is
achieved, the desorbtion process is initiated by washing with appropriate
solvents. For example, trans‐[Pt(en)2Cl2]Cl2 being an ionic compound washes off
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the C18‐ Sep-Pak® sorbent with 90% water. The peptides remain adsorbed to the
solid under these conditions. The desorption of the peptides need a higher
percentage of organic solvent such as acetonitrile.
A Sep‐Pak® Vac cartridge was used for separation of the desired peptide,
4b from the cyclizing reagent, trans‐[Pt(en)2Cl2]Cl2. At the end of the cyclization
reaction of 4b, the HPLC chromatogram of the peptide contained one major peak
corresponding to the desired peptide. Under the standard HPLC method
analysis, the peptide eluted at 27‐30% of acetonitrile, while trans‐[Pt(en)2Cl2]Cl2
eluted at the beginning of the standard gradient (~10% acetonitrile). C18 Sep‐
Pak® based purification was used for isolation of the peptide. The cyclization
reaction mixture was then loaded onto a Sep‐Pak® Vac cartridge for purification.
The trans‐[Pt(en)2Cl2]Cl2 complex was eluted with acetonitrile: water (5:95 %, v/v)
and the desired peptide by using 50:50 % acetonitrile: water. All the fractions
were monitored by HPLC. Upon analysis at the end of eluting the Sep‐Pak® Vac
column, it was found that the initial attempt using Sep‐Pak® cartridge for
separation of the peptide from the Pt complex was not successful. In the initial
attempt of Sep‐Pak® based purification, the loading fraction and most eluted
fractions contained both the peptide and the Pt complex (shown in Figure 4.6
(iii)), retention time of 4b being 13.06 minutes (k’= 6.77). This is attributed to the
fact that the amount of peptide loaded on to one Sep‐Pak® Vac cartridge may
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have been higher than desirable, which led to incomplete partition or adsorption
of the components on to the C‐18 sorbent. The solvent used for eluting the
peptide, acetonitrile: water (50:50 %, v/v) was also higher than desirable. In a
second attempt to purify the desired peptide 4b by using Sep-Pak® Vac cartridge,
the fractions obtained from the previous purification of cyclized DOTA0‐[Tyr3]‐
octreotate were lyophilized to reduce the volume and then loaded onto two Sep‐
Pak® cartridges. The protocol followed for the separation of the cyclized peptide
was similar to the first one, except for using acetonitrile: water (40:60% v/v)
solution. The loading fraction analyzed did not show the any presence of any
peptide peaks, which indicated that the reaction mixture was adsorbed
efficiently onto the Sep‐Pak® column. Elution of the Sep-Pak® cartridge with 5%
acetonitrile in water separated [Pt(en)2Cl2]Cl2 from the peptide, 4b. The washing
of the Sep‐Pak® cartridge with 40% acetonitrile in water eluted the peptide,
depicted in Figure 4.6(iv). Retention time of the peak corresponding to 4b is 13.03
minutes (k’= 6.75). The 100% acetonitrile did not contain any peptide. The
fractions eluted with 40% aceotonitrile were then lyophilized to recover the
peptide. The amount of the recovered peptide was 4.9 mg (36% isolated yield) in
> 85 % purity. The Sep‐Pak® Vac cartridge based separation of the cyclized
peptide from the platinum complexes increased the yield of recovery in
comparison to the HPLC preparative method.
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DOTA0‐D‐Phe1‐D‐Cys2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐D‐Cys7‐Thr8, 5b

A small scale cyclization reaction of the peptide, 5a was carried out by
using trans‐[Pt(en)2Cl2]Cl2 reagent to check the feasibility of the formation of
disulfide bond in this peptide. The HPLC trace of the linear peptide dissolved in
phosphate buffer is shown in Figure 4.7(i). The reaction was analyzed by
analyzing aliquots of the reaction mixture using the standard HPLC method and
LCMS. The HPLC trace of cyclized peptide is shown in Figure 4.7(ii). The
cyclization reaction proceeded towards completion in under an hour, as
confirmed by the LCMS analysis. Cyclization reaction of the peptide, 5a using
trans‐[Pt(en)2Cl2]Cl2 reagent on a larger scale yielded 5b.
Preparative HPLC purification of 5b
In the analytical HPLC chromatograms, the peak with retention time of
16.66 minutes (k’= 8.92) corresponded to 5a (shown in Figure 4.7(i)). In Figure 4.7
(ii), the peak with retention time of 17.36 minutes (k’= 9.33) corresponds to 5b.
The peptide of interest eluted at 28.0 ‐ 32.0 % under the standard analytical
conditions. Two different analytical methods with a shallower gradient than the
standard HPLC method were setup and used for analyzing the reaction mixture.
The analytical HPLC traces of the reaction mixture analyzed by the two
analytical methods, B and D are shown in Figure 4.7(iii and iv). Peaks
corresponding to 5b in these chromatograms (Figure 4.7(iii and iv)) had the
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retention times of 28.61 minutes (k’= 16.03) and 29.76 minutes (k’= 16.71),
respectively. Method B was used for the preparative HPLC runs. Preparative
HPLC purification of the peptide was carried out in three runs. The preparative
HPLC purification details used are similar to the one used for 4b. The first
preparative HPLC purification run was beset with problems related to the HPLC,
which led to no purification occurring in that run. The other two preparative
runs proceeded normally (HPLC traces shown in Figure 4.8(i and ii). Several
fractions were collected during the preparative runs and analyzed by HPLC and
LCMS to determine the fraction containing the desired peptide in high purity.
Analysis of the fractions showed four of the fractions collected contained 5b in
high purity (HPLC traces depicted in Figure 4.8 (iii and iv)). Retention times of
the peak corresponding to 5b in both these chromatograms shown in Figure
4.8(iii and iv) were 17.53 minutes (k’= 9.43) and 17.61 minutes (k’= 9.48),
respectively. These were pooled and lyophilized to dryness. After lyophilizing
these fractions, a total mass of 17 mg was obtained in isolated recovery of 24 %.
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Figure 4.7 HPLC chromatograms. (i) DOTA0‐[D‐Cys2, Tyr3, D‐Cys7]‐octreotate, 5a; (ii) Cyclizing reaction mixture of DOTA0‐[D‐Cys2, Tyr3, D‐
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DOTA0‐D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys 5‐Thr6‐Pen7‐Thr8, 7b

The peptide 7a was synthesized using the Fmoc‐synthesis strategy. From
HPLC and LCMS analyses, it was found that conjugation of DOTA to the peptide
was not complete. Under standard HPLC gradient conditions, peaks
corresponding to peptide 6a and DOTA peptide 7a co‐eluted with a retention
time of 18.01 minutes (k’= 9.72) (HPLC trace shown in Figure 4.9(i)). In other
words, the product obtained at the end of synthesis, DOTA conjugation and
cleavage off the resin contained some amount of peptide without DOTA attached
to it.
Due to previous experience of problems encountered with the scaled up
cyclization reaction with Pt reagent and preparative HPLC purifications, a small
scale cyclization reaction was performed with DMSO. Cyclization reaction set up
on a small scale using DMSO as the cyclizing reagent proceeded to completion
overnight. The progress of the reaction was monitored by analyzing aliquots
using HPLC. Sep-Pak® based purification could not be used in this case due to
the close eluting peaks, 6b and 7b. A large scale reaction for cyclizing the rest of
the peptide was then performed by using DMSO as the cyclizing reagent.
HPLC chromatograms of the reaction mixture of the cyclization reaction
showed [Cys2, Tyr3, Pen7]‐octreotate, 6b and DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate,
7b eluted together (retention times, 17.75 minutes (k’= 9.56)) when the standard
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method was used. Development of an analytical method to separate the two
peaks by a few minutes was carried out in a similar manner as the case of 4b.
Separation of the two peaks (cyclized [Cys2, Tyr3, Pen7]‐octreotate, 6b and
cyclized DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate, 7b) (Retention times 29.36 and
30.10 minutes (k’= 16.48 and 16.91 respectively)) was observed from the
chromatogram, depicted in Figure 4.9(iii) (using the method D). Analyzed by the
gradient method E, the two peaks eluted out separated (retention times of 17.75
minutes, (k’= 9.56) 18.96 minutes, (k’= 10.29)), shown in Figure 4.9(iv). The
analytical method E was used for the preparative HPLC purification of the large
cyclized DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate, 7b.
Preparative HPLC purification of 7b
The preparative run for separation of cyclized DOTA0‐[Cys2, Tyr3, Pen7]‐
octreotate from DMSO and other impurities was carried out using the method E,
shown in Figure 4.10(i). The preparative run was conducted similar to 4b.
Analysis of the fractions collected during the preparative HPLC purification
showed four fractions were found to contain the purified product. HPLC trace of
one of them is shown in Figure 4.10(ii). The peak with the retention time of 13.30
minutes (k’= 6.91) corresponds to 7b. After lyophilization of the fractions to
dryness, 4.7 mg of cyclized DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate, 7b was obtained.
The isolated yield was 15%.
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DOTA 0‐D‐Phe1‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Cys7‐Thr 8, 9b

The cyclization reaction of 8a and 9a was performed by use of DMSO as
the cyclizing agent. The HPLC trace of the linear peptides, 8a and 9a analyzed
by using the standard gradient is depicted in Figure 4.11(i). The retention time
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corresponding to 8a and 9a was 17.43 minutes (k’=9.37). The cyclized peptide, 8b
and the cyclized DOTA peptide, 9b eluted together under the standard analytical
HPLC conditions, as shown in Figure 4.11(ii). The retention time corresponding
to 8b and 9b was 17.35 minutes (k’=9.32).
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Figure 4.11 HPLC chromatograms. (i) [Pen2, Tyr3, Cys7]‐octreotate, 8a and
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In order to purify the desired compound by using preparative HPLC
techniques, analytical methods with a shallow gradient in comparison to the
standard method were developed. The HPLC analysis of the cyclization reaction
mixture analyzed by using the method D did not resolve the peaks sufficiently
(HPLC trace shown in Figure 4.12(i)). Retention time of the peaks corresponding
to 8b and 9b was 27.36 minutes (k’=15.29) and 28.01 minutes (k’=15.67). The
analysis carried out by using method E (HPLC trace shown in Figure 4.12(ii))
resolved the peaks enough to be utilized for preparative HPLC purification.
Retention times of the peaks corresponding to 8b and 9b were 15.68 minutes
(k’=8.33) and 16.63 minutes (k’=8.90).
Preparative HPLC purification of 9b
Two preparative runs (HPLC trace in Figure 4.12(iii)) were carried out for
isolation of 9b from 8b using method E and several fractions were collected. The
fraction which corresponded to 9b in the preparative HPLC is shown in the
preparative HPLC chromatogram. Upon HPLC analysis of the fractions, the
peptide of interest was present in three fractions. These were lyophilized to yield
5.7 mg of the desired peptide, 9b (HPLC trace in Figure 4.12(iv)) in an isolated
yield of 12 %. The peak with a retention time of 16.18 minutes (k’=8.63)
corresponds to 9b.
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DOTA 0‐D‐Phe1‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐Pen7‐Thr 8, 10b

The cyclization reaction of DOTA0‐[Pen2, Tyr3, Pen7]‐octreotate, 10a was
carried out in phosphate buffer. In Figure 4.13(i), the peak with a retention time
of 19.90 minutes (k’= 10.84) corresponds to the linear peptide, 10a. The
cyclization reaction was monitored using HPLC and LCMS using the standard
method. Analysis of the reaction mixture carried out at two hours after the
addition of trans‐[Pt(en)2Cl2]Cl2 showed the HPLC profile as seen in Figure
4.13(ii). The peak with the retention time of 20.65 minutes (k’= 11.24) corresponds
to the cyclized product, 10b.
The HPLC analysis (depicted in Figure 4.13(iii)) carried out four hours
after the addition of the Pt reagent showed a similar profile as the analysis
carried out at two hours. The cyclization reaction did not proceed towards
completion. No increase in the amount of the cyclized product, 10b (retention
time of 20.65 minutes, (k’= 11.29)) was observed after letting the reaction proceed
longer. LCMS analysis of the reaction mixture showed the presence of a number
of peaks corresponding to the molecular mass (m/z) of 1523.4, which matches the
mass of the peptide which has undergone further oxidation to its sulfone
derivative.
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To isolate the desired product, 10b by using preparative HPLC
purification, method development to find a suitable gradient was carried out.
The HPLC chromatogram of the peptide analyzed by the standard method was
used as a starting point. As the HPLC analyses (chromatogram shown in Figure
4.13(iv)) carried out using method B showed sufficient separation between the
product of interest, 10b and the other components, this method was used for the
purification of this peptide using preparative HPLC. The peak with a retention
time of 34.00 minutes (k’= 19.23) corresponds to 10b.
The oxidation reaction was carried out for 20 mg of the peptide and
checked by analytical HPLC to ensure that oxidation had occurred.
Preparative HPLC purification of 10b
HPLC preparative purification was accomplished in two runs. The
method used for purification was method B. The first preparative run was
unsuccessful due to problems encountered with the HPLC pumps during the
preparative purification. Fractions collected during this run were found impure
when analyzed by analytical HPLC. One fractions collected from the second
preparative run was found to contain the purified product, which was
lyophilized yielding 0.5 mg (2% isolated yield).
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Purification of 10b by using Sep‐Pak®
In order to carry out the cyclization reaction of DOTA0‐[Pen2, Tyr3, Pen7]‐
octreotate, 10a, the modified protocol for trans‐[Pt(en)2Cl2]Cl2 complex cyclization
was used. The progress of the cyclization reaction was monitored by analysis of
reaction aliquots by HPLC. When the peak corresponding to the di‐thiol
precursor disappeared, the reaction was quenched by addition of concentrated
hydrochloric acid (a few mL).
Two different types of Sep‐Pak® cartridges, Sep‐Pak® Plus and Sep‐Pak®
Vac were used to separate the cyclized peptide from the Pt complex and other
impurities. The protocol used was similar to the one used in the case of Sep‐Pak®
purification for 4b.
The Sep‐Pak® Plus cartridge did not contain sufficient sorbent to resolve
trans‐[Pt(en)2Cl2]Cl2 from the cyclized peptide, 10b on the scale the cyclization
reactions was performed. Subsequent purifications were performed with the
larger Sep‐Pak®, the Sep‐Pak® Vac column.
The Sep‐Pak® separation was monitored by HPLC. The fractions in each
elution were collected and monitored by HPLC. The method used here was the
method D. From the results obtained by HPLC, the isolation of the DOTA0‐[Pen2,
Tyr3, Pen7]‐octreotate, 10b from the salt was achieved in > 90% chemical purity.
The trans‐[Pt(en)2Cl2]Cl2 complex eluted out primarily in the first wash with 5 %
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acetonitrile in water. The cyclized peptide, 10b eluted from the Sep‐Pak with 50%
acetonitrile in water (2nd wash). From an initial amount of uncyclized peptide, the
cyclization reaction, the isolated recovery was 11.5 mg (48% yield) of cyclized
DOTA0‐[Pen2, Tyr3, Pen7] octreotate, 10b after lyophilization.
The percent recovery from this experiment was 48%, which was higher
than what was obtained for preparative HPLC based purifications. The
combination of using the modified cyclization conditions (resulting in less
impurities formed during the cyclization reaction) and Sep‐Pak® for isolation of
the cyclized product helped in obtaining higher yields.

DOTA0‐D‐Phe1‐D‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr6‐D‐Pen7‐Thr8, 11b
The crude peptide DOTA0‐[D‐Pen2, Tyr3, D‐Pen7] octreotate, 11a contained
impurities. The major peak corresponds to the desired peptide; two minor peaks
which appear correspond, by LCMS analysis, to the peptide lacking a Thr
residue/DPen residue. In the chromatogram shown in Figure 4.14(i), the peaks
with retention times of 23.00 minutes and 28.36 minutes (k’= 12.68 and 15.88
respectively) correspond to the deletion mutants of the peptide lacking a D‐
Penicillamine residue and a Threonine residue, respectively. The peak with
retention time of 30.81 minutes (k’= 17.34) corresponds to 11a (HPLC trace
depicted in Figure 4.14(i)).
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Figure 4.14 HPLC chromatograms. (i) DOTA0‐[D‐Pen2, Tyr3, D‐Pen7] octreotate,
11a analyzed by method D; (ii) DOTA0‐[D‐Pen2, Tyr3, D‐Pen7]octreotate, 11a ‐
preparative HPLC purification.
Preparative HPLC purification of 11a
The analytical HPLC chromatogram of 11a analyzed by using method D
was suitable for scaling up for preparative HPLC purification. The crude peptide
(68 mg) was purified in three preparative runs (chromatogram of one run shown
in Figure 4.14(ii)). Several fractions were collected as a function of the peaks
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detected in the UV detector. Fractions were analyzed using by analytical HPLC
and LCMS in order to find the pure fractions. The fraction which corresponded
to 11a is depicted in the preparative HPLC chromatogram. From these
purification runs, 27 mg of purified peptide was obtained after lyophilization.
In order to isolate more mass of the desired peptide, 11a was synthesized
by using Fmoc synthesis strategy. At the end of synthesis, 70 mg was obtained.
Both the batches of 11a also contained the deletion mutants (truncated peptide
impurities lacking Threonine or D‐Penicillamine residues). The peptide was
purified by use of preparative HPLC in order to obtain 11a. The protocol
followed is similar to the one described for 11a.
Cyclization reaction of DOTA0‐[D‐Pen2, Tyr3, D‐Pen7]‐octreotate
The linear peptide obtained from the purification run was dissolved in
phosphate buffer (HPLC chromatogram depicted in Figure 4.15(i)). A retention
time of 20.31 minutes (k’= 11.09) corresponds to 11a. After the addition of trans‐
[Pt(en)2Cl2]Cl2, several peaks were seen in the analytical HPLC (performed an
hour after addition of cyclizing reagent) shown in Figure 4.15(ii), including the
linear peptide and a small amount of cyclized product. The retention times
corresponding to 11a and 11b in Figure 4.15(ii) are 20.15 minutes (k’= 10.99) and
22.41 minutes (k’= 12.34), respectively. From LCMS analysis, the cyclized and
uncyclized peptides were found along with peaks which showed a mass of 32.0
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more than the cyclized peptide(retention times between 17.5 to 20.0 minutes in
the chromatogram, Figure 4.15(ii and iii)). These species could correspond to the
peptide in which the thiol group of the penicillamine residues was further
oxidized to the corresponding sulfone. Several peaks were eluted in this time
range and had similar molecular weights, which could be the isomeric sulfone
derivatives of the peptide. HPLC analysis performed after a period of 3 hours
(Figure 4.15(iii)) after addition of the cyclizing reagent showed that the peak
corresponding to the cyclized peptide, 11b remain unchanged in terms of the
area (integrated area under the peak corresponding to 11b, retention time of
22.43 minutes, (k’=12.35)). This indicated that longer reaction times did not yield
higher amounts of the desired product. Along with some degradation of the
peptide, it was observed that the peak corresponding to the linear peptide, 11a
grew smaller in area in comparison to the same peak in the analysis carried out
at 1 hour after addition of trans‐[Pt(en)2Cl2]Cl2.
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In order to purify the desired peptide using the preparative HPLC,
method development was carried out to separate the peak of interest from the
other impurities. The HPLC traces obtained for the cyclization reaction mixture
using the standard HPLC gradient was used as a starting point for method
development. Methods B and D were set up in order to find a suitable method to
separate the compound of interest from the other components. HPLC trace of the
cyclization reaction mixture carried out by using method B is depicted in Figure
4.15(iv). Retention times of the peaks corresponding to 11a and 11b were 34.21
minutes (k’= 19.36) and 43.48 minutes (k’=24.86). Preparative HPLC purification
of the cyclization reaction mixture was performed following method B as the
peak of interest was separated from the other peaks. In Figure 4.16(i), the HPLC
trace of the cyclization reaction mixture of 11b carried out by using method D is
shown. The retention times of the peaks corresponding to 11a and 11b were 33.36
minutes (k’=18.86) and 37.73 minutes (k’= 21.46) respectively.
Preparative HPLC purification of 11b
The preparative runs were conducted (HPLC trace shown in Figure
4.16(ii).The preparative runs for this peptide had a few differences in comparison
to other preparative runs; there is deterioration of the peptide material, giving
rise to several peaks, which make it difficult to keep a track of which fraction has
arrived and which are the newer peaks, also the delay of a week in between the
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cyclization reaction and the preparative HPLC purification. The preparative runs
usually follow the analytical run in the number of peaks that eluted, but in this
case as new peaks appeared it made it quite difficult to judge which of the
fractions actually corresponded to the desired product.
The method used for analysis, method B, gave confusing results while
checking the fractions for purity (HPLC trace depicted in Figure 4.16(iii)). The
desired product eluted at the time in the gradient, where the change in the
gradient (% B change was high) was occurring. This made it appear as a large
broad peak when in reality it was expected to be a sharp peak. Upon repeating
the analytical run by using a different gradient, method C, it was found that it
was a single peak (HPLC trace shown in Figure 4.16(iv)).
Purification of 11b using Sep‐Pak®
In order to isolate more mass of the desired peptide, 11a was synthesized
by using Fmoc synthesis strategy. At the end of synthesis, 70 mg was obtained.
Both the batches of 11a also contained the deletion mutants (truncated peptide
impurities lacking Threonine or D‐Penicillamine residues). The peptide was
purified by use of preparative HPLC in order to obtain 11a. The protocol
followed is similar to the one described for 11a. The peptide was cyclized by use
of [Pt(en)2Cl2]Cl2, using the modified reaction conditions. Sep‐Pak® based
purification was performed to remove the Pt complex. At this point, 5.1 mg of
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compound was obtained containing the desired product 11b in 40% pure
compound was obtained.
In the second attempt to isolate more mass of 11a, trans‐[Pt(en)2Cl2]Cl2 was
removed using Sep‐Pak® followed by further purification of the compound was
carried out using preparative HPLC. The protocols followed for the cyclization
reaction, Sep‐Pak® purification and HPLC purification were similar to the ones
described earlier. The HPLC trace of the loading fraction and the eluted fraction
from the Sep‐Pak® purification is shown in Figure 4.17(i and ii).The preparative
HPLC trace is shown in Figure 4.17(iii). 0.6 mg of 11b in > 90% purity (isolated
recovery of 3%) was obtained (HPLC trace shown in Figure 4.17(iv)). This low
amount of recovery could be due to the two purification steps, Sep‐Pak®
followed by HPLC also accompanied by the problems with the cyclization
reaction associated with this peptide in general.
The attempts to synthesize and isolate this peptide were numerous in
comparison to the other peptides studied in this project. The linear peptide
synthesis itself always contained impurities (the truncated peptides lacking
Threonine or D‐Penicillamine). The cyclization reactions for this peptide always
showed the presence of some degradation products. The desired product
obtained after the end of the purification was lesser in amount and yield in
comparison to the other peptides studied for this project.
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In general, as can be observed from the yields obtained at the end of the
linear chain peptide synthesis, the yields obtained were reasonably high in
comparison to a multi‐step small organic molecule synthesis. In contrast, there
were several factors that lowered the yield at the end of the cyclization reactions
of each peptide. The peptides containing the cysteine moieties, 4b and 5b were in
general cyclized with relative ease using the trans‐[Pt(en)2Cl2]Cl2 complex. For
these peptides, the preparative HPLC purification proved to be the limiting
factor for obtaining high isolated yields. The peptides containing both cysteine
and penicillamine moieties, 7b and 9b were cyclized utilizing DMSO. Similar to
the observations noted for the cysteine peptides, the yields obtained on these
peptides were limited to the preparative HPLC purifications where the yields of
the isolated product obtained are low. Additionally, lower yields were obtained
for 7b and 9b because that the starting compound 7a and 9a contained 6a and 8a
as impurities. The peptides containing penicillamine residues, 10b and 11b were
the peptides in which low isolated yields were obtained. The factors contributing
to the low yields were the degradation/oxidation to sulfones observed in these
two cases during the cyclization reactions carried out with trans‐[Pt(en)2Cl2]Cl2
complex, apart from the accompanied low yields due to preparative HPLC
purifications. The issue with lower yields was solved partially, at least for 10b
upon optimizing modified conditions for cyclization reactions. Utilizing the
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modified conditions to cyclize the peptide 10a and using Sep‐Pak® purification
methods helped in obtaining higher yields in this case. The modified reactions
conditions did not help in obtaining higher yields for 11b. In the case of 11b, high
amounts of degradation/ other products were observed during cyclization
reactions using trans‐[Pt(en)2Cl2]Cl2.
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Figure 4.17 HPLC chromatograms. (i) DOTA0‐[D‐Pen2, Tyr3, D‐Pen7]‐octreotate, 11b ‐ Sep‐Pak® loading fraction; (ii)
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4.4 Radiolabelling of DOTA‐peptides with 111In and characterization
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Radiolabelling of 4b, 5b, 7b, 9b, 10b and 11b with

InCl3 using acetate

111

buffer (pH 5.0, 50 mM) by heating at 99 °C for a period of 30 minutes to yield 4c,
5c, 7c, 9c, 10c, 11c (shown in Scheme 2.6). Sodium ascorbate (25 mM ) was used
as a radiolytic stabilizer. The amount of peptide used is in 30‐130 times excess in
comparison to the amount of

111

In(III) used. The labelling yields accomplished

were in the range of 53.0 ‐97.0% with a minimum specific activity (295.8 ‐ 1568.6
Ci/mmole) (Table 4.2). The minimum specific activity of the labelling reactions is
calculated based on the isolated yield obtained after the HPLC analysis of the
labelling reaction and the millimoles of the peptide (the initial labelling
condition). The specific activity obtained is termed as “minimum” due to the fact
that the unlabelled peptide and the labelled peptide eluted closely in the HPLC
gradient used. Due to the tracer level reaction scales, it is not possible to
characterize the amount of the unlabelled peptide in the isolated fraction.
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Table 4.2 Data of radiolabelling reactions

Initial
In(III)
(μCi)

Mole
ratio of
peptide :
111In(III)

Molarity
of the
peptide

%
Isolated
yield

Specific
activity
(Ci/mmole)

529.0

51

5.24 x 10‐6

78.8

740.3

202.0

129

5.89 x 10‐6

79.4

295.8

544.0

54

5.61 x 10‐6

67.7

505.2

532.0

54

5.72 x 10‐6

57.0

601.2

925.0

30

3.82 x 10‐6

97.0

1568.6

924.0

29

3.74 x 10‐6

92.4

1512.7

111

Peptide
In‐DOTA0‐[ Tyr3]‐
octreotate,4c
111In‐DOTA0‐[D‐Cys2, Tyr3,
D‐Cys7]‐octreotate, 5c
111In‐DOTA0‐[Cys2, Tyr3,
Pen7]‐octreotate, 7c
111In‐DOTA0‐[Pen2, Tyr3,
Cys7]‐octreotate, 9c
111In‐DOTA0‐[Pen2, Tyr3,
Pen7]‐octreotate, 10c
111

In‐DOTA ‐[D‐Pen , Tyr ,
D‐Pen7]‐octreotate,11c

111

0

2

3

Incorporation of natInCl3 into the peptides was performed using the similar
reaction conditions as the radiolabelling conditions. To 1 mole equivalent of the
peptide used, 10 mole equivalents of natInCl3 was used. The product isolated after
Sep‐Pak® purification to remove the excess of natInCl3 obtained was in the range of
85‐90 %.
Radio‐TLC is an analytical method used frequently for quality control of
radiolabelled molecules. A C‐18 TLC plate is used to check for quality control of
111

In labelling reactions of DOTA‐peptides, using a mixture of methanol and 10%

ammonium acetate solution as mobile phase. The unlabelled free metal (111InCl3)
remains at the origin (Rf of 0.0), while the radiolabelled peptide migrates with the
solvent front (Rf of 0.4‐0.7). A few radio‐TLC traces are shown in Figure 4.18.
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Radio‐TLC of

111

InCl3 is shown in Figure 4.18(i). As seen in the figure, the free

metal remains at the origin, having an Rf value of 0.0. TLC in Figure 4.18 shows
the reaction where the labelling of 5c was partial (ii and iii). The TLC shown in
Figure 4.18(iv) shows the labelling reaction of 4c, where labelling efficiency was >
95%.
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The radiolabelling reaction carried out using the optimized protocol was
checked by TLC and radio‐HPLC. The radiodetector trace of the radiolabelling
reaction did not elute as a single peak at the expected retention time of the
compound, but over a few minutes close to the expected retention time without
any baseline resolution. Hence the radiolabelled peptide was isolated from each
injection. Quality control of the collected fraction was performed using the same
HPLC conditions.
In Figure 4.19(i), the radiodetector trace of the radiolabelling experiment
of 4c is shown. As mentioned in the above paragraph, the peak associated with
the radiolabelled peptide did not elute as a single peak, but spread out over a
few minutes. Hence fractions were collected and then injected back to the HPLC
along with the

In‐DOTA0‐[Tyr3]‐octreotate, 4d as shown in Figure 4.19(ii and

nat

iii). Figure 4.20 (i) shows the radiodetector trace of 9c. Similar to the
radiodetector trace of 4c, the peak corresponding to 9c did not eluted as a single
peak, but spread over a few minutes. The eluent collected was reinjected with
In‐DOTA0‐[D‐Pen2, Tyr3, D‐Pen7]‐octreotate, 9d which is shown in Figure 4.20(ii

nat

and iii).
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Figure 4.19 HPLC chromatograms. (i) Radio‐HPLC trace of 111In‐DOTA0‐ [Tyr3]‐
octreotate, 4c (ii) HPLC chromatogram of natIn‐DOTA0‐ [Tyr3]‐octreotate, 4d (UV
detector, 280 nm); (iii) Radio‐HPLC trace of 111In‐DOTA0‐ [Tyr3]‐octreotate, 4c

186

Chapter 4

mV

i

Time, Minutes

Absorbance, AU

ii

9d

Time, Minutes

mV

iii

9c

Time, Minutes

Figure 4.20 HPLC chromatograms. (i) Radio‐HPLC trace of 111In‐DOTA0‐
[Pen2,Tyr3, Cys7]‐octreotate, 9c (ii) HPLC chromatogram of natIn‐DOTA0‐
[Pen2,Tyr3, Cys7]‐octreotate, 9d (UV detector, 280 nm); (iii) Radio‐HPLC trace of
111In‐DOTA0‐[Pen2,Tyr3, Cys7]‐octreotate, 9c
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In Figure 4.21(i), the radiodetector trace of the labelling reaction of 10c is
depicted. Similar to the earlier two examples of labelling reactions shown, the
peak corresponding to the labelled species of interest, 10c was not eluted as a
single peak, but over a period of a few minutes. Fractions were collected and
then analyzed again to ensure the presence of the desired peptide. In order to
check for the presence of 10c, 10d was added in to an aliquot of the collected
fraction of 10c and injected to the HPLC. The chromatograms are shown in
Figure 4.21(ii and iii).
In Figure 4.22(i), the radiodetector trace of the radiolabelling reaction of
11c is shown. The peaks in the radiodetector trace did not elute as a sharp peak
in this case either. Fractions were collected and then analyzed by adding in 11d.
The chromatograms are shown in Figure 4.22(ii and iii). The peak in Figure
4.22(ii) corresponds to 11d, which eluted out at the same time as the peak
corresponding to 11c shown in Figure 4.22(iii).

188

Chapter 4

mV

i

Time, Minutes

Absorbance, AU

ii

10d

Time, Minutes

mV

iii

10c

Time, Minutes

Figure 4.21 HPLC chromatograms. (i) Radio‐HPLC trace of 111In‐DOTA0‐
[Pen2,Tyr3, Pen7]‐octreotate, 10c (ii) HPLC chromatogram of natIn‐DOTA0‐ [Pen2,
Tyr3, Pen7]‐octreotate, 10d (UV detector, 280 nm); (iii) Radio‐HPLC trace of 111In‐
DOTA0‐[Pen2, Tyr3 , Pen7]‐octreotate, 10c
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Figure 4.22 HPLC chromatograms. (i) Radio‐HPLC trace of 111In‐DOTA0‐ [D‐
Pen2,Tyr3, D‐Pen7]‐octreotate, 11c (ii) HPLC chromatogram of natIn‐DOTA0‐ [D‐
Pen2,Tyr3, D‐Pen7]‐octreotate, 11d (UV detector, 280 nm); (iii) Radio‐HPLC trace
of 111In‐DOTA0‐[D‐Pen2,Tyr3, D‐Pen7]‐octreotate, 11c
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4.5 Cell uptake studies
The cellular uptakes of 4c, 5c, 7c, 9c, 10c, 11c into AR42J rat pancreatic
tumor cells were determined by incubating the cells with 1 μCi (0.020 pmoles) of
the respective labelled peptide for a period of 4 hours at 37 °C. The cellular
uptake

experiments

include

the

amalgamation

of

receptor

binding,

internalization and retention of the compounds. From the literature, the Bmax on
AR42J cells was determined to be 258 ± 20 fmol/106 cells, which corresponded to
~150,000 somatostatin receptors/cell.94 The ratio in moles of the receptor present is
10 times in excess to the amount of the radiolabelled peptide added. In the Figure
4.23, the percentage uptakes for the peptides are plotted in a graph as a function
of time.
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Figure 4.23 Uptake of radiolabelled peptides into AR42J cells
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The cell uptakes of all the radiolabelled modified analogues were lower
than

111

In‐DOTA0‐[Tyr3]‐octreotate, 4c. At 60 minutes of incubation of

111

In‐

DOTA0‐[Tyr3]‐octreotate, 4c with AR42J cells, the uptake into the cells was 27.0%.
In contrast, the uptakes of the radiolabelled analogues at 60 minutes were in the
range of 0.4 ‐1.88%. Comparisons of uptakes in the analogues which differ in the
stereochemistry of the cysteine residue (4c and 5c) display high contrast in their
uptakes, being 27.0 % and 0.4 % at 60 minutes of incubation. In case of the
modified analogues, 10c and 11c, the uptakes into cells are lower than the control
peptide. Stereochemistry of the residues along with the bulk of the substituent
seems to contribute to the lower uptakes into the AR42J cells in this case. In
comparison, the stereochemistry of the amino residue in position 2 and 7 seemed
to play an important role in the uptakes of the radiolabelled conjugates into cells.
This can be discerned by comparing the uptakes of 10c and 11c into cells at
different time points. Though both are lower in comparison to the control
peptide, uptake data of 10c is higher than that of 11c at 60 minutes or 240
minutes. Also, the substitution of penicillamine in position 2 or position 7 had a
similar effect on the uptakes, both being lower than the control peptide and did
not differ much in their uptakes.
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4.6 Competition binding assays with 111In‐DOTA0‐[Tyr3]‐octreotide
Competition binding assays for determining the IC50 values of 5d and 10d
were conducted using the AR42J cell‐line, which expresses somatostatin
receptors.

111

In‐DOTA0‐[Tyr3]‐octreotide was used as the compound being

displaced. Non‐specific binding was determined in the presence of 1 μM
concentration of DOTA0‐[Tyr3]‐octreotide and found to be less than 10% of the
radioactivity bound to the cells.
In the competition binding assays of 5d, no displacement of the
radioactivity occurred between 10‐10 M and 10‐6 M. Between the concentration of
10‐5 and 10‐6 M of 5d, the displacement of radioactivity was observed. The
radiolabelled compound still bound to the receptors at 10‐5 M and 10‐6 M was
found to be 21% and 109%, respectively (100 % defined as the samples in which
only the radioactive compound is present), listed in Table 4.3.

Table 4.3 Receptor binding assay data of 5d

Concentration
10‐10M
10‐6 M
10‐5 M
Non‐specific
binding

% radioactivity
remaining bound
100
109
21
9
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In the competition binding assays of 10d, no displacement of the
radiolabelled compound was observed between the concentrations of 10‐10 and
10‐7 M of 10d. Some displacement of the radioactivity was observed at the
concentration of 10‐6 M, with higher displacement at 10‐5 M. The radioactive
compound still bound to the receptor was to the extent of 30% and 84% at 10‐5 M
and 10‐6 M concentration of 10b, respectively, listed in Table 4.4.

Table 4.4 Receptor binding assay data of 10d

Concentration
10‐10M
10‐6 M
10‐5 M
Non‐specific
binding

% radioactivity
remaining bound
100
84
31
4

From the results obtained, the values obtained indicate that the IC50 values
of both the compounds, 5d and 10d are in the range of 10‐5 to 10‐6 M, respectively.
Inspection of the data indicate that the IC50 value of 5d is closer to the 10‐6 M
concentration range, while that of 10d is closer to 10‐5 M range. Without
additional studies with more samples between 10‐5 M and 10‐6 M, one cannot
obtain more information.
Results obtained indicate the structural change in the peptide in terms of
the stereochemistry of the cysteine residues influences the binding affinity of the
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peptide. From literature related to [Met5]‐enkephalin, introduction of cyclization
in the molecule by two D‐Cysteine residues in [D‐Cys2, D‐Cys5]‐enkephalin
displayed a slight preference towards μ opioid receptor over δ opioid receptor.96
From the preliminary data obtained for 5d, replacement of the cysteine
residues with D‐Cysteine has resulted in lower binding affinities towards
somatostatin receptor subtype 2. The parent compound, DOTA0‐[Tyr3]‐octreotate
4b is known to bind towards somatostatin receptor subtype 2 with high affinity.43
When structural changes in the peptide were made in terms of additional
bulk on the amino acid residue forming the disulfide bond, the binding affinity
of the peptide, 10d was influenced. Similar to the results obtained for 5d, the
replacement of the cysteine residues in the parent compound, 4b with
Penicillamine also resulted in lower binding affinities towards somatostatin
receptor subtype 2.
In comparison with literature precedents of [Met5]‐ enkephalin, further
modifications made to [D‐Cys2, D‐Cys5]‐enkephalin by substitution of the D‐
Cysteine residues in position 2 with D‐Penicillamine resulted in an affinity
towards δ opioid receptor.97 [D‐Pen2, Pen5]‐enkephalin version of the peptide
displayed higher affinities towards the δ opioid receptor. The [D‐Pen2, D‐Pen5]‐
enkephalin version of the peptide displayed > 1000 fold specific binding towards
the δ opioid receptor (compared to [Met5]‐enkephalin).98
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In comparison between 5d and 10d, the changed stereochemistry seemed
to influence the binding affinity to a less extent than the additional bulk.
Binding assays using other cell‐lines, which express somatostatin receptor
subtypes 1, 3, 4 and 5 could prove useful to determine the affinity profiles of
these peptides towards somatostatin receptor subtypes.
4.7 Serum stability studies of 111In‐labelled DOTA‐peptides
Serum stability studies of all radiolabelled peptides were carried out by
incubating the labelled peptides over a period of 24 hours in mouse serum.
Results for peptides are shown in the Table 4.5. All the peptides were stable
under these conditions. From the HPLC analysis of the samples, it was observed
that most of the radioactivity was retained intact and bound to the peptide,
which indicates the high metabolic stability of the radiolabelled peptides.

Table 4.5 Serum stability studies data

Peptide
4c
5c
7c
9c
10c
11c

0 hour
100.0
100.0
100.0
100.0
100.0
100.0

Incubation time
1 hour
4 hours
100.0
96.4
95.1
94.9
93.3
93.1
100.0
100.0
100.0
100.0
100.0
97.6

197

24 hours
97.1
94.5
88.8
100.0
100.0
97.5
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Figure 4.24 MM2 energy minimized structures. (i) [Try3]‐octreotate; (ii) [D‐Cys2,
Tyr3, D‐Cys7]‐octreotate; (iii) [Cys2, Tyr3, Pen7]‐octreotate; (iv) [Pen2, Tyr3, Cys7]‐
octreotate
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i

ii

Figure 4.25 MM2 energy minimized structures. (i) [Pen2, Tyr3, Pen7]‐octreotate;
(ii) [D‐Pen2, Tyr3, D‐Pen7]‐octreotate
In Figure 4.24 and Figure 4.25, the MM2 minimized structures of [Try3]‐
octreotate and the modified analogues are depicted. MM2 energy minimization
is carried out using the Chem3D software. Using the MM2 energy minimization
computation, the molecule is minimized so that the energy of the molecule is
optimized. The parameters for MM2 calculations are defined for elements such
as hydrogen, carbon, nitrogen, oxygen and sulfur, which are commonly a part of
organic molecules. Due to this reason, minimization of

In‐DOTA0‐peptides

nat

could not be carried out.
The conformation of octreotide, a peptide analogue of somatostatin has
been established to be that of the β‐turn.99 [Try3]‐octreotate, which has several
similar structure features as octreotide, also displays β‐turn conformation. In
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Figures 4.24 and 4.25, the distance between Cα groups of the amino acid
residues, Tyr3 and Thr6 in the energy minimized structures of [Try3]‐octreotate
and the modified analogues are depicted. These distances could be used to gain
insights into the differences in structures of these peptides. The knowledge of
their structural differences could lead to understanding of their biological
activities. In comparison through all the peptides, the distances between Cα
groups of the amino acid residues, Tyr3 and Thr6 range between 5.3 Å–7.9 Å. In
[Try3]‐octreotate, the distance between Cα groups of the amino acid residues,
Tyr3 and Thr6 is 5.3 Å, while in [D‐Cys2, Tyr3, D‐Cys7]‐octreotate it is 6.5 Å. The
percentage cellular uptake results of these two peptides were 27.0 % and 0.4 % at
60 minutes of incubation. These differences in between [Try3]‐octreotate and the
modified analogues could provide some insight in the differences observed in
their biological activities.
Summary
Synthesis of the linear peptides, 1a‐11a were accomplished by manual and
automatic synthesis methods using Fmoc solid phase synthesis strategies. The
cyclization of the linear peptides (4a‐11a) by formation of a disulfide bond was
accomplished by utilizing DMSO or trans‐[Pt(en)2Cl2]Cl2 cyclizing reagents.
Isolation of the cyclized peptides was accomplished by using either preparative
HPLC or Sep‐Pak® methods. Radiolabelling of the cyclized peptides, 4b‐11b was
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carried out with

111

In. The specific activities achieved for the labelling reactions

were in the range of 295 ‐ 1568 Ci/mmole. In vitro tests such as cellular uptakes,
receptor binding and serum stability assays were carried out for these
radiolabelled peptides. Preliminary results of cellular uptakes of the modified
analogues, 5c‐11c were lower than 4c. IC50 values of 5d and 11d were determined
to lie in the range of 10‐5 to 10‐6 M. The results of the serum stability of the
peptides showed that most of the activity was still peptide‐bound over a time
period of 24 hours.
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5. Conclusions and Future Directions
5.1 Conclusions
The goal of this project was to evaluate the assessable changes in chemical,
and biological properties (cellular uptakes, receptor binding) due to the
structural changes introduced in the parent structure of DOTA0‐[Tyr3]‐octreotate,
4b. The Cys control peptide 1b and Pen control peptide, 2b, DOTA0‐[Tyr3]‐
octreotate, 4b and other modified analogues, 5b, 6b, 7b, 9b, 10b and 11b were
synthesized for evaluating the hypothesis. These peptides differed from DOTA0‐
[Tyr3]‐octreotate in the amino acid placed in the second and seventh position.
The analogues synthesized included replacement of cysteine residues with D‐
Cysteine, Penicillamine, D‐Penicillamine in one or both positions in DOTA0‐
[Tyr3]‐octreotate, shown in Table 5.1.

Table 5.1 Peptide sequences of DOTA0‐[Tyr3]‐octreotate and synthesized
analogues
Peptide

Peptide sequence

DOTA0‐[Tyr3]‐octreotate

DOTA0‐D‐Phe1‐Cys2‐Tyr3‐D‐Trp4‐Lys 5‐Thr6‐Cys7‐Thr8

DOTA0‐[D‐Cys2, Tyr3, D‐Cys7]‐
octreotate

DOTA0‐D‐Phe 1‐D‐Cys2‐Tyr 3‐D‐Trp4‐Lys 5‐Thr6‐D‐Cys7‐Thr8

DOTA0‐[Cys2, Tyr3, Pen7]‐octreotate

DOTA0‐D‐Phe1‐Cys2‐Tyr3‐ D‐Trp4‐Lys5‐Thr 6‐Pen7‐Thr8

DOTA0‐[Pen2, Tyr3, Cys7]‐octreotate

DOTA 0‐D‐Phe1‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr 6‐Cys7‐Thr8

DOTA0‐[Pen2, Tyr3, Pen7]‐octreotate

DOTA 0‐D‐Phe 1‐Pen2‐Tyr3‐D‐Trp4‐Lys5‐Thr 6‐Pen7‐Thr8

DOTA0‐[D‐Pen2, Tyr3, D‐Pen7]
octreotate

DOTA0‐D‐Phe1‐D‐Pen2‐Tyr 3‐D‐Trp4‐Lys 5‐Thr6‐D‐Pen7‐Thr8
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Synthesis of the linear peptide chain was accomplished using Fmoc solid
phase synthetic strategy. The yield of the synthesis of the linear peptide chains of
the peptides were in the range of 56% ‐ 67%. In all cases, except for 11a, the
purity of the crude peptide material obtained consisted of a single peak
corresponding to the desired product (from HPLC and LCMS analysis). In the
case of DOTA0‐[D‐Pen2, Tyr3, D‐Pen7]‐octreotate, 11a, the product obtained at the
end of the linear peptide chain sequence was accompanied by the presence of
deletion mutants (i.e. the original peptide missing either a D‐Penicillamine
residue or threonine residue) of the peptide. Synthesis of 11a was performed
more than once in order to obtain additional amounts of the compound. The
deletion mutants were detected in every attempted synthesis. The outcome of
synthesizing this molecule in a manual reaction vessel could possibly give
similar results. However, a small aliquot of the resin could be removed at certain
stages, cleavaged and analyzed. At the steps at which the reactions did not
proceed to completion, optimization of the reaction conditions could be carried
out to get achieve higher purity and yields.
Conjugation of DOTA (tris‐t‐butyl ester) was performed to the peptidyl
resin either in a manual reaction vessel or automatic peptide synthesizer. In the
cases where the conjugation of DOTA (tris‐t‐butyl ester) was carried out in the
manual reaction vessel, the peptide material obtained contained some unreacted

203

Chapter 5
peptide. In each of these cases, the reaction of conjugating DOTA (tris‐t‐butyl
ester) was carried out after the resin was set aside in NMP for a period of time.
The reason that the conjugation was incomplete could be due to the peptidyl
resin rendered non reactive after storing in NMP over a time period.
The cyclization reaction of the peptides was carried out using three
cyclizing reagents in order to find the optimized method for carrying out this
reaction. The cyclization reaction using air oxidation proved to be a futile
attempt, especially in regard to formation of the disulfide bond in the peptides
containing penicillamine. DMSO based cyclization reactions were more
successful in peptides containing both cysteine and penicillamine. The formation
of the disulfide bond using DMSO for peptides containing the cysteine residues
happened in relatively less time in comparison to the peptides containing
penicillamine residues, probably due to steric constraints imposed by the bulk of
the gem‐dimethyl groups of penicillamine residues.
Upon inspection of literature, trans‐[Pt(en2)Cl2]Cl2 complex was reported
to aid in the formation of disulfide bond in peptides containing penicillamine
residues.76 The cyclization reactions of the control peptides, 1a and 2a were tested
using this reagent. Cyclization reactions of the peptides using the trans‐
[Pt(en2)Cl2]Cl2 complex proceeded towards completion for peptides containing
cysteine or penicillamine residues. Therefore, this method was used for carrying
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out the cyclization reaction for most of the peptides. However, in the case of
peptides containing the penicillamine residues, the presence of phosphate buffer
and trans‐[Pt(en2)Cl2]Cl2 complex caused the formation of more degradation
products and further oxidation (formation of isomeric sulfones) than desirable.
This contributed to the low yields obtained for the peptides containing the
penicillamine residues. Changes in the reaction conditions in terms of the solvent
used for the cyclization reaction resulted in lesser degradation and oxidation for
these peptides.
Isolation of the cyclized peptides was performed using preparative HPLC
and C‐18 Sep‐Pak® based methods. Preparative HPLC based purification was one
of the methods used for separation of the cyclized peptide from other impurities
and the cyclizing reagent. Development of gradient methods to separate the
desired cyclized peptide product from the impurities helped to isolate the
cyclized peptide. However, preparative HPLC purification resulted in poor
recovery of purified peptides. One of the reasons for obtaining low recovery
when preparative HPLC purifications were performed for isolation of the
peptides, the trans‐[Pt(en2)Cl2]Cl2 complex caused problems with the HPLC
instrumentation. Also, the fact that the side products formed during the
cyclization reaction for the peptides containing penicillamine residues had

205

Chapter 5
similar HPLC retention times also contributed to the lowering of the recovery of
the peptides.
As an alternate method, Sep‐Pak® based purification methods were
explored. In the case of 10b, the combination of the modifications made to the
cyclization reaction and using the Sep‐Pak® based purification methods helped to
obtain higher yields. However, the Sep‐Pak® based purification was not useful in
the case of presence of more than a single product at the end of the cyclization
reaction. Therefore, the cyclization reaction and purification of 7b and 9b were
performed using DMSO and preparative HPLC respectively.
Overall, the amounts of the cyclized purified peptides obtained were in
the range of 0.17‐ 14.0 mg. The cyclization reaction and purification methods for
the peptides, 10a and 11a were found to be problematic. The isolated recovery
obtained for 10a was higher when the modified cyclization reaction conditions
and the Sep‐Pak® purification methods were used. In the case of 11a, these
methods did not help in isolating additional peptides..
Peptide content of these peptides was established using UV based
methods. The peptide content was found in the range of 77% ‐ 88%.
The DOTA0‐peptide conjugates were complexed with
The yields obtained after the complexation of
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90%. The labelling of the peptides with

111

In(III) was achieved in isolated yields

of 57 % ‐ 97 % yields.
Investigation of the cellular uptake of
111

111

In‐DOTA0‐[Tyr3]‐octreotate and

In labelled synthesized peptide analogues of DOTA0‐[Tyr3]‐octreotate was

performed using the rat pancreatic AR42J cell line, which expresses somatostatin
receptors for the compounds, 4c, 5c, 7c, 9c, 10c and 11c. From the literature, the
Bmax on AR42J cells was determined to be 258 ± 20 fmol/106 cells, which
corresponded to ~150,000 somatostatin receptors/cell.94 In the cellular uptake
experiments, the moles of receptor was about 10 times in excess to that of
DOTA0‐peptide used. The cellular uptake of

111

In‐

111

In‐DOTA0‐[Tyr3]‐octreotate, 4c

was found to be 27% after 60 minutes of incubation with the cells. The uptakes of
the

111

In‐labelled synthetic analogues were found to be in the range of 0.4 %‐ 1.8

% after 60 minutes of incubation with the cells. It can be concluded that the
substitution of cysteine residues in DOTA0‐[Tyr3]‐octreotate with D‐Cysteine,
Penicillamine, D‐Penicillamine influenced changes in the peptide structure,
which was necessary for the interaction/recognition by the somatostatin receptor.
In comparison of the cellular uptakes of peptides containing the residues with
different stereochemistry, such as DOTA0‐[Tyr3]‐octreotate, DOTA0‐[D‐Cys2, Tyr3,
D‐Cys7]‐octreotate and DOTA0‐[Pen2, Tyr3, Pen7]‐octreotate showed that
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stereochemistry also played a role in influencing the uptakes into cells apart from
the additional bulk of the gem‐dimethyl groups in penicillamine.
MM2 energy minimized structures of all the peptides show differences in
structures. From comparing the distances between the Cα groups of the amino
acid residues, Tyr3 and Thr6 in the peptide cyclized by the disulfide bond, the
distances between the two amino acids ranged from 5.3 Å ‐7.9 Å among the
peptides. This values could point to the fact that the modifications carried out in
these peptides have resulted in changes in conformations of the peptides, which
results in the difference in the chemical and biological properties of the peptides.
Due to the constraint imposed by the lower amount of peptide material
available for carrying out the assays, competition binding assays were carried
out for two peptides, 5d and 10d. Competition binding assays setup to establish
the IC50 values of two peptides, natIn‐DOTA0‐[D‐Cys2, Tyr3, D‐Cys7]‐octreotate, 5d
and

In‐DOTA0‐[Pen2, Tyr3, Pen7]‐octreotate, 10d were carried out using the

nat

AR42J cell‐line. The IC50 values of the peptides were found to be in the range of
10‐6‐10‐5 M range. In the competition binding assays conducted for 5d and 10d,
the moles of the receptor was in the range of picomoles, while the moles of the
peptide (for 5d or 10d) at the estimated IC50 value is in the range of millimoles. In
comparison of the cellular uptake experiments and competition binding assays
for these compounds, the results obtained have some inconsistencies.
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5.2 Future studies
Because there was limited final material to test all compounds in the in
vitro binding assays, one of the first things to do would be to make more
material by optimized conditions. Then, these should be tested and results
correlated. In regard to the cell uptake studies and competition binding assays,
the rat pancreatic cell‐line AR42J, which expresses somatostatin receptors, was
used. This cell‐line has been known to predominately express the somatostatin
subtype 2.52

Five subtypes of somatostatin receptor have been cloned and

characterized.26, 100 From the cellular uptake studies of all the compounds, the
uptake into AR42J cells have not been high for 111In‐labelled modified analogues
in comparison to the control peptide,
peptide,

111

In‐DOTA0‐[Tyr3]‐octreotate. The control

In‐DOTA0‐[Tyr3]‐octreotate has been known to bind with very high

111

affinity to somatostatin receptor subtype 2.101 Human tumors have been known
to express diverse distribution patterns of the somatostatin receptor subtypes,
depending on the tumor type.101 Further investigation of the affinities of the
modified analogues of DOTA0‐[Tyr3]‐octreotate for the somatostatin receptor
subtypes could provide some useful information. If the modified analogues
possess high affinities towards any of the subtypes, they may be useful as
potential for diagnostic or therapeutic applications for these tumors expressing
these subtypes.
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Additionally, low uptake into AR42J cells could be due to the antagonistic
nature of the interaction of these analogues (5b, 6b, 7b, 9b, 10b and 11b) with the
somatostatin receptors. This antagonistic nature of these analogues could be
tested by testing these analogues with assays such as inhibition of growth
hormone release in cultured rat anterior pituitary cells.102 Though several
agonists of somatostatin have been synthesized, compounds that act as
antagonists towards somatostatin receptors have been only a few.103

If the

modified analogues synthesized in this project (5b, 6b, 7b, 9b, 10b and 11b)
prove to be antagonistic in the nature of interaction with somatostatin receptors,
these could prove useful to characterize the functions of somatostatin receptor
subtypes.
DOTA 0‐D‐ Phe1‐Cys2‐XXX3‐Tyr4‐ D‐Trp5‐Lys6‐Thr7‐XXX8‐Cys9‐Thr10

Figure 5.1 Structure of octreotate with potential modifications shown
Another possible study that could be pursued is to introduce amino acid
residues (shown in Figure 5.1 by XXX) in the peptide, 4b within the cyclic
structure of the peptide, so that the ring size of the molecule is expanded.104
Various peptide analogues can be synthesized by incorporating amino acids
inside the ring(shown in Figure 5.1) and substituting the cysteine residues with
D‐Cysteine, Penicillamine or D‐Penicillamine. The additional amino acids
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present in these analogues should help to reduce the effect of the disulfide bond
on the pharmacophore structure. This may help in the molecule retaining affinity
toward the receptor (i.e. the pharmacophore is still intact and recognizable by the
receptor). The peptide analogues synthesized after incorporating additional
amino acid residues in the ring would need to be tested against enzymatic
degradation. This step should be among the early assays to be carried out on
these analogues, as it is important to have the molecule to have a reasonable
biological half‐life. Once it is established that the molecules possess a reasonable
biological half‐life, other in vitro assays can be conducted to determine the
binding affinities of the molecule.
Summary
DOTA0‐[Tyr]3‐octreotate, 4b and its structurally modified analogues 5b‐
11b were studied in this project to understand the impact of structural
modifications in the peptide. The objective was to investigate the effect of
substitution of the L‐Cysteine residues (one or both) with D‐Cysteine, L‐
penicillamine, or D‐Penicillamine residues on the chemical and biological
properties of these analogues. The results obtained for the synthesis of linear
chains of the peptides did not show much variability, except for the linear
sequence of 11a, which was always accompanied by the presence of deletion
mutants as impurities. The results obtained for the cyclization reactions of each
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of these peptides is an example of the effect of the substitution the chemical
properties of these peptides. The cyclization reactions of the peptides containing
penicillamine residues proved difficult in comparison to the peptides with
cysteine residues. In general, low yields were obtained after purifications using
preparative HPLC methods. In all the cases, the lowest yields were observed for
peptides containing penicillamine, 10b and 11b.
Radiolabelling of the peptides with

111

In were achieved with isolated

yields of 57‐ 97%, at a specific activity range of 295 ‐ 1568 Ci/mmole. The
preliminary results of uptake into AR42J cells of 5c‐11c were lower in
comparison to 4c. Uptake of 4c was in the range of 27 % at 60 minutes. In
comparison here, Lewis et al. reported the uptake of [64Cu]TETA‐[Tyr3]‐
octreotate analogue to be 34.38 ± 2.53 % after 15 minutes of incubation in AR42J
cell line.105 Serum stability studies of the peptides, 4c‐11c were found to be in the
range of 88% ‐100 %.
In this project, the IC50 values of 5d and 10d were found in the range of 10‐6
‐ 10‐5 M using the AR42J cell‐line. A brief survey of recent literature with
compounds similar to 4b, have been studied in a variety of cell‐lines. Most of the
compounds that are similar in structure to 4b have been reported to have IC50
values in the nanomolar range.105 In comparison, from preliminary experiments,
the IC50 values of the modified analogues are in the higher range.
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Unlike the literature precedents described in the introduction of this
thesis, structural modifications introduced in [Tyr3]‐octreotate has brought up
significant changes in the biological properties, based on the preliminary data
available from the uptake studies. The differences in the chemical properties can
be understood from the results obtained for the cyclization reaction of these
peptides.
Introduction of the penicillamine residue resulted in many synthetic
challenges for cyclization to the disulfide. Obtaining sufficient mass of these
peptide analogues compromised the ability to perform the in vitro studies in a
reliable fashion.
Therefore, great care must be taken in the design of peptide requiring
penicillamine replacement and much more, extensive molecular modeling is
needed to compare literature precedents with design of novel constructs.
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