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ABSTRCT 
 

 
The goal of this research is to incorporate 99mTc and 186/188Re radiometals 

into octreotide analogues to be used as diagnostic and therapeutic agents for 

neuroendocrine tumors, respectively.  Several series of octreotide analogues that 

differed in their sequences and/or metal coordination systems (S2N2 and S3N) 

were developed.  All analogues were cyclized with non-radioactive Re for 

characterization purposes.  The metal-cyclized analogues’ in vitro binding affinity 

toward somatostatin receptors was determined via cell competition studies (IC50) 

using a high affinity standard, 111In-DOTA-Tyr3-octreotide.   

Radiotracer labeling of selected octreotide analogues was performed with 

99mTc.  In vitro stability studies were carried out under physiological conditions 

(pH 7.4 and 37 °C) on 99mTc-cyclized analogues in phosphate buffered saline 

(PBS), mouse serum, and to cysteine challenge.  Analogues with the S3N 

coordination system held the metal center better than the S2N2 system that 

formed eight-membered chelate rings upon coordination to the metal.  However 
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the analogues expressing S3N coordination system did not have adequate affinity 

toward somatostatin receptors. 

The effect of metal-cyclization on analogue’s 3 (Tyr3-octreotate) receptor 

binding site was determined via three-dimensional (3-D) molecular structure 

calculation, using two-dimensional nuclear magnetic resonance (2-D NMR) 

experiments as experimental constraints in the molecular structure 

determination.  However, due to limited experimental constraints and multiple 

conformations in aqueous solution, this project resulted only in one 3-D 

molecular structure of the Re-cyclized Tyr3-octreotate and two different molecular 

structure confirmations of the disulfide counterpart.  From the obtained 

structures, it was concluded that the receptor binding site of metal-cyclized 

analogue 3 was similar to some extent to the disulfide-cyclized analogue 3, which 

is known to express affinity toward the somatostatin receptors. 

Therefore, further modifications are warranted to develop an octreotide 

analogue with high binding affinity to the somatostatin receptor along with a 

stable metal coordination system. 
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CHAPTER 1 

 
 

Structure-Activity Relationship of Octreotide Analogues 
Labeled with Re and 99mTc to be Used as Potential 

Diagnostic and Therapeutic Agents 
 

 

 

I. General Introduction  

 

1. Nuclear Medicine Background: 

Nuclear medicine is a division of medicine that involves the administration 

of a radiopharmaceutical, a drug or agent that contains a radionuclide, into a 

patient for either diagnostic or therapeutic purposes.  The history of nuclear 

medicine dates back to more than 100 years ago starting with the discovery of X-

rays in 1895 by Wilhelm Röntgen, the discovery of radioactivity from uranium by 

the French physicist Antoine-Henri Becquerel in 1896, followed by the discovery 

of radium and polonium by the French chemists Marie and Pierre Curie, and then 

the discovery of man-made radioactivity in 1934 by Joliot and Irene Curie.1  

Today nuclear medicine is a very important medical field for both diagnosis and 

therapy of many diseases.  
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In 1936, the first clinical use of a radioactive nuclide (32P) was carried out 

for the treatment of a patient with leukemia at the University of California, 

Berkeley, and later it was used to treat patients with brain cancers.2  A major 

event in nuclear medicine occurred in 1946, when a thyroid cancer patient was 

completely cured after treatment with radioactive iodine-131.3  The early uses of 

nuclear medicine were to measure the function, diagnose, and treat patients with 

thyroid disease (hyperthyroidism) during the early 1950s.3  

As nuclear medicine technology advanced during the mid 1960s, a 

significant increase in the use of nuclear medicine was observed.  In the 1970s, 

additional organs were targeted using nuclear medicine such as liver, spleen, 

brain tumor, and gastrointestinal tract, followed by tracking heart diseases by the 

1980s.4  The incorporation of computerized digital scanners during the 1980s 

added additional power and precision to the nuclear medicine field.4  Today, 

there are nuclear medicine imaging procedures that provide information about 

nearly every organ system.  Nuclear medicine became an important part in the 

early diagnosis, treatment and prevention of many medical conditions. 

 

2. Radionuclide Production and Detection 

Radionuclides are unstable isotopes that spontaneously release energy or 

subatomic particles in an attempt to reach a more stable state.  Radionuclides 



3 
 

can be found in nature or produced by a cyclotron or a reactor.  During the 1940s 

and 1950s, nuclear reactors and cyclotrons began to be widely used for medical 

radionuclide production.1  Reactor-produced radionuclides are generally 

prepared by irradiating the target nuclide with neutrons and are therefore 

neutron-rich, decaying usually by beta minus (β-) emission.  The main application 

of β- emitters is cancer therapy, as are Auger electron and alpha emitters, due to 

their ability to cause cytotoxic damage to the cell.  However, some reactor-

produced radionuclides are also used for nuclear medicine imaging.  Cyclotron-

produced radionuclides are generally prepared by bombarding a target nuclide 

with charged particles, often protons.  They are therefore proton-rich, decaying 

by positron (β+) emission, a particle with the opposite charge of an electron, or by 

electron capture decay.  These radionuclides have applications for diagnostic 

imaging by positron-emission tomography (PET).   

However, one of the most convenient methods for producing a 

radionuclide is by a generator, using parent–daughter radionuclide systems that 

typically involve a long-lived parent radionuclide which usually decays to a short-

lived daughter radionuclide of interest.  The parent and daughter nuclides are not 

isotopes of the same element, which allows for chemical separation of the 

daughter radionuclide from its parent radionuclide.  Therefore, the daughter 

radionuclide can be obtained in high specific radioactivity yield; the radioactivity 

obtained is mainly, if not only, from the daughter radionuclide.  The long-lived 
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parent produces a continuous supply of the relatively short-lived daughter 

radionuclide, and this system is called a generator. 

Currently, the majority of radiopharmaceuticals are used for diagnostic 

purposes.  Gamma (γ) scintigraphy and PET are two imaging modalities used in 

disease diagnosis.  In the 1950s, γ scintigraphy was developed by Hal Anger, an 

electrical engineer at Lawrence Berkeley National Laboratory.5  Gamma 

scintigraphy requires a radiopharmaceutical containing a radionuclide that emits 

γ radiation and a γ camera or a single photon emission computed tomography 

(SPECT) camera capable of imaging the patient injected with the γ-emitting 

radiopharmaceutical.  Most of these types of cameras are designed for a 

particular γ range of energy, generally in the window of 100 to 250 kilo-electron 

volts (keV).   

PET imaging uses the coincidence-detection method to localize the 

source of a pair of annihilation photons, which are produced from the annihilation 

of a β+ particle with an electron, along a straight line of coincidence.  This is 

viewed as a powerful method due to its enhanced sensitivity and dynamic-

imaging capabilities.6  PET has the ability to detect and record a higher 

percentage of the emitted events, which is an important advantage of imaging 

over SPECT and that is why it exhibits a higher sensitivity.6   

However, the availability of PET and PET tracers is still somewhat limited 

since some PET radioisotopes are cyclotron produced and have short half-lives 
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such as 11C (~20 min), 13N (~10 min), 15O (~2 min), and 18F (~110 min).  The high 

cost of cyclotrons needed to produce PET radionuclides limits the use of PET; 

their short half-lives restrict their shipping to distant locations, and the need to 

develop an on-site chemical synthesis apparatus to produce the PET 

radiopharmaceuticals.  On the other hand, SPECT radionuclides generally have 

longer half-lives or are generator produced, so they can be available on site at 

both medical and research institutions or via shipping in a timely manner.  

Therefore, SPECT remains an attractive alternative for imaging.   

Development of nuclear medicine involves different branches of chemistry 

as well as different fields.  For example, metal-based radiopharmaceuticals, and 

in particular 99mTc radiopharmaceuticals, were developed with the use of 

inorganic chemistry expertise, whereas organic chemistry has provided the basis 

for the development of PET radiopharmaceuticals labeled with 18F, 13N, 11C, and 

15O.  Biochemistry is involved in determining the radiopharmaceutical distribution 

in biological systems, while nuclear medicine doctors and pharmacists are 

involved in clinical studies.  Nuclear medicine, which benefits the lives of millions 

of people, is truly a multidisciplinary effort, one in which chemistry plays a 

significant role. 
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3. Imaging/Therapy Radionuclide Pair Method 

As molecular imaging continues to play an important role in disease 

detection, the use of the same imaging probe for a radiotherapy procedure is an 

advantage in the radiopharmaceutical field.  Developing a dual isotope approach 

will permit clinicians to diagnose the disease through imaging, and to use the 

same compound with a beta emitter radionuclide for treatment.  This system will 

assure that a similar biodistribution profile will be achieved and optimal dose of 

radiotherapeutics will be delivered to diseased sites for effective treatment.   

Therefore, it is logical to use pairs of radionuclides that possess similar 

chemical properties but provide different radiation emissions that are either 

optimal for imaging or therapeutic purposes. This strategy allows for the 

development and optimization of the radiopharmaceutical agent starting with an 

imaging radionuclide, which is often a less expensive radionuclide, followed by 

transition to the therapeutic radionuclide, since both isotopes have similar 

chemical behavior.    

Dosimetry methods using imaging agents can be used to provide reliable 

dose estimates to critical (dose-limiting) organs and to tumor tissues before 

therapy, leading to individualized therapeutic regimens. One of those 

radionuclide pairs is the technetium/rhenium (Tc/Re) imaging/therapy pair.  

Because of the nature associated with 99mTc and 186/188Re radiation and physical 

half-life properties (Table 1), which will be discussed later, they have significant 

medical applications. 
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Table 1.    Nuclear properties of Tc and Re radioisotopes of interest for use in 
radiopharmaceuticals 

 

 

4. Technetium Background and Nuclear Properties 

It was not until 1937 that Tc was discovered in Italy by Carlo Perrier and 

Emilio Segre.7  Segre found 95Tc and 97Tc in a sample of molybdenum given to 

him by Ernest Lawrence that had been bombarded with deuterium in the 

University of California, Berkeley cyclotron.7  Tc got its name from the Greek 

word for artificial because it was the first artificially produced element.  The only 

natural source of Tc is from the spontaneous fission of uranium (U), which yields 

1 ng of 99Tc for every 1 kg of U.8   

Tc has 22 radioactive isotopes with masses ranging from 88 to 113 and no 

stable isotopes.8  Tc is produced by nuclear fission as a by-product of the fission 

of 235U in nuclear reactors and is extracted from nuclear fuel rods.  The most 

useful isotope of Tc is 99mTc, which is used in more than 80% of medical 

radioactive diagnostic tests due to its nuclear properties.  The 140 keV γ energy 

emitted from 99mTc is optimal to be detected by γ cameras and SPECT as 

previously mentioned.  It has a 6 h half-life, which is long enough for synthesis 

Radionuclide Emission 
(Energy) Half-life Use Production 

99mTc γ (140 keV) 6 hours 
 

Diagnosis 
(Dosimetry) 

Generator 
99Mo/99mTc 

186Re β - (1.07 MeV) 
γ (137 keV) 

90 hours 
 

Therapy 
(Dosimetry) 

Reactor 
185Re(n,γ)186Re 

188Re β - (2.1 MeV) 
γ (155 keV) 

17 hours 
 

Therapy 
(Dosimetry) 

Generator 
188W/188Re 
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and administration of the radiopharmaceutical, as well as obtaining good quality 

images. The half-life is still short to allow for administration of millicuries of 

activity without causing a significant radiation dose to the patient.  In addition, as 

seen in the 99mTc decay scheme9 (Figure 1), 99mTc decays to a long lived 

daughter radionuclide (99Tc); this means that the radiopharmaceutical will be 

eliminated from the body before the daughter radionuclide decays.  This leads to 

a relatively low dose of administered radiation in biological dose-equivalent 

amounts for a typical 99mTc based nuclear scan.  Finally, 99mTc is available on site 

through a 99Mo/99mTc generator, where the 99Mo parent radionuclide has a half-

life of 66 hours and decays to 99mTc. 

 

 

 

  

 
 
 

Figure 1. Decay scheme of 99mTc 9  
 

 

Most commercial 99Mo/99mTc generators use column chromatography to 

chemically separate 99mTc from 99Mo.  Molybdenum-99, in the form of molybdate 

(99MoO4
2-), is adsorbed onto acidic alumina (aluminium oxide, Al2O3) since it is 

double negatively charged, and  99MoO4
2- decays to tetraoxotechnetate(VII) 

(pertechnetate, TcO4
-).10  Passing 0.9% saline solution through the column elutes 

99mTc (t1/2 = 6 h) 

99Tc (t1/2 = 2.14X105 y) 
 

γ (140 keV) (89%) 
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the soluble 99mTc but not the immobilized 99Mo, since 99mTcO4
- has single 

negative charge resulting in looser binding to the alumina column.  The eluted 

saline solution contains 99mTc as 99mTcO4
- with no or minimal breakthrough of 

99Mo. The pertechnetate may then be incorporated into pharmaceuticals to be 

used, or 99mTcO4
- can be used directly without pharmaceutical labeling/tagging 

for specific procedures requiring only the 99mTcO4
- as the primary 

radiopharmaceutical.10     

Mo-99 can be obtained by the neutron capture of 98Mo (n,γ reaction) in a 

high neutron flux reactor.  However, the most frequently used production method 

requires a uranium target of highly enriched 235U, and the target is irradiated with 

neutrons to form 99Mo as a fission product.7  Today there are FDA-approved 

99mTc radiopharmaceuticals for imaging many organs, such as the brain, 

myocardium, thyroid, lungs, liver, gall bladder, kidneys, skeleton, blood, and 

certain tumors.11 

 

5. Rhenium Background and Nuclear Properties 

It was not until 1925 that rhenium (Re) was discovered by Noddacks, 

Tacke, and Berg in a sample of gadolinite and molybdenite, and it was named 

after the Rhine river.7  Re was the last naturally occurring element to be 

discovered, and is one of the rarest elements (0.0007 ppm of the earth’s crust).7  

Re is found as a mixture of two isotopes: stable 185Re isotope (37.4%) and long 

lived 187Re isotope (62.6%) with half-life of 4.35x1010 y.7  It has 26 radioactive 
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isotopes, with 186 Re and 188Re being the isotopes of interest in nuclear medicine 

since they are suitable for therapeutic use by means of their β- radiation 

emission.   

Re-186 has a relatively short half-life of 3.72 days (90.6 h), which 

accounts for high dose rates and allows for repeated treatments to the patients at 

short time intervals.  It decays as illustrated in Figure 2 via the emission of a β- 

with a maximal energy of 1.07 MeV, along with a γ ray of 137 keV that is 

produced in the decay process, enabling imaging of the progress of therapy to be 

performed.12   

 
 

 

 

 

 

 

 

 

 

                                 Figure 2. Decay scheme of 186Re of interest to radiopharmaceuticals12 

 

 
Re-186 is a reactor-produced radioisotope, which is formed through the 

irradiation of natural Re (37.4% 185Re) in a thermal neutron flux of 2x1014 n cm-2 

sec-1.  The 185Re has a reported cross section for this irradiation of 112 barns.13  

186Re (t1/2 = 90 h) 

186Os* 

186Os (t1/2 = 2.0X1015 y) 

 

β- (1.07 MeV) (71 %) β- (0.94 MeV) (21%) 
 

γ (137 keV) (9%) 
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However, the specific activity of 186Re is lower than 188Re due to production 

methods since the target (185Re) cannot be separated from 186Re and 186Re can 

absorb a neutron and become 187Re, in a process called burn-up.  Re-186 has 

several current and potential applications that are still in the investigative stages, 

including pain palliation for cancerous metastases in bones, as well as antibody 

labeling for targeted radiotherapy.14, 15   

On the other hand, 188Re is an attractive radioisotope for a wide variety of 

therapeutic applications in nuclear medicine because of its availability on site by 

the tungsten-188/rhenium-188 (188W/188Re) generator system and its attractive 

nuclear and chemical properties.13  The 188W/188Re generator operates similarly 

to the 99Mo/99mTc generator, by providing carrier-free 188Re in the form of 

tetraoxorhenate(VII) (perrhenate, ReO4
-). The generator has a very long useful 

shelf-life of several months because the parent radionuclide (188W) has a long 

half-life of 69-days.  188Re decays with emission of β- particle emission with a 

maximum energy of 2.12 MeV and a γ photon of 155 keV, which is useful for 

imaging and dosimetric purposes (Figure 3).12   
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                                Figure 3. Decay scheme of 188Re of interest to radiopharmaceuticals12  

 

A variety of agents and approaches for using 188Re for therapeutic 

applications have been investigated, such as 188Re-

hydroxyethylidenediphosphonate (HEDP) for bone pain palliation in conjunction 

with the clinic for Nuclear Medicine in Bonn, Germany.16, 17  Other applications 

which are being pursued are the use of 188Re-labeled peptides and antibodies for 

cancer therapy and 188Re particles for hepatocellular carcinoma therapy and 

treatment of arthritis.18-21 

 

6. Technetium and Rhenium Chemistries 

Since Tc and Re belong to same group (7) in the periodic table, they 

share similar chemistries.  Their position in the middle of the transition series 

imparts on them diverse chemistries.  They have a wide range of oxidation 

states, between -1 to +7, that allow for metal complex formation with different 

188Re (t1/2 = 17 h) 

188Os* 

188Os (Stable) 

 

β- (2.12 MeV) (70 %) β- (1.96 MeV) (26 %) 
 

γ (155 keV) (15 %) 
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geometries and coordination numbers.  The most common oxidation states used 

in these radiopharmaceuticals are (I), (III), and (V), while oxidation states of (IV) 

(TcO2 and ReO2) and VII (TcO4
- and ReO4

-) are more common in environmental 

applications since they are the thermodynamic sinks.7  Table 2 shows some 

examples of Tc radiopharmaceuticals in different oxidation states, along with 

their coordination and geometries.  

At the radiotracer level, Tc and Re starting materials are available only in 

the VII oxidation state, since this is the form in which they are eluted from the 

generator as TcO4
- and ReO4

-.  The first Tc radiopharmaceutical was 99mTcO4
- for 

the diagnosis of thyroid disease (Table 2).  However, Tc/Re in the VII oxidation 

state do not readily form complexes with ligands; therefore, they must be 

reduced to lower oxidation states.  

As mentioned earlier, TcO4
-/ReO4

- is a thermodynamic sink and is 

sometimes produced whenever compounds of Tc and Re are exposed to 

oxidizing conditions.  Reduction of TcO4
-/ReO4

- can be accomplished with 

various reducing agents such as stannous chloride, hydrochloric acid and 

ascorbic acid.  However, depending on the donating ability of the coordinating 

ligand that is present upon reduction, Tc/Re can maintain their reduced oxidation 

states from (I) to (VI).  In the presence of a reducing agent but the absence of a 

coordinating ligand, TcO4
-/ReO4

- is reduced to a (IV) oxidation state, which is the 

second thermodynamic sink state of Tc/Re, via the formation of TcO2/ReO2. 



14 
 

The (V) oxidation state of Tc and Re is the most studied oxidation state 

due to its importance in the radiopharmaceutical field.  Tc and Re (V) exist as d2 

metal centers and have strong preference for thiolate and thioether sulfurs, 

followed by amine and amide nitrogens and carboxylate oxygens.  Oxo-Tc and -

Re (V) cores dominate this oxidation state,11, 22, 23 and coordination to N4, SN3, 

S2N2, and S4 ligand systems stabilize the TcO3+/ReO3+ core centers. 

In the 1980s, collaborative research between the University of Missouri-

Columbia and Amersham International led to the discovery of Ceretec®, a neutral 

amine-oxime Tc(V) complex, Tc-hexamethylpropyleneamine-oxime (HMPAO), 

that has been used as a brain imaging agent (Table 2).24, 25  The HMPAO 

ligand’s N4 coordination system loses three protons and forms a neutral, square 

pyramidal geometry upon coordinating to the TcO3+ core.24, 25  All four amine 

nitrogens of HMPAO are located at the corners of the square plane and the 

monooxo group is located above at the apex of the square pyramid.24, 25  

Another brain imaging agent using N2S2 coordination system is Neurolite®, 

also known as Tc-ethylcysteinate dimer (Tc-ECD) (Figure 4).  The TcO3+ core 

coordinates to the N2S2 coordination system in ECD forming a neutral, square 

pyramidal complex.26, 27  A kidney Tc imaging agent is [TcO(MAG3)]- where Tc 

coordinates through an N3S system (Figure 5).  The TcO3+ core coordinates to 

the N3S coordination system in MAG3 forming a square pyramidal complex with 

the oxo group in the apical position.28  The presence of the thiol group provides 
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additional reducing power to convert Tc (VII) to Tc (V) and assists in the 

stabilization of the complex.  

 

Table 2. Tc/Re radiopharmaceuticals at different oxidation states and coordination geometry 

 

 

 

Oxidation 
State 

Example Coordination Structure 

+7 Pertechnetate 
(Thyroid) Tetrahedral 

 

+5 Tc-HMPAO 
(Brain) 

Square 
Pyramidal 

 

+3 Q12 
(Heart) Octahedral 

 

+1 Tc-Sestamibi 
(Heart) Octahedral 
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    Figure 4. Structure of Tc-ECD, an example of N2S2 coordination system. 

                                  

                                  

Figure 5. Structure of [TcO(MAG3)]-, an example of N3S coordination system.     

 

Tc(V) is also capable of forming TcN2+ core, and the lower charge on the 

TcN2+ core as compared with TcO3+ means that in complexes with comparable 

ligands the nitrides will generally be more negatively charged.29  An example of 

TcN2+ core is [TcN(S2CNEt2)2] where TcN2+ coordinates to the S4 system forming 

a square pyramidal complex (Figure 6).29 
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                 Figure 6.  Structure of [TcN(S2CNEt2)2], an example of S coordination system.      

 

In general, Tc/Re containing complexes are formed by one of two reaction 

sequences.  The first is a single-step reaction in which the generator eluted TcO4
-

/ReO4
- is added to a solution of coordinating ligand and the reducing agent, 

followed by incubation for an appropriate time at ambient or elevated 

temperature.  The second method is a two-step reaction in which TcO4
-/ReO4

- is 

first reduced in the presence of a labile coordinating ligand that stabilizes the 

metal in an appropriate oxidation state, followed by addition of the coordinating 

ligand of interest which has stronger donors and higher affinity for the Tc/Re 

metal center.  The transfer of the pre-reduced Tc/Re to the desired donor ligand 

forms the final metal complex and this process is referred to as the transchelation 

reaction. 

The major difference between Tc and Re chemistries is that Re is harder 

to reduce than Tc; consequently Re complexes are easier to oxidize.  When 

translating the work from Tc to Re, more reducing agent is often needed.  The 

ease of oxidation of Re indicates that in vivo oxidation is common if the Re 
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coordination is not very strong.  Therefore, when developing a Tc/Re 

coordination system this fact should be addressed from the beginning.   
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II. Specific Introduction 
 
 

1. Site Specific Targeting Radiopharmaceuticals  

Recently, the direction of radiopharmaceutical research has shifted toward 

developing site specific targeting agents.  The high affinity and specificity of 

antibodies makes them a desirable targeting vector for diagnostic imaging and 

therapeutic agents.  The distribution and elimination of radiolabeled antibodies 

once administered into patients is slow due to their high molecular weights.  

Some of the drawbacks for using antibodies are their relatively slow blood 

clearance and the requirement of long periods of time between administration 

and obtaining useful diagnostic images.30    

  The main pharmacokinetic consideration for diagnostic and therapeutic 

radiopharmaceutical agents is to have a high tumor to background ratio in a short 

period of time.  To achieve this goal, the radiolabeled agent should have a short 

blood residence time in order to minimize the accumulation of radioactivity in 

non-target tissues.  However, the blood retention should be long enough to allow 

the radiolabeled agent to reach the target and achieve adequate accumulation 

for imaging and therapy purposes.  Also, excretion mechanisms of radiolabeled 

agents are via hepatobiliary or renal pathways.  In either route of excretion, 

accumulation of radioactivity in these organs, such as liver or kidneys, creates an 

excessive radiation load and may obscure imaging of tumors in that region 

and/or cause damage to those organs; therefore, fast clearance of radiolabeled 

agents is warranted.   
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Interest shifted toward investigating radiolabeled peptides as targeting 

vectors after the discovery of the overexpression of certain classes of receptors 

on tumor cells.  Therefore, the use of low to intermediate molecular weight 

naturally-occurring peptides might be more appropriate for use in 

radiopharmaceutical development when compared to antibodies.  In many cases, 

the affinities of peptides for their receptors are significantly greater than that of 

antibodies.30  Peptides are small and show fast circulation into target tissues, 

resulting in rapid pharmacokinetics.30  The fast blood clearance leads to high 

tumor to background ratios shortly after administration of the radiolabeled 

peptide.  Therefore, peptides used for tumor targeting show several advantages 

over antibodies.   

The major goal of radiopharmaceuticals is to enhance the imaging quality 

and eventually the therapeutic doses given to the patients.  The application of 

therapy with radiopharmaceuticals is dependent on the concept that coupling a 

radioisotope to a molecule that would specifically bind to tumor cells could deliver 

an effective radiation dose to the tumor without damaging healthy tissues.  

Therefore, the radiopharmaceutical agent should have high tumor uptake and 

long residence time in the targeted tissues compared to the non-targeted tissues, 

especially the radiosensitive organs, such as bone marrow and kidneys.  To 

obtain these results, the radiolabeled peptide should have very high receptor 

binding affinity.  
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2. Target of Interest 

Somatostatin receptors have gained much attention in the past couple of 

decades because of their expression in high density on neuroendocrine tumors.  

The somatostatin receptors belong to a family of seven transmembrane domain 

G-protein-coupled receptors.  They are expressed on neuroendocrine tumors 

such as pituitary adenomas, pancreatic endocrine tumors, carcinoids, 

paragangliomas, pheochromocytomas, small cell lung cancers, medullary thyroid 

carcinomas, breast cancers and malignant lymphomas.31, 32   

Today, there are five known somatostatin receptor subtypes that have 

been cloned.32  The majority of somatostatin-positive tumors express multiple 

somatostatin receptor subtypes, with a variation in their expression on different 

tumor types.32  It has been reported that the somatostatin subtype 2 receptor is 

more abundant than the other subtypes and is expressed in more than 80% of 

endocrine pancreatic and endocrine digestive tract tumors compared to the other 

receptor subtypes.32  

  

3. Target Vector 

Both of the naturally occurring disulfide cyclized somatostatin peptides, 

somatostatin-14 (Figure 7) and somatostatin-28, bind with high affinity to all of 

the five somatostatin subtype receptors.  Somatostatin-14 is more naturally 

expressed than somatostatin-28.33, 34  Somatostatin peptides inhibit the release 

of many peptide hormones including, but not limited to, glucagon, insulin, 
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secretin and growth hormones, as well as playing an important role in the central 

nervous system as a neurotransmitter and neuromodulator.33, 34  However, both 

somatostatin-14 and -28 have limited therapeutic use and are inadequate for use 

in clinical purposes, since they have short plasma half-lives of 2-3 minutes due to 

fast enzymatic degradation by peptidases.33-36 

Therefore, attempts have been made to synthesize somatostatin 

analogues for clinical use.  Rivier et al. were the first to show that not all amino 

acids in somatostatin-14 were necessary for receptor binding and biological 

activity.37, 38  The somatostatin analogue should preserve two important 

molecular features of the somatostatin peptide:  its cyclic form and the essential 

4 amino acids, Phe7-Trp8-Lys9-Thr10, which are part of the β-turn that is involved 

in the binding to the receptor.39, 40  As a result, octreotide (Sandostatin®) was the 

first commercially available somatostatin analogue that possessed similar 

pharmacologic properties as the somatostatin peptide.41-43  

 

      

             Figure 7.  Structure of disulfide-cyclized somatostatin-14 
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Bauer et al. reported in 1982 that SMS 201-995 (octreotide’s code-name 

at the time) resisted degradation and was observed to have stronger ability to 

inhibit the secretion of the growth hormone compared to somatostatin-14. 41  

Octreotide (Figure 8) is a disulfide-cyclized 8 amino acid long analogue of 

somatostatin with a plasma half-life of 90-120 minutes.  The longer plasma half-

life of octreotide is due to the presence of unnatural D-amino acids and the 

unnatural alcohol C-terminus that are unrecognized by peptidases. 

 

 

 

Figure 8. Structure of disulfide-bridged octreotide 
 

 

While somatostatin-14 and -28 bind with high affinity to all five 

somatostatin receptor subtypes, octreotide binds with high affinity only to subtype 

2 followed by subtype 5.44  Octreotide (Sandostatin®) has been registered in most 
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countries for the control of hormonal symptoms in patients with carcinoids and 

endocrine pancreatic tumors and in patients with acromegaly due to predominant 

expression of somatostatin subtype 2 receptors on these diseases.42, 43  The high 

density of somatostatin subtype 2 receptors on these tumors further allows the 

use of radiolabeled somatostatin analogues to be used for diagnostic imaging 

purposes as well as for radiotherapy.  The receptor-ligand complex of an agonist 

triggers internalization of the receptor-ligand activated complex.  The 

internalization of the peptide allows for accumulation of the radiolabeled complex 

inside the cell, which is believed to be essential for radiotherapy to assure that 

the radiolabeled peptide does not get degraded outside the cell causing 

unwanted damage to normal tissues and organs. 

 

4. Labeling Approach 

The first radiolabeled somatostatin analogue, 123I-Tyr3octreotide (Figure 

9), was used to visualize somatostatin receptor-positive tumors in humans.45  

Iodination was performed by direct labeling after substituting tyrosine for 

phenylalanine in octreotide.45  Although it has proven to be useful for tumor 

imaging, there were several drawbacks to using 123I-Tyr3-octreotide as a 

radiopharmaceutical agent.  Some of the drawbacks were the high cost, lack of 

availability, high radiation dose, poor image quality, and predominant hepatic 

clearance.46  The hepatobiliary clearance results in accumulation of radioactivity 
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in liver, gall bladder, bile ducts and gastrointestinal tract that complicated imaging 

tumors in the abdomen.30, 46-48   

Also, after internalization, radioiodinated peptides undergo rapid 

degradation in vivo, where the radioiodinated tyrosine will go through rapid 

excretion from the cells, and then is deiodinated in the liver, which exposes the 

liver to excess radiation, which is another major drawback.30, 47, 48  This led to the 

development of radiometal-labeled somatostatin analogues to overcome these 

disadvantages.  

 

 

    Figure 9.  Structure of 123I-Tyr3-octreotide  

 

To date, most of the work done to label octreotide analogues with 

radiometals has used a bifunctional chelating approach (Figure 10), in which a 

radiometal is coordinated to a chelator such as 111In chelated to 

diethylenetriaminepentaacetic acid (DTPA) that is covalently linked to the 
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octreotide peptide, as illustrated in Figure 11.  Radiometal chelator conjugated 

peptides are trapped in the lysosomes inside cells due to the polarity of 

conjugated radio-metabolites such as 111In-DTPA-DPhe, preventing them from 

crossing the lysosomal and/or cell membranes.48, 49  111In-DTPA-octreotide, 

marketed as OctroScan® by Tyco Healthcare (Mallinckrodt, St Louis, MO), was 

the first FDA-approved somatostatin imaging agent.49  OctroScan® (Figure 11) is 

now recognized to be “an important, if not the first imaging technique, chosen by 

physicians for localization and staging of neuroendocrine tumors through 

SPECT” 50.   

 

        

  Figure 10.  Cartoon illustration of the bifunctional chelate labeling approach  

 

 

111In-DTPA-octreotide is mainly cleared through the kidneys within 24 

hours after injection, and its accumulation in the hepatic region is only 2% 

compared to 40% for 123I-Tyr3octreotide at 4 h post injection.30, 47, 48  The 
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difference in clearance of these two octreotide radiopharmaceutical agents is 

mainly related to differences in their hydrophilicity.  With a physical half-life of 2.8 

days, whole body images with 111In can be obtained at 4 and even 24 h post 

injection, giving a higher diagnostic yield due to the continuous clearance from 

non-target tissues47.  In addition, OctroScan® shows some therapeutic effects 

because 111In emits not only γ rays that are used for imaging, but also Auger 

electrons.36  However, Auger electrons are not sufficient for therapeutic purposes 

because of their short tissue penetration is about 0.02-10 μm, which less than 

one cell diameter.51  For 111In to be an effective therapeutic radionuclide, very 

large doses are needed to cause cytotoxic effects in the form of DNA double-

strand damage by being in very close proximity to the cell nucleus.   

 

         

  Figure 11. Structure of 111In-DTPA-octreotide  

 

Therefore, 111In-DTPA-octreotide may not be the most suitable compound 

to carry out radiotherapy.  A β- emitting radionuclide, such as 90Y or 177Lu, would 
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work better than 111In as it has a longer penetration range, causing more damage 

to tumor cell nuclei, resulting in cell death.  A stable coupling of the β-emitting 

isotopes such as Y and Lu to DTPA-octreotide could not be achieved in vivo, 

which initiated the development of modified analogues of DTPA-octreotide.  This 

has led to the use of the radiometal macrocyclic chelator DOTA (1,4,7,10-tetra-

azacyclododecane-N,N’,N’’,N’’’-tetraacetic acid) that can be stably coordinated to 

111In, 90Y, and 177Lu.52   

However, since the use of DOTA requires heating during labeling 

procedure, 111In-DTPA is preferred over 111In-DOTA for diagnostic purposes.  90Y 

is  a β-emitter with a maximum energy of 2.3 MeV and a maximum tissue 

penetration of approximately 12 mm (about 12 to 1,200 cells)53, so it is suggested 

that 90Y-labeled analogues are more suitable for radiotherapy of larger tumors.  

Also, some modifications were made to the octreotide sequence by replacing the 

amino acid Phe at the third position with Tyr, which increased the agent’s 

hydrophilicity54.  With these modifications, 90Y-DOTA-Tyr3-octreotide 

(OctreoTher®, Novartis Pharma, Basel, Switzerland) was developed.  90Y-DOTA-

Tyr3-octreotide (Figure 12) showed substantial response rates but yet had a 

major side effect of causing nephrotoxicity55.   
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         Figure 12. Structure of 90Y-DOTA-Tyr3-octreotide 

 

An additional modification to the DOTA-Tyr3-octreotide sequence was 

made by changing the C-terminal ending from threoninol to threonine, developing 

DOTA-Tyr3-octreotate.  This change improved the clearance from the kidneys 

and resulted in higher somatostatin subtype 2 receptor tumor uptake of nine-fold 

increase compared to DOTA-Tyr3-octreotide.54  DOTA-Tyr3-octreotate was 

radiolabeled with lutetium-177 (177Lu-DOTA-Tyr3-octreotate).56, 57  Lu-177 is a β- 

emitter with a maximum energy of 0.5 MeV and a maximum tissue penetration of 

approximately 2 mm (about 2 to 600 cells)53.  It also emits γ rays of 113 and 208 

keV, which enable detection with a γ camera and thus allow for tumor dosimetry 

and staging, which is an advantage of using 177Lu over 90Y.  The shorter range of 

the β- particles means higher radiation doses can be delivered to smaller tumors.   

Lu-177-DOTA-Tyr3-octreotate (Figure 13) showed significant response 

rates and lower toxicity than 90Y-DOTA-Tyr3-octreotide but may not be effective 

in large tumors due to its short β- range.55  Biodistribution studies demonstrated 

that the highest absorbed doses were to the spleen, kidneys, and tumor.  Since 
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no spleen toxicity was reported, the kidneys were considered to be the critical 

organ.  Because the excretion route was mainly through the kidneys, this might 

have caused the renal toxicity.55  Renal toxicity was not the only parameter 

considered, but also the bone marrow since some cases of bone marrow toxicity 

were reported. Both 90Y-DOTA-octreotide and 177Lu-DOTA-Tyr3-octreotate are 

still in clinical trials in Europe.55, 56, 58 

 

 

Figure 13. Structure of 177Lu-DOTA-Tyr3-octreotate  

 

Tc-99m was also among the variety of radiometals labeled to somatostatin 

analogues by the bifunctional chelate approach.  Hydrazinonicotinamide 

(HYNIC), a mono/bidendate ligand, was covalently linked to Tyr3-octreotide and 

complexed with 99mTc.  Since HYNIC can only occupy one or two coordination 

sites, a co-ligand such as tricine and/or ethylenediamine-N,N’-diacetic acid 

(EDDA), required to complete a square pyramidal or octahedral coordination 

sphere around Tc, has been studied.59, 60  Higher tumor uptake and faster renal 
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clearance than 111In-DTPA-octreotide has been observed for 99mTc-

EDDA/HYNIC-Tyr3-octreotide (Figure 14), but slower blood, liver, gastrointestinal 

and soft tissue clearance in tumor-bearing mice were also observed.61  Clinical 

studies demonstrated that both 99mTc-tricine/HYNIC-Tyr3-octreotide and 99mTc-

EDDA/HYNIC-Tyr3-octreotide produced comparable images and allowed for 

earlier diagnosis from 10 min to 4 h post-injection instead of 4 to 24 h post 

injection shown with 111In-DTPA-octreotide.61   

 

 

Figure 14. Structure of 99mTc-EDDA/HYNIC-Tyr3-octreotide  

 

Another study suggested that 99mTc-EDDA/HYNIC-Tyr3-octreotide had 

higher sensitivity as a clinical imaging agent when compared to 111In-DTPA-

octreotide (Figure 11).61, 62  However, non-specific uptake in the bowel and 

inflammatory lesions were observed with 99mTc-EDDA/HYNIC-Tyr3-octreotide.62  

Therefore, additional scanning after injection is needed to avoid false-positive 

findings, and this procedure may produce patient compliance complications.  The 

major drawbacks of using this labeling system are the radiolabeling instability in 
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the absence of excess co-ligand and the presence of multiple species of these 

complexes in solution due to different bonding modalities of HYNIC and the co-

ligands.63, 64  Also, the coordination and oxidation state of Tc with EDDA/HYNIC 

have not been determined; therefore, this compound could not be used in further 

clinical trials.   

These radiolabeled somatostatin analogues have shown some promising 

results for imaging and therapy purposes, so there is a need to develop superior 

radiolabeled somatostatin analogues.  With 99mTc as the radionuclide of interest, 

99mTc-labeled somatostatin analogues should produce higher tumor uptake and 

retention, lower non-target tissue uptake to minimize or eliminate unwanted 

toxicity, and rapid clearance from excretion organs to enhanced imaging 

contrast. 

It has been observed that small changes in the peptide sequence, chelator 

substitution, and/or metal replacement in the radiolabeled octreotide analogues 

have been shown to have considerable effects on their binding affinity toward 

somatostatin receptors and in vivo biodistribution profile.  Those effects are 

important for both therapeutic and radiotoxicological purposes.  Therefore, the 

attachment of a bulky metal-chelate like DTPA or DOTA to octreotide analogues 

may have affected their binding affinity to the somatostatin receptors.   

Receptor binding affinity can be measured via in vitro assays; one of the 

most commonly used is a competitive receptor binding (IC50) assay.  In IC50 

assays, the analogue of interest competes for the available receptor sites on 
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cells or membranes against a radiolabeled standard of known high receptor 

affinity.  Competition data are analyzed to yield an IC50 value, which is the 

concentration of the analogue of interest required to displace 50% of the 

receptors bound by the standard.  The lower the IC50  value of an analogue, the 

higher the in vitro receptor binding affinity, since a lower concentration of the 

ligand is required to compete with the high affinity radiolabeled standard for the 

receptor sites.  It has been reported that octreotide has an IC50 value of 2 nM to 

somatostatin subtype 2 receptors and the binding affinity decreases when 

radiometal chelated 111In-DTPA and 90Y-DOTA are attached (22 and 11 nM, 

respectively) in human subtype 2 receptors.44, 65   

An alternative approach to the design of radiolabeled tumor-imaging and 

therapeutic agents involves incorporating the radiometal directly into the 

molecule’s structure (Figure 15).  A limited amount of work has been reported on 

Re- and Tc-cyclized somatostatin analogues developed for high affinity receptor 

binding and efficient tumor uptake.  RC-160 (DPhe-Cys-Tyr-DTrp-Lys-Val-Cys-

Trp-NH2), a somatostatin analogue, and octreotide were directly labeled with 

188Re via disulfide reduction.65  In vivo studies of 99mTc-cyclized octreotide 

analogue were performed in normal rats66 and in mice bearing small-cell lung 

cancer for 188Re-cyclized octreotide analogue67, while 188Re-cyclized RC-160 in 

vivo studies were carried out in mice bearing human prostate tumor xenografts65.  

Both 188Re-cyclized octreotide and RC-160 suffered from extended retention in 

the liver with subsequent slow clearance through the intestines.65-68  Re-188-
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cyclized octreotide has decreased its somatostatin subtype 2 receptor binding 

affinity compared to the bifunctional chelate radiolabeled octreotide agents.67  

While 188Re-octreotide has shown some promise as a radiopharmaceutical 

agent, it is not any better than its iodinated counterparts.  Their main current 

disadvantages would likely lead to significant non-target tissue doses. 

 

 

             Figure 15. Cartoon illustration of the integrated/direct labeling approach 

 

However, the drawbacks of metal-cyclization of only two somatostatin 

analogues investigated may be due to peptide sequences rather than to the 

method of radiometal integration.  Octreotide is lipophilic in nature; therefore, it is 

expected to cause or produced hepatobiliary clearance.  Modifications made to 

the octreotide sequence have yielded analogues with greater hydrophilicities and 

tumor-targeting properties.  For example, Tyr3-octreotide and Tyr3-octreotate 

were reported to be more hydrophilic than octreotide when investigated using the 

bifunctional chelate radiolabeling approach.54  The effect of radiometal-cyclization 
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has not been studied on these octreotide derived analogues such as Tyr3-

octreotide, and Tyr3-octreotate. 

The interest in investigating the direct labeling approach on octreotide 

analogues is due to previous work done with alpha-melanocyte-stimulating 

hormone (alpha-MSH), a tridecapeptide [Ac-Ser-Tyr-Met-Glu-His-Phe-Arg-Trp-

Gly-Lys-Pro-Val-NH2] that regulates skin pigmentation in most vertebrates, with 

the His-Phe-Arg-Trp sequence  required for receptor recognition69.  Both labeling 

approaches, bifunctional chelating and integrated, were used to radiolabel alpha-

MSH.69, 70  The direct metal cyclization approach was performed on an analogue 

of alpha-MSH [Ac-Cys-Tyr-Met-Glu-His-DPhe-Arg-Trp-Cys-Lys-Pro-Val-NH2] to 

incorporate Re/Tc, where the radiometal (99mTc/Re) was coordinated directly to 

the thiols of both Cys residues.23  However, the initial results of the metal cyclized 

alpha-MSH analogue showed a decrease in stability and receptor binding 

affinity.23   

Therefore, a redesign of the alpha-MSH analogue resulted in the 

development of second generation analogue with an additional third Cys (alpha-

CCMSH) that greatly improved the chemical stability via highly stable radiometal-

peptide coordination (Figure 16).70  In addition to the stable metal coordination, 

higher receptor binding affinity, greater tumor uptake and retention were 

observed with the metal-cyclized alpha-CCMSH as compared with the disulfide-
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cyclized and bifunctional chelating approach shown previously by the same 

group, as shown by the binding affinity values in Table 3.70-72   

 

Figure 16.  Structure of metal-cyclized alpha-MSH 

Table 3. alpha-CCMSH binding affinity values in B16/F1 murine melanoma cell line  
 

 

 

 

Increased radioactivity retention in tumors has the potential of improving 

tumor imaging and diagnostics, as well as more effective therapy at lower doses, 

avoiding unnecessary radiation to the non-target tissues and/or organs.  Applying 

this approach to octreotide analogues has the possibility of improving the 

diagnostic imaging and targeted radiotherapy of neuroendocrine tumors and is 

therefore attractive. 

 

Peptide Receptor Binding Affinity 
(nM) 

CCMSH 7.6 

In-DOTA-CCMSH 11 

Re-cyclized CCMSH 2.9 
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III. Specific Aims 

As mentioned earlier, Tc and Re are group 7 transition metals that share 

similar chemistries and coordination geometries.  Both Tc(V) and Re(V) are 

capable of forming stable complexes with nitrogens in amines and amides, 

oxygens in carboxylates, and sulfurs in thiolates and thioethers, with a strong 

preference for thiolate sulfurs.11, 22  Both Tc(V) and Re(V) prefer a similar square 

pyramidal coordination geometry, where the donor atoms are located at the 

corners of a square plane with a monooxo group located above at the top of a 

square pyramid when in the (V) oxidation state.11, 22   

Therefore, 99mTc and 188/186Re are good potential radionuclide candidates 

for cyclizing the octreotide analogue due to the presence of thiolate sulfurs as 

disulfide-bridge of the Cys residues in octreotide sequences.  The metal 

coordination site must be designed so that metal coordination does not disturb 

the pharmacophore, the peptide’s receptor binding sequence, providing a stable 

molecular structure that has high affinity for specific receptors.   

Once the octreotide analogues are developed to be metal-cyclized, the 

macroscopic scale reactions for characterization and determination of their in 

vitro receptor binding affinity purposes are to be performed via non-radioactive 

Re.  The octreotide analogues with the highest somatostatin subtypte 2 receptor 

binding affinity will be cyclized with 99mTc for in vitro stability, biodistribution and 

SPECT imaging studies.  The octreotide analogue with the highest receptor 
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binding affinity, stable at the radiotracer level, and high tumor uptake and 

retention, cyclized with 186/188Re, should have similar biological and 

pharmacokinetic behavior as its 99mTc counterpart.  
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IV. Previous Work Preliminary Results 

From the alpha-MSH work, it was hypothesized that the same promising 

results, high tumor uptake and long retention time, of the radiometal-cyclized 

octreotide analogues would be observed compared with bifunctional chelate 

octreotide analogues.  The goal is to develop an octreotide analogue with a high 

binding affinity for somatostatin receptors that will eventually be cyclized and 

radiolabeled with 99mTc for diagnostic and 188Re for therapeutic purposes.  

Therefore, two of the best characterized and investigated somatostatin 

analogues, octreotide and Tyr3-octreotate, were chosen for direct incorporation of 

99mTc and Re.  

Previous work on this project had been carried out by members of Dr. 

Jurisson’s group.  Four linear octreotide based analogues (Table 4) were 

synthesized differing at the N-terminus, the amino acid at the third position, and 

the C-terminus.73  The linear analogues were metal cyclized with non-radioactive 

Re, characterized with liquid chromatography-electrospray ionization-mass 

spectrometry (LC-ESI-MS) and purified by semi-preparative reversed phase-high 

performance liquid chromatography (RP-HPLC).73  Competitive binding assays 

(IC50 studies) were conducted on all Re-cyclized peptides against the standard, 

111In-DOTA-Tyr3-octreotide, where the lower the IC50 value the higher the binding 

affinity (values reported in Table 5).  Re-cyclized Tyr3-octreotate (analogue 3) 

had the lowest IC50 value at 29 nM.73   
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Table 4.  List of the first series of linear octreotide analogue sequences 
 

Analogue Name Sequence 

1 Octreotide      DPhe-Cys-Phe-DTrp-Lys-Thr-Cys-Thr(ol) 

2 Ac-octreotide Ac-DPhe-Cys-Phe-DTrp-Lys-Thr-Cys-Thr(ol) 

3 Tyr3-octreotate        DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-ThrOH 

4 Ac-Tyr3-octreotate   Ac-DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-ThrOH 

 
 
 

Table 5.  IC50 values of Re-cyclized first generation analogues 
 

Re-cyclized Analogues IC50 Values (nM) 

1 328 

2 636 

3 29 

4 106 

 

 

From 2-D NMR analysis of analogue 3, it was determined that Re 

coordinated to two Cys sulfhydryls, the amino terminus nitrogen, and the amide 

nitrogen from Tyr3 (an amino acid that is involved in receptor binding) as 

illustrated in Figure 17.73  The metal binding to one of the receptor binding 

residue amides might have altered the analogue’s receptor binding structure, 

thereby affecting the binding affinity. 

However, the binding affinity value of Re-cyclized analogue 3 was 

comparable to the FDA-approved OctroScan® and with the radiotherapeutic 
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agents, 177Lu-DOTA-Tyr3-octreotate and 90Y-DOTA-Tyr3-octreotide, in clinical 

trials.  Therefore, the next step was to radiolabel analogue 3 with 99mTc to test the 

in vitro and in vivo stability of the radiometal-cyclized complex, followed by in vivo 

biodistribution and imaging studies.  The results of the radiotracer studies will 

determine the proceeding steps to be taken and considered.  If further 

modifications are needed, then the results from the marcroscopic and radiotracer 

experiments will be utilized in redesigning the next series of analogues, in order 

to obtain high affinity analogues with stable metal coordination.   

 

                

     Figure 17.  Structure of the metal coordination of Re-cyclized analogue 3 
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V. Experimental 

 

1. Materials 

Reagents and solvents were purchased from VWR Scientific Products (St. 

Louis, MO), Novabiochem (San Diego, CA), Fluka (Milwaukee, WI), Fischer 

Scientific (Pittsburgh, PA), Sigma-Aldrich (St. Louis, MO), ACROS-Organics 

(Geel, Beligium), CEM (Matthews, NC), and BACHEM (Torrance, CA).  All 

reagents and solvents were HPLC grade, peptide synthesis grade, or of the 

highest purity obtainable and were used without further purification.   

RP-HPLC analysis and semi-preparative purification of macroscopic 

products were carried out on a Beckmann Coulter System Gold HPLC equipped 

with a 168 diode array detector, a 507e autoinjector, and the 32 KARAT software 

package (Beckmann Coulter, Fullerton, CA).  Analytical RP-HPLC was 

performed on a Keystone Scientific, Inc. (Bellefonte, PA) C18 Kromasil column 

(100 Å, 0.46 × 15 cm, 5 μm) with linear gradients of solvent B in solvent A (A: 

0.1% TFA in water; B: 0.1% TFA in acetonitrile), a 1 mL/min flow rate, and UV 

detection at 214 and 280 nm.  Semi-preparative RP-HPLC was performed on a 

Waters (Milford, MA) Prep Nova-Pak HR C18 column (60 Å, 1.9 cm × 30 cm, 6 

μm), also using linear gradients of solvent B in solvent A, but with flow rates up to 

10 mL/min and UV detection at 225 and 280 nm.   

LC-ESI-MS analyses were carried out on a Thermo Finnigan LC system 

consisting of a P4000 quaternary LC pump and SCM1000 vacuum degasser, an 
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AS3000 autosampler, and a UV6000LP diode-array detector connected to a 

Thermo Finnigan TSQ7000 triple-quadrupole mass spectrometer (Thermo 

Finnigan, San Jose, CA).  A Waters Nova-Pak C18 column (60 Å, 0.39 × 30 cm, 4 

μm) was used for the LC-ESI-MS experiments. 

Radiotracer reactions were monitored and purified on a Waters 626 

chromatograph RP-HPLC equipped with Canberra NaI(Tl) well detector 

(Meriden, CT) for radioactivity detection and UV detection at 214 and 280 nm.  

Radio-RP-HPLC was performed on a Grace Vydac (Hesperia, CA) Protein & 

Peptide C18 column (300 Å, 0.46 cm × 25 cm, 5 μm) attached to a Grace Vydac 

High Performance Guard Column.   Linear gradients of solvent B in solvent A 

with 1 mL/min flow rate were used.   

Thin-layer chromatography (TLC) was conducted with Whatman plates 

MKC18F silica gel (60 Å, size 2.5x7.5 cm, layer thickness 200 μm) obtained from 

EM Science (Gibbs town, NJ) and C18 Silica TLC plates (aluminum backed, size 

5x10 cm, layer thickness 150 μm) obtained from Sorbent Technologies (Atlanta, 

GA).  TLC plates were developed with 10% ammonium acetate (1:1 w/v), and 

radio-TLC detection was accomplished by using a Bioscan AR-2000 TLC 

Imaging Scanner (Washington, DC).   

For in vitro receptor binding assays, AR42J rat pancreatic carcinoma cells, 

known to express the somatostatin subtype 2 receptors, were obtained from the 

American type Culture Collection (Manassas, VA).  The Cell and Immunobiology 

Core Facility at the University of Missouri maintained and prepared the cells for 
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these studies.  For radiotracer studies, 111InCl3 was obtained from Mallinckrodt 

Medical (St. Louis, MO), and 99mTcO4
- was obtained from Mid-America Isotopes 

(Ashland, MO).  Radio-scintillation counting of IC50 and biodistribution studies 

was performed on a Wallac 1480 Wizard 322 automated γ counter (PerkinElmer 

Life Sciences, Gaithersburg, MD) 

The microSPECT/CT imaging studies were performed on a combined 

modality unit (microCAT II, Siemens Medical Solutions) equipped with dual 

pixelated SPECT detectors, each coupled to a square 3 × 3 array of position-

sensitive photomultiplier tubes.  The computed tomography (CT) component 

consists of a charge-coupled detector (CCD) X-ray detector and an 80 kVp 

micro-focus X-ray source (40 μm focal spot).   

 

2. In Vitro and In Vivo Studies of Analogue 3  

a. Tc-99m labeling of Reduced Linear Analogue 3 

Analogue 3 was labeled with 99mTc via ligand exchange from 99mTc-

glucoheptonate using modified literature procedure23.  To 200 µL of 99mTcO4
- (16-

24 mCi), 600 µL of 6 mg/mL of stannous chloride in 0.2 M sodium 

glucoheptonate was added.  After 30 min at room temperature, 10 µL of a 1 

mg/mL solution of purified reduced analogue 3 in MilliQ H2O was added.  The pH 

was adjusted to 7.9-8.1 using 0.1 M NaOH, and the reaction was heated at 60 ºC 

for 30 min.  The formation of the desired 99mTc-cyclized analogue 3 was 

confirmed via a RP-HPLC co-injection with the non-radioactive Re-cyclized 
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analogue based on the retention times using two detectors (UV and NaI(Tl)).  

RP-HPLC was also used to purify and then verify the purity of the collected 

fractions.  To the purified 99mTc-cyclized analogue fractions, about 2.0 mg of 

gentisic acid was added, and then concentrated by centrifugal evaporation for 30 

min, to ensure the removal of the organic solvent components in the solution.  

 

b. In Vitro Stability Studies of 99mTc-cyclized analogue 3 

The in vitro stability studies of 99mTc-cyclized analogue 3 were carried out 

on the concentrated purified fractions of the radiotracer.  The fractions were 

diluted to 1 mL by adding PBS, mouse serum or 10 mM/1 mM Cys solution.  

Stability in Cys solutions were performed under acidic conditions at room 

temperature.  Stability studies of PBS and mouse serum were under 

physiological conditions by adjusting the pH of the diluted fractions to 7.4 using 1 

M and 0.1 M NaOH, followed by incubation at 37 ºC.  The stabilities were 

monitored via RP-HPLC by removing aliquots of the incubated fraction at various 

time points (1, 4 and 24 h).   

 

c. Biodistribution Studies of 99mTc-cyclized analogue 3 

Biodistribution studies were performed in tumor-bearing SCID (severe 

combined immunodeficient) mice.  Nineteen days prior to studies, 4-5 week old 

female SCID mice were inoculated with 5.0 x 106
 somatostatin subtype 2 

receptor expressing AR42J rat pancreatic tumor cells in the right hind flank.  The 
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average tumor weight was 190 mg.   The concentrated purified fractions were 

diluted with 0.1% Tween 80 (v/v) in normal saline, and then the pH was adjusted 

to 5 using 1.0 M NaOH, yielding the desired radiotracer concentration with an 

appropriate pH for use in animal studies.  Tail vein injections were made of 23-27 

μCi of 99mTc-Tyr3-octreotate.  Mice were euthanized at 1, 4 and 24 h p.i., and the 

organs and tissues were removed and counted on a γ counter.  A 1 h blocking 

experiment was also performed by co-injecting the radiotracer with 150 μg of 

disulfide-cyclized Tyr3-octreotate. 

 

d. Imaging Studies of 99mTc-cyclized analogue 3 

SCID mice bearing AR42J rat pancreatic cell line were administered 

approximately 150 μCi of 99mTc-Tyr3-octreotate via tail vein injection.  At 90 min 

p.i., microSPECT/CT imaging was performed on the isoflurane-anesthetized 

SCID mice, and at 4 h p.i. microSPECT/CT imaging was performed on sacrificed 

SCID mice. 

 

3. Macroscopic Re-cyclization and characterization of Analogues 6 

through 16 

a. Synthesis of Reduced Linear Peptides Method A 

The reduced linear peptides (Table 6) were synthesized by solid phase 

peptide synthesis (SPPS) on a multiple peptide synthesizer (model Advanced 

ChemTech 396 Omega, Louisville, KY) by Dr. Fabio Gallazzi.  Standard solid-
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phase 9-fluorenylmethoxycarbonyl (Fmoc) chemistry was used on previously 

prepared Thr(tBu)-2ClTrt or Thr(tBu)-ol-2ClTrt Resin for octreotide derived 

peptides.   

 

Table 6. Octreotide analogues synthesized via method A 

Analogues Sequences 

3       DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr(OH) 

4 Ac-DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr(OH) 

5    DOTA-DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr(ol) 

6           Ac-Cys-Cys-Phe-DTrp-Lys-Thr-Cys-Thr(ol) 

7 Ac-Cys-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr(ol) 

8  Ac-Cys-Cys-Phe-DTrp-Lys-Thr-Cys-Thr(OH) 

9    Ac-Cys-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr(OH) 

10  Ac-DCys-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr(OH) 

11      Ac-Cys-Cys-Asn-Tyr-DTrp-Lys-Thr-Cys-Thr(OH) 

12    Ac-Cys-Cys-Asn-Tyr-DTrp-Lys-Thr-Ser-Cys-Thr(OH) 

13 Ac-DCys-Cys-Asn-Tyr-DTrp-Lys-Thr-Ser-Cys-Thr(OH) 

 

 

b. Synthesis of Reduced Linear Peptides Method B 

The linear peptides (Table 7) were synthesized with a microwave-

enhanced multiple peptide synthesizer (model Liberty Automated Peptide 

Synthesizer, Mathews, North Carolina) using standard SPPS Fmoc chemistry.  

Fmoc-Thr(tBu) Wang resin, 100-200 mesh, was used for all octreotide-derived 

peptides.  The protected amino acids, as well as solutions for coupling and 
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deprotecting reactions, were separately dissolved and arranged in the different 

specific vessels of the instrument.  The protecting groups chosen for the amino 

acid side chains were: tBu (Thr, Tyr); Trt (Cys); Boc (Lys, DTrp).  The Fmoc 

protecting groups were removed in each subsequent cycle by treatment with N-

hydroxybenzotriazole (HOBt) and piperidine.  Recoupling was automatically 

performed at each cycle.  The "in situ" activation of Fmoc-amino acids was 

carried out using (O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium hexafluoro-

phosphate (HBTU), N-methylpyrrolidinone (NMP) and N,N-Diisopropylethylamine 

(DIEA).   

 

Table 7. Octreotide analogues synthesized via method B 

Analogues Sequences 

9             Ac-Cys-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr(OH) 

10          Ac-DCys-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr(OH) 

14  Ac-DPhe-Cys-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr(OH) 

15         Ac-DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-Cys-Thr(OH) 

16         Ac-DPhe-Apc-Tyr-DTrp-Lys-Thr-Cys-Thr(OH) 

 

 

The peptides were acetylated at the N-terminus using a capping mixture of 

0.5 M anhydrous acetic acid, 0.125 M DIEA and 0.015 M HOBt in DMF.  The 

peptidyl-resins were cleaved and deprotected in a single reaction with the 

following mixture: TFA (92.5%), water (2.5%), 3,6-dioxa-1,8-octane-dithiol 

(DODT) (2.5%), and triisopropylsilane (TIS) (2.5%).  Precipitation and multiple 



49 
 

washing with diethyl ether gave the final crude linear peptide.  The crude 

peptides obtained were characterized by HPLC and LC-ESI-MS.  

 

c. Re-cyclization and Purification  

i. Method C: [ReOCl3(OPPh3)(SMe2)] starting material   

Re-cyclization of analogues 6 through 10 was accomplished via a trans-

chelation reaction of Re in [ReOCl3(OPPh3)(SMe2)] 74 to reduced linear peptide 

using modified literature procedures73.  The reduced linear analogue (4.76-4.90 

mmol) was dissolved in 1 mL of 62% aqueous methanol and the pH was 

adjusted to 8.1-8.3 using 0.1 M NaOH.  Excess [ReOCl3(OPPh3)(SMe2)] (7.14-

7.35 mmol) was added, and the reaction was heated for 30 min at 65 ºC in a 

thermomixer.  The reaction color changed gradually from a mint green 

suspension to a peach-brown solution with a dark grey precipitate.  The reaction 

mixture was centrifuged and filtered.  LC-ESI-MS was employed to confirm the 

formation of the desired complex in the crude reaction mixture.  To isolate the 

desired product, semi-preparative RP-HPLC was employed using the appropriate 

linear gradient of solvent B in A for each peptide.   The purity of the Re-cyclized 

analogues’ collected fraction were checked via LC-ESI-MS, and were >95% for 

all purified Re-cyclized analogues.  The fractions were then lyophilized and 

stored in the freezer until needed for further studies. 
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ii. Method D: TBA [ReOCl4] starting material  

Re-cyclization of analogues 11 through 16 were carried out via a trans-

chelation reaction of Re in TBA[ReOCl4]75 to reduced linear peptides using modified 

literature procedures76, 77.  A Schlenk line setup was used since the Re starting 

material, TBA[ReOCl4], is air and moisture sensitive.  The reduced linear peptide 

(20.0-21.7 mmol) was added to an argon-filled round bottom flask, followed by excess 

TBA[ReOCl4] (60.0-65.1 mmol) dissolved in 1 mL of anhydrous DMF.  The degree of 

the yellow-green color of the reaction depended on the peptide used.  The reaction 

was stirred at room temperature under positive pressure of argon overnight.  The 

solvent was removed via a high pressure vacuum pump, and the resulting product, a 

green colored glaze, was dissolved in 1:5 acetonitrile:water solution resulting in a 

peach-brown solution with a dark grey precipitate.  The reaction mixture was 

centrifuged and filtered.  LC-ESI-MS was employed to confirm the formation of the 

desired complex in the crude reaction mixture.  To isolate the desired product, semi-

preparative RP-HPLC was employed using the appropriate linear gradient of solvent B 

in A.   The purity of the Re-cyclized analogues’ collected fractions were checked via 

LC-ESI-MS, and the purity was >95% for all purified Re-cyclized analogues.  The 

fractions were then lyophilized and stored in the freezer until needed for further 

studies. 
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d. 2-D NMR Experiments of Re-cyclized Analogue 9 

NMR spectra of Re-cyclized analogue 9 were collected on a Varian Unity 

Inova 600 MHz spectrometer equipped with a 5 mm [1H, 15N, 13C] triple-

resonance cold probe. NMR experiments, 2-D 1H-1H total correlated 

spectroscopy (TOCSY) (80 ms mixing time), 1H-1H nuclear Overhauser effect 

spectroscopy (NOESY) (200 ms mixing time), and 1H-13C heteronuclear single 

quantum coherence (HSQC), were performed for peptide solution sample.  The 

1H and 13C chemical shifts were measured at 25 ºC of 2.26 mM Re-cyclized 

analogue 9 in 400 μL of 9:1 H2O/D2O.  Re-cyclized complex sample was 

prepared in SHIGEMI NMR tube (Shigemi Co., Japan).  NMR data were 

processed with NMRPipe78 and analyzed in SPARKY software (Goddard, T.D. 

and Kneller, D.G., SPARKY, University of California, San Francisco).  Indirect 

dimensions were normally extended by linear prediction and zero-filled prior to 

Fourier transformation, and only spectral regions containing signals were 

retained.  The 1H and 13C chemical shifts were referenced to 2,2-

dimethylsilapentane-5-sulfonic acid (DSS) as an external standard.79 

 

e. In Vitro Receptor Binding Assay (IC50 Studies)  

i. Disulfide-cyclization of Analogue 5  

The disulfide-cyclized analogue 5 (DOTA-Tyr3-octreotide) for IC50 

experiments below, were prepared as previously described73 by adding 2.8 mL of 

a 1:1 water/acetonitrile (v/v) solution, 8.5 mL of 0.2 M ammonium acetate, and 
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1.7 mL of DMSO to 13 mg of the linear analogue 5.  The 1 mg/mL analogue 5 

mixture was shaken overnight, resulting in near quantitative yield of the disulfide-

cyclized analogue 5.  The product was isolated by semi-preparative RP-HPLC, 

characterized by LC-ESI-MS, and subsequently lyophilized with purity of >98%. 

 

ii. Labeling Analogue 5 with natIn 

The non-radioactive natIn labeling of the DOTA in analogue 5 was carried 

out following a modified literature procedure73.  To 80 μL of a 30 mM sodium 

acetate/25 mM sodium ascorbate solution (pH 5.0) were added 3.67 μL of 

natInCl3 (4.23 μL/μg in 0.05 M HCl) and 10 μL of disulfide-cyclized analogue 5 of a 

1 mg/mL solution of purified analogue in MilliQ H2O, and the mixture was heated 

for 30 min at 99 ºC.  The labeling procedure has been previously confirmed by 

Dr. Bigott-Hennkens through LC-ESI-MS, and RP-HPLC retention time has been 

determined as well.   

 

iii. Labeling Analogue 5 with 111In  

The radiolabeling of the DOTA in analogue 5 was carried out following a 

modified literature procedure80.  To 100 μL of a 30 mM sodium acetate/25 mM 

sodium ascorbate solution (pH 5.0) were added 50 μL of 111InCl3 and 1 μL of 

disulfide-cyclized analogue 5 of a 1 mg/mL solution of purified analogue in MilliQ 

H2O, and the mixture was heated for 30 min at 99 ºC.  The 111In-labeled 

analogue 5 was purified by RP-HPLC using a 1 mL/min flow with a 0–50% linear 
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gradient of solvent B in solvent A over 30 min and UV absorbance monitored at 

214 and 280 nm.  RP-HPLC coinjection of the purified product with natIn labeled 

analogue 5 gave a single radioactive peak that co-eluted with the UV peak of the 

non-radioactive standard. 

 

iv. IC50 Study Procedure 

The in vitro somatostatin receptor binding affinities of the Re-cyclized 

analogues were determined from competitive binding assays (IC50) with 111In-

labeled analogue 5 in AR42J tumor cells using a modified literature procedure81.    

The IC50 values are the concentrations of Re-cyclized analogues that inhibited 

50% of 111In-labeled analogue 5 binding to the receptors.  The cells were 

suspended in fresh media (RPMI 1640) at a concentration of 1x107 cells/mL.  

Triplicate wells were made of each Re-cyclized analogue concentration that 

ranged from 0 and 10-4 to 10-13 M, a stock solution was made by dissolving the 

analogues in MilliQ water to obtain the highest wanted concentration followed by 

serial dilutions to obtain the final desired concentrations.  Re-cyclized analogue 

was added to wells containing 2x106 AR42J cells/well with a fixed amount of 

111In-labeled analogue 5  (0.2 µCi/well).  After 2 h of incubation in a humidified 

atmosphere of 5% CO2/air at 37 ºC, the cell bound radioactivity was separated by 

centrifugation (1 min at 10,000 rpm).  The incubation media was aspirated, and 

the cell pellet was subsequently cooled on an ice block and washed three times 

with 4 ºC fresh media (RPMI 1640), to remove any unbound or loosely bound 
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radioactivity on the cells.  The amount of 111In-labeled analogue 5 bound to the 

cells was determined by measuring the radioactivity of the cell pellets on the γ 

counter, which was then converted to percent of 111In-labeled analogue 5 bound 

to the cells.  The percent of 111In-labeled analogue 5 bound to the cells versus 

the log of Re-cyclized analogue concentration were plotted on GraFit software 

(Version 4.0.10, Erithacus Software Ltd., Horley, Surrey, UK) to generate the IC50 

sigmoidal curve.  The IC50 value is the point on the curve found halfway between 

the high and low plateaus, which is the Re-cyclized analogue’s concentration that 

causes half-maximal inhibition of 111In-labeled analogue 5 binding to the receptor. 

 

4. Radiotracer Labeling and In Vitro Stability Studies of Selected 

Analogues 

a. Labeling analogues with 99mTc 

The crude analogues 3, 4, 9, 10 and 14-16 were purified by semi-

preparative HPLC using an in-house optimized multistep gradient.  Purified 

analogues were labeled with 99mTc via ligand exchange from 99mTc-

glucoheptonate using a modified literature procedure 23.  To 200 µL of 99mTcO4
- 

(16-40 mCi), 600 µL of 6 mg/mL of stannous chloride in 0.2 M sodium 

glucoheptonate was added.  After 30 minutes at room temperature, 10 µL of a 1 

mg/mL solution of purified reduced analogue in MilliQ H2O was added.  The pH 

was adjusted to 7.9-8.1 using 0.1 M NaOH, and the reaction was heated at 60 ºC 

for 30 min.  The formation of the desired 99mTc-cyclized analogue was confirmed 
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via a RP-HPLC co-injection with the non-radioactive Re-cyclized analogue based 

on the retention times using two detectors (UV and NaI(Tl)).  RP-HPLC was also 

used to purify and then verify the purity of the collected fractions.  To the purified 

99mTc-cyclized analogue fractions, about 2.0 mg of gentisic acid was added, and 

then concentrated by centrifugal evaporation for 30 min, to ensure the removal of 

the organic solvent components in the solution.  

 

b. In Vitro Stability Studies of 99mTc-labeled/cyclized analogues  

The in vitro stability studies of 99mTc labeled analogues were carried out 

on the concentrated purified fractions of the radiotracer.  The fractions were 

diluted to 1 mL by adding PBS, mouse serum or 10 mM/1 mM cysteine solution.  

The pH of the diluted fractions was adjusted to 7.4 using 1 M and 0.1 M NaOH, 

followed by incubation at 37 ºC.  The stabilities were monitored via RP-HPLC by 

removing aliquots of the incubated fraction at various time points (1, 2, 4 and 24 

h).  Replicate stabilities were monitored by spotting C18 TLC plates with 1 to 3 µL 

of radiotracer, followed by development in 10% ammonium acetate (w:v) and 

50:50 0.1% TFA in water and 0.1% TFA in acetornitrile solvents, and then 

analysis by radio-TLC scanner (giving total of n = 3).  In 10% ammonium acetate, 

the radiolabeled peptide stays at the origin and TcO4
- moves along the solvent 

front, and in the 50:50 A in B both the peptide and TcO4
- along the solvent front 

and colloid (TcO2) stays at the origin. 
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VI. Results and Discussion 

1. In Vitro and In Vivo Studies of Analogue 3  

The main goal of this work is to develop octreotide analogues with high 

somatostatin subtype 2 receptor binding affinity, tumor uptake and retention in 

neuroendocrine tumors.  The analogues are cyclized via radiometal coordination 

instead of the usual disulfide-bridge formation.  This labeling approach has only 

been used with RC-160 and octreotide, which were cyclized with 188Re; 

however, it has not been used with any other octreotide analogues to date. 

Therefore, a series of octreotide analogues (Table 4) were previously 

synthesized and the in vitro binding affinity (Table 5) for somatostatin subtype 2 

receptors of those Re-cyclized analogues was investigated by Dr. Jurisson’s 

group.  Non-radioactive Re-cyclized analogue 3 (Re-cyclized Tyr3-octreotate) 

had the highest receptor binding affinity, IC50 value of 29 nM, of the first four 

octreotide analogue sequences investigated73, consequently, 99mTc labeling was 

carried out on this analogue82.   

Analogue 3 was radio-labeled with 99mTc via a transchelation reaction.  

The 99mTcO4
- was first reduced to oxidation state of +5 using SnCl2 and stabilized 

by temporary chelation to glucoheptonate.  The formation of 99mTc-cyclized 

analogue 3 was confirmed by RP-HPLC co-injection of non-radioactive Re-

cyclized analogue 3 (Figure 18), which had been previously characterized by LC-

ESI-MS and 2-D NMR.73  Both complexes eluted at the same retention time with 

a minor difference due to the fact that the sample passed through the UV 
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detector before the NaI(Tl) detector.  The radiolabeling yield of analogue 3 was 

low (~15%), however, the desired 99mTc- cyclized analogue 3 was reproducibly 

prepared.  

 

 

Figure 18.   RP-HPLC co-injection of Re- and 99mTc-cyclized analogue 3.  Analytical RP-HPLC 
chromatogram overlay of Re-cyclized analogue 3 (UV at 280 nm) and 99mTc-cyclized analogue 3 
(NaI(Tl) detector). 
 

 

The 99mTc-cyclized analogue 3 was purified through collected fractions of 

the desired peak.  The purified 99mTc-cyclized analogue 3 combined fractions 

were sufficient for use in stability, biodistribution and imaging studies.  However, 

the purified 99mTc-cyclized analogue 3 had increasing decomposition at room 

temperature with time post-purification, and this may have been due to radiolysis 

at the tracer level.  The observed decomposition product eluted with the HPLC 

system void volume (~ 5 min), consistent with 99mTcO4
-.  The addition of gentisic 

Minutes
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acid as a radioprotectant was used in each of the stability and animal 

experiments described below, which helped minimize radiolysis. 

In vitro stability studies were performed on 99mTc-cyclized analogue 3 

incubated in different solutions and conditions.82  Aliquots were removed at 

various time points and monitored via RP-HPLC.  At the radiotracer level, 99mTc-

cyclized analogue 3 was stable in 1 mM and 10 mM cysteine challenge at 

unadjusted pH (pH ~1) and room temperature (Table 8).  The cysteine challenge 

tests the bond strengths of 99mTc-peptide complexes in cysteine solutions.  Tc-

99m has a high affinity for sulfurs, and it prefers to bind to thiolate sulfurs over 

nitrogens.  Under physiological conditions (pH 7.4 and 37 ºC), 99mTc-cyclized 

analogue 3 was observed to be stable in mouse serum (Table 9).  However, 

99mTc-cyclized analogue 3 showed significant decomposition to 99mTcO4
- under 

physiological conditions in PBS, as was observed by RP-HPLC (Table 9).  12% 

impurity was observed at the void system volume at 1 h on the RP-HPLC, 

indicating that the 99mTc(V) center had been oxidized to 99mTc(VII) as 99mTcO4
-.  

This impurity had grown to 20% by 4 h and to 70% by 24 h.  The stability in 

serum may be due to the fact that serum contains other proteins and peptides 

that might have preserved 99mTc-cyclized analogue 3 to stay intact and act as 

radiolysis scavengers, which were not present in the PBS solution.  In biological 

systems, other proteins and peptides might help maintain 99mTc-cyclized 

analogue 3 to be intact once administrated into mice for in vivo studies.   
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Table 8. Stability studies of 99mTc-cyclized analogue 3 in 1 mM and 10 mM Cys solutions (pH ~1 
and RT). Data presented as % intact of 99mTc-analogue post purification. 
 

 
 
 

 
 
 
 
 
 
 
Table 9. Stability studies of 99mTc-cyclized analogue 3 in PBS and mouse serum under 
physiological conditions (pH = 7.4 and 37 °C). Data presented as % intact of 99mTc-analogue post 
purification.  

 

 

 
 

 

The Re-cyclized analogue 3 showed in vitro affinity toward somatostatin 

subtype 2 receptors and 99mTc-cyclized analogue 3 was stable in vitro in mouse 

serum under physiological conditions.  Therefore, biodistribution and imaging 

studies were conducted with SCID mice bearing AR42J pancreatic rat tumors 

that express somatostatin subtype 2 receptors.82  The tumor uptake in the 

biodistribution studies of 99mTc-cyclized analogue 3 (Table 10) at 1 h was 0.75 % 

ID/g, and dropped to 0.37 % ID/g at 4 h.    

 

 

 

 

Time 
(h) 

1 mM Cys 
(%) 

10 mM Cys 
(%) 

1 100 100 
4 100 100 

24 97 76 

Time 
(h) 

PBS 
(%) 

Mouse Serum 
(%) 

1 88 100 
4 80 100 

24 30 100 
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Table 10. Biodistribution of 99mTc-cyclized analogue 3 in AR42J tumor-bearing mice.  Data 
presented as average % ID/g ± SD; n = 6 for 1 h and 1 h block; n = 5 for 4 h and 24 h. 
 

Tissue 1 h 1 h block 4 h 24 h 

Blood 1. 6 ± 0.2 1.6 ± 0.3 0.9 ± 0.1 0.16 ± 0.01 

Liver 2. 5 ± 0.2 2. 5 ± 0.1 1. 5 ± 0.3 0.5 ± 0.1 

Kidneys 5.4 ± 0.3 5.5 ± 0.6 4.2 ± 0.5 2.0 ± 0.2 

Tumor 0.8 ± 0.1 0.7 ± 0.1 0.4 ± 0.1 0.13 ± 0.01 

Stomach 0.7 ± 1.1 4.7 ± 0.8 1.9 ± 0.4 0.5 ± 0.3 

Sm. Int. 60 ± 9 49 ± 11 14 ± 4 0.2 ± 0.1 

Lg. Int. 12 ± 5 19 ± 9 140 ± 10 1.6 ± 0.6 

Adrenals 0.3 ± 0.1 0.5 ± 0.1 0.2 ± 0.1 0.09 ± 0.07 

Pancreas 0.7 ± 0.1 0.5 ± 0.3 0.3 ± 0.1 0.03 ± 0.01 

 

 

From the data (Table 10), it was observed that co-administration of non-

radioactive disulfide-cyclized analogue 3 to saturate the receptors and block any 

specific binding of the radiotracer did not work, which indicates that the tumor 

uptake was not specific binding.  Also, the uptake in the pancreas and adrenals 

was of interest since they are organs that naturally express somatostatin subtype 

2 receptors; however, they did not show significant uptake.  In addition, their 

uptake was not blocked at 1 h with the co-administration of disulfide-cyclized 

analogue 3.  Uptake in the stomach and mainly intestinal clearance was 

observed, indicating that 99mTc(V) metal center fell out of the analogue 3 and was 

oxidized to 99mTc(VII).   
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The same general radiotracer distribution, along with low uptake in the 

tumors was observed in AR42J tumor-bearing SCID mouse imaging studies.82  

Images of live SCID mice bearing AR42J tumors were taken at 90 min (Figure 

19) and then sacrificed and imaged again at 4 h (Figure 20) post injection of the 

99mTc-cyclized analogue 3 via microSPECT/CT.  Stomach and gastrointestinal 

tract uptake seen in the SPECT/CT images at 90 min and 4 h post injection, 

suggested that the Tc(V) metal center was oxidized to Tc(VII), as 99mTcO4
-, from 

the analogue complex.  The presence of radioactivity in these tissues was 

consistent with the observation of a single 99mTc impurity eluting with the void 

volume in RP-HPLC chromatograms from the PBS stability studies at 

physiological conditions.   

 

 

  
Figure 19.  MicroSPECT/CT 3-D reprojection (a) and microCT image (b) of a live AR42J tumor-
bearing SCID mouse at 90 min post injection of 150 μCi of 99mTc-cyclized analogue 3. 
 

a b 
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Figure 20.  MicroSPECT/CT 3-D reprojection (a) and microCT image (b) of sacraficed AR42J 
tumor-bearing SCID mouse at 4 h post injection of 150 μCi of 99mTc-cyclized analogue 3. 

 

 

These results, along with the varying in vitro stability, indicate that this 

radiotracer may be unstable in vivo overall.  The observed instability might be 

explained by the chelate effect phenomena.  In chelate effect phenomena, six- 

and five-membered chelate rings yield the most stable metal complexes, and as 

the chelate ring size increases to seven- and eight-membered rings, the stability 

is reduced since the larger rings are less rigid.  Tc-99m-cyclized analogue 3 

formed an eight-membered chelate ring as the metal center coordinated to the N-

terminal nitrogen (Figure 17), creating a less stable chelate effect and thus the 

coordination is loosely binding.   

The observed in vivo results of 99mTc-cyclized analogue 3 were similar to 

the reported outcomes of the biodistribution studies of 188Re-cyclized octreotide 

b a 
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(analogue 1 in our studies) and RC-160, as well as imaging studies of 99mTc-

cyclized analogue 1.  Haberberger et al. reported high uptake of 99mTc-cyclized 

analogue 1 in the stomach of injected mice in imaging studies in normal Wistar 

rats and the clearance was through the liver and intestines, as well as the 

kidneys.66  Hosono et al. reported 188Re-cyclized analogue 1 biodistribution 

studies in small-cell lung cancer tumors of athymic mice, where tumor uptake 

was 0.42 and 0.18 % ID/g at 4 and 24 h, respectively.67  Similar results were 

reported by Zamora et al. regarding 188Re-cyclized RC-160 biodistribution 

properties in mice.65  Direct comparisons cannot be made due to differences in 

tumor models and analogues investigated in vivo. 

 

2. Macroscopic Re-cyclization and characterization of analogues 6 

through 16 

The observed in vivo instability of 99mTc-cyclized analogue 3 might be due 

to the metal coordination as discussed earlier, so further modifications to the 

octreotide sequence were warranted in attempt to obtain a more stable metal 

coordination along with high binding affinity to the receptor.  The goal of the next 

series of analogues to be synthesized was to have a tight metal coordination that 

is distanced from the receptor binding site portion of the peptide sequence. 

The modifications of analogues 6 through 15 were based on alpha-MSH 

peptide work.  As was previously seen in the alpha-MSH peptide, Ac-c(Cys-Glu-

His-DPhe-Arg-Trp-Cys)-Lys-Pro-Val-NH2, direct metal incorporation/cyclization 
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into the disulfide bridge resulted in a metal-cyclized alpha-MSH peptide with 

lower receptor binding affinity than the disulfide-cyclized analogue.23  The metal 

coordinated to the two thiolate sulfurs of Cys4 and Cys10, amide nitrogen of Trp9, 

and amide nitrogen of Cys10, with the Trp9 required for receptor binding.  Giblin et 

al. suggested that the metal coordination contributed to the lower receptor 

binding affinity.23    Therefore, a third Cys residue was added at the N-terminus 

yielding the second generation radiometal-cyclized alpha-CCMSH with high 

specific receptor binding, tumor uptake and retention.23  The metal coordinated to 

three Cys thiolate sulfurs and one Cys amide which apparently distanced the 

metal coordination from the analouge’s receptor binding site and restored the 

receptor binding affinity (Figure 15).   

Our five analogues (6-10) included an acetylated N-terminus to disfavor 

the metal coordination to the N-terminus and the DPhe at the first position was 

replaced by a third Cys, yielding the “DPhe replacement analogues” (Table 6).  

Analogues 6 through 9 had either Phe or Tyr at the third position with an alcohol 

or carboxylic acid C-terminus.  Analogue 10 had DCys at the first position to 

determine if the stereochemistry of the first amino acid is important to receptor 

binding since originally this position was occupied by DPhe.  These modifications 

were made in an attempt to tighten and distance the metal coordination from the 

analogue’s receptor binding site.  This approach was pursued to increase the in 

vivo stability of 99mTc-cyclized octreotide analogues.  It was assumed that the 

metal would coordinate to the three thiolate sulfurs of Cys1, Cys2 and Cys7 and to 
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the amide nitrogen of Cys2, as was the case with the metal-cyclized alpha-

CCMSH peptide.   

The reduced linear octreotide analogues 6 through 10 were synthesized 

by Dr. Fabio Gallazzi via standard solid-phase Fmoc peptide chemistry using 

SPPS method.  After cleaving the peptides from the resins and deprotecting the 

N-termini and side chain protecting groups, the crude analogues were 

characterized via LC-ESI-MS.  An example of an LC-ESI-MS spectrum of crude 

analogue 9 is shown in Figure 21.  The reduced linear analogues were 

successfully synthesized (Table 11), and the calculated masses correlated with 

the observed masses from LC-ESI-MS.  

 

 

Figure 21.  LC-ESI-MS Spectra of crude linear reduced analogue 9. 10 - 50 % B in A linear 
gradient over 30 min was used.  UV chromatograph presented is channel 280 nm (top) along with 
mass spectra indicating the (M + H+) and (M + 2H+) peaks (bottom).  
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Table 11.  MW of calculated vs. experimental linear reduced analogues. 

 

                      

 

 

 

 

 

 

 

 

 

 

 

 

Crude reduced linear analogues 6 through 10 were successfully Re-

cyclized via transchelation reactions with [ReOCl3(OPPh3)(SMe2)] in aqueous 

methanol solutions.  The Re-cyclized analogues were characterized via LC-ESI-

MS, and the peaks with the expected masses had the predicted Re isotopic 

pattern as observed in Figure 22 for the LC-ESI-MS spectrum of crude Re-

cyclized analogue 9.  Semi-preparative RP-HPLC was conducted using a solvent 

multi-step gradient, determined from analytical RP-HPLC runs that allowed for 

separating the desired peak from impurities (Table 12).  The collected fractions 

were characterized via LC-ESI-MS, and the experimental molecular weights 

correlated with the calculated molecular weights as shown in Table 13.  The 

Reduced Linear 
Analogue 

Calculated MW 
(M+H)+ 

Experimental MW 
(M+H)+ 

6 1019.2 1019.7 

7 1035.2 1035.7 

8 1033.2 1033.4 

9 1049.2 1049.6 

10 1049.2 1049.4 

11 1163.3 1163.5 

12 1250.4 1250.8 

13 1250.4 1250.7 

14 1196.5 1196.2 

15 1196.5 1196.3 

16 1150.3 1150.4 
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purity of Re-cyclized analogues was verified via LC-ESI-MS as can be seen in 

Figure 23.  On the top of the observed peaks there were split indicating the 

possibility of a mixture of syn and anti isomers present in the purified fractions.  

These splits were observed during slow HPLC gradient, therefore, the separation 

of those diastereomers was believed to be time consuming, challenging, and 

would result in low yields that would not be sufficient for further studies.  

Therefore, the characterization studies were performed with a possibly a mixture 

of the syn and anti diastereomers.  The pure fractions (> 95%) were combined 

and lyophilized to dryness, then stored at -20 °C until needed for in vitro studies. 

 

 

 

Figure 22.  LC-ESI-MS spectra of crude Re-cyclized analogue 9.  10 - 50 % B in A linear gradient 
over 30 min was used.  UV chromatograph presented is channel 280 nm (top) along with mass 
spectra indicating the (M + H+) and (M + 2H+) peaks (bottom).  
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Table 12.  HPLC gradient used to separate the desired Re-cyclized analogue’s product for 
purification and the analogue’s retention time 
 

Re-cyclized 
Analogues 

Linear Gradient  
(%B in A over 30 min) 

Retention Time 
(min) 

6 21-35 13.8 

7 16-23 13.6 

8 21-35 13.4 

9 16-23 16.0 

10 17-25 13.7 

11 17-21 17.7 

12 17-24 13.0 

13 16-24 16.4 

14 18-28 23.8 

15 18-28 22.5  

16 17-27 22.3 

 

Table 13.  MW of calculated vs. experimental Re-cyclized analogues based on 187Re mass 

Re-cyclized 
Analogue 

Calculated MW 
(M+H)+ 

Experimental MW 
(M+H)+ 

6 1219.5 1219.5 

7 1235.5 1235.6 

8 1231.4 1231.6 

9 1249.3 1249.4 

10 1249.3 1249.6 

11 1361.5 1361.4 

12 1448.6 1448.3 

13 1448.6 1448.2 

14 1396.4 1396.1 

15 1396.4 1396.2 

16 1350.4 1350.8 
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Figure 23.  LC-ESI-MS spectra of purified Re-cyclized analogue 9.  16 - 23 % B in A linear 
gradient over 30 min was used.  UV chromatograph presented is channel 280 nm (top) along with 
mass spectra indicating the (M + H+) and (M + 2H+) peaks (bottom). 
 

 

The concentrations of analogues 6 through 10 that resulted in half-

maximal inhibition (IC50 values) of the radiolabeled standard from binding to 

somatostatin subtype 2 receptors were determined from IC50 studies.  The IC50 

studies were performed with AR42J rat pancreatic tumor cells that express 

somatostatin subtype 2 receptors as previously mentioned.  The program GraFit 

was used to plot the data and obtain the IC50 curves and values. The IC50 values 

of the Re-cyclized analogues 7 (Figure 24) and 9 (Figure 25) were 4.6 ± 0.7 and 

3.4 ± 0.9 μM, respectively, and analogues 6, 8 and 10 had IC50 values that were 

>100 μM.  This range was higher than the first generation IC50 values range, 

meaning the second series of analogues had lower binding affinity to 

somatostatin subtype 2 receptors.  The IC50 values obtained from those 
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analogues might be of mixture of both the syn and anti Re-cyclized analogues 

configuration. 

 
 

 

 

 

 

 

 

 
 
 
Figure 24.  IC50 curve of Re-cyclized analogue 7 vs. 111In-Tyr3-octreotide in AR42J pancreatic rat 
cells (n = 3) 
 
 
 

     
Figure 25.  IC50 curve of Re-cyclized analogue 9 vs. 111In-Tyr3-octreotide in AR42J pancreatic rat 
cells (n = 3) 
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IC50 = 4.6 ± 0.7 µM 

IC50 = 3.4 ± 0.9 µM 
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In order to determine the cause of the dramatic loss of receptor binding 

affinity for the Re-cyclized DPhe replacement analogues 6 through 10, metal 

coordination of the Re-cyclized analogue 9 was determined using 2-D NMR.  2-D 

NMR data of 1H-1H TOCSY, 1H-1H NOESY, and 1H-13C HSQC were processed 

with NMRPipe78 and analyzed in SPARKY software (Goddard, T.D. and Kneller, 

D.G., SPARKY, University of California, San Francisco).  The 1H and 13C 

chemical shifts of Re-cyclized analogue 9 in Table 14 were assigned based on 

1H-13C HSQC, 1H-1H TOCSY, and 1H-1H NOESY spectra. 

The metal coordination site of Re-cyclized analogue 9 was determined by 

comparing the observed NMR chemical shifts (Table 14) with the published data 

for the disulfide-cyclized analogue 473.  Downfield shifts of βHs ranged between 

0.46 and 0.74 ppm for Cys1, Cys2 and Cys7 were observed for the Re-cyclized 

analogue 9 compared to the observed βHs chemical shifts of the disulfide-

cyclized analogue 4.  In addition, the αHs of Cys1 and Cys2 were observed to 

have downfield chemical shifts of 0.32 and 0.76 ppm, respectively, and an upfield 

chemical shift of 0.32 ppm for the αH of Cys7.  Chemical shift alterations of αH 

and βHs of Cys1, Cys2, Cys7 suggest that the thiolate sulfurs of these three Cys 

were coordinated to the Re metal center. 

 

 

 

 
 
 



72 
 

Table 14.  1H and 13C NMR chemical shift assignments of Re-cyclized analogue 9 

Residue NH αCH βCH Others 

N-terminus     CH3: 2.07 (17.8) 
CH’

3: 1.93 (17.8)a 

Cys1  8.35 
7.62b 

5.01b 
5.03 a, b 3.31,2.71(28.0)  

 
Cys2    5.38(65.2) 3.48,3.31(37.2)  

Tyr3   4.14(52.9) 3.04,2.74(31.8) δ: 6.78(111.4);  
ε: 7.03(126.3) 

DTrp4  7.66 
 

4.27(50.5) 
 

2.88,2.95(21.5) 

δ1: 6.86(120.3);  
ε1: 10.00;  
ε3: 7.13(115.2);  
ζ2: 7.47(107.8);  
ζ3: 7.31(114.0);  
η2: 7.22(117.8)  

Lys5   3.58 1.60 

γ: 0.80,0.69(17.6);  
δ: 1.45(22.4);  
ε: 2.76(35.3);  
ζ: 7.45 

Thr6  7.66 4.36(63.7) 4.47(54.8) γ2: 1.28(15.4) 
Cys7  8.18 4.64b 3.66,3.94  

Thr8  8.00 
8.11b 

4.32(61.9) 
4.42 a, b 4.02(56.9) γ2: 1.28(14.9) 

γ2’: 1.19a 
Chemical shifts were referenced relative to DSS and were measured at 25 °C.  1H chemical shift 
values in ppm are listed with 13C values in parentheses.  The chemical shifts are generally 
accurate to 0.02 ppm for 1H and 0.1 ppm for 13C.    aChemical shifts of the minor conformations of 
the termini amino acids. bChemical shifts of 13Cα could not be assigned due to overlapping 
resonances with H2O in the 1H-13C HSQC spectrum. 

   

 

The reported αHs of the Cys residues of the disulfide-cyclized analogue 4 

were in 4.91 and 4.71 ppm,73 and similar chemical shifts were observed for the 

αHs of 5.01 and 4.64 ppm for Cys1 and Cys7, respectively of the Re-cyclized 

analogue 9.  However, the chemical shift of the αH of Cys2 of Re-cyclized 

analogue 9 was observed at 5.38 ppm.   In addition to the downfield chemical 

shift of the αH Cys2 in Re-cyclized analogue 9, the absence of its amide proton 



73 
 

signal indicated that the metal coordinated to the amide nitrogen of Cys2.  In 

conclusion, the obtained NMR data indicates that metal coordinated to three 

thiolates of the three Cys residues and the amide nitrogen of Cys2 in Re-cyclized 

analogue 9 (Figure 26).  This coordination is similar to what have been reported 

for the Re-cyclized alpha-CCMSH.   

 

 

Figure 26. Structure of Re-cyclized analogue 9  

 

From the analysis of the 2-D TOCSY NMR spectrum, it was observed that 

the cross peaks from amide protons of Tyr3 and Lys5 were missing (Table 14). 

However, the observed chemical shifts of the αCH and βCH2 of Tyr3 and Lys5 do 

not indicate that their backbone amides were involved in metal coordination; 

instead, the absence of those cross peaks are likely due to line-broadening 

caused by increased backbone mobility of the flexible loop in the 21-membered 

cyclic ring region of the peptide.  Also, the presence of a second 1H chemical 
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shift set for the terminal amino acids (the N-terminal CH3 and αCH of Cys1 and 

Thr8) indicate that multiple conformations are present toward both termini, 

suggesting that the metal coordination restricted the termini fluctuation flexibility 

and resulted in the detection of multiple conformations.  However, only one set of 

chemical shifts was observed, this would not confirm the existence of syn and 

anti configuration of the Re-cyclized analogues. 

Octreotide analogues are eight amino acids long, and the formation of the 

six-, five-membered bicyclic ring might have caused a strain on the backbone of 

Re-cyclized DPhe replacement analogues.  The strain on the backbone might 

have created a distortion of the receptor binding site structure that would in turn 

affect the receptor binding affinity.  However, alpha-CCMSH is a ten amino acid 

long peptide, and the formation of six-, five-membered bicyclic rings did not seem 

to cause any backbone strain (Figure 16).  Therefore, further modifications were 

warranted to lessen this possible backbone strain. 

Examining the importance of the stereochemistry of the amino acid at the 

first position for receptor binding affinity was carried out with Re-cyclized 

analogues 9 and 10.  The difference between analogues 9 and 10 was the 

stereochemistry of Cys at the first position; analogue 9 had LCys while analogue 

10 had DCys (Table 6).  However, since Re-cyclized analogue 10 had lower 

receptor binding affinity (>1000 μM) than Re-cyclized analogue 9 (3.4 μM) and 

the Cys at the first position was involved in metal coordination, DCys might have 

a negative effect on the receptor binding affinity.  This was not the case in metal-
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cyclized analogue 3 since the amino acid at the first position, DPhe, was not 

involved in metal coordination.  However, we could not conclude that the 

stereochemistry of the first amino acid was not of importance for receptor 

binding, since we only examined this issue with analogues 9 and 10.  Further 

investigation regarding this matter might be needed to confirm this finding. 

Before attempting to modify the analogue sequence, the sequences of the 

investigated metal-cyclized analogues 1-4 (Table 4) and 6-10 (Table 6) were 

compared.  Metal-cyclized analogue 3 (Figure 17) from the first series and metal-

cyclized analogue 9 (Figure 26) from the second series had the highest receptor 

binding affinities within their respective series.  Both of these analogues have Tyr 

at the third position and a carboxylic acid at the C-terminus, and since we are 

interested in developing octreotide analogues with the NS3 metal coordination 

systems, the analogue 9 sequence was reserved for further modifications.  

Modifications to the analogue 9 sequence were made by inserting extra 

amino acid(s) between the receptor binding site and the metal coordination site.  

The motive behind adding extra amino acids was an attempt to relieve the strain 

effect of the bicyclic ring formation, which might have caused the loss of receptor 

binding affinity.  The insertion of additional amino acids in analogue 9 resulted in 

the development of the “elongated analogue” sequences.  The additional amino 

acids (Asn and Ser) introduced into analogues 11-13 were chosen from amino 

acids that were originally present in the parent somatostatin-14 peptide at those 

positions.   
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In analogue 11, only one amino acid was added between Cys2 and Tyr3.  

However, in both analogues 12 and 13 an amino acid was added between both 

Cys2 and Tyr3 and Thr6 and Cys7, in order to maintain the same distance between 

the receptor binding site and the metal coordination region.  The only difference 

between analogues 12 and 13 was the stereochemistry of the Cys at the first 

position; once again the importance/effect of a D-amino acid toward the 

analogue’s receptor binding affinity was investigated in analogue 13.  All three 

reduced linear analogues 11-13 (Table 6) were synthesized via SPPS and 

characterized via LC-ESI-MS (Table 11), where the observed molecular weights 

correlated with the calculated ones.  Re-cyclization of these analogues was 

performed via transchelation reactions using two different starting materials, 

[ReOCl3(OPPh3)(SMe2)] and TBA[ReOCl4], and the products were characterized 

via LC-ESI-MS.  The same product was observed with both Re starting materials.  

The observed molecular weights correlated with the calculated ones (Table 13).  

The crude Re-cyclized analogues were purified via semi-preparative RP-HPLC 

and checked by LC-ESI-MS.  The IC50 values determined for the investigated 

elongated sequences were also > 100 µM.  Again, the IC50 values were referring 

to the syn and anti isomers configuration of the Re-cyclized analogues.   

The addition of spacer amino acids of the investigated metal-cyclized 

analogues 11 through 13 did not solve the problem of lost binding affinity to the 

receptors as was anticipated.  The loss of receptor binding affinity of metal-

cyclized analogues 6 through 13 investigated so far might not be due to 
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backbone strain caused by the six-, five-membered bicyclic rings formed as the 

metal coordinates to those analogues (Figure 26). Therefore, further 

modifications to analogue 9 were warranted to develop a series of analogues 

with both stable metal coordination and high receptor binding affinity. 

It was reported by Rivier and coworkers that DPhe1, DTrp4 and Lys5 are 

essential residues for octreotide analogues binding to somatostatin subtype 2 

receptors83.  In the previous two series of sequence modifications, DPhe at the 

first position was totally removed and replaced by L/DCys.  Therefore, the 

observed reduced receptor binding affinity might have been due to the absence 

of the N-terminal DPhe.  Thus, in analogues 14 and 15, DPhe was brought back 

to the first position and the third Cys was placed at the N-terminus after the DPhe 

in analogue 14 (between DPhe1 and Cys2), and in analogue 15 the third Cys was 

placed at the C-terminus before the last amino acid Thr (between Cys7 and Thr8) 

(Table 7).  These two analogues, referred to as “additional cysteine” analogues, 

examined the importance of DPhe at the first position for receptor binding in our 

metal-cyclized analogues.   

Both reduced linear analogues 14 and 15 (Table 7) were synthesized via 

SPPS and characterized via LC-ESI-MS (Table 11), where the observed 

molecular weights correlated with the calculated ones.  Re-cyclization of the 

analogues was performed via transchelation reactions with TBA[ReOCl4].  The 

products were characterized via LC-ESI-MS, and the observed molecular 

weights correlated with the calculated ones (Table 13).  The crude Re-cyclized 
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analogues were purified via semi-preparative RP-HPLC and checked by LC-ESI-

MS.  The IC50 values determined for the investigated additional cysteine 

analogues were > 100 µM as well.  Again, the IC50 values were referring to the 

syn and anti isomers configuration of the Re-cyclized analogues.   

From the study of those two analogues, the addition of DPhe at the first 

position of Tyr3-octreotate analogues with three Cys analogues investigated in 

this series did not improve their binding affinity toward somatostatin subtype 2 

receptors once they were metal cyclized.  Therefore, the loss of receptor binding 

affinity of the previous three Cys analogues might not have been due to the 

absence of DPhe at the first position.  We can conclude that the absence of 

DPhe at the first position might not have been a cause or the only cause for the 

loss of the receptor binding affinity of in the metal-cyclized analogues 6 through 

13. 

 In order to distance the metal coordination site from the receptor binding 

site without replacing DPhe at the first position with Cys, the Cys at the second 

position was replaced with 3-aminopropylcysteine (Apc) generating analogue 16.  

Apc is a bidentate Cys derivative that is commercially available and that has a 

thioether and an amine nitrogen for metal coordination that are separated by a 

three carbon backbone (Figure 27).  This replacement allowed for maintaining an 

8 amino acid long acetylated analogue, might prevent the formation of six-, five- 

memebered bicyclic rings, and might prevent the metal from coordinating to the 

amide nitrogens that are part of the receptor binding amino acids.  The 
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replacement of Cys with of Apc was an attempt to develop an octreotide 

analogue with in vivo stability without sacrificing the receptor binding affinity of 

the resultant Re/Tc-cyclized analogue.  It is predicated that metal coordination 

system of analogue 16 will be N2S2, consisting of a thiol, thioether, amine 

nitrogen and amide nitrogen.  It is also predicted that upon metal coordinating, 

analogue 16 would form six-membered and five-membered chelate rings that are 

more stable, and would not cause a strain to the backbone as illustrated in Figure 

28.     

 

 

 

Figure 27.  Structure of 3-aminopropylcysteine (Apc)  
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      Figure 28. Predicated structure of Re coordination in analogue 16 

 

Analogue 16 was synthesized (Table 7) synthesized via SPPS and 

characterized via LC-ESI-MS (Table 11), where the observed molecular weight 

correlated with the calculated one.  Re-cyclization of the analogue was 

performed via transchelation reaction with TBA[ReOCl4], then was characterized 

via LC-ESI-MS, where the observed molecular weight correlated with the 

calculated one (Table 13).  The crude Re-cyclized analogues were purified via 

semi-preparative RP-HPLC and checked by LC-ESI-MS.   The IC50 value of the 

Re-cyclized analogue 16 was >100 µM.  The IC50 values were referring to the 

syn and anti isomers configuration of the Re-cyclized analogues.  Re-cyclized 

analogue 16 did not show binding affinity toward somatostatin subtype 2 

receptors.  The three carbon backbone on the bidentate thioether amine might 

have been bulky once coordinated to Re and might have distorted the receptor 

binding site, lowering the analogue’s receptor binding affinity.   



81 
 

3. Radiotracer Labeling and In Vitro Stability Studies of Selected 

Analogues 

The receptor binding affinity of the metal-cyclized analogues 3 and 6 

through 16 was discussed; however, the stability of the metal-cyclization at the 

radiotracer level is of importance as well. This study investigated various 

octreotide analogues with differences in their sequences and/or metal 

coordination systems, N2S2 and NS3.  Analogues 3, 4, 9, 10 (Table 6) and 14-16 

(Table 7) were chosen for in vitro radiotracer stability studies due to metal 

coordination systems and the variation in their sequences, which should be 

characteristic of the other analogues in their series.   

Analogues 3, 4 and 16 have different versions of the N2S2 coordination 

systems.  Both analogues 3 (Figure 17) and 16 (Figure 28) coordinated to the 

metal through one amine and one amide nitrogens, but the other two 

coordination sites of analogue 3 were 2 thiols, while analogue 16 coordinated to 

one thiol and one thioether.  On the other hand, it was previously determined that 

analogue 4 (Figure 29) coordinated to the metal via two amide nitrogens and two 

thiols.73  Analogues 9 (Figure 26), 10, 14 and 15 have the same NS3 coordination 

system of one amide nitrogen and three thiols for coordination with Re and Tc, 

but they differ in their sequences.  
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                         Figure 29.  Structure of Re-cyclized analogue 4 

 

For radiotracer labeling, analogues 3, 4, 9, 10, 14, 15, and 16 were 

purified on semi-preparative RP-HPLC using a multi-step gradient that was 

developed on analytical RP-HPLC, as shown in Table 15, to separate the desired 

product from the impurities present in the crude sample.  Fractions of the desired 

peak were collected during semi-preparative RP-HPLC runs using the gradient 

listed in Table 15 and characterized via LC-ESI-MS (Figure 30) to verify the 

purity of the collected fractions.  The pure fractions were combined, lyophilized, 

and stored at -20 °C until needed for use in radiotracer labeling.   
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Table 15.  HPLC gradient used to separate the desired reduced linear analogue for purification 
and the analogue’s retention time 

Reduced Linear 
Analogues 

Gradient  
(%B in A over 30 min) 

Retention Time 
(min) 

3 10-50  18.9  

4 20-30 20.7 

9 17-31 13.4 

10 17-31 11.7 

14 20-30 24.1 

15 20-30 22.9 

16 15-30 16.9 

 

 

 

 

Figure 30.  LC-ESI-MS spectra of purified linear reduced analogue 9.  17 - 31 % B in A linear 
gradient over 30 min was used.  UV chromatograph presented is channel 280 nm (top) along with 
mass spectra indicating the (M + H+) and (M + Na+) peaks (bottom). 
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Analogues 3, 4, 9, 10, and 14-16 were labeled and cyclized with 99mTcO3+ 

via transchelation from 99mTc-glucoheptonate.  The 99mTc-cyclized octreotide 

analogues were characterized using an NaI(Tl) detector on RP-HPLC and by co-

injection of the non-radioactive Re-cyclized analogue that was observed on the 

UV channel.  All of the 99mTc-labeled octreotide analogues investigated herein 

eluted at the same retention times as their Re-cyclized counterparts, as seen in 

Figure 18 for analogue 3 as an example.  The peak of interest was collected with 

>98% radiochemical purity, and gentisic acid was added to the collected fractions 

to prevent radiolysis.  These fractions were later used for further investigation of 

their in vitro stability.  (Overlay RP-HPLC spectra of labeled analogues are 

provided as supplementary information in Appendix 1)    

In vitro stability studies were performed on the purified fractions of 99mTc-

labeled analogues 3, 4, 9, 10, and 14-16 containing gentisic acid.  The stability 

studies of 99mTc-labeled analogue 3 were repeated and were performed in 

triplicate similar to the other analogues for more precise comparison.  The 

studies were carried out under physiological conditions (pH = 7.4 and 37 °C) in 

PBS (Table 16), mouse serum (Table 17), and 10 mM Cys solution (Table 18).  If 

the 99mTc-cyclized analogues showed instability in 10 mM cysteine, then the 

stability was investigated in a 1 mM Cys solution (Table 19), also under 

physiological conditions.   

The stability of 99mTc coordination to the analogues was monitored by RP-

HPLC first to assure that no other decomposition beside 99mTcO4
- was formed.  
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Then the triplicate stability studies of each of the 99mTc-cyclized analogues were 

monitored via radio-TLC after confirming that the collected fractions were pure by 

co-injecting them with their Re-cyclized counterparts into RP-HPLC.  C18 TLC 

plates were spotted at 1, 2, 4, and 24 h after pH adjusting and incubating at 37 

°C.  The TLC plates were developed in 10% ammonium acetate in MilliQ water 

(w/v), where the radiolabeled analogues would have remained at the origin and 

the decomposition product (99mTcO4
-) would have moved near the solvent front 

with an Rf of ~0.8.  Also the spotted TLC plates were developed in 50:50 (0.1 % 

TFA in water: 0.1% TFA in acetonitrile), where the radiolabeled analogues and 

the decomposition product (99mTcO4
-) would have moved near the solvent front 

with an Rf of ~0.6-0.8, and  while any colloids (99mTcO2) formed would have 

stayed at the origin.  Studies were performed in triplicates, and the percentages 

of radioactivity at the origin and at Rf of 0.8 were determined.   

All the investigated 99mTc-cyclized analogues were stable, except 

analogues 3 and 4, which showed significant decomposition in PBS, mouse 

serum, and 10 mM Cys challenges under physiological conditions.  Therefore, 

the stability of Tc-cyclized analogues 3 and 4 were investigated in a 1 mM Cys 

solution.  Analogue 4 was observed to have a slight decomposition but was more 

stable than analogue 3.   

Both analogues 3 and 4 coordinated to the metal via N2S2 coordination 

system.  The observed instability at the radiotracer level of those analogues 

might be due to the formation of eight-membered chelate rings as was 
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determined by 2-D NMR experiments and illustrated in Figures 16 and 28, 

respectively73.  However, metal-cyclization of analogue 16, which also expressed 

an N2S2 coordination system, formed six-membered and five-membered chelate 

rings as predicated and illustrated in Figure 27.  The yield of the favorable size of 

the chelation rings formed in metal-cyclized analogue 16 might explain the 

stability observed at the radiotracer level, which was not observed for 99mTc-

cyclized analogues 3 and 4. 

 

 

 
Table 16. Stability studies of 99mTc-cyclized analogues in PBS under physiological conditions (pH 
= 7.4 and 37 °C).  Data presented as average % intact 99mTc-analogue post purification ± SD (n = 
3).  

Analogue 1h (%) 2h (%) 4h (%) 24h (%) 
3 86 ± 5 74 ± 4 60 ± 2 38 ± 8 

4 90 ± 2 83 ± 5 76 ± 3 52 ± 6 

9 98.3 ± 0.5 98.0 ± 0.2 97.8 ± 0.9 94 ± 1 

10 99.5 ± 0.2 99.0 ± 0.8 98.5 ± 0.7 96 ± 1 

14 99.3 ± 0.4 99.6 ± 0.1 99.6 ± 0.2 96 ± 3 

15 98.5  ± 0.8  97.8 ± 0.7 98 ± 1 87 ± 7 

16 94 ± 1 95 ± 2 94 ± 1 82 ± 3 
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Table 17. Stability studies of 99mTc-cyclized analogues in mouse serum under physiological 
conditions (pH = 7.4 and 37 °C). Data presented as average % intact 99mTc-analogue post 
purification ± SD (n = 3).  

 

 

 

 

 

 
 
 
 
 

 
 
 
 
 

Table 18. Stability studies of 99mTc-cyclized analogues in 10 mM Cys under physiological 
conditions (pH = 7.4 and 37 °C). Data presented as average % intact 99mTc-analogue post 
purification ± SD (n = 3).  

Analogue 1h (%) 2h (%) 4h (%) 24h (%) 

3 64 ± 4 53 ± 4 43 ± 6 15 ± 8 

4 60 ± 5 56 ± 7 39 ± 4 23 ± 5 

9 99.4 ± 0.3 99.1 ± 0.5 99.3 ± 0.1 93.3 ± 0.7 

10 99.2 ± 0.3 99.5 ± 0.5 99.6 ± 0.2 97.1 ± 0.8 

14 99.0 ± 0.4 98.7 ± 0.3 99.2 ± 0.5 94 ± 5 

15 99.5 ± 0.4 99.4 ± 0.2 99.4 ± 0.1 98.2 ± 0.5 

16 98.8 ± 0.7 98.8 ± 0.9 98.0 ± 0.9 94 ± 10 

 

 

 

 

Analogue 1h (%) 2h (%) 4h (%) 24h (%) 
3 97 ± 2 97 ± 2  95 ± 2 58 ± 8 

4 91 ± 2 82 ± 4 81 ± 5 51 ± 4 

9 96.7 ± 0.8 97.1 ± 0.7 97.0 ± 0.2 95 ± 2  

10 99.0 ± 0.8  99.4 ± 0.2 98 ± 2 94 ± 2 

14 99.2 ± 0.3 99.5 ± 0.1 99.7 ± 0.1 98.9 ± 0.9 

15 99.3 ± 0.4 99.3 ± 0.2 99.5 ± 0.1 98. 2 ± 0.8 

16 94.2 ± 0.5 95.1  ± 0.9 95 ± 2 87 ± 6 
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Table 19. Stability studies of 99mTc-cyclized analogues in 1 mM Cys under physiological 
conditions (pH = 7.4 and 37 °C). Data presented as average % intact 99mTc-analogue post 
purification ± SD (n = 3).  

Analogue 1h (%) 2h (%) 4h (%) 24h (%) 
3 96 ± 3 85 ± 4 78 ± 3 45 ± 6 

4 97 ± 3 95 ± 3 87 ± 1 82 ± 2 

 

 

Therefore, the NS3 metal coordination system in the investigated 

octreotide analogues bound to the metal better than the N2S2 metal coordination 

system in analogues 3 and 4.  However, the N2S2 metal coordination system in 

analogue 16 held on to the metal in a similar manner as the NS3 metal 

coordination system as had been explained earlier.  However, this cannot be 

generalized since it has been reported that 99mTc stably coordinates to N2S2 and 

NS3 coordination systems in small molecules.11, 84-86   
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VII. Conclusions 

 

Several series of octreotide analogues were developed, that differed in 

their sequences and subsequently their metal coordination sites, in an attempt to 

attain a metal-cyclized octreotide analogue with high binding affinity toward 

somatostatin subtype 2 receptors and stable metal coordination at the radiotracer 

level.  Conditions were developed for the reproducible synthesis and purification 

of Re- and 99mTc-cyclized octreotide analogues.  At the macroscopic scale, Re-

cyclized analogue 3 showed binding affinity toward somatostatin subtype 2 

receptors that was comparable to the bifunctional metalchelated octreotide 

analogues in clinical trials.  However, in vivo instability of the metal coordination 

was observed at the radiotracer level of 99mTc-cyclized analogue 3.   

Analogue 3 coordination to the metal was via an N2S2 system, two thiol 

sulfurs, one amide and one amine nitrogen, that formed an unfavorable eight-

membered chelate ring, as the metal coordinated to the N-terminal amine (Figure 

17).  Analogue 4 also coordinated to metals via an N2S2 system, two thiol sulfurs 

and two amide nitrogens, forming an eight-membered chelate ring as the metal 

coordinated to Thr6 amide nitrogen (Figure 29).  Instability of the radiometal 

center of both analogues 3 and 4 was observed in vitro under physiological 

conditions; since both of those analogues formed the unfavored eight-membered 

chelate rings as they coordinate to Tc and Re.  However, 99mTc-cyclized 

analogue 16, predicated to coordinate to the metal via N2S2 coordination system, 
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was observed to be stable under physiological conditions at the radiotracer level.  

The observed stability might have been due to the formation of five-membered 

and six-membered chelate rings similar to the chelate rings formed with 

analogues containing the NS3 coordination system.  

Therefore, metal-cyclized analogues with an NS3 coordination system 

along with analogue 16 (N2S2 coordination system) were stable at the radiotracer 

level at the expense of their binding affinity toward somatostatin subtype 2 

receptors.  We can conclude that N2S2 and NS3 coordination systems in 

octreotide analogues can stably coordinate to 99mTc by forming five-membered 

and six-membered chelate rings, but not by forming eight-membered chelate 

rings.   However, modifications to the analogue sequences are warranted in 

order to bring back the binding affinity for somatostatin subtype 2 receptors.  Well 

designed structural modifications may improve stability, receptor targeting, and 

clearance properties of future analogues of metal-cyclized octreotide analogues. 
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VIII. Future Studies 

 

There are different approaches this project can take and below are some 

strategies that might be considered for future studies. 

 

1. Sequence Modification of Analogue 3 (Tyr3-octreotate) 

 It has been assumed that the success of some radiopharmaceuticals, 

diagnostic and therapeutic, depends on the amount of the radiolabeled targeting 

vector that can be concentrated in the tumor cells after binding to the receptors.  

So, our ultimate goal in developing a radiolabeled octreotide analogue is for that 

radiolabeled analogue to have stable metal coordination, high binding affinity to 

the somatostatin subtype 2 receptors, and then to internalize in the tumor cells.   

 The direct/integrated approach is still of interest to radiolabel an octreotide 

analogue, therefore, further modifications must be made to the sequence.  Such 

modifications might include adding more amino acids between the metal 

coordination and the receptor binding sites to form a larger ring size between 

those two sites.   For example, metal-cyclized alpha-CCMSH had a 24-

membered chelate ring between the metal coordination site and the receptor 

binding site, while metal-cyclized analogue 3 (Tyr3-octreotate) had a 16-

membered chelate ring.  However, the disulfide-bridged analogue 3 had a 20-

membered ring between those two sites.  Therefore, adding more amino acids to 

the small sized analogue might be appropriate knowing that the original 
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somatostatin peptide is 14 or 28 amino acids long, and in which the disulfide 

bonding site is distanced by three amino acids on each side from the receptor 

binding site.  Since one amino acid insertion has been investigated, the insertion 

of two amino acids on both sides of the receptor binding site might be worth 

investigating.  This modification might minimize the effect of the six-, five-

membered bicyclic ring formation that was observed on analogues 6 through 15 

having the NS3 coordination system.   

 Also, the loss of receptor binding affinity might be due to the formation of 

the five-, six-membered bicyclic ring and the removal of DPhe at the first position.  

Therefore, inserting additional amino acids and maintaining DPhe at the first 

position are modifications to the octreotide analogue containing the NS3 

coordination system that are worth investigating.  Analogues with variation of 

additional amino acids can be investigated along with altering the position of the 

additional third Cys by placing it before the DPhe at the first position.   

An alternative to substituting Cys at the second position with Apc would be 

to incorporate a bidentate Cys derivative with a two carbon backbone between 

the thioether and amine.  It was predicted that he three carbon backbone of Apc 

might have been bulky once coordinated to Re and might have distorted the 

receptor binding site, lowering the analogue’s receptor binding affinity.  

Therefore, investigating other bidentate Cys derivative might be of interest. 

Another option would be that instead of inserting a third Cys or a bidentate Cys 
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derivative, a DPhe derivative containing thioether functional group at the first 

position (Figure 31) could be investigated.   

 

     

        Figure 31.  Proposed metal coordination structure of thiolated analogue 3 

 

 Re-cyclized analogue 3 had the best IC50 value (meaning highest receptor 

binding affinity) of all the investigated octreotide analogues in this research, but 

had unstable metal-coordination at the radiotracer level due to the coordination of 

metal to the N-terminus amine.  On the other hand, the analogues with three Cys 

residues showed stable metal coordination, but lost their binding affinity to the 

receptors.  Therefore, substitution of a thiol at the N-terminus instead of the 

amine might solve the instability at the tracer level, since we have observed a 

stable metal coordination with three thiol sulfurs.  However, this substitution is 

also investigating if the instability was due to the formation of eight-membered 

chelate rings or to the formation of eight-membered chelate rings upon 
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coordination to a nitrogen.  Figure 31 shows an anticipated metal coordination 

structure of this proposed modification to the sequence of the analogue 3. 

 In addition, the receptor binding affinity of all the metal-cyclized analogues 

developed herein were investigated in somatostatin subtype 2 receptors; 

however, it is possible that, with the modifications made to the sequences, the 

affinities might have drifted toward a different somatostatin subtype receptor.  

Therefore, it is logical to investigate the affinity of the metal-cyclized analogues 

developed in this dissertation project with somatostatin subtypes 1, 3, 4 and 5 

receptors. 

 

2. Fresh Look at Somatostatin Antagonist Analogues 

 To date, agonist peptides that trigger biological actions are of interest in 

the development of peptide based radiopharmaceuticals, since they internalize 

into the cells once they bind to the receptors.  This internalization allows for the 

accumulation of the radiolabeled peptides inside the tumor cells.  This step has 

been considered the ultimate goal in developing a peptide radiopharmaceutical.  

So far, most of the radiopharmaceutical somatostatin analogue research has 

been focused on developing agonist radiolabeled octreotide analogues, such as 

111In-DTPA-octreotide (analogue 1), 90Y-DOTA-Tyr3-octreotide (analogue 2), and 

177Lu-DOTA-Tyr3-octreotate (analogue 3).  On the other hand, antagonists do not 

trigger internalization once bound to the receptors.  Recently, Reubi and 
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coworkers were one of the first groups to radiolabel octreotide antagonists and 

evaluate them in vivo87.   

 Hadcock and coworkers were the first to develop somatostatin 

antagonists for somatostatin subtype characterization.88  They developed five 

analogues (Table 20), and from their study they found that analogues 18 and 20 

acted as competitive antagonists for somatostatin subtype 2 receptors88.  Both of 

those analogues had 4-NO2-Phe and LPhe at the first position and DCys at the 

second position.  Hadcock and coworkers claimed that DCys in the second 

position is what gave the analogues the antagonist behavior, and once replaced 

with LCys the analogues expressed agonist behavior.  The presence of LPhe at 

the first position instead of DPhe was found to strengthen the antagonist 

characteristics of the analogues containing the DCys at the second position.88  

Studies by Hoyer and coworkers showed that DTyr8, which is positioned at the C-

terminus, in the antagonist sequence had higher selectivity for somatostatin 

subtype 2 receptors than LTyr8.89 

 
Table 20.  Sequences of somatostatin analogues in search for antagonist analogues 

   
Somatostatin 

Analogues 
Sequence 

Agonist or 
Antagonist 

17      H2N-4-NO2-Phe-Cys-Tyr-DTrp-Lys-Val-Cys-Tyr-NH2 Agonist 

18    H2N-4-NO2-Phe-DCys-Tyr-DTrp-Lys-Val-Cys-Tyr-NH2 Antagonist 

19   Ac-HN-4-NO2-Phe-Cys-Tyr-DTrp-Lys-Thr-Cys-Tyr-NH2 Agonist 

20 Ac-HN-4-NO2-Phe-DCys-Tyr-DTrp-Lys-Thr-Cys-Tyr-NH2 Antagonist 

21  H2N-4-NO2-DPhe-DCys-Tyr-DTrp-Lys-Val-Cys-Tyr-NH2 Partial Agonist 
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Antagonists might have characteristics other than those related to 

internalization that may make their radiolabeled derivatives suitable tools for in 

vivo receptor targeting.87  Mouse biodistribution studies were carried out by 

Reubi and coworkers of radiolabeled octreotide antagonists and agonists to have 

one on one comparison.87  The somatostatin antagonist analogue investigated by 

Reubi and coworkers was 111/natIn-DOTA-[4-NO2-Phe-DCys-Tyr-DTrp-Lys-Thr-

Cys-DTyr-NH2] (111/natIn-DOTA-sst2-ANT). They found that radiolabeled 

somatostatin antagonist analogue may be a better candidate to target tumors 

because the 111In-DOTA-sst2-ANT antagonist had twice as high an uptake at 2 

and 24 h compared to an 111In- DOTA-octreotide agonist87.   

 The high uptake of the antagonist may be because agonists may bind with 

high affinity to a limited number of receptors triggering internalization, while 

antagonists may be capable of binding to different conformations of the receptor 

with lower binding affinity.87  It might be of interest to develop radiolabeled 

octreotide analogues with high tumor uptake, since the higher the tumor uptake 

the more radiation may accumulate around the tumor cells, for imaging and 

therapy purposes 

 One direction for this research would be to develop an antagonist of the 

previously investigated analogues with stable metal coordination, which are the 

analogues containing the NS3 coordination system.  Some potential changes to 

be made include adding: 4-NO4-Phe at the first position; DCys at the second, 

third, or both positions; acetylated N-terminus; DTyr, LThr, DThr at the ninth 
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position with an amide at the C-terminus.  These analogues should be developed 

in sequential generations, alternating one variable at a time to see the 

differences until the analogue with the highest binding affinity is developed for 

higher tumor uptake.  This will generate structure-activity relationships for the 

metal-cyclized antagonist octreotide derivatives. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 
 

IX. References 

1. Choppin, G.; Liljenzin, J.-O.; Rydberg, J., Radiochemistry and Nuclear 
Chemistry. Third ed.; Butterworth-Heinemann: Woburn, MA, 2002; p 1-9. 

 
2. Erf, L. A.; Tuttle, L. W.; Lawrence, J. H., Clinical studies with the aid of 

radio-phosphorus. IV. The retention in blood, the excretion, and the 
therapeutic effect of radio-phosphorus on patients with leucemia. Annals 
of Internal Medicine 1941, 15, 487-543. 

 
3. Finn, R., Chemistry Applied to Iodine Radionuclides. Wiley: West Sussex, 

England, 2003; p 423-425. 
 
4. Williams Lawrence, E., Anniversary paper: nuclear medicine: fifty years 

and still counting. Medical physics 2008, 35 (7), 3020-3029. 
 
5. Tapscott, E., Nuclear medicine pioneer, Hal O. Anger, 1920-2005. Journal 

of nuclear medicine technology 2005, 33 (4), 250-253. 
 
6. Lewellen Tom, K., Recent developments in PET detector technology. 

Physics in medicine and biology 2008, 53 (17), 287-317. 
 
7. Greenwood, N. N.; Earnshaw, A., Chemistry of the Elements. Second ed.; 

Butterworth Heinemann: Oxford, 2001; p 1040-1062. 
 
8. Technetium & Rhenium: Inorganic & Coordination Chemistry. In 

Encyclopedia of Inorganic Chemistry, 2nd ed.; King, R. B., Ed. Wiley: 
West Sussex, 2005; Vol. 9, pp 5490-5516. 

 
9. Ehmann, W. D.; Vance, D. E., Radiochemistry and Nuclear Methods of 

Analysis. John Wiley & Sons: New York, 1991; Vol. 116, p 334-335. 
 
10. Jurisson, S.; Berning, D.; Jia, W.; Ma, D., Coordination compounds in 

nuclear medicine. Chem. Rev. 1993, 93 (3), 1137-1156. 
 
11. Moustapha, M. E.; Ehrhardt, G. J.; Smith, C. J.; Szajek, L. P.; Eckelman, 

W. C.; Jurisson, S. S., Preparation of cyclotron-produced 186Re and 
comparison with reactor-produced 186Re and generator-produced 188Re for 
the labeling of bombesin. Nucl. Med. Biol. 2006, 33 (1), 81-89. 

 
 
 



99 
 

12. Bagatti, D.; Cantone, M. C.; Giussani, A.; Ridone, S.; Birattari, C.; Bonardi, 
M. L.; Groppi, F.; Martinotti, A.; Morzenti, S.; Gallorini, M.; Rizzio, E., 
Analytical and radioanalytical quality control of purity and stability of 
radiopharmaceutical compound [186gRe]Re-HEDP for bone metastases 
pain palliation. J. Radioanal. Nucl. Chem. 2005, 263 (2), 515-520. 

 
13. Liepe, K.; Kotzerke, J., A comparative study of 188Re-HEDP, 186Re-HEDP, 

153Sm-EDTMP and 89Sr in the treatment of painful skeletal metastases. 
Nucl. Med. Commun. 2007, 28 (8), 623-630. 

 
14. Palmedo, H.; Manka-Waluch, A.; Albers, P.; Schmidt-Wolf, I. G. H.; 

Reinhardt, M.; Ezziddin, S.; Joe, A.; Roedel, R.; Fimmers, R.; Knapp, F. 
F., Jr.; Guhlke, S.; Biersack, H.-J., Repeated bone-targeted therapy for 
hormone-refractory prostate carcinoma: randomized phase II trial with the 
new, high-energy radiopharmaceutical rhenium-188 
hydroxyethylidenediphosphonate. J. Clin. Oncol. 2003, 21 (15), 2869-
2875. 

 
15. Wang, W.; Li, J.-l.; Wang, X., The effect of locally delivered c-myc 

antisense oligonucleotides combined with intravascular brachytherapy of 
188Re liquid-filled balloon therapy on vascular smooth muscle cell 
proliferation in rabbit iliac arteries after injury with a balloon catheter. 
Biochemistry and Cell Biology 2007, 85 (2), 164-168. 

 
16. Lambert, B.; de Klerk, J. M. H., Clinical applications of 188Re-labelled 

radiopharmaceuticals for radionuclide therapy. Nucl. Med. Commun. 2006, 
27 (3), 223-229. 

 
17. Shin, K.; Lee, J. C.; Choi, H. J.; Jeong, J. M.; Son, M.; Lee, Y. J.; Lee, E. 

B.; Hong, S. H.; Song, Y. W., Radiation synovectomy using 188Re-tin 
colloid improves knee synovitis as shown by MRI in refractory rheumatoid 
arthritis. Nucl. Med. Commun. 2007, 28 (4), 239-244. 

 
18. Feng, Y.; Tan, J.; Yang, M.; Sun, J.; Wen, G.; Liang, S.; Wu, J., Treatment 

of hepatocellular carcinoma with 188Re-Hepama-1 monoclonal antibody in 
nude mice. Zhonghua Heyixue Zazhi 2008, 28 (4), 258-260. 

 
19. Lepareur, N.; Ardisson, V.; Garin, E.; Noiret, N., Therapy of hepatocellular 

carcinoma with rhenium-188 Lipiodol. Current Radiopharmaceuticals 
2008, 1 (2), 87-92. 

 
20. Dilworth, J. R.; Parrott, S. J., The biomedical chemistry of technetium and 

rhenium. Chem. Soc. Rev. 1998, 27 (1), 43-55. 
 



100 
 

21. Giblin, M. F.; Wang, N.; Hoffman, T. J.; Jurisson, S. S.; Quinn, T. P., 
Design and characterization of alpha -melanotropin peptide analogs 
cyclized through rhenium and technetium metal coordination. Proc. Natl. 
Acad. Sci. U. S. A. 1998, 95 (22), 12814-12818. 

 
22. Neirinckx, R. D.; Canning, L. R.; Piper, I. M.; Nowotnik, D. P.; Pickett, R. 

D.; Holmes, R. A.; Volkert, W. A.; Forster, A. M.; Weisner, P. S.; Marriott, 
J. A.; et al., Technetium-99m d,l-HM-PAO: a new radiopharmaceutical for 
SPECT imaging of regional cerebral blood perfusion. J Nucl Med 1987, 28 
(2), 191-202. 

 
23. Leonard, J. P.; Nowotnik, D. P.; Neirinckx, R. D., Technetium-99m-d, 1-

HM-PAO: a new radiopharmaceutical for imaging regional brain perfusion 
using SPECT--a comparison with iodine-123 HIPDM. J Nucl Med 1986, 27 
(12), 1819-1823. 

 
24. Vallabhajosula, S.; Zimmerman, R. E.; Picard, M.; Stritzke, P.; Mena, I.; 

Hellman, R. S.; Tikofsky, R. S.; Stabin, M. G.; Morgan, R. A.; Goldsmith, 
S. J., Technetium-99m ECD: a new brain imaging agent: in vivo kinetics 
and biodistribution studies in normal human subjects. J Nucl Med 1989, 30 
(5), 599-604. 

 
25. Walovitch, R. C.; Hill, T. C.; Garrity, S. T.; Cheesman, E. H.; Burgess, B. .; 

O'Leary, D. H.; Watson, A. D.; Ganey, M. V.; Morgan, R. A.; Williams, S. 
J., Characterization of technetium-99m-L,L-ECD for brain perfusion 
imaging, Part 1: pharmacology of technetium-99m ECD in nonhuman 
primates. J. Nucl. Med. 1989, 30 (11), 1892-1901. 

 
26. Pasqualini, R.; Duatti, A., Synthesis and characterization of the new 

neutral myocardial imaging agent [99mTcN(Hnoet)2](Hnoet = N-ethyl-N-
ethoxydithiocarbamato). Journal of the Chemical Society, Chemical 
Communications 1992,  (18), 1354-1355. 

 
27. Fischman, A. J.; Babich, J. W.; Strauss, H. W., A ticket to ride: peptide 

radiopharmaceuticals. J. Nucl. Med. 1993, 34 (12), 2253-2263. 
 
28. Hofland, L. J.; Lamberts, S. W. J., The pathophysiological consequences 

of somatostatin receptor internalization and resistance. Endocr. Rev. 
2003, 24 (1), 28-47. 

 
29. Patel, Y. C., Somatostatin and Its Receptor Family. Front. 

Neuroendocrinol. 1999, 20 (3), 157-198. 
 



101 
 

30. Bell, G. I.; Yasuda, K.; Kong, H.; Law, S. F.; Raynor, K.; Reisine, T., 
Molecular biology of somatostatin receptors. Ciba Found. Symp. 1995, 
190, 65-88. 

 
31. Reisine, T.; Bell, G. I., Molecular biology of somatostatin receptors. 

Endocr. Rev. 1995, 16 (4), 427-442. 
 
32. Breeman, W. A.; de Jong, M.; Kwekkeboom, D. J.; Valkema, R.; Bakker, 

W. H.; Kooij, P. P.; Visser, T. J.; Krenning, E. P., Somatostatin receptor-
mediated imaging and therapy: basic science, current knowledge, 
limitations and future perspectives. Eur. J. Nucl. Med. 2001, 28 (9), 1421-
1429. 

 
33. Kaltsas, G. A.; Papadogias, D.; Makras, P.; Grossman, A. B., Treatment of 

advanced neuroendocrine tumours with radiolabelled somatostatin 
analogues. Endocr.-Relat. Cancer 2005, 12 (4), 683-699. 

 
34. Rivier, J.; Brazeau, P.; Vale, W.; Guillemin, R., Somatostatin analogs. 

Relative importance of the disulfide bridge and of the Ala-Gly side chain 
for biological activity. J. Med. Chem. 1975, 18 (2), 123-126. 

 
35. Vale, W.; Rivier, J.; Ling, N.; Brown, M., Biologic and immunologic 

activities and applications of somatostatin analogs. Metabolism: clinical 
and experimental 1978, 27 (9 Suppl 1), 1391-1401. 

 
36. Veber, D. F.; Freidinger, R. M.; Perlow, D. S.; Paleveda, W. J., Jr.; Holly, 

F. W.; Strachan, R. G.; Nutt, R. F.; Arison, B. H.; Homnick, C.; et al., A 
potent cyclic hexapeptide analog of somatostatin. Nature (London, United 
Kingdom) 1981, 292 (5818), 55-58. 

 
37. Veber, D. F.; Holly, F. W.; Nutt, R. F.; Bergstrand, S. J.; Brady, S. F.; 

Hirschmann, R.; Glitzer, M. S.; Saperstein, R., Highly active cyclic and 
bicyclic somatostatin analogs of reduced ring size. Nature (London, United 
Kingdom) 1979, 280 (5722), 512-514. 

 
38. Bauer, W.; Briner, U.; Doepfner, W.; Haller, R.; Huguenin, R.; Marbach, 

P.; Petcher, T. J.; Pless, J., SMS 201-995: a very potent and selective 
octapeptide analog of somatostatin with prolonged action. Life Sci. 1982, 
31 (11), 1133-1140. 

 
39. de Herder, W. W.; Hofland, L. J.; van der Lely, A. J.; Lamberts, S. W. J., 

Somatostatin receptors in gastroentero-pancreatic neuroendocrine 
tumours. Endocr.-Relat. Cancer 2003, 10 (4), 451-458. 

 



102 
 

40. Lamberts, S. W. J.; van Der Lely, A.-J.; de Herder, W. W.; Hofland, L. J., 
Octreotide. N. Engl. J. Med. 1996, 334 (4), 246-254. 

 
41. Reubi, J. C.; Schar, J.-C.; Waser, B.; Wenger, S.; Heppeler, A.; Schmitt, J. 

S.; Macke, H. R., Affinity profiles for human somatostatin receptor 
subtypes SST1-SST5 of somatostatin radiotracers selected for 
scintigraphic and radiotherapeutic use. Eur. J. Nucl. Med. 2000, 27 (3), 
273-282. 

 
42. Lamberts, S. W. J.; Bakker, W. H.; Reubi, J. C.; Krenning, E. P., 

Somatostatin receptor imaging. In vivo localization of tumors with a 
radiolabeled somatostatin analog. Journal of Steroid Biochemistry and 
Molecular Biology 1990, 37 (6), 1079-1082. 

 
43. Bakker, W. H.; Krenning, E. P.; Reubi, J. C.; Breeman, W. A. P.; Setyono-

Han, B.; De Jong, M.; Kooij, P. P. M.; Bruns, C.; Van Hagen, P. M.; et al., 
In vivo application of [111In-DTPA-D-Phe1]-octreotide for detection of 
somatostatin receptor-positive tumors in rats. Life Sci. 1991, 49 (22), 
1593-1601. 

 
44. Virgolini, I.; Angelberger, P.; Li, S.; Yang, Q.; Kurtaran, A.; Raderer, M.; 

Neuhold, N.; Kaserer, K.; Leimer, M.; Peck-Radosavljevic, M.; 
Scheithauer, W.; Niederle, B.; Eichler, H. G.; Valent, P., In vitro and in vivo 
studies of three radiolabelled somatostatin analogues: 123I-octreotide 
(OCT), 123I-Tyr-3-OCT and 111In-DTPA-D-Phe-1-OCT. Eur J Nucl Med 
1996, 23 (10), 1388-1399. 

 
45. Olsen, J. O.; Pozderac, R. V.; Hinkle, G.; Hill, T.; O'Dorisio, T. M.; 

Schirmer, W. J.; Ellison, E. C.; O'Dorisio, M. S., Somatostatin receptor 
imaging of neuroendocrine tumors with indium-111 pentetreotide 
(Octreoscan). Semin Nucl Med 1995, 25 (3), 251-61. 

 
46. Gotthardt, M.; Boermann, O. C.; Behr, T. M.; Behe, M. P.; Oyen, W. J. G., 

Development and clinical application of peptide-based 
radiopharmaceuticals. Curr. Pharm. Des. 2004, 10 (24), 2951-2963. 

 
47. Capello, A.; Krenning, E.; Bernard, B.; Reubi, J.-C.; Breeman, W.; Jong, 

M., 111In-labelled somatostatin analogues in a rat tumor model: 
somatostatin receptor status and effects of peptide receptor radionuclide 
therapy. Eur J Nucl Med Mol Imaging 2005, 32 (11), 1288-1295. 

 
 
 



103 
 

48. de Jong, M.; Bakker, W. H.; Krenning, E. P.; Breeman, W. A. P.; Van Der 
Pluijm, M. E.; Bernard, B. F.; Visser, T. J.; Jermann, E.; Behe, M.; et al., 
Yttrium-90 and indium-111 labeling, receptor binding and biodistribution of 
[DOTA0,D-Phe1,Tyr3]octreotide, a promising somatostatin analog for 
radionuclide therapy. Eur. J. Nucl. Med. 1997, 24 (4), 368-371. 

 
49. Campbell, N. A.; Reece, J. B., Biology. 7th ed.; Pearson-Benjamin 

Cummings: San Francisco, CA, 2005; p 95. 
 
50. de Jong, M.; Breeman, W. A. P.; Bakker, W. H.; Kooij, P. P. M.; Bernard, 

B. F.; Hofland, L. J.; Visser, T. J.; Srinivasan, A.; Schmidt, M. A.; Erion, J. 
L.; Bugaj, J. E.; Macke, H. R.; Krenning, E. P., Comparison of 111In-labeled 
somatostatin analogs for tumor scintigraphy and radionuclide therapy. 
Cancer Res. 1998, 58 (3), 437-441. 

 
51. Van Essen, M.; Krenning, E. P.; De Jong, M.; Valkema, R.; Kwekkeboom, 

D. J., Peptide Receptor Radionuclide Therapy with radiolabelled 
somatostatin analogues in patients with somatostatin receptor positive 
tumors. Acta Oncol. 2007, 46 (6), 723-734. 

 
52. de Jong, M.; Breeman, W. A. P.; Bernard, B. F.; Bakker, W. H.; Schaar, 

M.; Van Gameren, A.; Bugaj, J. E.; Erion, J.; Schmidt, M.; Srinivasan, A.; 
Krenning, E. P., [177LU-DOTA0,TYR3]octreotate for somatostatin receptor-
targeted radionuclide therapy. Int. J. Cancer 2001, 92 (5), 628-633. 

 
53. Kwekkeboom, D. J.; Bakker, W. H.; Kooij, P. P. M.; Konijnenberg, M. W.; 

Srinivasan, A.; Erion, J. L.; Schmidt, M. A.; Bugaj, J. L.; de Jong, M.; 
Krenning, E. P., [177Lu-DOTA0,Tyr3]octreotate: comparison with [111In-
DTPA0]octreotide in patients. Eur. J. Nucl. Med. 2001, 28 (9), 1319-1325. 

 
54. de Jong, M.; Breeman, W. A. P.; Bernard, B. F.; Bakker, W. H.; Visser, T. 

J.; Kooij, P. P. M.; van Gameren, A.; Krenning, E. P., Tumor response 
after [90Y-DOTA0,Tyr3]octreotide radionuclide therapy in a transplantable 
rat tumor model is dependent on tumor size. J. Nucl. Med. 2001, 42 (12), 
1841-1846. 

 
55. Decristoforo, C.; Mather, S. J.; Cholewinski, W.; Donnemiller, E.; 

Riccabona, G.; Moncayo, R., 99mTc-EDDA/HYNIC-TOC: A new 99mTc-
labelled radiopharmaceutical for imaging somatostatin receptor-positive 
tumours: First clinical results and intra-patient comparison with 111In-
labelled octreotide derivatives. Eur. J. Nucl. Med. 2000, 27 (9), 1318-1325. 

 
 



104 
 

56. Decristoforo, C.; Melendez-Alafort, L.; Sosabowski, J. K.; Mather, S. J., 
99mTc-HYNIC-[Tyr3]-octreotide for imaging somatostatin-receptor-positive 
tumors: preclinical evaluation and comparison with 111In-octreotide. J. 
Nucl. Med. 2000, 41 (6), 1114-1119. 

 
57. Decristoforo, C.; Cholewinski, W.; Donnemiller, E.; Riccabona, G.; 

Moncayo, R.; Mather, S. J., Detection of somatostatin receptor-positive 
tumors using the new 99mTc-tricine-HYNIC-D-Phe1-Tyr3-octreotide: first 
results in patients and comparison with 111In-DTPA-D-Phe1-octreotide. 
Eur. J. Nucl. Med. 2000, 27 (10), 1580. 

 
58. Gabriel, M.; Decristoforo, C.; Donnemiller, E.; Ulmer, H.; Rychlinski, C. W.; 

Mather, S. J.; Moncayo, R., An intrapatient comparison of 99mTc-
EDDA/HYNIC-TOC with 111In-DTPA-octreotide for diagnosis of 
somatostatin receptor-expressing tumors. J. Nucl. Med. 2003, 44 (5), 708-
716. 

 
59. Gabriel, M.; Decristoforo, C.; Maina, T.; Nock, B.; von Guggenberg, E.; 

Cordopatis, P.; Moncayo, R., 99mTc-N4-[Tyr3]Octreotate Versus 99mTc-
EDDA/HYNIC-[Tyr3]Octreotide: An Intrapatient Comparison of Two Novel 
Technetium-99m Labeled Tracers for Somatostatin Receptor Scintigraphy. 
Cancer Biother. Radiopharm. 2004, 19 (1), 73-79. 

 
60. Gandomkar, M.; Najafi, R.; Babaei, M. H.; Shafiei, M.; Sadat, E. S. E., 

Synthesis, development and preclinical comparison of two new peptide 
based freeze-dried kit formulation 99mTc-EDDA-Tricine-HYNIC-TOC and 
99mTc-EDDA-Tricine-HYNIC-TATE for somatostatin receptor positive 
tumor scintigraphy. Daru, J. Fac. Pharm., Tehran Univ. Med. Sci. 2006, 14 
(4), 183-189. 

 
61. Zamora, P. O.; Gulhke, S.; Bender, H.; Diekmann, D.; Rhodes, B. A.; 

Biersack, H.-J.; Knapp, F. F., Jr., Experimental radiotherapy of receptor-
positive human prostate adenocarcinoma with 188Re-RC-160, a directly-
radiolabeled somatostatin analog. Int. J. Cancer 1996, 65 (2), 214-220. 

 
62. Haberberger, T.; Zamora, P.; Hosono, M.; Hosono, M. N.; Bender, H.; 

Guhlke, S.; Knapp, F. F.; Biersack, H. J., Initial Studies on 99mTc and 
188Re-Somatostatin Analogues:  Stannous-Mediated Direct-Labelling and 
Biodistribution in Normal Mice. SGE Editoriali: Padova, Italy, 1995; p 367-
372. 

 
 
 



105 
 

63. Hosono, M.; Hosono, M. N.; Haberberger, T.; Zamora, P. O.; Guhlke, S.; 
Bender, H.; Knapp, F. F. R.; Biersack, H. J., Localization of small-cell lung 
cancer xenografts with iodine-125-, indium-111-, and rhenium-188-
somatostatin analogs. Jpn. J. Cancer Res. 1996, 87 (9), 995-1000. 

 
64. Faintuch, B. L.; Pereira, N. P. S.; Faintuch, S.; Muramoto, E.; Silva, C. P. 

G., Direct labeling studies of octapeptides with rhenium-188. Radiochimica 
Acta 2003, 91 (7), 427-432. 

 
65. Giblin, M. F.; Jurisson, S. S.; Quinn, T. P., Synthesis and Characterization 

of Rhenium-Complexed alpha -Melanotropin Analogs. Bioconjugate 
Chem. 1997, 8 (3), 347-353. 

 
66. Chen, J.; Cheng, Z.; Hoffman, T. J.; Jurisson, S. S.; Quinn, T. P., 

Melanoma-targeting properties of 99mtechnetium-labeled cyclic alpha -
melanocyte-stimulating hormone peptide analogues. Cancer Res. 2000, 
60 (20), 5649-5658. 

 
67. Chen, J.; Cheng, Z.; Owen, N. K.; Hoffman, T. J.; Miao, Y.; Jurisson, S. S.; 

Quinn, T. P., Evaluation of an 111In-DOTA-rhenium cyclized alpha-MSH 
analog: a novel cyclic-peptide analog with improved tumor-targeting 
properties. J Nucl Med 2001, 42 (12), 1847-1855. 

 
68. Cheng, Z.; Chen, J.; Quinn, T. P.; Jurisson, S. S., Radioiodination of 

Rhenium Cyclized alpha -Melanocyte-Stimulating Hormone Resulting in 
Enhanced Radioactivity Localization and Retention in Melanoma. Cancer 
Res. 2004, 64 (4), 1411-1418. 

 
69. Bigott-Hennkens, H. M.; Junnotula, S.; Ma, L.; Gallazzi, F.; Lewis, M. R.; 

Jurisson, S. S., Synthesis and in Vitro Evaluation of a Rhenium-Cyclized 
Somatostatin Derivative Series. J. Med. Chem. 2008, 51 (5), 1223-1230. 

 
70. Grove, D. E.; Wilkinson, G., Oxo-complexes of rhenium(V). 1966,  (9), 

1224-1230. 
 
71. Lis, T.; Jezowska-Trzebiatowska, B., Preparation of 

oxopentachlororhenate(VI) and oxotetrachlororhenate(V). The crystal and 
molecular structure of AsPh4ReOCl4. Acta Crystallographica, Section B: 
Structural Crystallography and Crystal Chemistry 1977, B33 (4), 1248-
1250. 

 
 
 



106 
 

72. Pearson, D. A.; Lister-James, J.; McBride, W. J.; Wilson, D. M.; Martel, L. 
J.; Civitello, E. R.; Taylor, J. E.; Moyer, B. R.; Dean, R. T., Somatostatin 
Receptor-Binding Peptides Labeled with Technetium-99m : Chemistry and 
Initial Biological Studies. J. Med. Chem. 1996, 39 (7), 1361-1371. 

 
73. Cyr, J. E.; Pearson, D. A.; Wilson, D. M.; Nelson, C. A.; Guaraldi, M.; 

Azure, M. T.; Lister-James, J.; Dinkelborg, L. M.; Dean, R. T., 
Somatostatin receptor-binding peptides suitable for tumor radiotherapy 
with Re-188 or Re-186. Chemistry and initial biological studies. J. Med. 
Chem. 2007, 50 (6), 1354-1364. 

 
74. Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax, A., 

NMRPipe: a multidimensional spectral processing system based on UNIX 
pipes. J Biomol NMR 1995, 6 (3), 277-293. 

 
75. Wishart, D. S.; Bigam, C. G.; Yao, J.; Abildgaard, F.; Dyson, H. J.; 

Oldfield, E.; Markley, J. L.; Sykes, B. D., 1H, 13C and 15N chemical shift 
referencing in biomolecular NMR. Journal of Biomolecular NMR 1995, 6 
(2), 135-140. 

 
76. Breeman, W. A. P.; de Jong, M.; Visser, T. J.; Erion, J. L.; Krenning, E. P., 

Optimizing conditions for radiolabeling of DOTA-peptides with 90Y, 111In 
and 177Lu at high specific activities. Eur J Nucl Med Mol Imaging 2003, 30 
(6), 917-920. 

 
77. Smith, C. J.; Gali, H.; Sieckman, G. L.; Higginbotham, C.; Volkert, W. A.; 

Hoffman, T. J., Radiochemical Investigations of 99mTc-N3S-X-BBN[7-
14]NH2: An in Vitro/in Vivo Structure-Activity Relationship Study Where X 
= 0-, 3-, 5-, 8-, and 11-Carbon Tethering Moieties. Bioconjugate Chem. 
2003, 14 (1), 93-102. 

 
78. Bigott-Hennkens, H. M.; Dannoon, S. F.; Figueroa, S. D.; Hoffman, T. J.; 

Jurisson, S. S.; Lewis, M. R., Biodistribution and Imaging Studies of 
Somatostatin Receptors using Technetium-99m-cyclized Tyrosine-3-
octreotate. SGE Editoriali: Padova, Italy, 2006; Vol. 7, p 295-300. 

 
79. Grace, C. R. R.; Erchegyi, J.; Koerber, S. C.; Reubi, J. C.; Rivier, J.; Riek, 

R., Novel sst2-Selective Somatostatin Agonists. Three-Dimensional 
Consensus Structure by NMR. J. Med. Chem. 2006, 49 (15), 4487-4496. 

 
80. Baidoo, K. E.; Lever, S. Z., Synthesis of a diamine dithiol bifunctional 

chelating agent for incorporation of technetium-99m into biomolecules. 
Bioconjugate Chem. 1990, 1 (2), 132-137. 

 



107 
 

81. Lever, S. Z.; Burns, H. D.; Kervitsky, T. M.; Goldfarb, H. W.; Woo, D. V.; 
Wong, D. F.; Epps, L. A.; Kramer, A. V.; Wagner, H. N., Jr., Design, 
preparation, and biodistribution of a technetium-99m triaminedithiol 
complex to assess regional cerebral blood flow. J Nucl Med 1985, 26 (11), 
1287-1294. 

 
82. Mahmood, A.; Halpin, W. A.; Baidoo, K. E.; Sweigart, D. A.; Lever, S. Z., 

Structure of a neutral N-alkylated diaminedithiol (dadt) technetium-99(V) 
complex: syn-(4-ethyl-2,9-dimethyl-4,7-diaza-2,9-
decanedithiolato)oxo(99Tc)technetium(V). Acta Crystallographica, Section 
C: Crystal Structure Communications 1991, C47 (2), 254-257. 

 
83. Ginj, M.; Zhang, H.; Waser, B.; Cescato, R.; Wild, D.; Wang, X.; Erchegyi, 

J.; Rivier, J.; Macke, H. R.; Reubi, J. C., Radiolabeled somatostatin 
receptor antagonists are preferable to agonists for in vivo peptide receptor 
targeting of tumors. Proc. Natl. Acad. Sci. U. S. A. 2006, 103 (44), 16436-
16441. 

 
84. Bass, R. T.; Buckwalter, B. L.; Patel, B. P.; Pausch, M. H.; Price, L. A.; 

Strnad, J.; Hadcock, J. R., Identification and characterization of novel 
somatostatin antagonists. Mol. Pharmacol. 1996, 50 (4), 709-715. 

 
85. Nunn, C.; Schoeffter, P.; Langenegger, D.; Hoyer, D., Functional 

characterisation of the putative somatostatin SST2 receptor antagonist 
CYN 154806. Naunyn-Schmiedeberg's Arch. Pharmacol. 2003, 367 (1), 1-
9. 

 
86. Mahmood, A.; Halpin, W. A.; Baidoo, K. E.; Sweigart, D. A.; Lever, S. Z., 

Structure of a neutral N-alkylated diaminedithiol (dadt) technetium-99(V) 
complex: syn-(4-ethyl-2,9-dimethyl-4,7-diaza-2,9-
decanedithiolato)oxo(99Tc)technetium(V). Acta Crystallographica, Section 
C: Crystal Structure Communications 1991, C47 (2), 254-257. 

 
87. Ginj, M.; Zhang, H.; Waser, B.; Cescato, R.; Wild, D.; Wang, X.; Erchegyi, 

J.; Rivier, J.; Macke, H. R.; Reubi, J. C., Radiolabeled somatostatin 
receptor antagonists are preferable to agonists for in vivo peptide receptor 
targeting of tumors. Proc. Natl. Acad. Sci. U. S. A. 2006, 103 (44), 16436-
16441. 

 
88. Bass, R. T.; Buckwalter, B. L.; Patel, B. P.; Pausch, M. H.; Price, L. A.; 

Strnad, J.; Hadcock, J. R., Identification and characterization of novel 
somatostatin antagonists. Mol. Pharmacol. 1996, 50 (4), 709-715. 

 



108 
 

89. Nunn, C.; Schoeffter, P.; Langenegger, D.; Hoyer, D., Functional 
characterisation of the putative somatostatin SST2 receptor antagonist 
CYN 154806. Naunyn-Schmiedeberg's Arch. Pharmacol. 2003, 367 (1), 1-
9. 

 
 
 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



109 
 

 
CHAPTER 2  

 
 

The Effect of Metal-Cyclization on the Octreotide 
Analogue’s Receptor Binding Site  

 
 
 
 

I. Introduction  

Proteins and peptides are large molecules that may have up to several 

thousand resonances that, with a one-dimensional NMR spectrum, will certainly 

have significant overlap.  Multi-dimensional NMR experiments are used since the 

additional dimensions decrease the probability of resonance overlap to provide 

more information that will help determine the biomolecule’s/peptide’s structure.   

Two-dimensional nuclear magnetic resonance (2-D NMR) spectroscopy 

experiments, 1H-13C heteronuclear single quantum coherence (HSQC), 1H-1H 

total correlated spectroscopy (TOCSY), and 1H-1H nuclear Overhauser effect 

spectroscopy (NOESY) are used in the process of determining and calculating a 

peptides’ secondary and three-dimensional structures.  The 1H-13C HSQC 

experiments allow for the assignment of 13C and 1H chemical shifts from the bond 

proton-carbon coupling, since each residue’s carbon has its distinct chemical 

shift.  The 1H-1H TOCSY experiments permit the assignment of chemical shifts of 

protons within the same residues.  The 1H-1H NOESY experiments aid in 

determining the sequential order of residues as the proton-proton cross peaks 
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are through space interactions. The nuclear Overhauser effects (NOE) can be 

derived from the NOESY spectrum as well, which provide distance information 

between protons through their cross peaks.  The observed NOESY cross peak 

intensities are proportional to the inversed sixth power of the proton-proton 

distances (Equation 1).  The peak intensity-derived distances are used to 

determine the peptide three-dimensional structures.  

 

 

 

 

 

 

Four linear, eight amino acids long, octreotide analogues (1 - 4) were 

previously synthesized (Table 1) and were then cyclized with non-radioactive Re 

at the macroscopic level for characterization purposes.73   Re-cyclized analogue 

3 showed the highest binding affinity toward somatostatin subtype 2 receptors at 

29 nM.1  The 2-D NMR spectroscopy experiments, 1H-1H TOCSY, 1H-1H NOESY, 

and 1H-13C HSQC, were performed at 25 ºC for samples in 9:1 H2O/D2O on a 

Varian Unity Inova 600 MHz spectrometer for the disulfide-cyclized analogues 1 

and 3, as well as Re-cyclized analogue 3.1  NMR data were processed with 

NMRPipe2 and analyzed in SPARKY software (Goddard, T.D. and Kneller, D.G., 

SPARKY, University of California, San Francisco).   

 

6

1
d

I ∝

     Equation 1. Conversion equation of NOE intensity into distance 
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Table 1.  List of the first four linear octreotide analogue sequences 
Analogue Name Sequence 

1 Octreotide       DPhe-Cys-Phe-DTrp-Lys-Thr-Cys-Thr(ol) 

2 Ac-octreotide Ac-DPhe-Cys-Phe-DTrp-Lys-Thr-Cys-Thr(ol) 

3 Tyr3-octreotate        DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-ThrOH 

4 Ac-Tyr3-octreotate  Ac-DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-ThrOH 

 

The 2-D NMR experiments were conducted previously to determine the 

metal coordination site of Re-cyclized analogue 3.  Re coordinated to both of the 

Cys sulfhydryls, the amine terminus nitrogen, and the amide nitrogen from Tyr3 (a 

receptor binding residue) (Figure 1).1  The metal binding to one of the receptor 

binding residue amides might have altered the receptor binding structure, 

therefore affecting the binding affinity.  

  

 

         Figure 1.  Structure of Re-cyclized analogue 3 metal coordination  
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In this study, we determined the three-dimensional (3-D) structures of 

disulfide- and Re-cyclized analogue 3 via structure calculations using the 2-D 

NMR data provided from the previously ran experiments1.  The 3-D molecular 

structure determinations will allow for the visualization of the effect of the metal-

cyclized versus the usually disulfide-cyclized octreotide analogue’s receptor-

binding site/turn.   

The 3-D structure of the disulfide-bridged analogue 3 has not been 

thoroughly investigated to date; however, the 3-D structure of the disulfide-

cyclized octreotide (analogue 1) has been extensively studied in the past couple 

of decades, since it has been used as chemotherapeutic and diagnostic agents.  

Therefore, in order to assure that our 3-D structure determination procedure 

results in reliable outcomes, we first determined the 3-D molecular structure of 

the disulfide-cyclized analogue 1 and compared it to the published data.   
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II. Experimental 
 
 

a. NOE Assignments and Bond Distance Calibrations 

Proton-proton distance constraints of disulfide-cyclized analogues 1 and 3 

and Re-cyclized analogue 3 were derived from 2D 1H-1H NOESY.  Assignments 

of the cross peaks through space (NOE) of NOESY spectra were made based on 

the chemical shift assignments previously determined from HSQC and TOCSY 

spectra.  The cross peak NOEs were calibrated into distances based on the 

literature distance value of the Trp beta (β) proton to delta (δ) proton of 2.8 Å as 

seen in Figure 2, which is considered a medium range distance3.  The height 

intensities of the NOEs are proportional to the inverse sixth power of the 1H-1H 

distance (Equation 1).  The NOEs are classified as weak, medium, or strong with 

corresponding upper constraint limits of 6.0, 3.5, and 2.7 Å, respectively. 

 

 
Figure 2.  Trp structure showing the β proton and δ proton distance of 2.8 Å  used in NOE 
conversion into distance 
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b. NMR Restraints and Structure Calculations  

The first step of NMR structure determinations was to use X-PLOR-NIH4, 

a computational program that requires information about the molecular structure 

and experimental NOE-derived distances.  The molecular information of each of 

the amino acids and information about the peptide analogues must be generated 

using the all-hydrogen force fields that are identified in the “topallhdg.pro” and 

“parallhdg.pro” protocols for proteins.  In the case of the disulfide-cyclized 

analogues, all known disulfide-bridge distance constraints were included in the 

simulated annealing protocol.   

All observed NOE interactions were sorted according to the secondary 

structure conformation in which the NOE proton pair is located.  The structure 

was calculated by using standard restrained simulated annealing protocols and 

X-PLOR-NIH.  The experimentally restrained simulated annealing protocol was 

performed on each of the analogues with only the backbone NOEs of each 

conformation for each analogue.  This protocol generates molecular structures by 

heating the molecule to a set temperature, then slowly cooling the molecule and 

finally minimizing the number of structures by eliminating the ones violating the 

experimental NOE constraints.  This procedure is repeated again and again to 

generate a large ensemble of conformations. The initial simulated annealing 

temperature was set at 1000 K with 6000 total steps at high temperature and 

3000 total steps during the cooling process.  The structures were evaluated at 

the final temperature of 300 K with 50 K for each step.  The NOE distance 
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restraints were represented by a soft-sum-well potential.  Only structures that did 

not violate the distance restraint by > 0.5 Å were selected by the simulated 

annealing protocol.   

The generated structures from the simulated annealing were refined via a 

refinement protocol set at an initial temperature of 3000 K with 4000 total steps at 

high temperature and 3000 total steps during the cooling process.  The 

structures were evaluated at a final temperature of 300 K with 50 K for each step.  

The NOE distance restraints were represented by a square-sum-well potential.  

Only structures that did not violate the distance restraint by > 0.2 Å were selected 

by the refinement protocol.  After running the calculation of each of the 

analogues of interest, the yielded structures were visualized via the Pymol 

computer program (DeLano Scientific LLC, San Carlos, CA). 
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III. Results and Discussion 
 

In order to compare the effect of metal-cyclization on the receptor binding 

sequence structure of the usually disulfide-cyclized analogue 3, the 3-D 

molecular structure of the disulfide- and Re-cyclized analogue 3 were calculated.  

As mentioned earlier, the 3-D molecular structure of the disulfide-cyclized 

analogue 3 has not been extensively studied while the disulfide-cyclized 

analogue 1 molecular structure has been thoroughly investigated.  Therefore, we 

first calculated the 3-D molecular structures of the disulfide-cyclized analogue 1 

and compared the generated structures to what has been published to assure 

the validity of the calculation protocols. 

From the NOESY spectra of the disulfide-cyclized analogues 1 and 3 and 

the Re-cyclized analogue 1, we have obtained more than 200 NOEs (Figure 3), 

which included some intra and long range 1H-1H NOEs.  Some of those NOEs 

have strong, medium, or weak signal intensities as can be seen in Figure 4.  For 

example, Figure 3 shows the C2hb-T8hn NOE, which stands for the Cys2 beta-

proton coupled to Thr8 amide-proton and has a strong cross peak intensity; the 

K5ha-T8hn NOE stands for the Lys5 alpha-proton coupled to Thr8 amide-proton, 

which has a medium cross peak intensity; and the Y3hb2-T6hn NOE stands for 

the Tyr3 beta-proton coupled to the Thr6 amide-proton, which has a weak cross 

peak intensity.  The difference in signal intensity represents the distance between 

the two protons involved in the NOE cross peak and, as will be discussed later, 

the signal intensities will be used in determining the analogue secondary 
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structure.  The long range NOEs, which are circled in Figure 4, are the NOEs of 

importance in calculating the 3-D molecular structure.  

 

 

Figure 3.  Full view of NOESY spectrum of disulfide-cyclized analogue 3 with positive crosspeaks 
in red and negative crosspeaks in lime green. 
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Figure 4.  Region of NOESY spectrum of disulfide-cyclized analogue 3.  Cross peaks from long 
range NOEs are circled, C2hb#-T8hn stands for the Cys2 beta-proton coupled to Thr8 amide-
proton, Y3hb2-T6hn stands for the Tyr3 beta-proton coupled to Thr6 amide-proton, and K5ha-
T8hn stands for the Lys5 alpha-proton coupled to Thr8 amide-proton.  
 

 

All of the nuclear NOEs height intensities of the three experiments were 

converted into distances. The NOEs are classified as weak, medium, or strong 

with corresponding upper constraint limits of 6.0, 3.5, and 2.7 Å, respectively.  

The NOE patterns were analyzed to pre-determine the secondary structures 

based on Wuthrich’s published table of secondary structures in proteins by NMR5 
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(Table 2).  All observed NOE interactions were sorted according to the secondary 

structure element in which the NOE proton pair is located.  It was observed from 

the obtained backbone NOEs that a mixture of both beta sheet and distorted 

helical backbone conformations are present for both disulfide-cyclized analogues 

1 and 3, since NOEs were observed that belonged to the beta-sheet and α-helix 

columns in Table 2. 

Therefore, the backbone NOEs were sorted into two different tables, beta 

sheet and distorted helical, depending on the structural conformation for disulfide-

cyclized analogue 1 and disulfide-cyclized analogue 3.  As was observed from 

the NOEs, the terminal amino acids defined the structural conformation of the 

disulfide-cyclized analogues 1 and 3.  Residues 3 through 6 of these eight amino 

acid long analogues are involved in the beta turn, analogue’s receptor binding 

site, so only the terminal amino acids are left for structural conformations.  
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Table 2. Secondary Structures in Proteins by NMR NOEs 
 

NOE beta-
Sheet 

α-Helix 310-Helix Turn I’ Turn II’ ½ Turn 

α(i), N(i+4)  W (1-6)     
α(i), 

beta(i+4) 
 S (1-6) W (1-6)    

α(i), N(i+3)  M (1-6) M (1-6) W (1-4)   
N(i), N(i+2)  W (1-6) W (1-6) W (2-4) W (2-4)  
α(i), N(i+2)   W (1-6) W (2-4) W (2-4) W (2-4) 
N(i), N(i+1) W (1-6) M (1-6) M (1-6) M (2-3) 

S (3-4) 
S (3-4) S (3-4) 

α(i), N(i+1) S (1-6) W (1-6) W (1-6) W (1-2) 
M (2-3) 
W (3-4) 

W (1-4)  W (1-2) 
S (2-3) 
W (3-4) 

Residuesa 123456 123456 123456 1234 1234 1234 
This table shows the sequential 1H-1H NOEs used to determine the peptide/protein secondary 
structure.  The strength of cross peak signals are presented as S (strong), M (medium), and W 
(weak).  The numbers in parenthesis are the number of amino acids needed to be involved in the 
signal.  a The numbers of the residues in the last row represent the amino acid residues involved 
in that particular section of the secondary structure. 

 

The presence of strong sequential alpha-amide proton (H𝛼𝛼𝑖𝑖 -H
𝑁𝑁
𝑗𝑗 ) NOEs, 

where 𝑖𝑖 indicates the first residue and 𝑗𝑗 the second residue involved in a cross 

peak, and weak range sequential amide-amide proton (H𝑁𝑁𝑖𝑖 -H𝑁𝑁𝑗𝑗 ) NOEs indicate 

the presence of a beta-sheet conformation (Table 2).  Strong to medium range 

sequential alpha-amide proton (H𝛼𝛼𝑖𝑖 -H
𝑁𝑁
𝑗𝑗 ) NOEs of residues 1 and 2, 2 and 3, 6 

and 7, and 7 and 8 were observed.  Also, medium to weak range sequential 

amide-amide proton (H𝑁𝑁𝑖𝑖 -H𝑁𝑁𝑗𝑗 ) NOEs for the beta-sheet conformation of disulfide-

cyclized analogues 1 and 3 were observed.  Tables 3 and 4 list the NOE patterns 



121 
 

for disulfide-cyclized analogues 1 and 3, respectively, indicating the existence of 

beta-sheet conformations.  

  

Table 3. Backbone-backbone NOE of beta-sheet conformation of disulfide-cyclized analogue 1.  
 

 

 

 

 
 
 
 
 
 
 
The strength of cross peak signal intensities are presented as S (strong), M (medium), and W 
(weak). The distance is listed as lower limit to upper limit. 
 
 
 
Table 4. Backbone-backbone NOE of beta-sheet conformation of disulfide-cyclized analogue 3.  
  

NOE Intensity Distance 

DPhe1 αH-Cys2 HN S 1.8-2.7 Å 

Cys2 αH-Tyr3 HN M 1.8-3.5 Å 

Thr6 αH-Cys7 HN S 1.8-2.7 Å 

Thr6 NH-Cys7 HN M 1.8-3.5 Å 

Cys2 αH-Cys7 HN M 1.8-3.5 Å 

Cys2 NH-Cys7 HN M 1.8-3.5 Å 
The strength of cross peak signal intensities are presented as S (strong), M (medium), and W 
(weak). The distance is listed as lower limit to upper limit. 
 

 

As for the helical structures, weaker range sequential alpha-amide proton 

(H𝛼𝛼𝑖𝑖 -H
𝑁𝑁
𝑗𝑗 ) NOEs, medium range sequential amide-amide proton (H𝑁𝑁𝑖𝑖 -H𝑁𝑁𝑗𝑗 ) NOEs, 

NOE Intensity Distance 

DPhe1 αH-Cys2 HN S 1.8-2.7 Å 

Cys2 αH-Phe3 HN M 1.8-3.5 Å 

Thr6 αH-Cys7 HN M 1.8-3.5 Å 

Thr6 NH-Cys7 HN M 1.8-3.5 Å 

Cys7 αH-Thr8 HN M 1.8-3.5 Å 

Cys7 NH-Thr8 HN W 1.8-6.0 Å 
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and weak intensity long range proton-amide NOEs, such as (H𝛼𝛼𝑖𝑖 -H
𝑁𝑁

𝑖𝑖 + 3) and 

(H𝛼𝛼𝑖𝑖 -H
𝑁𝑁

𝑖𝑖 + 2), indicate the presence of a helical structure (Table 2).  The alpha 

helical structure is considered a tight helical conformation and needs six amino 

acid residues in order to be formed.  The 310 helical conformation is a more 

relaxed helical confirmation compared with the alpha helical but it still requires six 

amino acids to form.  However, the helical part of the disulfide-cyclized 

analogues 1 and 3 were observed only toward the C-terminal portion between 

residues 5 and 7 and residues 5 and 8, respectively.  Therefore, the helical 

conformation here is referred to as a distorted helical one, since these analogues 

are only eight amino acids long with four of the residues involved in the beta turn 

and only three to four amino acids actually involved in the helical conformation.  

Tables 5 and 6 present the helical portion of the backbone NOEs of the disulfide-

cyclized analogues 1 and 3, respectively.  The presence of some of these NOE 

patterns indicates the existence of a helical conformation toward the C-terminus.   

 
 

Table 5. Backbone-backbone NOE of distorted helical conformation of disulfide-cyclized 
analogue 1. 
 

NOE Intensity Distance 

Lys5 αH-Cys7 HN W 1.8-6.0 Å 

Thr6 NH-Cys7 HN M 1.8-3.5 Å 

DTrp4 αH-Lys5 HN M 1.8-3.5 Å 

Lys5 αH-Thr6 HN M 1.8-3.5 Å 

Thr6 αH-Cys7 HN M 1.8-3.5 Å 
The strength of cross peak signal intensities are presented as S (strong), M (medium), and W 
(weak). The distance is listed as lower limit to upper limit. 
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Table 6. Backbone-backbone NOE of distorted helical conformation of disulfide-cyclized 
analogue 3.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The strength of cross peak signal intensities are presented as S (strong), M (medium), and W 
(weak). The distance is listed as lower limit to upper limit. 

 
 
 
In addition, both conformations of the disulfide-cyclized analogues 1 and 3 

have the same type of turn, since the same backbone NOEs were observed for 

both conformations of analogues 1 and 3, as shown in Table 7.  From Table 2, a 

turn is composed of four amino acids, and residues 3 through 6 are involved in 

the turn in analogues 1 and 3.  Referring to Table 2, the observed pattern of the 

backbone-backbone NOEs of the analogue’s binding site belong to a type I’ turn, 

and the prime is due to the fact that a D-amino acid, unnatural amino acid, is 

involved in the turn.  The NOEs between residues 3 through 6 belong to the Turn 

I’ column in Table 2, they are listed in Table 6 for both disulfide-cyclized 

analogues 1 and 3, since they both presented exactly the same NOE cross 

peaks and intensities.  Also, both disulfide-cyclized analogues 1 and 3 expressed 

exactly the same NOE cross peaks between residues 2 and 7, which are the Cys 

NOE Intensity Distance 

Lys5 αH-Thr8 HN W 1.8-6.0 Å 

Thr6 HN-Thr8 HN W 1.8-6.0 Å 

Thr6 αH-Thr8 HN W 1.8-6.0 Å 

Thr6 HN-Cys7 HN M 1.8-3.5 Å 

Cys7 HN-Thr8 HN M 1.8-3.5 Å 

Lys5 αH-Thr6 HN W 1.8-6.0 Å 

Thr6 αH-Cys7 HN S 1.8-2.7 Å 

Cys7 αH-Thr8 HN M 1.8-3.5 Å 
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residues that are involved with the disulfide-bridge.  Table 8 shows the NOE 

cross peaks that confirm the presence of disulfide-bridge between residues 2 and 

7. 

 
Table 7. Backbone-backbone NOE of disulfide-cyclized analogues 1 and 3 beta-turn. 
 

 

 

 

 

 

 
 
 
 
 
The strength of cross peak signal intensities are presented as S (strong), M (medium), and W 
(weak). The distance is listed as lower limit to upper limit. 
 
 
 
Table 8. Backbone-backbone NOE of disulfide-cyclized analogues 1 and 3 disulfide-bridge. 
   

 

 

 
 
 
The strength of cross peak signal intensities are presented as S (strong), M (medium), and W 
(weak). The distance is listed as lower limit to upper limit. 
 
 

The structure determination and calculation began with disulfide-cyclized 

analogue 1.  The observed NOEs of the disulfide-cyclized analogue 1 suggest 

two conformations (beta sheet and distorted helical structures) are present at 

NOE Intensity Distance 

Tyr3 αH-Thr6 HN W 1.8-6.0 Å 

DTrp4 HN-Thr6 HN W 1.8-6.0 Å 

DTrp4 αH-Thr6 HN W 1.8-6.0 Å 

DTrp4 HN-Lys5 HN M 1.8-3.5 Å 

Lys5 HN-Thr6 HN S 1.8-2.7 Å 

Tyr3 αH-DTrp4 HN W 1.8-6.0 Å 

DTrp4 αH-Lys5 HN M 1.8-3.5 Å 

Lys5 αH-Thr6 HN M 1.8-3.5 Å 

NOE Intensity Distance 

Cys2 NH-Cys7 αH W 1.8-6.0 Å 

Cys2 NH-Cys7 NH W 1.8-6.0 Å 

Cys2 αH-Cys7 αH W 1.8-6.0 Å 
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equilibrium, since there are not distinct chemical shifts for each conformation.  

Since both conformations are at equilibrium, the J coupling constant cannot be 

determined for each conformation separately because the chemical shifts are an 

average of both conformations.  Therefore, the J coupling constant was not 

determined for use in the structure calculations.  The only experimental 

constraints used in our structure calculations were the NOEs, and only the 

backbone NOEs were included in the structure calculation, which are listed in 

Table 3 for the beta-sheet conformation and Table 5 for the distorted helical 

conformation.  The side chain NOEs were not included in the calculation since 

both conformations are at equilibrium; therefore, the intensities of the cross 

peaks are an average of both conformations; this makes them harder to use 

before sorting them between the two conformations.  It was difficult to sort the 

side chain and long range NOEs, since there was an overlap of similar cross 

peaks between both conformations, as well as some cross peaks that belonged 

to one conformation but not the other.   

Our analysis of the disulfide-cyclized analogue 1 NOEs was similar to 

what has been reported to date.  In 1985, Wynants et al. investigated the 

disulfide-cyclized analogue 1 in water at room temperature using 500 MHz NMR 

spectroscopy, but they were unable to obtain a structure conformation.6  

However, in 1993 Widmer et al. developed and used the distance geometry 

program DIANA to generate structures by using different calibrations of NOE 

intensities.7  They observed three different sets of numbers, but they reported 
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that all three structures were qualitatively and quantitatively very similar.  

However, they stated that cluster analysis and identification of subsets of NOEs 

for each conformation are still needed to confirm their findings.7   

Pohl et al. reported the first X-ray crystal structure of disulfide-cyclized 

analogue 1 in 1995, and they found that the disulfide-cyclized analogue 1 has 

three conformations with all having the same beta-turn.8  Two different backbone 

conformations were found for disulfide-cyclized analogue 1 with the anti-parallel 

beta-sheet structure being the more energetically favorable conformation, while 

the other two structures have helical conformation at the C-terminus.8  They 

concluded that the crystal structures demonstrated the flexibility of disulfide-

cyclized analogue 1, but there was still a need to examine the active-site 

geometries that cannot be determined from crystal structures alone.8 

The first to report the full 3-D molecular structure determination on 

disulfide-cyclized analogue 1, proving what had been reported previously, was 

Melacini et al. in 1997.9  Backbone-to-backbone NOE violations were observed 

when they tried to use all of the NMR data in a single structure calculation.  They 

assumed an equilibrium between the antiparallel beta-sheet and the helical 

conformations.9  However, some of the backbone NOEs were not resolved in 

their spectra; therefore, they resolved those NOEs from Widmer et al. 1993 in 

their final calculations.9 

We compared our calculated three-dimensional initial molecular structures 

with the published structures in the literature by Melacini et al.9 for both the beta-
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sheet (Figures 5a,b) and the distorted helical (Figures 6a,b) conformations.  The 

backbone structures of both conformations were similar; however, the NMR 

experiments of the published structures were performed in DMSO, which allows 

for a more rigid structure compared to ours.  Our structures were performed in 

water to represent the in vivo conditions that are more physiologically relevant.  

Also we did not include the side chain NOEs as they did.  We concluded that our 

calculations produced similar results to what was published in the literature.  

 

                                                                     

Figure 5. beta-sheet conformation structure of disulfide-cyclized analogue 1 a) our calculated 
structure b) published structure9 (Copyright permission obtained) 

 
 

 
 

b 
a 
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Figure 6. Distorted-helical conformation structure of disulfide-cyclized analogue 1 a) our 
calculated structure b) published structure9 (Copyright permission obtained)  

 

  

As for disulfide-cyclized analogue 3, it also has two conformations at 

equilibrium, as was evident from the types of NOEs observed.  The same 

protocols used in octreotide disulfide-cyclized analogue 1 calculations were also 

used in disulfide-cyclized analogue 3 structure calculations.  Only backbone-

backbone NOEs were used as experimental constraints in the protocols as well, 

which were the NOEs in Table 4 for the beta-sheet conformation and Table 6 for 

the distorted helical conformation.  One of each of the calculated beta-sheet and 

distorted helical conformations of disulfide-cyclized analogue 3 are shown in 

Figure 7.  The resulting calculated structures of the disulfide-cyclized analogue 3 

are similar to the calculated structures of disulfide-cyclized analogue 1.  

 

a 
b 
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Figure 7. Calculated structures of disulfide-cyclized analogue 3 a) beta-sheet conformation b) 
distorted-helical conformation. 
 

From the HSQC and TOCSY spectra analysis of Re-cyclized analogue 3, 

two distinct sets of peaks were observed, which indicate the presence of two 

different structures of the Re-cyclized analogue 3.  These sets of peaks might 

indicate the presence of anti and syn configuration due to the presence of an oxo 

group on the Re metal.  However, only one of the peak sets had enough 

backbone-backbone NOEs in NOESY for use in the three-dimensional molecular 

structure calculation.   The initial analysis of the NOEs led to the belief that the 

major conformation of the complete set of NOEs favored the beta-sheet 

conformation, as seen in Table 9, due to the presence of NOEs that belonged to 

this structural conformation, as was discussed earlier.  Since the metal 

coordinated to the thiol sulfurs of residues 2 and 7, the amide nitrogen in residue 

3, and the amine nitrogen at the N-terminus, it was expected that some of 

backbones NOEs involved with those residues would be missing.  Also, the 

b a 
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sequential alpha-amide proton (H𝛼𝛼𝑖𝑖 -H
𝑁𝑁
𝑗𝑗 ) NOEs   between residues 1 and 2, 6 and 

7, and 7 and 8 were weaker than what have been observed with the disulfide-

cyclized analogue 3.  This might be an effect of metal-cyclization on the overall 

structure conformation.  

As for the turn, not all the observed NOEs seen in the disulfide-cyclized 

analogues 1 and 3 were observed with the Re-cyclized counterpart, as can be 

seen in Table 10.  Again this would be a result of the metal coordination to the 

amide nitrogen of residue 3, which is a part of the receptor binding site/turn.  

Upon metal coordination to the amide nitrogen, residue 3 lost its proton, which 

would explain the absence of amide-proton NOEs of residue 3.  So we would 

expect that there should be a difference in the turn type, however, the observed 

NOEs of the turn did not fall under any particular type of turn listed in Table 2. 

Therefore, only beta-sheet and the turn backbone NOEs were involved in 

the three-dimensional molecular structure calculations.  Only the simulated 

annealing protocol was used for the initial structural calculations, since the 

presence of the metal in the protocol made the calculation more difficult.  Also, 

there were less backbone NOEs involved in the structure calculation, so less 

constraints were used unlike the disulfide-cyclized analogues. 
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Table 9. Beta-sheet backbone-backbone NOEs of Re-cyclized analogue 3. 
 

NOE Intensity Distance 

DPhe1 αH-Cys2 NH M 1.8-3.5 Å 

Thr6 αH-Cys7 NH M 1.8-3.5 Å 

Cys7 αH-Thr8 NH W 1.8-6.0 Å 

Cys7 NH-Thr8 αH W 1.8-6.0 Å 
The strength of cross peak signal intensities are presented as S (strong), M (medium), and W 
(weak). The distance is listed as lower limit to upper limit. 

 
     
 

Table 10. Receptor binding turn backbone-backbone NOEs of Re-cyclized analogue 3. 
 

NOE Intensity Distance 

DTrp4 αH-Thr6 NH S 1.8-2.7 Å 

DTrp4 NH-Thr6 NH S 1.8-2.7 Å 

DTrp4 αH-Lys5 NH M 1.8-3.5 Å 

Lys5 NH-Thr6 NH S 1.8-2.7 Å 
The strength of cross peak signal intensities are presented as S (strong), M (medium), and W 
(weak). The distance is listed as lower limit to upper limit. 
 

The Re-cyclized analogue 3 appears to have a higher preference for the 

beta-sheet conformation structure (Figure 8) as the metal-cyclized analogue, 

compared to the two conformations of beta-sheet and distorted helical at 

equilibrium in the disulfide-cyclized analogue 3.  The metal coordination might be 

constraining the flexibility of the molecular structure of the octreotide analogue, 

as has been observed with Re-cyclized analogue 3, since the metal coordinated 

to two of the backbone nitrogens.  Metal-cyclization of analogue 3 seems to have 

an effect on the receptor binding site (turn), as was observed by some of the 

missing backbone-backbone NOEs, which might explain the 29 nM IC50 value of 
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the metal-cyclized analogue 3 vs. 2 nM of disulfide-cyclized analogue 3.  Again 

the missing backbone NOEs of the turn are a result of metal coordination to one 

of the amide nitrogens involved in the turn. 

 
           

 
Figure 8. A calculated beta sheet conformation structure of Re-cyclized analogue 3.  The Re 
metal is circled in red. 
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IV. Conclusion 

Disulfide-cyclized analogue 1 had two three-dimensional molecular 

structural conformations, beta-sheet and distorted helical, at equilibrium with the 

same receptor binding turn.  This outcome coincided to what has been previously 

published.  Analogue 3, as the disulfide-cyclized analogue, demonstrated similar 

molecular structural conformations as analogue 1.  However, once analogue 3 

was cyclized via coordination to a metal (Re), this coordination constrains the 

conformation to favor a beta-sheet conformation rather than the distorted helical.   

From the backbone NOEs, as well as the obtained three-dimensional 

molecular structure from the calculations, the metal cyclization did not have a 

drastic effect on the analogue’s receptor binding site (pharmacophore) turn, 

which explains the only slightly reduced observed receptor binding affinity of Re-

cyclized analogue 3.  More studies need to be performed to make final 

conclusions on the effect of metal cyclization of octreotide analogues.  
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V. Future Studies 

The structure refinements for both the disulfide- and Re-cyclized 

analogues 1 and 3 should be continued using more protocol constraints, such as 

distance geometry.  However, there is a need to rerun the 2-D NMR experiments 

using DMSO-d6 instead of water, since DMSO will provide more rigid structures.  

In the case of the disulfide-cyclized analogues, there are two conformations at 

equilibrium at room temperature; therefore, it will be of interest to run the NMR 

experiments at freezing temperatures.  The freezing temperature might allow for 

monitoring of only one conformation, which will allow for more experimental 

constraints such as J coupling and dihedral angles, leading to a better structure 

determination.  The same can be done with the Re-cyclized analogues. 
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APPENDIX 
 

Supporting information for: Radiotracer labeling characterization of analogues 4, 
9, 10, 14, 15 and 16 (Chapter 1) 

 
 
 
 

            
Figure S1.1 RP-HPLC co-injection of Re- and 99mTc-cyclized analogue 4.  Analytical RP-HPLC 
chromatogram overlay of Re-cyclized analogue 4 in black (UV at 280 nm) and 99mTc-cyclized 
analogue 4 in blue (NaI(Tl) detector). 
 
 
 
 
 

 
Figure S1.2 RP-HPLC co-injection of Re- and 99mTc-cyclized analogue 9.  Analytical RP-HPLC 
chromatogram overlay of Re-cyclized analogue 9 in black (UV at 280 nm) and 99mTc-cyclized 
analogue 9 in blue (NaI(Tl) detector). 
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Figure S1.3 RP-HPLC co-injection of Re- and 99mTc-cyclized analogue 10.  Analytical RP-HPLC 
chromatogram overlay of Re-cyclized analogue 10 in black (UV at 280 nm) and 99mTc-cyclized 
analogue 10 in blue (NaI(Tl) detector). 

 

 

 

 

Figure S1.4 RP-HPLC co-injection of Re- and 99mTc-cyclized analogue 14.  Analytical RP-HPLC 
chromatogram overlay of Re-cyclized analogue 14 in blue (UV at 280 nm) and 99mTc-cyclized 
analogue 14 in blue (NaI(Tl) detector). 
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Figure S1.5 RP-HPLC co-injection of Re- and 99mTc-cyclized analogue 15.  Analytical RP-HPLC 
chromatogram overlay of Re-cyclized analogue 15 in black (UV at 280 nm) and 99mTc-cyclized 
analogue 15 in blue (NaI(Tl) detector). 

 

 

 

 

Figure S1.6 RP-HPLC co-injection of Re- and 99mTc-cyclized analogue 16.  Analytical RP-HPLC 
chromatogram overlay of Re-cyclized analogue 16 in black (UV at 280 nm) and 99mTc-cyclized 
analogue 16 in blue (NaI(Tl) detector). 
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