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1.1 Neurotensin and the neurotensin receptor family 

1.1.1 Neurotensin and NT(8-13) 

Neurotensin (NT) is an endogenous linear peptide of 13 amino acids (cf. Figure 1.1) which 

was first isolated from bovine hypothalami in 1973[1] followed by the identification of the 

amino acid sequence in 1975[2]. Intestinal bovine NT was isolated[3] and sequenced[4] 

shortly after, and in the following time sequence analogy of the bovine, canine, murine 

and human ortholog was reported[5,6]. Processing of its biological precursor proneurotensin 

(also referred to as proneuromedin N) by endopeptidases leads to the release of tissue-

specific levels of NT and other bioactive cleavage products[7-9]. NT is found in the central 

nervous system[10-13] as well as in the periphery, mainly in the gastrointestinal tract[8,14-17]. 

Centrally, NT acts as a neurotransmitter and neuromodulator, being involved in, e.g., 

modulation of pain and hormone secretion, regulation of feeding, body temperature and 

blood pressure as well as in memory and cognition[6,9,12,18-23]. The peripheral effects of NT 

include, among other things, a paracrine and endocrine hormonal modulation of the 

gastrointestinal and the cardiovascular system and proinflammatory responses[8,12,16,24-26]. 

Moreover, NT was reported to stimulate the proliferation of healthy and tumor cells by 

triggering and amplifying the effects of different endogenous growth factors[6,8,9,17,18,25,27-33]. 

 
Figure 1.1. Structure of the neurotransmitter and neuromodulator neurotensin (NT), and amino 

acid sequences of NT and (in blue) of its equi-potent carboxy-terminal fragment NT(8-13). 

Structure-activity relationship studies revealed that the carboxy-terminal hexapeptide in 

NT, also referred to as NT(8-13) (cf. Figure 1.1) represents the biologically active fragment 

of the peptide and displays the potency of full-length NT[2,8,12,25,34]. Therefore, NT(8-13) has 

been used extensively as a lead structure for the development of imaging and therapeutic 

agents derived from NT[35-41]. 

1.1.2 The neurotensin NTS1, NTS2 and NTS3 receptor  

The biological targets of NT are neurotensin receptors, of which three subtypes have been 

isolated, i.e., the NTS1R, NTS2R and NTS3R[42-48]. Both the NTS1R and the NTS2R are 

located at the cell surface and were identified as members of the superfamily of G-protein 

coupled receptors (GPCRs) containing seven trans-membrane (TM) domains[43-46,48], 

whereas the NTS3R revealed a 100% homology with the 1 TM domain glycoprotein 

gp95/sortilin[49,50] mainly located in intracellular compartments[8,50,51]. The NTS1R is often 
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referred to as the high-affinity binding site for NT, characterized by subnanomolar binding 

constants[43,44,52], while NT displays lower (nanomolar) affinity towards the NTS2R[45,46,48]. 

Interestingly, in contrast to the NTS1R, the NTS2R recognizes the structurally unrelated 

histamine receptor antagonist levocabastine, which initially enabled the differentiation 

between the two receptor subtypes[9,25,43,45,46,48,52-54]. Expression of the NTS1R was reported 

for the brain and gastrointestinal tissues[43,44,55], whereas the NTS2R subtype is almost 

exclusively located in the brain[8,45,46,48,56]. Evidence for NTS3R expression was described 

for, e.g., the brain, spinal cord, thyroid, skeletal muscle and testis[8,42,47,49,57]. 

Upon receptor activation by binding of, e.g., NT, the NTS1R was shown to initiate G-

protein-dependent signaling via different Gα subunits[58]. For instance, NT-mediated 

activation of Gαq leads to an increase in phospholipase C (PLC) activity, resulting in the 

generation of inositol triphosphate (IP3) and diacylglycerol (DAG). This is followed by an 

increase in intracellular Ca2+-concentrations and the activation of protein kinase C (PKC), 

which eventually triggers cell proliferation, survival, migration and invasion[9,32,33]. NTS1R 

activation was also reported to enhance the intracellular production of cyclic adenosine 

monophosphate (cAMP)[9,58]. The signaling pathway of the NTS2R however is still only 

poorly understood. Depending on the receptor-expressing cell system used for evaluation 

(e.g., CHO, COS-7 or HEK293 cells) and the species the NTS2R was isolated from, NT, NT 

derivatives and levocabastine were found to act as agonists, antagonists or inverse 

agonists[9,33,59,60]. 

1.1.3 NT receptor expression in cancer tissues 

Lately, NT receptors have increasingly gained interest due to reports on the expression of 

these receptors in various types of cancer and their involvement in tumor growth. Elevated 

levels of the NTS2R were found in patients suffering from chronic B cell leukemia[61] and 

prostate cancer[62], and NTS2R-mediated activation of signaling cascades by NT was 

described for glioma cells[63]. With respect to the NTS3R, overexpression was reported in 

human cancer cell lines like, among others, breast cancer, thyroid cancer or glioma[33,57,64], 

and interaction of the NTS3R with the other two receptor subtypes was observed in 

pancreas, colon and prostate cancer cells[57,64]. However, the involvement of the NT-NTS1R 

axis in cancer has been studied most intensively. Increased expression of the NTS1R, 

compared to the corresponding healthy tissues, was reported for a variety of clinically 

relevant tumors such as breast cancer, small cell lung cancer, colorectal and inflammatory 

bowel disease-related carcinoma, Ewing’s sarcoma and the prognostically poor pancreatic 

adenocarcinoma[31,44,65-68]. The above-mentioned stimulation of tumor cell proliferation by 

NT is accomplished by the secretion of NT from the neoplastic cells combined with their 

expression of NT receptors. Thereby, the cells can autocrinely trigger their own growth 

and, paracrinely, the growth of adjacent tumor cells[25,29,32,33,64]. Hence, the development of 

visually detectable (e.g., radiolabeled) ligands for NT receptors, especially for the NTS1R, 

is considered a promising approach aiming at potential radiopharmaceuticals for the 

diagnosis and/or treatment of NT receptor-positive tumors[69,70]. 
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1.2 The CXC-motif chemokine receptor CXCR4 

1.2.1 Chemokines and chemokine receptors 

Chemokines are members of the cytokine peptide family, comprising chemotactic function 

and thus activating and directing leukocytes[71,72] along chemotactic gradients. A common 

structural feature of these intercrines are four conserved cysteines which form two 

disulfide bonds[73] and constitute the basis for the family member classification. Depending 

on the number of amino acids separating the first two N-terminal cysteines, the 

chemokines are divided into four subgroups: CXC, CC, CX3C and C (the latter one 

containing only the second and the fourth cysteine residue)[74,75]. In the late 80s and early 

90s, an 89 amino acid peptide was initially identified by molecular cloning from a murine 

bone marrow stromal cell line, therefore named stromal cell derived factor (SDF-1α, see 

Figure 1.2)[76-78], and it was classified as a member of the CXC intercrine family[79]. The 

homeostatic chemokine SDF-1α (also referred to as CXCL12) is the endogenous ligand[74,80-

82] of the class A-type GPCR CXCR4, and the SDF-1α-CXCR4 axis was reported to be 

involved, amongst other things, in homing or retention of stem cells and organogenesis 

during embryonal development[75,83-86], B-lymphopoiesis[87-89], vascularization[74,90,91] and 

mobilization and trafficking of stem and progenitor cells[86,92].  

 
Figure 1.2. Amino acid sequence of the endogenous CXCR4 ligand SDF-1α (CXCL12). The blue 

lines indicate the disulfide bridges. 

On the cellular level, the CXCR4 couples predominantly to Gi-proteins transducing the 

stimulus of extracellular SDF-1α receptor binding to intracellular signaling cascades. This 

results in the activation of effector proteins, in the inhibition of adenylyl cyclase activity, 

but also in increased cytosolic Ca2+-levels[75,86,91,93-96]. In humans, SDF-1α is secreted in 

several organs or tissues, such as bone marrow, lymph nodes, lungs and liver[82,86,91], 

whereas the chemokine receptor CXCR4 is ubiquitously present on the surface of 

embryonic and adult tissue cells including leukocytes[96,97], progenitor or stem cells[86,98-100] 

and in bone marrow[82,98]. 

1.2.2 The SDF-1α-CXCR4 axis in human malignancies 

Notably, overexpression of the CXCR4 was reported for a variety of tumors, among them 

breast cancer[91,101], prostate cancer[102,103] and leukemia[91,104,105]. Data indicate that 

chemokine receptor expression in certain tumors further contributes to site-specific 

metastasis, as some tissue-specific chemokines act as attractants for tumor cells 

expressing their respective receptor counterpart[96,104,106,107]. This was initially suggested 

after investigations on CXCR4-positive breast cancer cells that underwent chemotactic 

migration towards tissues expressing the chemokine SDF-1α, e.g., lymph nodes and bone 

marrow, which also correspond to the most common metastasis sites for breast cancer[101]. 

Moreover, some chemokines, including SDF-1α, are able to procure tumor cell survival 

grown under adverse conditions[82,108,109].  

Besides its involvement in cancer progression, the CXCR4 was found to act as a cofactor 

for the fusion of the human immunodeficiency virus (HIV) with human T-cells and its 
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subsequent entry into the cells[110]. Additional studies reported that SDF-1α serves as an 

efficient inhibitor of HIV infection of cells expressing both the CXCR4 and CD4 (cluster of 

differentiation 4), the primary receptor for HIV-1, by T-cell-tropic HIV-1 strains[80,81].  

Currently, the CXCR4 is more intensively under investigation with respect to the potential 

treatment of the coronavirus disease 2019 (COVID-19)[111,112]. Reports on amplified 

CXCR4-positive T-cell proportions in the lungs of patients suffering from a severe COVID-

19 infection compared to patients with mild disease progression or unexposed 

individuals[111,113] suggest a role of the CXCR4 in the homing of T-cells to inflamed tissues 

like the lungs, which finally results in a poor outcome of the disease[111,114,115]. 

Considering the involvement of the CXCL12-CXCR4 axis in the above-mentioned 

malignancies, the exploration of CXCR4 antagonists is of particular interest with regard 

to clinical imaging and treatment of these diseases. 
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1.3 Peptidic receptor ligands – challenges and benefits 

1.3.1 Comparative overview of peptidic and non-peptidic ligands used as 

radiopharmaceuticals 

In general, addressing a peptide receptor via ligand-receptor-interaction can be pursued 

by two main strategies, i.e., application of a peptidic or a non-peptidic ligand. Depending 

on the intended purpose, the development of either type of ligand may implicate both 

advantages and disadvantages.  

Non-peptidic ligands often act as antagonists at their target receptor; thus, they do not 

elicit a cellular response. Receptor subtype selective antagonists represent useful tools 

with regard to elucidating the physiologic or pathologic role of the receptor under 

investigation[6,9,12,25,116]. Besides, for some peptide receptors a higher number of binding 

sites within a receptor population, i.e., recognition of more conformational receptor states, 

was reported for antagonistic ligands compared to peptide ligand binding[6,117-120], which 

can result in higher accumulation of, e.g., radiolabeled antagonistic imaging tracers in 

target tissues and organs expressing the corresponding receptor, and consequently higher 

tissue-to-background ratios[121]. Furthermore, non-peptidic compounds display different 

pharmacokinetic properties in comparison to peptides, resulting in altered biodistribution 

profiles with often lower tracer uptake in dose-limiting organs like the kidneys[122-125]. 

Imaging of receptors expressed in the brain is often unfeasible with peptidic ligands as 

they barely pass the blood-brain-barrier in sufficient amounts[126,127], but it has successfully 

been performed using non-peptidic tracers[128,129]. However, the most crucial advantage of 

non-peptidic over peptidic pharmaceuticals is their - in the majority of cases - higher in 

vitro and in vivo stability[9,121,123,130], potentially enabling longer circulation times and 

higher specific binding at the target tissue. 

Peptidic ligands, mainly acting as agonists, hold the advantage of stimulating cellular 

internalization after binding to a surface receptor[17,121,131,132]. This can result in higher 

accumulation and prolonged retention of the compound in the target tissue, and, in the 

case of radiolabeled compounds, lead to high tissue-to-background ratios for receptor 

imaging[121,123]. As synthetic peptidic ligands are often derived from the corresponding 

endogenous peptides, these compounds often display high target binding affinity (which 

can be beneficial for the tracer accumulation in target tissues in the case of peptidic 

radiopharmaceuticals[123,133]) and provoke only minor adverse reactions in vivo[123,134,135]. 

Peptides are synthetically easily accessible by solid-phase peptide synthesis offering a 

broad range of possible modifications, e.g., replacement of natural by non-natural amino 

acids, attachment of labels and chelating agents or conjugation to biomodifying moieties 

in order to alter the peptide’s stability and pharmacokinetic properties[121,123,133]. In vivo, 

radiolabeled peptidic tracers often show a rapid clearance from blood and non-target 

compartments[123,133] and, compared to some antagonistic tracers, faster elimination 

kinetics, which is favorable with respect to an application of radioligands labeled with 

short-lived radionuclides[123,136]. 
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1.3.2 Clinically investigated or established antagonists at the NTS1R and 

the CXCR4  

Considering the characteristics of both agonistic and antagonistic peptide receptor 

ligands, certain compromises may have to be tolerated during the development of a new 

radiopharmaceutical. However, high target affinity combined with sufficient compound 

stability is a key for the preparation of promising candidates for, e.g., in vivo receptor 

imaging. The vast majority of ligands developed for targeting NT receptors are peptides 

derived from NT(8-13)[35-41,70], but the discovery of the non-peptidic high-affinity NTS1R 

antagonist SR48692[137] (see Figure 1.3) paved the way for a more intense exploration of 

antagonistic radiolabeled NT receptor ligands[124,130,138-141]. To date, the NTS1R antagonist 

[177Lu]Lu-3BP-227 (now IPN01087, for structure see Figure 1.3) is under investigation in 

stage I/II-clinical trials with regard to endoradiotherapy of patients diagnosed with 

NTS1R-positive tumors[142]. Despite of its peptidic nature, the cyclic compound FC131 (see 

Figure 1.3) was the first described high-affinity antagonist for the CXCR4[143] and 

subsequent structural modifications led to the development of the cyclic antagonist 

[68Ga]Ga-Pentixafor (see Figure 1.3)[144-146], which was subject of several clinical tumor 

imaging studies[146-152]. The non-peptidic CXCR4 antagonist Plerixafor (AMD3100, 

MozobilTM, for structure see Figure 1.3), initially developed in order to be used for the 

treatment of HIV infections, obtained the approval as stem cell mobilizing drug for 

patients with lymphoma or multiple myeloma in the United States and in Europe in 2008 

and 2009, respectively[153,154]. 

 
Figure 1.3. Structures of the NTS1R antagonists SR48692[137] and [177Lu]Lu-3BP-227 

(IPN01087)[139], and of the CXCR4 antagonists FC131[143], [68Ga]Ga-Pentixafor[144] and Plerixafor 

(AMD3100, MozobilTM)[155]. 
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1.3.3 Proteolytic degradation in plasma 

As mentioned above, one of the major drawbacks of peptidic ligands is their short plasma 

half-life owing to proteolytic degradation, which often limits their applicability for, e.g., in 

vivo receptor imaging, as proteolysis may impede the access of sufficient amounts of the 

intact peptide-derived pharmaceutical to the target tissues[123,134,135,156,157]. Degradation by 

exo- or endopeptidases occurs via the hydrolysis of amide bonds in the amino acid 

chain[135,157], thereby strongly diminishing the in vivo bioavailability of peptidic compounds. 

For NT and its bioactive carboxyterminal fragment, NT(8-13), distinct cleavage sites in 

the peptide backbone have been reported: degradation by metalloendopeptidase 24.15 (EC 

3.4.24.15) takes place at the bond between Arg8 and Arg9, the Pro10-Tyr11-bond is cleaved 

by metalloendopeptidase 24.16 (EC 3.4.24.16) and neutral endopeptidase 24.11 (EC 

3.4.24.11), while cleavage of the bond between Tyr11 and Ile12 occurs via EC 3.4.24.11 or 

the angiotensin converting enzyme (EC 3.4.15.1)[25,158,159]. The three NT inactivating 

peptidases EC 3.4.24.15, EC 3.4.24.16 and EC 3.4.24.11 are widely distributed in the 

brain as well as in the periphery; thus, proteolytic degradation of NT in plasma proceeds 

very rapidly, thereby terminating the biological activity of the neuropeptide[9]. 

Investigations on the in vitro stability of NT(8-13) revealed a plasma half-life of only a few 

minutes[160,161]. Therefore, modification of the NT(8-13) core structure is necessary in order 

to develop stable NT-receptor ligands useful for in vivo applications. 

1.3.4 Structural modifications for peptide stabilization  

To date, many different strategies to enhance the metabolic stability of peptidic 

compounds have been pursued; the most frequently used approaches will be discussed in 

more detail in the following paragraph, focusing on modifications of ligands targeting the 

NTS1R, NTS2R or the CXCR4. 

The replacement of amino acids in the P1, P2, P1’ or P2’ position is one of the most 

frequently used alterations in peptidic drug development and is often conducted by 

applying (in part non-natural) amino acids which are structurally related to the respective 

native amino acid in order to minimize the impairment of the ligand’s receptor binding 

properties[12,162-165]. However, even minor changes in an amino acid side chain can result in 

a substantial shift of proteolytic stability and receptor affinity[37,162,165-167]. A prominent 

example of such a structural sensitivity is the replacement of Ile12 in NT receptor ligands 

derived from NT(8-13) by α-tert-butylglycine (tert-leucine, Tle), which currently represents 

the state of the art to stabilize the C-terminus of NT(8-13) derivatives[35,37-39,161,163,164,167-171]. 

The sole shift of one methyl-group from the γ-position in Ile to the β-carbon atom in Tle 

was reported to procure enhanced peptide stability; however, in many cases the receptor 

affinity of Tle12-containing ligands is markedly decreased as compared to their Ile12-

containing analogs[35,70,169,172-175]. The exchange of either Arg8, Arg9 or both arginines in 

NT(8-13) by lysine also represents a commonly used modification for NT receptor 

ligands[37-39,161,162,164-168,170,171,176], thereby retaining the basic character of the N-terminal 

residues, which is important for the interaction with the NTS1R[177,178]. The described 

CXCR4 ligand [68Ga]Ga-Pentixafor[144] (for structure see Figure 1.3) comprises three 

frequently used modifications which can enhance peptide stability against proteolytic 

degradation: firstly, the compound contains two D-configured amino acids. The 

replacement of naturally occurring L-amino acids by their D-configured congeners can 

potentially impair the cleavage site recognition by peptidases, resulting in a reduced 
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degree of degradation[176,179,180]. However, this modification is also prone to affect binding 

affinity and/or subtype selectivity as it was described, e.g., for NT(8-13) analogs that 

underwent a shift from NTS1R- to NTS2R-selectivity after incorporation of D-Tyr or 

derivatives thereof in position 11[164,165,176]. Secondly, [68Ga]Ga-Pentixafor, like many of the 

currently reported CXCR4 ligands and numerous compounds targeting other peptide 

receptors[39,149,176,181-183], is a cyclic peptide. Although it can largely influence the binding 

properties, cyclization inevitably rigidifies the molecule’s conformation and thereby 

hampers the access of endo- and exopeptidases to specific cleavage sites[179-181,183-185]. Lastly, 

the α-nitrogen of D-ornithine in [68Ga]Ga-Pentixafor is methylated, and this modification 

was also applied to several reported NT(8-13) analogs, as Nα-methylation or -alkylation 

was found to prevent cleavage of the respective amide bond[36,161,174,179,180,186-188]. Other 

structural variations applied to peptide amide bonds in order to prohibit proteolytic 

degradation include bond reduction[35,160,161,168,173,179,189], the use of triazole amide bond 

surrogates[169] or the incorporation of peptoid structures, i.e., glycines bearing the side 

chain of the native amino acid at the α-nitrogen[37,38,165,166,168,170,190]. Furthermore, to prevent 

decomposition by exopeptidases, many reported acyclic peptidic ligands were N- or C-

terminally acylated or alkylated[161,164,166,167,169,171,190-193]. 
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1.4 Tumor imaging and therapy via non-invasive methods 

1.4.1 Positron emission tomography 

In the past decades, substantial advancements have been made with regard to non-

invasive in vivo imaging modalities. Based on the injection of a detectable tracer 

addressing a target of interest, several molecular imaging techniques enable, e.g., the 

visualization of a biochemical pathway, substrate conversion or the expression pattern 

and density of a specific cellular structure such as a receptor or transporter[194,195]. The 

detection of the distribution and, depending on the type of imaging technique, the 

quantification of the tracer provides valuable physiologic and/or pathologic information 

for disease diagnosis, staging, planning of treatment, therapy control, prognosis and 

surveillance[194,195]. Advantage of these imaging methods is taken in clinical examinations 

as well as in pre-clinical small animal studies for research purposes dealing with 

indications in oncology, cardiology or neurology[195,196]. Besides visualization modalities 

such as single-photon emission computed tomography (SPECT) or magnetic resonance 

imaging (MRI), positron emission tomography (PET), often coupled with computed 

tomography (PET-CT), has emerged as one of the most powerful imaging techniques 

because of superior sensitivity, high spatial resolution and the potential for quantification 

of the applied tracer[194,195,197-199]. A schematic illustration of the measurement principle of 

PET is depicted in Figure 1.4. 

 
Figure 1.4. Schematic illustration of positron decay and PET imaging, based on Vaquero et al.[195]. 

(A) A positron-emitting radionuclide reaches a stable state by release of a positron, which collides 

with an electron in an event called annihilation, resulting in the emission of two photons with an 

energy of 511 keV each[196,200]. (B) During the PET scan, true-incident events of photons impinging 

simultaneously on the circular detector are used to recalculate the position of the source of the 

photons[195,196]. 

PET imaging is based on the use of a tracer which is labeled with a positron-emitting 

radionuclide and displays high affinity to the target structure of interest[194]. Commonly 

used radionuclides for PET imaging and the corresponding labeling methods for tracer 

preparation are described in more detail below. Positron emission occurs in isotopes that 

are neutron-deficient and hence reach a more stable state by converting a proton inside 

their nucleus into a neutron[195,196]. This nuclear transmutation can be described with the 

general equations (1) and (2), whereby A represents the atomic mass number, Z is the 

nuclear charge number (atomic number), and ν is a neutrino compensating for the 

difference between the energy of the respective emitted β-particle and the maximum 

energy of the emitted positrons[196]: 
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𝑝+ →  𝑛 + 𝛽+ + 𝜈1
0

0
1

1
1         (1) 

𝑋𝑍
𝐴 → 𝑌𝑍−1

𝐴 + 𝛽+ + 𝜈1
0         (2) 

The energy of the emitted positron, typically ranging between 0.5-2 MeV (Emax)[196,201], is 

successively transferred onto other atoms the positron collides with while it passes 

through the surrounding matter (e.g., organs or tissues of the patient examined). 

Eventually, the positron combines with an electron in an event called annihilation, 

thereby producing two gamma ray-photons with an energy of 511 keV moving in opposite 

directions (note: the mass energies of a positron and an electron correspond to 511 keV 

each according to E = m × c2)[195,196,198,200]. If the PET scanner, circularly surrounding the 

examined patient or object, detects the impingement of two photons approximately 180 ° 

to each other within a short time frame (1-10 ns), this will be considered a true-coincidence 

event, and can be used to determine the spatial origin of the radiation[195,196]. As the applied 

radiopharmaceutical ideally accumulates specifically in the target tissue, the distribution 

of activity allows, by section-wise scanning of the patient or laboratory animal and 

accumulation of true-coincidence signals, the reconstruction of a three-dimensional image 

of organs or tissues of interest[196,198]. 

1.4.2 Radionuclides for endoradiotherapy and diagnosis 

Ionizing radiation emitted by radionuclides has been used in clinical applications for many 

decades now; however, depending on the type of objective (i.e., diagnosis or therapy), the 

choice of an appropriate nuclide is crucial. Table 1.1 gives an overview of the most 

commonly used radionuclides together with their physical properties and the field of 

clinical application. 

Table 1.1. Physical properties, fields of application and sources of the clinically most commonly 

used radioisotopes[196,198,200,202-206]. 

radionuclide t1/2 decay modea application source 
18F 110 min β+ (97%) 

EC (3%) 

PET cyclotron 

64Cu 12.7 h β+ (19%) 

β− (40%) 

EC (41%) 

PET, therapy cyclotron 

67Ga 3.3 d EC (100%) 

γ 

SPECT cyclotron  

67Cu 2.6 d β− (100%) 

γ 

therapy accelerator 

68Ga 68 min β+ (89%) 

EC (11%) 

PET 68Ge/68Ga generator 

86Y 14.7 h β+ (33%) 

EC (66%) 

PET cyclotron 

90Y 2.7 d β− (100%) therapy 90Sr/90Y generator 
99mTc 6.0 h IT (100%) 

γ 

SPECT 99Mo/99mTc generator 

111In 2.8 d EC (100%) 

γ 

SPECT cyclotron 

177Lu 6.7 d β− (100%) 

γ 

therapy reactor 

225Ac 9.9 d α (100%) therapy radiochemical extraction from 229Th 
aThe portion of the respective mode of decay is given in parentheses. EC = electron capture. 

IT = isomeric transition. 
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Decisive for the type of application a radionuclide is suitable for is the mode of its decay. 

Therapeutically usable nuclides are emitters of α- or β−-particles which transfer their 

energy onto the surrounding atoms within only short distances of traveling (below one 

micrometer up to a few millimeters, depending on their energy)[205]. Therefore, the 

intended biological effect, the irreversible damage and subsequent death of cells in, e.g., 

tumor tissue, is restricted to the matter closely surrounding the site of decay and does not 

affect more distant organs and tissues. Commonly used isotopes for endoradiotherapy 

comprise, among others, the β−-emitters 67Cu, 90Y and 177Lu, and recent investigations 

suggest the α-emitter 225Ac as an appropriate surrogate of the former for the therapy of 

patients with contraindications or resistance to radiopharmaceuticals labeled with β−-

emitting nuclides[123,203-205]. Radioisotopes appropriate for diagnostic purposes generally 

emit β+- or γ-radiation, the former one producing high-energy photons which can - like γ-

radiation - be detected outside of the patient’s body due to a longer traveling distance[205]. 

SPECT imaging is performed using single-photon emitting radionuclides like 67Ga, 111In 

and, most frequently, 99mTc, emitting γ-radiation with an energy (140 keV) favorable for 

the detection by gamma cameras[203,206].  

The range of positron-emitters frequently used in the clinic comprises the metal isotopes 
64Cu, 68Ga and 86Y as well as the non-metal nuclide 18F[200,202,203]. The physical properties of 

these isotopes are critical with regard to PET image quality: the higher the initial energy 

of the positron, the further it travels in the surrounding matter until the annihilation 

event takes place. As PET image construction is based on the recalculation of the position 

of the source of the gamma-photons (i.e., not the site of origin of the β+-emitter itself), the 

uncertainty correlates with the initial β+-energy[196]. As 18F emits β+-particles with a 

maximum energy of 635 keV, this nuclide is often preferred over 68Ga emitting higher-

energetic positrons (Emax = 1900 keV)[198,200].  

Another crucial aspect is the physical half-life of the nuclide of interest: long-lived 

radioisotopes such as 177Lu (t1/2 = 6.7 d) or 67Ga (t1/2 = 3.3 d) enable the expansion of the 

therapeutic effect or the observation of a pathologic state over time; however, the 

prolonged radiation exposure for the patient is considerable. Short-lived radionuclides like 
68Ga (t1/2 = 68 min) or 18F (t1/2 = 110 min) are easier to handle in that respect. However, a 

transfer of 68Ga- and 18F-labeled radiopharmaceuticals between clinics is limited or not 

feasible, though[200]. In practice, the choice of a certain isotope also strongly depends on the 

technical equipment available for manufacturing of the radionuclide. While some 

commonly used radionuclides such as 68Ga, 90Y and 99mTc can easily be eluted from a 

generator containing their respective parent nuclide (cf. Table 1.1), the generation of, e.g., 
18F, 64Cu and 111In requires a cyclotron[200,203]. 

1.4.3 Current status of clinically used PET tracers targeting the NTS1R 

and the CXCR4 

Prompted by its overexpression in a variety of tumors as mentioned above, the NTS1R is 

considered a promising target for diagnostic purposes in the field of oncology[33,207], and a 

vast number of ligands labeled with radionuclides suitable for PET imaging were 

investigated in pre-clinical studies[70]. However, mostly due to stability issues of peptidic 

NTS1R ligands or unfavorable biodistribution patterns, no radiolabeled peptidic NTS1R 

ligand was successfully transferred to the clinic so far[33,70].  
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With regard to the CXCR4, its pivotal role in a range of malignancies such as cancer or 

infections with HIV has inspired the development and pre-clinical investigation of 

numerus CXCR4 PET ligands. The most promising candidate, the diagnostically 

interesting peptidic PET tracer [68Ga]Ga-Pentixafor is currently intensively studied in 

several clinical examinations[146,151,152,208]. Interestingly, no 18F-labeled CXCR4 PET ligand 

has so far reached the clinical trial stage. 

As becomes obvious from this overview involving also antagonistic receptor ligands under 

clinical investigation or already approved for applications other than PET, peptidic 

compounds have so far been inferior to non-peptidic compounds with respect to a 

successful translation to the clinic. Further improvement of the many currently available 

peptidic structures is necessary, especially regarding in vivo stability, to render those 

ligands suitable for in vivo PET imaging, thus allowing an exploitation of the advantages 

of peptides described above. Moreover, in order to broaden the range of options for labeling 

a peptidic core structure with a radionuclide of interest, alternatives to the so far reported 

strategies of conjugation of the radiolabel, which will be discussed in more detail in the 

next section, need to be explored. 
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1.5 Strategies for the radiolabeling of peptides with clinically 

relevant nuclides 

1.5.1 Covalently bound radionuclides or -labels 

The attachment of some clinically relevant radionuclides can be based on covalent binding. 

Two main strategies have been pursued in this regard: direct labeling and indirect labeling 

by means of a prosthetic group[203]. The clinically most frequently used nuclides which can 

be covalently bound to a compound are radioiodine (123I is used for SPECT imaging, 124I is 

appropriate for PET imaging and 131I is applied for radiotherapy) and 18F. Direct iodination 

mostly occurs via electrophilic substitution on a peptide’s Tyr or His side chain under mild 

conditions (pH 7-8, aqueous buffer)[200,203]. Contrary to this, direct radiofluorination via 

nucleophilic substitution requires harsh conditions (often strong bases) which might not 

be compatible with peptides[198,203]. An alternative strategy for covalent labeling of a 

compound is provided by the use of prosthetic groups which are labeled with the 

radionuclide of choice beforehand and subsequently conjugated under mild conditions to, 

e.g., an amine, hydroxyl or carboxyl functional group available in the precursor 

peptide[200,203]. For example, the N-hydroxy-succinimidyl ester (NHS) moiety of N-

succinimidyl-3-[*I]iodobenzoate ([*I]SIB) and N-succinimidyl-4-[18F]fluorobenzoate 

([18F]SFB) (for structures see Figure 1.5) allows the conjugation to amine groups by amide 

bond formation[198,203].  

 
Figure 1.5. Structures of the prosthetic groups [*I]SIB, [18F]SFB and a [18F]fluoroglucosyl azide 

applied as labeling agents for radioiodination or -fluorination reactions[203,209]. 

A broader range of labeling options was made available by the introduction of “click 

chemistry”, whereby the conjugation of the pre-labeled synthon to the peptidic core 

structure occurs via a 1,3-dipolar copper(I)-catalyzed cycloaddition between an azide and 

an alkyne functionality[198,203]. The click reaction of, e.g., azido-functionalized 18F-labeled 

sugar building blocks such as the 6-deoxy-6-fluoro-β-D-glucosyl azide[209] shown in Figure 

1.5 with alkyne-functionalized peptides leads to the formation of a triazole moiety under 

mild conditions[198,203]. 

However, in the case of covalent binding of the radionuclide or -label to the target 

compound, chemoselectivity issues may have to be considered, and the synthetic 

procedures often require two or more reaction steps[198,210]. For labeling with short-lived 

radioisotopes like 18F, a time-consuming preparation of the tracer can be limiting with 

respect to sample activity available for the in vivo application. Regarding this, a more 

straight-forward way of peptide labeling is provided by chelation of the radionuclide. 

1.5.2 Labeling via chelation  

The preparation of a tracer labeled with a radiometal can be accomplished very easily in 

a one-step procedure by incorporation the respective metal ion in an appropriate chelating 

moiety conjugated to the tracer pharmacophore. A variety of chelators suitable for the 
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insertion of different ions have been developed so far, a selection of which is depicted in 

Figure 1.6. In general, these chelators are composed of a cyclic or acyclic multidentate 

structure capable of forming complexes with the inserted ions, whereby one of the dentate 

arms is often used for attachment to the peptide of interest. In most cases, this attachment 

occurs via amide bond formation with, e.g., lysine residues or the N-terminus, or, quite 

frequently, to an additional spacer moiety linked to the peptide[123,200,202,203]. 

 
Figure 1.6. Structures of the radiometal ion chelators DTPA, HBED-CC, N4, DOTA, NOTA and 

NODA-GA commonly used for clinical applications[203,211]. The wavy line represents the site of 

attachment to the target structure, e.g., a peptide. 

The most crucial feature of a chelator is its ability to form chemically and physiologically 

stable complexes with the metal ion because a release of the radiometal after injection of 

the tracer would lead to an unspecific accumulation of the radionuclide in off-target tissues 

and, subsequently, to undesired side effects or false positive results, e.g., of a PET 

scan[123,203,212]. For instance, the release of 177Lu3+ or 90Y3+ causes their accumulation in 

bones and can result in bone marrow damage[203]. Thus, depending on the physical 

properties of the radiometal of interest (e.g., its ionic radius, its commonly occurring 

oxidation state and the preferred geometry of coordination (i.e., tetrahedral, octahedral 

etc.)), the most suitable chelator has to be chosen to achieve thermodynamic stability of 

the metal complex[202]. Table 1.2 gives an overview of chelators appropriate for 

complexation of the clinically most relevant radiometal ions[121,123,202,203], together with the 

respective association constants. 
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Table 1.2. Suitable chelators for the complexation of (radio)metal ions relevant for nuclear 

medicine, and corresponding association constants. 

Chelatora complexed metal ion logKb 

DTPA Cu2+ 

Ga3+ 

Y3+ 

In3+ 

Lu3+ 

21.5c 

25.5c 

22.5c 

29.5c 

22.4d 

HBED-CC Ga3+ n.r.e 

N4 Tc5+ f n.r.e 

DOTA Cu2+ 

Ga3+ 

Y3+ 

In3+ 

Lu3+ 

22.3c / 22.7d 

21.3c / 26.1g 

24.3c 

23.9c 

25.5c 

NOTA Cu2+ 

Ga3+ 

In3+ 

21.6c / 19.8d 

31.0c 

26.2c 

NODA-GA Cu2+ 

Ga3+ 

In3+ 

n.r.e  

n.r.e 

n.r.e 

aFor structures of the chelators see Figure 1.6. bLogarithm of the association constant K 

(K = [ML]/[M][L], where [ML] is the concentration of the metal ion complex, [M] is the concentration 

of the free metal ion and [L] is the concentration of metal-free chelator). cCorreia et al.[202]. dMartell 

et al.[213]. eThe formation of stable complexes was reported (Eder et al.[211], Correia et al.[202], Gourni 

et al.[214], Makarem et al.[215]), but logK values were not provided. n.r. = not reported. fThe metal 

core corresponds to TcO2+ [173,202]. gKubíček et al.[212].  

Acyclic chelators such as diethylenetriaminepentaacetic acid (DTPA), N,N′-bis[2-hydroxy-

5(carboxyethyl)benzyl]ethylenediamine-N,N′-diacetic acid (HBED-CC) or 6-carboxy-

1,4,8,11-tetraazaundecane (N4) often show faster labeling kinetics as compared to cyclic 

chelators, resulting from their less rigid linear structure and more flexible “arms”, which 

allow a conformational adaption necessary for ion complexation[203,216]. However, they are 

usually inferior with respect to stability; for instance, insertion of metals other than In3+ 

into DTPA is unsuitable due to loss of the metal ion in vivo[203]. The slow labeling kinetics 

of cyclic chelators like 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), 

1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) or 1,4,7-triazacyclononane-1-glutaric 

acid-4,7-acetic acid (NODA-GA), which form much more stable metal complexes, can be 

overcome by heating the reaction mixture[203,217,218]. N4 and other acyclic chelators are often 

applied for labeling with 99mTc, whereas DOTA and NOTA represent the most frequently 

used chelators for metal ion insertion of In3+, Y3+, Ga3+ and Lu3+ [121,203,212].  

Notably, in order to make use of the physical nature of 18F convenient for PET imaging, 

attempts were made to enable the simple chelation of this non-metal as well[219]. By 

exploiting the strong association between fluoride and aluminum, several chelators were 

investigated with respect to their ability to form stable complexes with AlF2+-ions, or, 

regarding the development of PET tracers, [18F]AlF2+-ions[219-223]. The most widely 

investigated chelators capable of chelating AlF2+ are NOTA and HBED-CC[220,224-237]; 

however, the chemical and physiological stability of these complexes are controversially 
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discussed after reports on observed in vivo defluorination and, connected to this, 

accumulation of 18F− in the bones[219,229,232,233,235,238-240]. 

In addition to the convenient and timesaving labeling procedure, radiolabeling of a tracer 

via chelation is also considered a useful approach with respect to the preparation of 

theranostic compounds. By application of the same precursor or a congener conjugated to 

a different chelator, labeling with different radionuclides allows the use of the 

radiopharmaceutical for either diagnostic or therapeutic purposes. The highly comparable 

binding properties and biodistribution profiles of the corresponding pair of tracers enables 

a more reliable decision (based on the diagnostic imaging data) on whether a patient can 

benefit from a treatment with the respective therapeutic tracer or not[241-244]. The 

aforementioned NTS1R antagonist [177Lu]Lu-3BP-227 (for structure see Figure 1.3), 

investigated in HT-29 tumor-bearing mice in terms of a therapeutic effect, had initially 

successfully been applied for 111In-labeling and subsequent SPECT/CT imaging of HT-29 

tumors[138,139]. In vivo PET imaging of the CXCR4 with the tracer [68Ga]Ga-Pentixafor 

(structure shown in Figure 1.3) is often complemented by its structurally very closely 

related congener Pentixather ([3-iodo-D-Tyr1]Pentixafor) after labeling with 177Lu or 
90Y[245]. Notably, the theranostic approach was already transferred to the clinic, e.g., with 

the approval of the diagnostic somatostatin receptor ligand [68Ga]Ga-DOTA-TOC and its 

therapeutic counterpart [177Lu]Lu-DOTA-TATE by the European Medicines Agency 

(EMA) in 2016 and 2017, respectively[246,247]. 
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1.6 Objectives and scope of the thesis 

The neurotensin NTS1R, belonging to the superfamily of G-protein coupled receptors, 

represents an interesting target for cancer diagnosis and treatment by radiotherapy due 

to its (over)expression in a variety of malignant tumors[31,44,65-68]. Numerous peptidic NTS1R 

ligands, labeled with the positron-emitting radionuclides 18F or 68Ga for PET imaging 

purposes, have been developed so far. Most of them are structurally derived from the lead 

compound NT(8-13), the biologically active fragment of neurotensin. However, not least 

owing to insufficient stability (in vitro or in vivo), none of these peptidic tracers has yet 

been transferred to the clinics[33,70].  

Similarly, the development of radiolabeled compounds targeting the chemokine receptor 

CXCR4 is considered a promising approach towards diagnostic imaging of CXCR4-

expressing tumors and endoradiotherapy[144,150,248-254]. Although clinical trials have already 

been conducted with a 68Ga-labeled CXCR4 antagonist[146,151,152,208], clinical data on 18F-

labeled CXCR4 PET ligands are still lacking. 

Therefore, the primary aim of the present work was the development of proteolytically 

stable high-affinity ligands for the NTS1R and CXCR4 including potential PET ligands. In 

an initial study, an Nα-methyl scan had to be performed for NT(8-13) and in some of these 

methylated analogs, Ile12 had to be additionally replaced by Tle12. The in vitro plasma 

stabilities and NTS1R affinities of these NT(8-13) derivatives had to be determined. 

For the preparation of PET ligand candidates, a recently introduced labeling strategy for 

peptides, based on the bioisosteric replacement of arginine by an Nω-carbamoylated 

arginine containing an amino-functionalized linker for peptide conjugation, had to be 

applied throughout. In the case of NT(8-13) derivatives, the modified arginine had to be 

incorporated in position 8 or 9 of the most promising candidates identified in the initial 

study on stabilized NT(8-13) analogs in order to obtain precursor compounds for the 

synthesis of (potential) NTS1R PET ligands. One part of this project had to deal with the 

preparation of 18F-labeled NTS1R ligands. For this purpose, the amine-functionalized 

NT(8-13) derivatives had to be alkynylated to enable a conjugation to a fluorinated azido 

sugar by copper(I)-catalyzed azide-alkyne cycloaddition. The second part of the project 

aimed at 68Ga-labeled PET tracers targeting the NTS1R. For this approach, the amino-

functionalized Nω-carbamoylated arginine residue had to be used for the attachment of a 

metal ion chelator followed by insertion of Ga3+. To identify a structural modification at 

the C-terminus of the hexapeptides being superior to the Ile12/Tle12 exchange with respect 

to a stabilization against proteolytic degradation and impairment of NTS1R binding, 

various unnatural amino acids had to be incorporated in position 11, 12 or 13 of N-

terminally methylated NT(8-13). All prepared NT(8-13) analogs, including the “cold” forms 

of NTS1R PET ligands, had to be investigated with respect to NTS1R affinity and, in part, 

also NTS2R binding, as well as in terms of in vitro plasma stability. For the most promising 

candidates, the respective 18F- or 68Ga-labeled congeners had to be prepared and examined 

in vivo in biodistribution studies and PET imaging experiments using HT-29 tumor-

bearing mice. 

Moreover, cyclic peptidic CXCR4 ligands derived from the cyclic pentapeptide FC131 had 

to be prepared. Either arginine in FC131, Arg2 or Arg3, had to be replaced by an Nω-

carbamoylated arginine. After alkyne-functionalization, the “cold” forms of CXCR4 PET 
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ligands had to be prepared by azide-alkyne cycloaddition using the same fluorinated 

glycosyl azide as for the synthesis of the fluorinated NTS1R PET ligand candidates. The 

in vitro plasma stability had to be determined and the CXCR4 binding affinities had to be 

estimated by the determination of the antagonistic activities in a functional CXCR4 assay. 
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2.1 Introduction 

The neuromodulator neurotensin (NT), a 13 amino acid peptide (Figure 2.1), is found in 

the central nervous system (CNS), mediating, e.g., analgesic effects, as well as in the 

periphery (primarily in the gastrointestinal tract)[1,2]. The carboxy-terminal hexapeptide 

of NT (NT(8-13) (2.01), Figure 2.1), is biologically equi-active to NT[3]. The physiological 

effects of NT are mediated by three cell-surface receptors: the NT receptors 1 and 2 

(NTS1R, NTS2R), both G-protein coupled receptors[4], and the NTS3R, which belongs to the 

Vps10p-domain receptor family[2,5]. The NTS1R has increasingly gained interest as a target 

for tumor diagnosis and therapy, as it was reported to be (over)expressed in a variety of 

malignancies, among them the prognostically poor pancreatic adenocarcinoma, Ewing’s 

sarcoma, breast cancer, and colorectal carcinoma[6-9]. Thus, radiolabeled NTS1R ligands 

harbor the potential of being used as radiopharmaceuticals. The majority of such 

compounds (e.g., 68Ga- and 18F-labeled for PET diagnostics, 177Lu-labeled for 

endoradiotherapy) has been derived from the agonist 2.01[10-19]. Notably, also NTS1R 

ligands derived from non-peptidic antagonists have been explored as radiodiagnostics and 

radiotherapeutics[20,21]. Recently reported data of a clinical trial on the treatment of 

pancreatic adenocarcinoma in men by 177Lu-labeled NTS1R antagonists give reason to 

develop clinical trial candidates with improved properties[22]. Therefore, peptidic NTS1R 

ligands, such as radiolabeled derivatives of 2.01, should be considered for clinical trials. 

A major drawback of peptide 2.01 is its rapid degradation in vivo by peptidases (see Figure 

2.1)[23,24]. Enzymatic degradation of 2.01 occurs at three major sites: the Arg8-Arg9 bond, 

the Pro10-Tyr11 bond and the bond between Tyr11 and Ile12 (cf. Figure 2.1)[24,25]. The 

predominant approaches to stabilize the backbone of 2.01 are N-methylation of Arg8 or 

Arg9, N-terminal acylation and the exchange of Ile12 by tert-butylglycine (Tle)[10-15,17,26-38]. 

However, for some interesting analogs of 2.01, such as N-methylated derivatives, 

investigations on the stability are lacking[33,39]. It is worth mentioning that described 

derivatives of 2.01, containing Tle12 instead of Ile12, include additional structural 

modifications throughout[10-12,29,31,32,38,40], i.e., [Tle12]NT(8-13) (2.02, cf. Figure 2.1) has not 

been reported to date to the best of the authors’ knowledge. Therefore, it is difficult to 

estimate the impact of the Ile12/Tle12 exchange on the stability of Tle12-containing 

derivatives of 2.01. 

 
Figure 2.1. Amino acid sequences of neurotensin, 2.01 (NT(8-13), in blue) and 2.02, as well as 

major enzymatic cleavage sites (in green) of 2.01[3,24,25]. EC 3.4.24.15: metalloendopeptidase 24.15, 

EC 3.4.24.16: metalloendopeptidase 24.16, EC 3.4.24.11: neutral endopeptidase 24.11, EC 3.4.15.1: 

angiotensin converting enzyme (ACE)[24,25]. aGranier et al.[41] bKeller et al.[42] 
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Aiming at a systematic study on the stabilization of the NT(8-13) core structure, we 

synthesized compound 2.02, performed an N-methyl scan of 2.01, combined N-methylation 

with the Ile12/Tle12 exchange and, additionally, prepared N-terminally acylated derivatives 

of 2.01. All compounds were studied with respect to NTS1R binding and plasma stability. 
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2.2 Results and discussion 

2.2.1 Chemistry 

Peptides 2.02, 2.03[34], 2.04[33], 2.05[33,39], 2.06[33], 2.07, 2.08 and 2.09[33] were prepared by 

solid-phase peptide synthesis (SPPS) according to the 9-fluorenylmethoxycarbonyl (Fmoc) 

protecting group strategy using 1-hydroxybenzotriazole (HOBt)/O-(1H-benzotriazol-1-yl)-

N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU) and diisopropylethylamine 

(DIPEA) for amide bond formation (Scheme 2.1). Coupling of Fmoc-protected amino acids 

to the secondary amino group of N-methylated amino acids turned out to be the yield 

limiting factor in case of 2.05, 2.06 and 2.09 (overall yields: 18%, 15% and 20%, 

respectively). The N-terminally propionylated derivative 2.11 was obtained by treatment 

of the respective resin-bound, side chain-protected, but N-terminally deprotected 

precursor peptide with succinimidyl propionate (2.10) followed by cleavage from the resin 

and side chain deprotection. By contrast, the N-terminally propionylated peptide 2.12 was 

prepared by solution phase treatment of 2.02 with compound 2.10 (Scheme 2.1). 

 
Scheme 2.1. Syntheses of the NT(8-13) derivatives 2.02-2.09, 2.11 and 2.12. Reagents and 

conditions: (I) Fmoc strategy SPPS using HBTU/HOBt and DIPEA, DMF/NMP (80:20 v/v), 35 °C, 

2 × 1 h or 2 × 2 h, Fmoc-deprotection: 20% piperidine in DMF/NMP (80:20 v/v), rt, 2 × 8-10 min; (II) 

(1) hexafluoro-2-propanol (HFIP)/CH2Cl2 (1:3 v/v), rt, 2 × 20 min, (2) TFA/H2O (95:5 v/v), rt, 3 h; 

(III) DIPEA, CH2Cl2, 35 °C, 14 h; (IV) DIPEA, DMF/NMP (80:20 v/v), rt, 1 h; overall yields: 77% 

(2.02), 67% (2.03), 56% (2.04), 18% (2.05), 15% (2.06), 42% (2.07), 38% (2.08), 20% (2.09), 56% 

(2.11), 85% (2.12).  

2.2.2 In vitro binding studies at the NTS1R 

NTS1R binding data (Ki values) were determined for 2.01-2.09, 2.11 and 2.12 by 

competition binding with [3H]UR-MK300[42] ([3H]2.13, for structure see Figure A2.1, 
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Appendix) at intact hNTS1R-expressing HT-29 colon carcinoma cells (Table 2.1). The 

replacement of Ile12 by Tle12 in 2.01 (compound 2.02) resulted in a minor decrease in 

NTS1R affinity (Ki values of 2.01 and 2.02: 0.33 vs. 1.2 nM, cf. Table 2.1). Regarding the 

N-methyl scan of 2.01 (peptides 2.03-2.06 and 2.09), methylation at Arg8 or Arg9 (2.03, 

2.04) did not affect NTS1R affinity (Ki < 0.5 nM, Table 2.1). By contrast, N-methylation of 

Tyr11, Ile12 or Leu13 (2.05, 2.06, 2.09) led to a considerable decrease in NTS1R affinity (Ki 

values: > 1000 nM, 60 nM and 880 nM, respectively, cf. Table 2.1). As expected, the 

combination of the N-methylation at Arg8 or Arg9 with the replacement of Ile12 by Tle12 

(peptides 2.07 and 2.08) resulted in NTS1R affinities comparable to that of 2.02 (Table 

2.1). The N-terminally propionylated analogs of 2.01 and 2.02 (compounds 2.11 and 2.12) 

exhibited Ki values (NTS1R) of 1.0 and 18 nM, respectively. 

Table 2.1. Peptide sequences and NTS1R affinities of 2.01-2.09, 2.11 and 2.12, as well as stabilities 

of 2.01-2.09, 2.11 and 2.12 in human plasma/PBS (1:2 v/v) (37 °C). 

cpd. sequence 

pKi ± SEM/ 

Ki [nM]  

NTS1Ra 

% intact peptide in plasmab after the specified 

incubation times: 

10 min 30 min 1 h 2 h 6 h 24 h 48 h 

2.01 Arg-Arg-Pro-Tyr-Ile-Leu 
9.49 ± 0.03/0.33  

(lit. 0.14c) 

23.1 

± 0.2 
n.d. < 1 n.d. n.d. < 1 < 1 

2.02 Arg-Arg-Pro-Tyr-Tle-Leu 8.93 ± < 0.01/1.2  
10.8 

± 0.5 
n.d. < 1 n.d. n.d. < 1 < 1 

2.03 Me-Arg-Arg-Pro-Tyr-Ile-Leu 
9.65 ± 0.01/0.22  

(lit. 0.29d) 

92.1 

± 0.1 

88.2 

± 0.2 

79.7 

± 0.1 

70.8 

± 0.1 
n.d. n.d. n.d. 

2.04 Arg-Me-Arg-Pro-Tyr-Ile-Leu 
9.55 ± 0.05/0.29  

(lit. 0.51e) 
> 99 

93.6 

± 0.1 

83.7 

± 0.3 

66.4 

± 0.1 
n.d. n.d. n.d. 

2.05 Arg-Arg-Pro-Me-Tyr-Ile-Leu 
< 6/> 1000 

(lit. 5100e) 

22.9 

± 0.2 
< 1 < 1 < 1 n.d. n.d. n.d. 

2.06 Arg-Arg-Pro-Tyr-Me-Ile-Leu 
7.22 ± 0.04/60 

(lit. 160e) 

2.6 

± 0.5 
< 1 < 1 < 1 n.d. n.d. n.d. 

2.07 Me-Arg-Arg-Pro-Tyr-Tle-Leu 9.07 ± 0.06/0.88 n.d. n.d. > 99 n.d. > 99 
98.3 

± 0.8 

86.8 

± 0.3 

2.08 Arg-Me-Arg-Pro-Tyr-Tle-Leu 8.79 ± 0.02/1.6 n.d. n.d. > 99 n.d. > 99 > 99 > 99 

2.09 Arg-Arg-Pro-Tyr-Ile-Me-Leu 
6.12 ± 0.14/880  

(lit. 190e) 

39.9 

± 0.9 
< 1 < 1 < 1 n.d. n.d. n.d. 

2.11 Prop-Arg-Arg-Pro-Tyr-Ile-Leu 9.02 ± 0.08/1.0 > 99 
84.0 

± 0.1 

71.8 

± 0.2 

32.4 

± 0.1 
n.d. n.d. n.d. 

2.12 Prop-Arg-Arg-Pro-Tyr-Tle-Leu 7.75 ± 0.04/18 n.d. n.d. > 99 n.d. > 99 > 99 
92.5 

± 0.9 

aDetermined by radioligand competition binding with [3H]2.13 at HT-29 cells; mean values from 

two (2.01, 2.02), three (2.03, 2.04) or four (2.06-2.09, 2.11, 2.12) independent experiments, each 

performed in triplicate. Given are mean values ± SEM (pKi) and mean values (Ki); Ki values from 

the literature are given in parentheses. bThe initial concentration of the peptides in plasma/PBS 

(1:2 v/v) was 100 µM; presented are mean values ± SEM from three independent experiments (SEM 

not given if no decomposition was observed). cKeller et al.[42] dOrwig et al.[34] eHärterich et al.[33] n.d. 

= not determined. Prop = propionyl. 
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Figure 2.2 illustrates a general decrease in NTS1R affinity caused by the replacement of 

Ile12 by Tle12 in 2.01, 2.03, 2.04 and 2.11, giving 2.02, 2.07, 2.08 and 2.12, respectively, 

and a dependency of the extent of the decrease in affinity on the primary structure of the 

peptides. This is in agreement with reported NTS1R binding data of derivatives of 2.01 

containing Tle12 [10,11,27,31,38,40]. 

 
Figure 2.2. Decrease in NTS1R affinity (increase in Ki) resulting from the exchange of Ile12 by Tle12 

in 2.01, 2.03, 2.04 and 2.11 (black bars) giving 2.02, 2.07, 2.08 and 2.12 (grey bars), respectively. 

Note: the scales of the Y-axes are different. 

2.2.3 Peptide stability in human plasma 

In order to investigate the effect of N-methylation (2.03-2.09), the Ile12/Tle12 exchange 

(2.02, 2.07, 2.08, 2.12) and N-terminal acylation (2.11, 2.12) on the stability of the peptides 

against enzymatic cleavage, the stability of all compounds was investigated in human 

plasma at 37 °C for up to 48 h (Figure 2.3, Table 2.1). Whereas N-methylation of Arg8 or 

Arg9 in 2.01 (compounds 2.03 and 2.04) significantly enhanced the peptide stability in 

plasma compared to 2.01, methylation of Tyr11, Ile12 and Leu13 (2.05, 2.06, 2.09) did not 

lead to higher plasma stabilities. Strikingly, peptide 2.02, which differed from 2.01 only 

with respect to the replacement of Ile12 by Tle12, proved to be as unstable as 2.01 (Figure 

2.3, Table 2.1). However, the combination of the Ile12/Tle12 exchange with N-methylation 

of Arg8 or Arg9 (2.07, 2.08) resulted in significantly higher plasma stabilities (t1/2 > 48 h) 

compared to 2.03 and 2.04. These results confirmed that both, N-terminal (cleavage 

between Arg8 and Arg9) and C-terminal (cleavage between Tyr11 and Ile12) degradation are 

highly relevant, and revealed that the former occurs faster than the latter. As in case of 

N-terminal methylation of 2.01 (peptide 2.03), N-terminal propionylation of 2.01 (peptide 

2.11) resulted in a moderate increase in enzymatic stability compared to 2.01 (t1/2 of 2.11 

between 1 h and 2 h, cf. Table 2.1). The combination of N-terminal propionylation with an 

Ile12/Tle12 exchange (compound 2.12) led to an excellent plasma stability as also observed 

in case of combining N-terminal methylation with an Ile12/Tle12 exchange (peptide 2.07) 

(Figure 2.3, Table 2.1). 
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Figure 2.3. Stabilities of 2.01-2.09, 2.11 and 2.12 in human plasma/PBS (1:2 v/v) at 37 °C 

investigated for up to 48 h. Data represent mean values ± SEM from three independent 

experiments. 

Figure 2.4 provides an overview of the major degradation fragments identified by LC-

HRMS. The Arg8-Arg9, Pro10-Tyr11 and Tyr11-Ile12 bonds were identified as the major 

cleavage sites (Figure 2.4), being in agreement with reported data on the metabolic 

stability of 2.01[24,25]. As outlined above, the present study suggests that cleavage of Arg8 

in 2.01 occurs faster than its C-terminal degradation. This is, on the one hand, in 

agreement with reports in the literature[24], on the other hand it is in disagreement with 

other reports, which suggest an Ile12/Tle12 exchange as the most crucial structural 

modification with respect to metabolic stabilization[27,28]. 

 
Figure 2.4. Major enzymatic cleavage sites (C1-C3) of compounds 2.01-2.09, 2.11 and 2.12 as well 

as corresponding fragments F1-F4, identified by LC-HRMS analysis after incubation in human 

plasma at 37 °C for up to 48 h. 

  

%
 i
n
ta

c
t 
p
e
p
ti
d
e
 i
n
 p

la
s
m

a

0

20

40

60

80

100

2.01 2.02 2.03 2.04 2.05 2.06 2.09 2.11 2.07 2.08 2.12

"N-methyl scan"

no other modification

Propionyl-
NT(8-13) [Me-Arg

9
,Tle

12
]NT(8-13)

[Me-Arg
8
,Tle

12
]NT(8-13)

Propionyl-[Tle
12

]NT(8-13)

10 min

1 h

24 h

48 h

30 min

2 h

6 h



Modifications at Arg and Ile give neurotensin(8-13) derivatives with high stability and 

retained NTS1R affinity 

- 51 - 

2.3 Conclusion 

In conclusion, the synthesis and investigation of N-methylated derivatives of NT(8-13) 

(2.01), N-terminally acylated derivatives of 2.01 and analogs containing Tle12 instead of 

Ile12, revealed that only the combination of appropriate N-terminal (e.g., N-methylation of 

Arg8) and C-terminal (replacement of Ile12 by Tle12) structural modifications in 2.01 affords 

highly stable (plasma half-life > 48 h) congeners of 2.01 (compounds 2.07, 2.08 and 2.12). 

Fortunately, two of the most stable compounds (2.07, 2.08) exhibited the highest NTS1R 

affinities of the investigated analogs of 2.01. This work answers open questions concerning 

the controversially discussed impact of various structural modifications of 2.01 on the 

enzymatic stability, thus supporting the development of stable radiolabeled derivatives of 

2.01, which harbor the potential of being used as radiopharmaceuticals. 
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2.4 Experimental section 

Additional information on materials, chemicals, protocols and additional analytical data 

of compounds (HPLC analyses, 1H-NMR spectra) are provided in the Appendix. 

2.4.1 General procedure for SPPS  

Peptides were synthesized by manual SPPS according to the Fmoc strategy. 5-mL 

polypropylene/polyethylene syringes from B. Braun Melsungen (Melsungen, Germany) or 

5-mL BD Discardit II syringes (Becton Dickinson, Heidelberg, Germany) equipped with a 

polyethylene frit (pore size 35 μm) served as reaction vessels. Protected standard L-amino 

acids and protected N-methylated L-amino acids were purchased from Merck Biosciences 

(Schwalbach am Taunus, Germany) (Fmoc-N-Me-Arg(Pbf)-OH, Fmoc-Ile-OH, Fmoc-N-

Me-Ile-OH, Fmoc-N-Me-Leu-OH, Fmoc-Pro-OH, Fmoc-Tle-OH (Fmoc-α-tert-butylglycine)) 

or from Iris Biotech (Fmoc-Arg(Pbf)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-N-Me-Tyr(tBu)-OH). 

The H-Leu-2-ClTrt resin and the 2-ClTrt-Cl resin were purchased from Merck Biosciences 

and Iris Biotech, respectively. A mixture of DMF and NMP (80:20 v/v) was used as solvent 

(ca. 2.2 mL per 1 mmol Fmoc-aa) for the coupling reactions and for Fmoc deprotection. In 

case of using the H-Leu-2-ClTrt solid support (synthesis of 2.02-2.08 and 2.11), the resin 

was allowed to swell in the solvent for 45 min before the beginning of the synthesis. 

Protected standard amino acids (Fmoc-Arg(Pbf)-OH, Fmoc-Ile-OH, Fmoc-Pro-OH, Fmoc-

Tyr(tBu)-OH) as well as Fmoc-Tle-OH were used in 5-fold excess, and the protected N-

methylated amino acids Fmoc-N-Me-Arg(Pbf)-OH, Fmoc-N-Me-Ile-OH and Fmoc-N-Me-

Tyr(tBu)-OH were used in 3.5-fold excess. Amino acid coupling was performed with 

HBTU/HOBt/DIPEA (standard amino acids and Fmoc-Tle-OH: 4.9/5/10 equiv., N-

methylated amino acids: 3.45/3.5/7 equiv.). For the coupling of N-methylated amino acids 

anhydrous solvents (DMF, NMP) were used. All amino acids were pre-incubated with 

HBTU/HOBt/DIPEA at rt for 5 min prior to addition to the resin. The coupling reactions 

were performed under shaking at 35 °C (standard amino acids: 2 × 1 h (“double” coupling), 

N-methylated amino acids: 2 × 2 h). After coupling, the resin was washed with solvent 

(4 ×). Fmoc deprotection was performed with piperidine (20% in DMF/NMP (80:20 v/v)) at 

rt for 2 × 8-10 min. After Fmoc deprotection the resin was washed with solvent (6 ×). The 

last coupling and Fmoc deprotection step was followed by washing of the resin with solvent 

(4 ×) and CH2Cl2 (treated with K2CO3) (6 ×). Peptides were cleaved off the resin with 

CH2Cl2/HFIP (3:1 v/v) (rt, 2 × 20 min). The solutions, containing the crude peptide, were 

separated from the resin by filtration and the resin was washed with CH2Cl2/HFIP 

(3:1 v/v). The filtrates were combined, the volatiles were evaporated, TFA/water (95:5 v/v) 

(1-3 mL) was added and the mixture was stirred at rt for 3 h (after 2 h additional TFA (70-

300 µL) was added). The mixture was transferred to a 100-mL flask containing water (33-

100 mL) followed by lyophilization to obtain the crude peptides, which were purified by 

preparative HPLC. 

2.4.2 Synthesis protocols and analytical data of compounds 2.02-2.09, 2.11 

and 2.12  

Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu tris(hydrotrifluoroacetate) (2.02). Peptide 

2.02 was synthesized according to the general procedure using a H-Leu-2-ClTrt resin 

(loading 0.79 mmol/g) (100 mg, 0.079 mmol). Purification by preparative RP-HPLC 

(column: Kinetex-XB C18, gradient: 0-35 min: A1/B 92:8-57:43, tR = 18 min) afforded 2.02 
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as white fluffy solid (70.6 mg, 77%). 1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.95 (m, 15H), 

1.43-1.74 (m, 11H), 1.74-1.92 (m, 3H), 1.92-2.06 (m, 1H), 2.63-2.76 (m, 1H), 2.80-2.95 (m, 

1H), 3.03-3.17 (m, 4H), 3.48-3.69 (m, 2H), 3.73-3.95 (m, 1H), 4.17-4.25 (m, 1H), 4.25-4.31 

(m, 1H), 4.31-4.39 (m, 1H), 4.40-4.57 (m, 2H), 6.56-6.68 (m, 2H), 6.68-7.13 (br s, 4H, 

interfering with the next listed signal), 6.98-7.01 (m, 2H), 7.13-7.55 (br s, 4H), 7.55-7.73 

(m, 3H), 7.98 (d, 1H, J 7.9 Hz), 8.02-8.57 (m, 4H), 8.65 (d, 1H, J 6.7 Hz), 9.19 (s, 1H), 12.48 

(br s, 1H). HRMS (LC method A): m/z [M+2H]2+ calcd. for [C38H66N12O8]2+ 409.2558, found 

409.2563. RP-HPLC (220 nm): 99% (tR = 6.3 min, k = 7.3). C38H64N12O8・C6H3F9O6 (817.01 

+ 342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-Ile-Leu tris(hydrotrifluoroacetate) (2.03)[34]. Peptide 

2.03 was synthesized according to the general procedure using a H-Leu-2-ClTrt resin 

(loading 0.79 mmol/g) (50 mg, 0.0395 mmol). Purification by preparative RP-HPLC 

(column: Kinetex-XB C18, gradient: 0-35 min: A1/B 92:8-57:43, tR = 19 min) afforded 2.03 

as white fluffy solid (30.8 mg, 67%). 1H-NMR (600 MHz, DMSO-d6): δ 0.78-0.92 (m, 12H), 

0.99-1.09 (m, 1H), 1.38-1.87 (m, 16H), 1.92-2.06 (m, 1H), 2.41-2.48 (m, 3H), 2.67 (dd, 1H, 

J 8.3, 14.0 Hz), 2.83-2.91 (m, 1H), 3.02-3.21 (m, 4H), 3.48-3.67 (m, 2H), 3.69-3.88 (m, 1H), 

4.14-4.29 (m, 2H), 4.29-4.38 (m, 1H), 4.38-4.59 (m, 2H), 6.58-6.64 (m, 2H), 6.64-7.15 (br s, 

4H, interfering with the next listed signal), 6.98-7.01 (m, 2H), 7.15-7.59 (br s, 4H), 7.59-

7.85 (m, 3H), 7.90 (d, 1H, J 7.9 Hz), 8.20 (d, 1H, J 7.9 Hz), 8.64-9.29 (m, 4H), 12.39 (br s, 

1H). HRMS (LC method A): m/z [M+2H]2+ calcd. for [C39H68N12O8]2+ 416.2636, found 

416.2645. RP-HPLC (220 nm): > 99% (tR = 6.6 min, k = 7.7). C39H66N12O8・C6H3F9O6 

(831.03 + 342.07). 

Nα-Argininyl-Nα-methyl-Arg-Pro-Tyr-Ile-Leu tris(hydrotrifluoroacetate) (2.04)[33]. 

Peptide 2.04 was synthesized according to the general procedure using a H-Leu-2-ClTrt 

resin (loading 0.79 mmol/g) (50 mg, 0.0395 mmol). Purification by preparative RP-HPLC 

(column: Kinetex-XB C18, gradient: 0-35 min: A1/B 92:8-57:43, tR = 19 min) afforded 2.04 

as white fluffy solid (26.0 mg, 56%). 1H-NMR (600 MHz, DMSO-d6): δ 0.78-0.86 (m, 9H), 

0.90 (d, 3H, J 6.6 Hz), 1.02-1.10 (m, 1H), 1.37-1.46 (m, 3H), 1.49-1.80 (m, 13H), 1.94-2.02 

(m, 1H), 2.68 (dd, 1H, J 8.7, 14.1 Hz), 2.85-2.90 (m, 1H), 2.92 (s, 3H), 3.06-3.15 (m, 4H), 

3.27-3.29 (m, 1H), 3.42-3.55 (m, 1H), 4.15-4.25 (m, 2H), 4.25-4.33 (m, 1H), 4.33-4.51 (m, 

2H), 5.08-5.19 (m, 1H), 6.58-6.67 (m, 2H), 6.67-7.13 (br s, 4H, interfering with the next 

listed signal), 6.99-7.02 (m, 2H), 7.13-7.61 (br s, 4H, interfering with the next listed signal), 

7.52-7.56 (m, 1H), 7.63-7.77 (m, 2H), 7.91 (d, 1H, J 7.8 Hz), 7.99-8.36 (m, 4H), 9.17 (s, 1H), 

12.49 (br s, 1H). HRMS (LC method A): m/z [M+H]+ calcd. for [C39H67N12O8]+ 831.5199, 

found 831.5202. RP-HPLC (220 nm): > 99% (tR = 6.7 min, k = 7.8). C39H66N12O8・C6H3F9O6 

(831.03 + 342.07). 

Arg-Arg-Pro-Nα-methyl-Tyr-Ile-Leu tris(hydroacetate) (2.05)[33,39]. Peptide 2.05 was 

synthesized according to the general procedure using a H-Leu-2-ClTrt resin (loading 

0.79 mmol/g) (100 mg, 0.079 mmol). Purification by preparative RP-HPLC (column: YMC-

Actus Triart C8, gradient: 0-30 min: A2/B 90:10-65:35, tR = 17 min) afforded 2.05 as white 

solid (14.6 mg, 18%). 1H-NMR (600 MHz, DMSO-d6): δ 0.74-0.89 (m, 13H), 0.97-1.08 (m, 

1H), 1.11-1.19 (m, 1H), 1.24-1.32 (m, 1H), 1.33-1.66 (m, 12H), 1.79-1.85 (m, 11H), 2.63-2.72 

(m, 3H), 2.74-2.79 (m, 1H), 2.88-2.92 (m, 1H), 2.99-3.05 (m, 2H), 3.11-3.15 (m, 3H), 3.44-

3.46 (m, 2H), 3.97-4.00 (m, 1H), 4.21-4.27 (m, 1H), 4.40-4.47 (m, 1H), 4.53-4.60 (m, 1H), 

4.95-5.04 (m, 1H), 6.60-6.67 (m, 2H), 6.99-7.08 (m, 2H), 7.27-7.81 (m, 9H), 8.41-8.52 (m, 
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1H), 8.58-8.74 (m, 2H), 9.19 (s, 1H). Note: five exchangeable protons (NH, OH) of the 3-

fold protonated molecule were not apparent. HRMS (LC method A): m/z [M+H]+ calcd. for 

[C39H67N12O8]+ 831.5199, found 831.5194. RP-HPLC (220 nm): 99% (tR = 7.6 min, k = 9.0). 

C39H66N12O8・C6H12O6 (831.03 + 180.16). 

Arg-Arg-Pro-Tyr-Nα-methyl-Ile-Leu tris(hydrotrifluoroacetate) (2.06)[33]. Peptide 

2.06 was synthesized according to the general procedure using a H-Leu-2-ClTrt resin 

(loading 0.79 mmol/g) (50 mg, 0.0395 mmol). Purification by preparative RP-HPLC 

(column: Kinetex-XB C18, gradient: 0-35 min: A1/B 92:8-57:43, tR = 20 min) afforded 2.06 

as white fluffy solid (6.7 mg, 15%). 1H-NMR (600 MHz, DMSO-d6): δ 0.72-0.93 (m, 13H), 

1.17-1.25 (m, 1H), 1.40-1.76 (m, 12H), 1.78-1.92 (m, 3H), 1.96-2.12 (m, 1H), 2.61-2.98 (m, 

5H), 2.98-3.27 (m, 4H), 3.52-3.73 (m, 2H), 3.74-3.89 (m, 1H), 4.04-4.22 (m, 1H), 4.31-4.39 

(m, 1H), 4.43-4.52 (m, 1H), 4.68-5.07 (m, 2H), 6.57-6.68 (m, 2H), 6.68-7.13 (br s, 4H, 

interfering with the next listed signal), 6.94-6.99 (m, 2H), 7.13-7.56 (br s, 4H), 7.56-7.78 

(m, 2H), 7.86-8.90 (m, 6H), 9.24 (s, 1H), 12.38 (br s, 1H). HRMS (LC method A): m/z 

[M+2H]2+ calcd. for [C39H68N12O8]2+ 416.2636, found 416.2643. RP-HPLC (220 nm): > 99% 

(tR = 7.0 min, k = 8.2). C39H66N12O8・C6H3F9O6 (831.03 + 342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu tris(hydrotrifluoroacetate) 

(2.07). Peptide 2.07 was synthesized according to the general procedure using a H-Leu-2-

ClTrt resin (loading 0.79 mmol/g) (45 mg, 0.0356 mmol). Purification by preparative RP-

HPLC (column: Kinetex-XB C18, gradient: 0-35 min: A1/B 92:8-57:43, tR = 17 min) afforded 

2.07 as white fluffy solid (17.7 mg, 42%). 1H-NMR (600 MHz, DMSO-d6): δ 0.83 (d, 3H, J 

6.5 Hz), 0.85-0.94 (m, 12H), 1.41-1.87 (m, 14H), 1.93-2.05 (m, 1H), 2.46-2.48 (m, 3H), 2.68 

(dd, 1H, J 8.4, 14.1 Hz), 2.85-2.91 (m, 1H), 3.05-3.14 (m, 4H), 3.54-3.57 (m, 1H), 3.59-3.61 

(m, 1H), 3.75-3.80 (m, 1H), 4.18-4.24 (m, 1H), 4.26-4.30 (m, 1H), 4.32-4.38 (m, 1H), 4.43-

4.60 (m, 2H), 6.61 (d, 2H, J 8.5 Hz), 6.64-7.12 (br s, 4H, interfering with the next listed 

signal), 6.98-7.00 (m, 2H), 7.12-7.55 (br s, 4H), 7.55-7.67 (m, 3H), 7.89-8.09 (m, 1H), 8.15-

8.30 (m, 1H), 8.72-9.07 (m, 3H), 9.10-9.27 (m, 1H), 12.48 (br s, 1H). HRMS (LC method A): 

m/z [M+2H]2+ calcd. for [C39H68N12O8]2+ 416.2636, found 416.2644. RP-HPLC (220 nm): 

> 99% (tR = 6.3 min, k = 7.3). C39H66N12O8・C6H3F9O6 (831.03 + 342.07). 

Nα-Argininyl-Nα-methyl-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tris(hydrotrifluoroacetate) (2.08). Peptide 2.08 was synthesized according to the 

general procedure using a H-Leu-2-ClTrt resin (loading 0.79 mmol/g) (45 mg, 

0.0356 mmol). Purification by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 

0-35 min: A1/B 92:8-57:43, tR = 18 min) afforded 2.08 as white fluffy solid (15.9 mg, 38%). 
1H-NMR (600 MHz, DMSO-d6): δ 0.81-0.85 (m, 3H), 0.87-0.93 (m, 12H), 1.40-1.79 (m, 14H), 

1.93-2.02 (m, 1H), 2.64-2.72 (m, 1H), 2.85-2.96 (m, 4H), 3.08-3.15 (m, 4H), 3.30-3.32 (m, 

1H), 3.50-3.52 (m, 1H), 4.18-4.24 (m, 1H), 4.25-4.32 (m, 2H), 4.32-4.39 (m, 1H), 4.41-4.49 

(m, 1H), 5.09-5.16 (m, 1H), 6.59-6.64 (m, 2H), 6.64-7.12 (br s, 4H, interfering with the next 

listed signal), 6.99-7.02 (m, 2H), 7.12-7.52 (br s, 4H), 7.52-7.61 (m, 2H), 7.69-7.73 (m, 1H), 

7.95-8.01 (m, 1H), 8.06-8.29 (m, 4H), 9.17 (s, 1H), 12.47 (br s, 1H). HRMS (LC method A): 

m/z [M+2H]2+ calcd. for [C39H68N12O8]2+ 416.2636, found 416.2646. RP-HPLC (220 nm): 

> 99% (tR = 6.3 min, k = 7.3). C39H66N12O8・C6H3F9O6 (831.03 + 342.07). 

Arg-Arg-Pro-Tyr-Ile-Nα-methyl-Leu tris(hydrotrifluoroacetate) (2.09)[33]. Peptide 

2.09 was synthesized on a 2-ClTrt-Cl resin (loading 1.6 mmol/g) (50 mg, 0.08 mmol). The 
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resin was treated with a solution of Fmoc-N-Me-Leu-OH (29.4 mg, 0.08 mmol) and DIPEA 

(34.8 µL, 0.2 mmol) in CH2Cl2 (0.5 mL) at 35 °C for 14 h. MeOH (50 µL) and CH2Cl2 

(100 µL) were added and shaking was continued at rt for 15 min. The liquid was removed 

by filtration and the resin was washed with CH2Cl2 (3 ×), MeOH (3 ×) and DMF/NMP 

(80:20 v/v) (4 ×). The loading of the resin with Fmoc-N-Me-Leu was estimated to amount 

to 0.8 mmol/g (50 mg, 0.04 mmol) (basis for the calculation of the yield). Fmoc-deprotection 

of N-Me-Leu and further SPPS was performed according to the general procedure. 

Purification by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 0-20 min: A1/B 

92:8-72:28, 20-42 min: A1/B 72:28-35:65, tR = 22 min) afforded 2.09 as white fluffy solid 

(9.1 mg, 20%). 1H-NMR (600 MHz, DMSO-d6): δ 0.73-0.90 (m, 12H), 1.01-1.12 (m, 1H), 

1.30-1.38 (m, 1H), 1.44-1.60 (m, 7H), 1.62-1.73 (m, 4H), 1.75-1.87 (m, 4H), 1.95-2.03 (m, 

1H), 2.56-2.62 (m, 1H), 2.75-2.80 (m, 1H), 2.95 (s, 3H), 3.05-3.12 (m, 4H), 3.54-3.56 (m, 

1H), 3.58-3.60 (m, 1H), 3.78-3.82 (m, 1H), 4.29-4.34 (m, 1H), 4.38-4.52 (m, 2H), 4.54-4.64 

(m, 1H), 5.05-5.17 (m, 1H), 6.59-6.66 (m, 2H), 6.68-7.13 (br s, 4H, interfering with the next 

listed signal), 7.00-7.03 (m, 2H), 7.13-7.56 (br s, 4H), 7.56-7.67 (m, 2H), 7.81-8.04 (m, 1H), 

8.06-8.30 (m, 4H), 8.48-8.70 (m, 1H), 9.20 (s, 1H), 12.71 (br s, 1H). HRMS (LC method A): 

m/z [M+2H]2+ calcd. for [C39H68N12O8]2+ 416.2636, found 416.2644. RP-HPLC (220 nm): 

> 99% (tR = 8.2 min, k = 9.8). C39H66N12O8・C6H3F9O6 (831.03 + 342.07). 

Nα-Propanoyl-Arg-Arg-Pro-Tyr-Ile-Leu bis(hydrotrifluoroacetate) (2.11). Peptide 

2.11 was synthesized according to the general procedure using a H-Leu-2-ClTrt resin 

(loading 0.79 mmol/g) (50 mg, 0.0395 mmol). After the last amino acid coupling and Fmoc 

deprotection step, the resin was treated with a solution of 2.10 (20.3 mg, 0.119 mmol, 

3 equiv.) and DIPEA (20.6 µL, 0.119 mmol, 3 equiv.) in DMF/NMP (80:20 v/v) (2 mL) 

under shaking at rt for 1 h. The resin was washed with DMF/NMP (80:20 v/v) (6 ×) and 

the peptide was cleaved off the resin as described in the general procedure. Purification 

by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 0-35 min: A1/B 92:8-57:43, 

tR = 21 min) afforded 2.11 as white fluffy solid (24.5 mg, 56%). 1H-NMR (600 MHz, DMSO-

d6): δ 0.76-0.81 (m, 3H), 0.84 (d, 6H, J 6.4 Hz), 0.90 (d, 3H, J 6.6 Hz), 0.94-1.01 (m, 3H), 

1.01-1.10 (m, 1H), 1.39-1.57 (m, 9H), 1.59-1.72 (m, 4H), 1.72-1.87 (m, 3H), 1.95-2.02 (m, 

1H), 2.08-2.18 (m, 2H), 2.68 (dd, 1H, J 8.2, 14.0 Hz), 2.86 (dd, 1H, J 5.1, 14.0 Hz), 3.03-

3.12 (m, 4H), 3.57-3.58 (m, 1H), 3.60-3.61 (m, 1H), 4.17-4.24 (m, 2H), 4.24-4.30 (m, 1H), 

4.30-4.36 (m, 1H), 4.36-4.43 (m, 1H), 4.43-4.50 (m, 1H), 6.52-6.62 (m, 2H), 6.62-7.06 (br s, 

4H, interfering with the next listed signal), 6.98-7.01 (m, 2H), 7.06-7.62 (br s, 4H, 

interfering with the next listed signal), 7.43-7.50 (m, 2H), 7.69-7.79 (m, 1H), 7.79-8.02 (m, 

2H), 8.02-8.16 (m, 1H), 8.16-8.30 (m, 1H), 9.01-9.29 (m, 1H), 12.49 (br s, 1H). HRMS (LC 

method A): m/z [M+2H]2+ calcd. for [C41H70N12O9]2+ 437.2689, found 437.2697. RP-HPLC 

(220 nm): > 98% (tR = 8.1 min, k = 9.7). C41H68N12O9・C4H2F6O4 (873.07 + 228.05). 

Nα-Propanoyl-Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu bis(hydrotrifluoroacetate) 

(2.12). Peptide 2.02 (22.2 mg, 0.0191 mmol) was dissolved in DMF/NMP (75:25 v/v) 

(180 µL). A solution of DIPEA (10 µL, 0.057 mmol) and 2.10 (9.8 mg, 0.057 mmol) in 

anhydrous DMF (23 µL) was added and the mixture was stirred at rt for 1 h followed by 

the addition of TFA/H2O (1:9 v/v) (ca 0.06 mmol TFA). Purification by preparative RP-

HPLC (column: Kinetex-XB C18, gradient: 0-35 min: A1/B 92:8-57:43, tR = 20 min) afforded 

2.12 as white fluffy solid (17.9 mg, 85%). 1H-NMR (600 MHz, DMSO-d6): δ 0.81-0.92 (m, 

15H), 0.97-1.01 (m, 3H), 1.40-1.68 (m, 11H), 1.68-1.86 (m, 3H), 1.93-2.04 (m, 1H), 2.07-2.18 
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(m, 2H), 2.68 (dd, 1H, J 8.2, 13.9 Hz), 2.85-2.90 (m, 1H), 3.03-3.12 (m, 4H), 3.49-3.50 (m, 

1H), 3.58-3.61 (m, 1H), 4.18-4.24 (m, 1H), 4.24-4.31 (m, 2H), 4.31-4.38 (m, 1H), 4.41-4.48 

(m, 2H), 6.53-6.62 (m, 2H), 6.62-7.04 (br s, 4H, interfering with the next listed signal), 

6.98-7.01 (m, 2H), 7.04-7.56 (br s, 4H, interfering with the next listed signal), 7.43-7.49 

(m, 2H), 7.56-7.63 (m, 1H), 7.82-7.94 (m, 1H), 7.94-8.02 (m, 1H), 8.02-8.12 (m, 1H), 8.22 (d, 

1H, J 7.5 Hz), 9.16 (s, 1H), 12.47 (br s, 1H). HRMS (LC method A): m/z [M+2H]2+ calcd. 

for [C41H70N12O9]2+ 437.2689, found 437.2706. RP-HPLC (220 nm): > 99% (tR = 7.7 min, k 

= 9.1). C41H68N12O9・C4H2F6O4 (873.07 + 228.05). 
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2.6 Appendix 

2.6.1 General experimental conditions 

If not otherwise stated, solvents and buffer components, purchased from commercial 

suppliers, were of analytical grade. Gradient grade MeOH for HPLC was obtained from 

Merck (Darmstadt, Germany) and gradient grade acetonitrile for HPLC was from Sigma-

Aldrich (Taufkirchen, Germany). N,N-Diisopropylethylamine (DIPEA, 99%) was from 

ABCR (Karlsruhe, Germany). Anhydrous DMF (99.8%), 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFIP) and 1-Methyl-D-Trp (2.14) were purchased from Sigma-Aldrich. DMF (for peptide 

synthesis, packed under nitrogen, code D/3848/PB17), NMP (for peptide synthesis, 

nitrogen flushed), anhydrous NMP (99,5%) and HOBt hydrate were obtained from Acros 

Organics/Fisher Scientific (Nidderau, Germany). Trifluoroacetic acid and absolute EtOH 

were purchased from Honeywell (Seelze, Germany). Piperidine and HBTU were from Iris 

Biotech (Marktredwitz, Germany). Bovine serum albumin (BSA) was purchased from 

Serva (Heidelberg, Germany), and ammonium acetate (98%) was from Merck. Peptide 2.01 

(tris(hydrotrifluoroacetate)) was purchased from SynPeptide (Shanghai, China). 

Succinimidyl propionate (2.10) was prepared according to a described procedure[1]. 

Millipore water was used throughout for the preparation of buffers, stock solutions and 

HPLC eluents. 1.5- and 2-mL polypropylene reaction vessels with screw cap (in the 

following referred to as “reaction vessel with screw cap”) from Süd-Laborbedarf (Gauting, 

Germany) were used for the preparation and storage of stock solutions, and for small-scale 

reactions. 1.5- or 2-mL polypropylene reaction vessels (in the following referred to as 

“reaction vessel”) from Sarstedt (Nümbrecht, Germany) were used for the preparation of 

dilute solutions, and for the investigation of stabilities in plasma. Reactions under 

anhydrous conditions were performed under argon atmosphere using anhydrous solvents. 

For the evaporation of solvents in 1.5- or 2-mL reaction vessels a Savant Speed-Vac Plus 

SC110A vacuum concentrator (Thermo Fischer Scientific, Waltham, MA) was used. NMR 

spectra were recorded on a Bruker Avance 600 instrument (1H: 600 MHz, T = 300 K) 

(Bruker, Karlsruhe, Germany). NMR spectra were calibrated based on the solvent residual 

peaks (1H-NMR, DMSO-d6: δ = 2.50 ppm) and data (1H-NMR) are reported as follows: 

chemical shift δ in ppm (multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = 

multiplet, br s = broad singlet), integral, coupling constant J in Hz). High resolution mass 

spectra (HRMS) were acquired with an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS 

system coupled to an Agilent 1290 HPLC system (Agilent Technologies, Santa Clara, CA), 

using an ESI source. Analyses were either performed with LC method A or B. Method A: 

column: Luna Omega C18, 1.6 μm, 50 × 2.1 mm (Phenomenex, Aschaffenburg, Germany), 

column temperature: 40 °C, flow: 0.6 mL/min, solvent/linear gradient: 0-4 min: 0.1% aq 

HCOOH/0.1% HCOOH in MeCN 95:5-2:98, 4-5 min: 2:98. Method B: column: YMC Triart 

C18, 1.9 μm, 75 × 2 mm (YMC Europe, Dinslaken, Germany), column temperature: 40 °C, 

flow: 0.6 mL/min, solvent/linear gradient: 0-10 min: 0.1% aq HCOOH/0.1% HCOOH in 

MeCN 100:0-70:30, 10-11 min: 70:30-2:98, 11-12 min: 2:98. Preparative HPLC was 

performed with a system from Knauer (Berlin, Germany) consisting of two K-1800 pumps 

and a K-2001 detector. A Kinetex-XB C18, 5 μm, 250 mm × 21 mm (Phenomenex) or a 

YMC-Actus Triart C8, 5 μm, 250 mm × 20 mm (YMC) served as RP-columns at flow rates 

of 20 mL/min and 18 mL/min, respectively. Mixtures of 0.2% aq TFA (A1) and acetonitrile 

(B), or 10 mM ammonium acetate buffer (pH 5) (A2) and B were used as mobile phase. A 
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detection wavelength of 220 nm was used throughout. Collected fractions were lyophilized 

using an Alpha 2-4 LD apparatus (Martin Christ, Osterode am Harz, Germany) equipped 

with a vacuubrand RZ 6 rotary vane vacuum pump. Analytical HPLC analysis of 

compounds 2.02-2.09, 2.11 and 2.12 was performed with a system from Agilent 

Technologies consisting of a 1290 Infinity binary pump equipped with a degasser, a 1290 

Infinity Autosampler, a 1290 Infinity Thermostated Column Compartment, a 1260 

Infinity Diode Array Detector and a 1260 Infinity Fluorescence Detector. A Kinetex-XB 

C18, 2.6 μm, 100 × 3 mm (Phenomenex) or a YMC Triart C8, S-5µm, 250 × 4.6 mm (YMC) 

were used as stationary phase at a flow rate of 0.6 mL/min and 1 mL/min, respectively. 

The oven temperature was set to 25 °C. Mixtures of 0.04% aq TFA (A3) and B, or A2 and 

B served as mobile phase. The following linear gradients were applied: compounds 2.02-

2.04, 2.06-2.09, 2.11 and 2.12 (Kinetex-XB): 0-12 min: A3/B 90:10-70:30, 12-16 min: 70:30-

5:95, 16-20 min: 5:95; compound 2.05 (YMC Triart): 0-25 min: A2/B 90:10-65:35, 25-27 

min: 65:35-5:95, 27-35 min: 5:95. The injection volume was 20 μL. UV detection was 

performed at 220 nm and fluorescence detection at 275/305 nm. Retention (capacity) 

factors k were calculated from the retention times tR according to k = (tR – t0)/t0 (t0 = dead 

time). Synthesized peptides were characterized by 1H-NMR spectroscopy, HRMS, and RP-

HPLC analysis. Additionally, 1H-COSY NMR spectra were acquired of peptides 2.02-2.06, 

2.09 and 2.11. The purity of all final compounds, determined by RP-HPLC (220 nm), was 

≥ 98%.  

Annotation concerning the 1H-NMR spectra (solvent: DMSO-d6) of 2.04, 2.05, 2.07-2.09, 

2.11 and 2.12: in order to allow an integration of the signals interfering with the broad 

water signal at ca 3.5 ppm, 1H-NMR spectra were additionally recorded in DMSO-d6/D2O 

(11:1 or 4:1 v/v). 

2.6.2 Radioligand competition binding assay 

Competition binding with [3H]UR-MK300 ([3H]2.13) at the hNTS1R was performed at 

23 ± 1 °C using intact human HT-29 colon carcinoma cells (grown in antibiotic-free 

McCoy’s 5A medium supplemented with 5% FCS) as described previously[2]. Prior to the 

competition binding experiments, the Kd value of [3H]2.13 was determined by saturation 

binding at HT-29 cells as reported previously (data not shown)[2]. The obtained Kd value 

amounted to 0.55 ± 0.03 nM (mean value ± SEM from two independent determinations 

performed in triplicate) being in excellent agreement with the reported Kd of [3H]2.13 

(Kd = 0.51 nM)[2]. Binding data were analyzed by plotting % specifically bound radioligand 

(100% = specifically bound radioligand in the absence of competitor) over 

log(concentration of competitor) followed by a four-parameter sigmoidal fit (SigmaPlot 

11.0, Systat Software). Resulting pIC50 values were converted to IC50 values and Ki values 

were calculated from the IC50 values according to the Cheng-Prusoff equation[3] using a Kd 

value of 0.55 nM. The Ki values from individual experiments were transformed to pKi 

values, followed by the calculation of mean pKi values ± SEM. 

2.6.3 Experimental protocol for the investigation of the stability of 2.01-

2.09, 2.11 and 2.12 in human plasma 

The metabolic stabilities of 2.01-2.09, 2.11 and 2.12 were investigated in human blood 

plasma/PBS, pH 7.4 (1:2 v/v) (in the following referred to as plasma/PBS) at 37 °C using 

1.5- or 2-mL polypropylene reaction vessels. The vessels were placed in a Thermocell 
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mixing block from Bioer (Hangzhou, China). 1-Methyl-D-tryptophan (2.14) was used as 

internal standard. As the RP-HPLC purity of 2.14 was < 95% (data not shown), the 

compound was purified by preparative HPLC to give a purity of > 99%. Plasma was 

obtained by the collection of human blood from a healthy donor in 5.5-mL heparinized 

plasma-monovettes followed by centrifugation at 1,200 × g at 4 °C for 10 min. The 

supernatants were pooled in two 50-mL Falcon tubes and centrifuged again at 1,200 × g 

at 4 °C for 10 min. The plasma was aliquoted and stored at −80 °C. 

For the addition of the peptides to plasma/PBS, 5 mM stock solutions in EtOH/HCl 

(20 mM) (50:50 v/v) (2.01) or MeCN/0.04% aq TFA (30:70 v/v) (2.02-2.09, 2.11 and 2.12) 

were used. Recoveries were determined for peptide concentrations of 80 μM and 4 μM, and 

an internal standard concentration of 10 μM. For this purpose, 2.14 and the peptide were 

added to plasma/PBS (total volume: 70 μL), immediately followed by vortexing (ca 10 s) 

and precipitation of protein by the addition of ice-cold EtOH/MeCN (50:50 v/v) (140 μL). 

The mixture was vortexed for 5 min und centrifuged at 16,100 × g at 4 °C for 10 min. 

Aliquots (180 μL) of the supernatant were transferred to 1.5-mL reaction vessels 

containing 10% aq TFA (5 μL). The volatiles were removed in a vacuum concentrator 

under reduced pressure at 40 °C (ca 60 min) and the residue was taken up in MeCN/0.04% 

aq TFA (10:90 v/v) (90 μL) by vortexing (2 min). The samples were filtrated through a 

0.2 μm RC-membrane filter (Phenomenex, Aschaffenburg, Germany) and analyzed by RP-

HPLC using the analytical HPLC system and the conditions as for the purity control of 

2.02-2.04, 2.06-2.09, 2.11 and 2.12 (general experimental conditions), but applying the 

following gradient: 0-12 min: A3/B 90:10-73:27, 12-16 min: 73:27-5:95, 16-20 min: 5:95. On 

the day of an experiment four-point calibrations were performed for the respective 

peptides and the internal standard. Peak areas representing 100% recovery were obtained 

by analyzing 53.3 μM and 2.67 μM peptide solutions as well as a 6.67 μM solution of 2.14 

(in duplicate each). All peak areas were transformed into concentrations (μM) and percent 

recoveries of the peptides and the internal standard were calculated based on the average 

values of the 100% reference samples (see Table A2.1). Recovery ratios were obtained by 

dividing the recovery of the peptide by the recovery of 2.14 for each individual sample 

(n = 3-5, cf. Table A2.1).  

For the investigation of the stabilities in plasma, the peptides and 2.14 were added to 

plasma/PBS at a concentration of 100 μM and 10 μM, respectively (in triplicate each). 

After 10 min, 1 h, 24 h and 48 h (2.01 and 2.02), 10 min, 30 min, 1 h and 2 h (2.03-2.06, 

2.09 and 2.11), or 1 h, 6 h, 24 h and 48 h (2.07, 2.08 and 2.12) of incubation under shaking 

at 37 °C aliquots (70 μL) were taken and processed as described above for the 

determination of recoveries. On the day of an experiment four-point calibrations were 

performed for the respective peptides and 2.14. Peak areas representing 100% recovery 

were obtained by analyzing 66.7 μM peptide solutions and a 6.67 μM solution of 2.14 (in 

duplicate).  

Based on the calibration, the peak areas of the 100% references and of the samples were 

transformed into concentrations (μM). Recoveries of 2.01-2.09, 2.11 and 2.12 were 

calculated by multiplying the recovery of 2.14, obtained for each individual sample, with 

the recovery ratio obtained for the concentration of 80 µM (remaining peptide 

concentration in plasma/PBS > 20 µM) or 4 µM (remaining peptide concentration in 



 

Chapter 2 

- 64 - 

plasma/PBS < 20 µM). The concentrations of the peptides in plasma/PBS were obtained 

by dividing the determined peptide concentration by the respective recovery. Degradation 

(%) of 2.01-2.09, 2.11 and 2.12 was calculated based on the average values of the 100% 

reference samples. Note: Data analysis was based on UV detection at 220 nm (2.01, 2.03-

2.09, 2.11, 2.12 and 2.14) or fluorescence detection at 275/305 nm (2.02). 

The major degradation fragments of peptides 2.03-2.09, 2.11 and 2.12 were identified by 

LC-HRMS analysis (LC-MS instrument and conditions see general experimental 

conditions; LC method A (2.01, 2.02) or B (2.03-2.09, 2.11, 2.12)) using the same samples 

as used for HPLC analysis described above. 

2.6.4 Figures A2.1 and A2.2 and Table A2.1 

 
Figure A2.1. Structure of the tritium-labeled NT(8-13) derivative [3H]UR-MK300 ([3H]2.13) used 

as radioligand for NTS1R competition binding studies (reported Kd = 0.51 nM[2]). 

 



Modifications at Arg and Ile give neurotensin(8-13) derivatives with high stability and 

retained NTS1R affinity 

- 65 - 

 
Figure A2.2. Displacement curves of [3H]UR-MK300 ([3H]2.13) (Kd = 0.55 nM, c = 1 nM) obtained 

from competition binding experiments with 2.01-2.09, 2.11 and 2.12 at intact hNTS1R-expressing 

HT-29 cells. Compounds containing Ile12 are represented by circles, compounds containing Tle12 are 

represented by triangles. Data represent mean values ± SEM from at least two independent 

experiments (performed in triplicate). 
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Table A2.1. Recoveries of peptides 2.01-2.09, 2.11 and 2.12 from human plasma/PBS (1:2 v/v) for 

two different concentrations (80 µM and 4 µM), and ratios of peptide-recovery over recovery of 

internal standard (2.14). 

Compd. 

Peptide concentration 80 µM Peptide concentration 4 µM 

recovery 

peptide (%)a 

recovery  

2.14 (%)a 
ratiob 

recovery 

peptide (%)a 

recovery 

2.14 (%)a 
ratiob 

2.01 78 

72 

80 

76 

91 

83 

89 

86 

0.85 

0.86 

0.90 

0.89 

 

(0.88 ± 0.01) 

79 

82 

76 

85 

80 

92 

91 

93 

95 

95 

0.86 

0.90 

0.82 

0.89 

0.85 

 (0.86 ± 0.01) 

2.02 91 

90 

92 

92 

 

99 

96 

101 

103 

 

0.92 

0.93 

0.91 

0.90 

 (0.91 ± 0.01) 

88 

86 

91 

 

99 

90 

99 

 

0.89 

0.95 

0.91 

 

(0.92 ± 0.02) 

2.03 101 

105 

100 

96 

96 

 

95 

96 

97 

94 

93 

1.06 

1.09 

1.03 

1.02 

1.02 

(1.04 ± 0.01)  

92 

85 

91 

85 

93 

94 

92 

91 

90 

90 

0.98 

0.92 

1.01 

0.94 

1.04 

(0.98 ± 0.02) 

2.04 84 

77 

75 

92 

89 

 

91 

82 

83 

96 

95 

0.93 

0.94 

0.90 

0.96 

0.93 

 (0.93 ± 0.01) 

93 

97 

92 

87 

86 

89 

93 

89 

84 

85 

1.04 

1.04 

1.03 

1.03 

1.01 

(1.03 ± 0.01) 

2.05 88 

88 

87 

88 

 

95 

95 

93 

96 

 

0.92 

0.93 

0.93 

0.92 

 

 (0.92 ± 0.003) 

96 

98 

98 

101 

97 

92 

94 

94 

96 

92 

1.05 

1.04 

1.05 

1.05 

1.06 

(1.05 ± 0.003) 

2.06 76 

89 

75 

82 

78 

 

95 

104 

90 

98 

99 

 

0.81 

0.86 

0.83 

0.84 

0.80 

 (0.83 ± 0.01) 

84 

83 

84 

 

95 

98 

95 

 

0.88 

0.85 

0.88 

 

 

(0.87 ± 0.01) 

2.07 

 

 

 

 

 

89 

88 

93 

94 

 

 

94 

96 

99 

101 

 

 

0.95 

0.92 

0.94 

0.93 

 

 (0.93 ± 0.01) 

105 

103 

108 

106 

107 

 

98 

99 

105 

99 

106 

 

1.07 

1.04 

1.03 

1.08 

1.01 

(1.05 ± 0.01) 
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Table A2.1 continued 

2.08 

 

 

 

 

 

89 

87 

92 

93 

85 

 

102 

98 

100 

103 

97 

 

0.87 

0.89 

0.92 

0.90 

0.87 

(0.89 ± 0.01) 

103 

103 

104 

100 

101 

 

105 

101 

107 

100 

99 

 

0.99 

1.02 

0.97 

0.99 

1.02 

(1.00 ± 0.01) 

2.09 90 

90 

88 

90 

 

104 

100 

98 

99 

 

0.87 

0.90 

0.90 

0.91 

 (0.89 ± 0.01) 

85 

95 

90 

 

92 

101 

99 

 

0.92 

0.94 

0.91 

 

(0.93 ± 0.01) 

2.11 78 

89 

87 

81 

73 

 

93 

101 

99 

93 

86 

 

0.84 

0.88 

0.88 

0.87 

0.84 

 (0.86 ± 0.01) 

97 

85 

86 

101 

100 

88 

87 

104 

0.97 

0.96 

0.99 

0.97 

 

(0.97 ± 0.005) 

2.12 87 

86 

87 

92 

83 

99 

99 

101 

101 

93 

0.88 

0.87 

0.86 

0.91 

0.89 

(0.88 ± 0.01) 

95 

100 

95 

103 

101 

100 

102 

94 

103 

102 

0.95 

0.97 

1.01 

1.00 

0.99 

(0.98 ± 0.01) 

aRecoveries of the peptides and of the internal standard (2.14) from human plasma/PBS (1:2 v/v) 

using a peptide concentration of 80 µM or 4 µM and an internal standard concentration of 10 µM 

(three, four or five independent experiments). bRatios of peptide recovery over recovery of 2.14 

calculated for individual experiments, as well as mean recovery ratios ± SEM (given in parenthesis). 

2.6.5 RP-HPLC chromatograms of compounds 2.02-2.09, 2.11 and 2.12 

 
RP-HPLC analysis (purity control) of compound 2.02 
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RP-HPLC analysis (purity control) of compound 2.03 

 

 
RP-HPLC analysis (purity control) of compound 2.04 

 

 
RP-HPLC analysis (purity control) of compound 2.05 
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RP-HPLC analysis (purity control) of compound 2.06 

 

 
RP-HPLC analysis (purity control) of compound 2.07 

 

 
RP-HPLC analysis (purity control) of compound 2.08 
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RP-HPLC analysis (purity control) of compound 2.09 

 

 
RP-HPLC analysis (purity control) of compound 2.11 

 

 
RP-HPLC analysis (purity control) of compound 2.12 
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2.6.6 1H-NMR spectra of compounds 2.02-2.09, 2.11 and 2.12 in DMSO-d6 

and DMSO-d6/D2O 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 2.02 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 2.03 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 2.04 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6/D2O 11:1 v/v) of compound 2.04 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 2.05 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6/D2O 11:1 v/v) of compound 2.05 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 2.06 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 2.07 
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1H-NMR spectrum (600 MHz, DMSO-d6/D2O 11:1 v/v) of compound 2.07 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 2.08 
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1H-NMR spectrum (600 MHz, DMSO-d6/D2O 11:1 v/v) of compound 2.08 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 2.09 
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1H-NMR spectrum (600 MHz, DMSO-d6/D2O 4:1 v/v) of compound 2.09 

 

1H-NMR spectrum (600 MHz, DMSO-d6) of compound 2.11 
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1H-NMR spectrum (600 MHz, DMSO-d6/D2O 11:1 v/v) of compound 2.11 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 2.12 
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1H-NMR spectrum (600 MHz, DMSO-d6/D2O 11:1 v/v) of compound 2.12 
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Gluhacevic von Krüchten  Synthesis and radioligand competition binding  

(née von Krüchten), L.:  experiments of compounds 3.09 and 3.13,  

      determination of the plasma stability of compounds  

      3.11, 3.12 and 3.13 

Maschauer, S.: Synthesis, in vitro and in vivo studies of [18F]3.21 

Maschauer, S.; Prante, O.: Data analysis of in vitro and in vivo studies of [18F]3.21 

 

Note: The compounds assigned with 2.01, 2.02 and 2.07 in Chapter 2 are also part of 

Chapter 3. To avoid an assignment of several numbers to the same compound, the 

numbers 2.01, 2.02 and 2.07 are also used in this chapter, which had been, as mentioned 

before, published as a scientific article prior to submission of this thesis. Instead of 

reorganizing the compound numbers, the numbers designating the same compounds as 

2.01, 2.02 and 2.07 in the published article were omitted in Chapter 3 resulting in gaps in 

compound numbering, i.e., 3.01, 3.02 and 3.03 are missing. 
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3.1 Introduction 

The neurotensin receptor 1 (NTS1R), belonging to the class A of G-protein coupled 

receptors, was reported to be expressed by various types of malignant tumors, including 

pancreatic adenocarcinoma, colorectal and prostate carcinoma[1-6]. Therefore, the NTS1R 

represents an interesting target for tumor imaging by positron emission tomography 

(PET) and endoradiotherapy. The primary endogenous agonist of the NTS1R is the 

tridecapeptide neurotensin, acting as a local hormone in the gastrointestinal tract and as 

a neurotransmitter and neuromodulator in the central nervous system[7-9]. As the C-

terminal hexapeptide sequence of neurotensin (NT(8-13) (2.01), Figure 3.1A) exhibits 

biological activity comparable to that of neurotensin[10], this hexapeptide has served as a 

lead structure for the development of a large variety of radioligand candidates for PET[11]. 

For in vivo applications, it is well-known that the peptide backbone of 2.01 needs to be 

stabilized against proteolytic degradation, occurring at the N-terminal and C-terminal 

site. Following the strategy of N-methylation of Arg8 and C-terminal stabilization by the 

introduction of Tle12 instead of Ile12 [12], we recently studied the stability of the NT(8-13) 

derivatives 2.02 and 2.07 (Figure 3.1A), conforming that 2.02 was readily degraded in 

human plasma by enzymatic cleavage of the Arg8-Arg9 bond, whereby 2.07 exhibited high 

stability[13]. In the case of the previously described NTS1R PET ligand 3.04 (Figure 3.1A)[14], 

the N-terminal part of the peptide was stabilized by replacement of Arg8-Arg9 with NLys8-

Lys9 and prolongation at the N-terminus by a fluoroglucosyl-triazolylmethyl glycine 

derivative. However, these structural modifications resulted in a considerable reduction 

in NTS1R affinity when compared to 2.02 or 2.07 (Figure 3.1A). The reported NT(8-13)-

derived potential PET ligand 3.05 is, like 3.04, N-terminally fluoroglucosylated, but 

contains Arg8-Arg9 instead of NLys8-Lys9 and Ile instead of Tle. Compound 3.05 exhibits 

high NTS1R affinity, however, it represents no useful PET ligand candidate due to low in 

vitro stability in human serum[15]. 
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Figure 3.1. (A) Structures and NTS1R affinities of NT(8-13) (2.01) and reported NT(8-13) 

derivatives 2.02, 2.07, 3.04 and 3.05. (B) Structures of the previously reported arginine building 

blocks 3.06a[16] and 3.06b[17] which were used in this work for the synthesis of (potential) PET 

ligands derived from 2.01. aSchindler et al.[13] bMaschauer et al.[14] cMaschauer et al.[15] 

The vast majority of previously reported neurotensin-derived NTS1R PET ligands 

(including 3.04, Figure 3.1A) have in common that the prosthetic group or chelator for 

radiolabeling with or without a linker was attached to the N-terminus of the respective 

NT(8-13) peptide analogs, and in most cases, at least one arginine (Arg8 or Arg9) was 

replaced by lysine[14,15,18,19]. 

Based on our previous work on Nω-carbamoylation of Arg8 or Arg9 for the design of 

fluorescence-labeled NT(8-13) analogs[20], we herein present a series of NT(8-13) analogs 

containing an Nω-carbamoylated Arg8 or Arg9, respectively, to allow for fluoroglycosylation 

in these positions. We previously demonstrated that 18F-fluoroglycosylation of peptides 

positively influences their in vivo clearance behaviour[15,21,22], and it has been frequently 

shown that glycosylation is an effective approach to improve the in vivo blood stability and 

membrane permeability of peptides[23,24]. With the aim of combining Nω-carbamoylation 

with subsequent chemoselective fluoroglycosylation, the previously described arginine 

building blocks 3.06a[16] or 3.06b[17] (Figure 3.1B) were incorporated into the NT(8-13) 

analogs 2.02 and 2.07 instead of Arg8 or Arg9. The resulting series of NT(8-13) analogs, 

containing the fluoroglycosylated peptides 3.11-3.13, 3.20 and 3.21 as NTS1R PET ligand 

candidates, were studied in vitro regarding their NTS1R affinity as well as stability in 

blood plasma. Finally, the 18F-labeled glycopeptide [18F]3.21 was prepared by click 

chemistry-based 18F-fluoroglycosylation and evaluated in a tumor mouse model by small 

animal PET imaging studies. 
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3.2 Results 

3.2.1 Chemistry 

The synthesis of the potential NTS1R PET ligands 3.11-3.13, 3.20 and 3.21 is outlined in 

Scheme 3.1. The alkyne-functionalized precursor peptides 3.07-3.09, containing a 

modified arginine derived from building block 3.06b[17] (Figure 3.1B) in position 8 (3.07) or 

9 (3.08, 3.09), were obtained by the strategy of solid-phase peptide synthesis (SPPS) using 

Fmoc protecting groups, following a previously described procedure[16]. For the 

incorporation of the Nα-methylated arginine in peptide 3.09, commercially available Fmoc-

N-Me-Arg(Pbf)-OH was used. Conjugation of 3.07-3.09 to 6-deoxy-6-fluoro-β-D-glucosyl 

azide (3.10)[21] by copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) yielded the 

potential NTS1R PET ligands 3.11-3.13 (Scheme 3.1). The amino-functionalized precursor 

peptides 3.14 and 3.16, both containing a modified arginine derived from 3.06a[16] (Figure 

3.1B) in position 8, but differing with respect to N-terminal methylation (non-methylated: 

3.14, N-terminally methylated: 3.16), were also prepared by Fmoc SPPS. The N-terminal 

methyl group in peptide 3.16 was introduced after the coupling and Fmoc deprotection of 

arginine building block 3.06a while the peptide was still attached to the solid support, 

applying a procedure reported by Miller et al.[25] For this purpose, the resin-bound peptide 

was treated with collidine and 2-nitrobenzenesulfonylchloride followed by treatment with 

the methylating reagent 4-nitrobenzenesulfonic acid methylester (3.15) and the base 

MTBD. Deprotection of the secondary amine using DBU and 2-mercaptoethanol, and 

subsequent cleavage from the resin and side chain deprotection yielded 3.16 in an overall 

yield of 45% (Scheme 3.1). 
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Scheme 3.1. Synthesis of the glycosylated and fluorinated potential NTS1R PET ligands 3.11-3.13, 

3.20 and 3.21, which were obtained by CuAAC reaction of alkyne-functionalized NT(8-13) 

derivatives (3.07, 3.08, 3.09, 3.18, 3.19) to 6-deoxy-6-fluoro-β-D-glucosyl azide 3.10. Reagents and 

conditions: (I) CuSO4, sodium ascorbate, PBS/NMP (1:1 v/v) or EtOH/PBS (1:9 v/v), rt, 30 min, 45% 

(3.11), 45% (3.12), 68% (3.13), 25% (3.20), 79% (3.21); (II) Fmoc strategy SPPS using HBTU/HOBt 

and DIPEA, DMF/NMP (80:20 v/v), 35 °C, 2 × 1 h or 2 × 2 h, Fmoc-deprotection: 20% piperidine in 

DMF/NMP (80:20 v/v), rt, 2 × 8-10 min; (III) (1) hexafluoro-2-propanol (HFIP)/CH2Cl2 (1:3 v/v), rt, 

2 × 20 min, (2) TFA/H2O (95:5 v/v), rt, 3 h; (IV) (1) collidine, 2-nitrobenzenesulfonylchloride, 

CH2Cl2, rt, 2 h, (2) MTBD, DMF, rt, 30 min, (3) DBU, 2-mercaptoethanol, DMF, rt, 30 min; (V) 

DIPEA, DMF/NMP (80:20 v/v), rt, 30-55 min, 59% (3.18), 90% (3.19); overall yields of 3.14 and 3.16: 

49% and 45%, respectively. 

The amino-functionalized precursor peptides 3.14 and 3.16 were transformed to the 

alkyne-functionalized peptides 3.18 and 3.19, respectively, by treatment with the 

succinimidyl ester of pentyn-4-oic acid (3.17[26]). Conjugation of 3.18 and 3.19 with glycosyl 

azide 3.10 by CuAAC afforded the potential NTS1R PET ligands 3.20 and 3.21. 

Purification by preparative reversed-phase HPLC yielded the series of PET ligand 

candidates (3.11-3.13, 3.20, 3.21) with a purity of ≥ 98% (detection at 220 nm). It should 

be noted that in all synthesized NT(8-13) derivatives, tert-butylglycine (tert-leucine, Tle) 

was incorporated instead of Ile12, as this modification results in a considerable 

stabilization of the C-terminus against proteolytic degradation[12,13]. 

3.2.2 In vitro characterization 

NTS1R affinities of the precursor peptides 3.07-3.09, 3.14, 3.16, 3.18 and 3.19 as well as 

of the potential PET ligands 3.11-3.13, 3.20 and 3.21 were determined by competitive 

receptor binding experiments on human HT-29 colon carcinoma cells stably expressing the 

NTS1R, using the previously reported tritium-labeled NT(8-13) derivative [3H]UR-
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MK300[16] as radioligand. All peptides, precursors and potential PET ligands, displayed Ki 

values in the single-digit nanomolar range (Table 3.1), demonstrating that Nω-

carbamoylation at Arg8 or Arg9 and conjugation to the sugar moiety reduced the affinity 

for NTS1R only slightly, by a factor of 3-7, when compared to the NTS1R affinities of 2.02 

and 2.07. 

Table 3.1. NTS1R affinities of 2.01, 2.02, 2.07, 3.07-3.09, 3.11-3.14, 3.16 and 3.18-3.21.  

cpd. pKi ± SEM / Ki [nM]a cpd. pKi ± SEM / Ki [nM]a cpd. pKi ± SEM / Ki [nM]a 

2.01 9.49 ± 0.03 / 0.33[13] 3.09 8.13 ± 0.13 / 7.7 3.16 8.55 ± 0.03 / 2.8 

2.02 8.93 ± 0.0002 / 1.2[13] 3.11 8.34 ± 0.04 / 4.6 3.18 8.37 ± 0.11 / 4.4 

2.07 9.07 ± 0.06 / 0.88[13] 3.12 8.26 ± 0.10 / 5.8 3.19 8.12 ± 0.04 / 7.7 

3.07 8.36 ± 0.12 / 4.6 3.13 8.21 ± 0.04 / 6.2 3.20 8.60 ± 0.01 / 2.5 

3.08 8.03 ± 0.03 / 9.4 3.14 8.69 ± 0.09 / 2.2 3.21 8.39 ± 0.08 / 4.3 

aDetermined by radioligand competition binding with [3H]UR-MK300 at intact HT-29 cells 

(Kd = 0.55 nM[13], c = 1 nM; see Figures A3.1 and A3.2, Appendix). Data are given as mean values ± 

SEM (pKi) or mean values (Ki) from two (2.01, 2.02, 3.07, 3.09, 3.11, 3.13, 3.18, 3.20), three (3.08, 

3.12, 3.14, 3.16), four (2.07, 3.19) or five (3.21) independent experiments, each performed in 

triplicate. 

The stabilities in human plasma of the non-methylated peptides 3.11, 3.12, 3.14, 3.18 and 

3.20 were considerably lower compared to the methylated peptides 3.13, 3.16, 3.19 and 

3.21 (Table 3.2), showing that the proteolytic stability was significantly increased by the 

introduction of a methyl group at the amino-terminus of the peptides, as expected. The 

potential PET ligand 3.21, being most favorable with respect to in vitro stability in human 

plasma and adequate NTS1R affinity (Tables 3.1 and 3.2) was chosen as a promising 

candidate for 18F-labeling and in vivo tumor imaging studies. In this context, it is worth 

mentioning that the favored peptide 3.21 also showed excellent in vitro stability in mouse 

plasma (Table 3.2). 

Table 3.2. In vitro plasma stabilities of 3.11-3.14, 3.16 and 3.18-3.21 determined at 37 °C. 

compd. 
% intact peptide in human plasma after the given incubation timea  

10 min 25 min 1 h 2 h 6 h 24 h 48 h  

3.11 72 ± 1 24 ± 1 1.1 ± 0.1 < 1 n.d. n.d. n.d.  

3.12 86 ± 1 28 ± 1 < 1 < 1 n.d. n.d. n.d.  

3.13 n.d. n.d. n.d. > 99 > 99 > 99 96 ± 1  

3.14 50 ± 2 n.d. < 1 n.d. < 1 < 1 n.d.  

3.16 n.d. n.d. > 99 n.d. > 99 > 99 > 99  

3.18 59 ± 1 n.d. < 1 n.d. < 1 < 1 n.d.  

3.19 n.d. n.d. > 99 n.d. > 99 > 99 99 ± 1  

3.20 78 ± 1 n.d. 6.4 ± 0.1 n.d. n.d. < 1 n.d.  

3.21 n.d. n.d. > 99 n.d. > 99 > 99 99 ± 1  

compd. 
% intact peptide in mouse plasma after the given incubation timea  

10 min 25 min 1 h 2 h 6 h 24 h 48 h  

3.21 > 99 n.d. > 99 > 99 > 99 > 99 > 99  

aThe initial concentration of each peptide in human or mouse plasma/PBS (1:2 v/v) was 100 µM. 

Data represent mean values ± SEM from three independent experiments (SEM not given when no 

decomposition was observed). n.d. = not determined. 
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3.2.3 Radiosynthesis 

The nucleophilic 18F-for-tosylate substitution on triacetylated 6-O-tosyl-glucosyl azide 

with subsequent deacetylation to achieve 6-deoxy-6-[18F]fluoroglucosyl azide [18F]3.10[21] 

(Scheme 3.2) has been proven to be a reliable and robust 18F-synthesis in our laboratory, 

provided that utmost caution is given to the purity of the tosylate precursor[14,22,27]. The 

two-step radiosynthesis of [18F]3.21 required the 18F-synthesis of glycosyl azide [18F]3.10, 

which was obtained in an activity yield (AY) of 40-45% after a total synthesis time of about 

30 min, and subsequent use of alkyne 3.19 for CuAAC with [18F]3.10 in the presence of 

Cu(OAc)2, tris(3-hydroxypropyltriazolyl)methylamine (THPTA) and sodium ascorbate in 

phosphate buffer (pH 8) (Scheme 3.2). The radiochemical yield (RCY) of [18F]3.21 was 

excellent (92% after 10 min). After isolation by semipreparative HPLC (see Figure A3.4, 

Appendix), the total radiosynthesis starting from [18F]fluoride gave [18F]3.21 in high 

radiochemical purity of > 99%, molar activities of 75-130 GBq/μmol (n = 5), and an activity 

yield (AY) of 20-23% in a synthesis time of 65-70 min. 

 
Scheme 3.2. Radiosynthesis of [18F]3.21. Reagents and conditions: (I) Cu(OAc)2, THPTA, sodium 

ascorbate, phosphate buffer pH 8, 60 °C, 10 min, 92% RCY. 

3.2.4 In vitro characterization and in vivo stability in blood of [18F]3.21 

The logD7.4 of [18F]3.21 was determined to be −3.1, therefore showing high hydrophilicity, 

as expected. Accordingly, the binding of [18F]3.21 to plasma proteins in vitro was low with 

only 10% of the protein-bound fraction (Table 3.3). As determined for reference compound 

3.21 (Table 3.2), the stability of the radiotracer [18F]3.21 in human serum and plasma in 

vitro was confirmed to be high as well (Table 3.3). After 160 min, the HPLC analysis 

showed degradation products of only 2% in serum and 3% in plasma (cf. Figure A3.5, 

Appendix). In addition, the HPLC analysis of a blood sample from one mouse, taken at 

10 min p.i. of [18F]3.21, revealed 30% of intact tracer in the blood (Table 3.3). At 20 min 

p.i., no intact radiotracer was detectable in the blood anymore (cf. Figure A3.5, Appendix).  
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Table 3.3. Summary of in vitro properties and in vitro and in vivo stability of [18F]3.21 (see also 

Figure A3.5, Appendix). 

logD7.4 
Plasma protein 

binding 

Stability in human serum and 

plasma (in vitro, after 60 min) 

Stability in mouse blood 

(in vivo, 10 min p.i.) 

−3.1 ± 0.1 (n = 3) 10% 99% 30% 

 

3.2.5 In vivo characterization of [18F]3.21 

The biodistribution of [18F]3.21 was studied in subcutaneous xenotransplanted HT-29 

tumor-bearing mice. Mice were intravenously injected with [18F]3.21, dissected at 30, 60 

and 90 min p.i. and organs of interest were measured for radioactivity (Figure 3.2 and 

Table A3.3, Appendix). The highest uptake (12-16 %ID/g) was determined in the kidneys 

at all time points, indicating predominant renal clearance of [18F]3.21. The liver showed 

moderate uptake values of 4-5 %ID/g with a slow washout. The tumor uptake value was 

5 %ID/g at 30 min p.i. and about 2-3 %ID/g at later time points with excellent tumor 

retention of [18F]3.21 from 60 to 90 min p.i. The washout from blood was fast (2 %ID/g 

after 30 min to 0.4 %ID/g after 60 min and 0.1 %ID/g after 90 min) leading to high tumor-

to-blood ratios, increasing from 3 (30 min) to 30 at 90 min p.i. The tumor-to-muscle ratios 

were in the same range as the tumor-to-blood ratios (cf. Table A3.3, Appendix).  

 
Figure 3.2. Biodistribution of [18F]3.21 in HT-29-bearing nude mice at 30, 60 and 90 min p.i. Each 

bar represents the mean value ± SD as determined from four independent animals per studied time 

point. 

3.2.6 PET imaging 

HT-29 tumor-bearing mice were injected with [18F]3.21 and dynamic PET scans from 0-

60 min were conducted to verify the specific uptake of [18F]3.21 in NTS1R-positive HT-29 

tumors in vivo. Co-injections of [18F]3.21 together with 2.07 as a competitive ligand were 

performed to define unspecific tumor uptake of [18F]3.21. The highly specific uptake of 

[18F]3.21 in the tumors could be demonstrated by comparing the mean tumor uptake value 

of animals at 60 min p.i. of [18F]3.21 (3.0 ± 0.8 %ID/g, n = 8) to that of co-injected 

([18F]3.21 + 2.07) animals (1.1 ± 0.3 %ID/g, n = 4), indicating a significant 63% decrease in 

uptake in the tumor region (Figure 3.3A). The time-activity-curve for tumor uptake of 

[18F]3.21 is depicted in Figure 3.3B, showing the highest tumor uptake of [18F]3.21 of 
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4.3 ± 1.2 %ID/g at 15-20 min p.i. with a slow washout to 3.0 ± 0.8 %ID/g over time, whereas 

the unspecific uptake of [18F]3.21 was 2.5 ± 0.6 %ID/g at 15-20 min p.i. with washout to 

1.1 ± 0.3 %ID/g at 60 min p.i. (Figure 3.3B). Non-target organs, such as the kidneys, 

showed no specific uptake (Figure 3.3C).  

 
Figure 3.3. (A) Representative coronal PET image 50-60 min p.i. from a HT-29 tumor-bearing 

mouse injected with [18F]3.21 (left) and, on the following day, with [18F]3.21 together with 2.07 (100 

nmol, right). Red arrows indicate the tumor. (B), (C) Time-activity-curves of [18F]3.21 in HT-29 

tumors (B) and kidneys (C) in HT-29 tumor-bearing mice as determined by PET. Each point 

represents the mean ± SD in %ID/g from animals injected with [18F]3.21 (n = 8) and from animals 

co-injected with [18F]3.21 and 2.07 (100 nmol/animal, n = 4). 
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3.3 Discussion 

Neurotensin receptors are expressed on a variety of tumor entities and therefore have 

been identified as a target for diagnostic imaging as well as therapy of these tumors. Until 

now, a large variety of neurotensin receptor radioligands were developed, most of them 

based on the endogenous peptide neurotensin[11]. Among those, the vast majority of peptide 

tracers for PET were designed by modification and prolongation of the N-terminus of the 

respective peptide, to introduce a chelator, such as DOTA (1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid) or NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) for 

radiolabeling with 68Ga as positron emitter. 68Ga has the advantage of generally easy and 

fast radiolabeling in high yields and good availability of the radionuclide; however, 18F is 

superior regarding half-life (110 min for 18F vs. 68 min for 68Ga) and lower radiation 

exposure for the patient due to lower maximal decay energy also resulting in PET 

diagnostics with higher spatial resolution and sensitivity. A single batch of an 18F-labeled 

radiopharmaceutical can be applied to treat more patients than with a single 68Ga 

production batch. Therefore, the availability of 18F-labeled NTS1R tracers for diagnostic 

imaging by PET, especially for patients with pancreatic cancer, is important. 

To extend the existing portfolio of NTS1R ligands for PET, we aimed at developing 18F-

labeled NT(8-13) analogs by Nω-carbamoylation of Arg8 or Arg9 applying building blocks 

3.06a or 3.06b, thereby opening the possibility for regiospecific 18F-fluoroglycosylation at 

Arg8 or Arg9. It is well known that carbamoylation contributes to the molecular ageing of 

proteins in vivo and has important effects on the progression of chronic kidney disease[28]. 

For example, carbamoylation of albumin resulted in altered albumin transport in rats, 

leading to significantly increased vascular clearance[29]. Thus, we assumed that 

carbamoylation together with fluoroglycosylation could be feasible to achieve peptide 

radiotracers with fast clearance from blood and reduced renal uptake. 

From the synthesized series of carbamoylated NTS1R peptide ligands in this work, the N-

terminally methylated (Me-Arg8-containing) glycopeptides 3.13 and 3.21 showed high 

affinities towards the NTS1R in the one-digit nanomolar range together with excellent in 

vitro stabilities over 48 h. Due to the higher NTS1R affinity of 3.21 compared to 3.13, this 

glycopeptide was chosen for 18F-labeling and further evaluation in vitro and in vivo. The 

radiosynthesis of [18F]3.21 by 18F-fluoroglycosylation was straightforward with high yield 

and provided [18F]3.21 in high radiochemical purity. In vitro, [18F]3.21 showed high 

stability in human serum and plasma with almost no degradation over 160 min. The 

lipophilicity was very low (logD7.4 = −3.1), therefore, renal clearance in vivo could be 

expected, as it is common for analogs of 2.01. The binding to plasma proteins in blood was 

also low (10%), which is also expected for small hydrophilic peptides derived from 2.01. 

To date, there are very few publications on 18F-labeled peptide tracers for the NTS1R that 

demonstrate sufficient stability for in vivo experiments. Among them are [18F]3.04[14] and 

its 2-[18F]fluorodeoxy congener[15], both based on the metabolically stable sequence Pra-

NLys-Lys-Pro-Tyr-Tle-Leu, as well as the [18F]AlF2+-labeled derivative of 2.01 based on 

the sequence Ac-Lys(NOTA)-Pro-Me-Arg-Arg-Pro-Tyr-Tle-Leu ([18F]AlF-NOTA-NT)[30] (for 

comparison see Figure A3.3, Appendix). Due to the use of different animal models with 

different tumors, it appears difficult to compare the previously published 18F-labeled 

NTS1R ligands with [18F]3.21. However, the respective tumor-to-blood ratio of the tracers 
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could be considered for comparison to estimate the signal-to-background ratios of PET 

images obtained by the respective 18F-labeled NTS1R ligands. 

Compared to our previously published peptide [18F]3.04[14] (Pra(6-[18F]FGlc)-NLys8-Lys9-

Pro10-Tyr11-Tle12-Leu13, Figure 3.1A), the tumor uptake of [18F]3.21 was 3-5-fold higher 

(5 %ID/g) and [18F]3.21 revealed improved tumor retention at 60 to 90 min p.i. (2.1-

2.6 %ID/g). The initial renal uptake of [18F]3.21 was significantly reduced, however, only 

moderate washout from kidneys was observed (16-12 %ID/g from 30-90 min p.i. vs. 31-

19 %ID/g from 10-60 min p.i. for [18F]3.04[14]). The relatively low uptake in kidneys at late 

time points after injection is similar for both 6-deoxy-6-[18F]fluoroglycosyl compounds. 

This observation could be related to a role of the sodium-dependent glucose transporter 

(SGLT) in the kidney, as also described for 6-deoxy-6-fluoroglucose[31]. A large number of 

other published 6-deoxy-6-[18F]fluoroglycosylated tracers show equally low uptake in 

kidneys[32], however, the role of SGLT for the clearance of 6-deoxy-6-[18F]fluoroglycosyl 

conjugates through kidneys remains to be elucidated. 

In contrast to [18F]3.04[14], very high tumor-to-blood and tumor-to-muscle ratios were 

obtained by [18F]3.21, increasing over time after tracer injection to reach a ratio of 30 at 

90 min p.i., suggesting excellent signal-to-background ratios in PET imaging studies. It 

should be mentioned that, to our knowledge, a tumor-to-blood ratio of 30 has not been 

previously achieved with any other published 18F-labeled peptide ligand for the NTS1R. 

The PET scans of mice injected with [18F]3.21 confirmed the high-contrast tumor imaging, 

in which the tumor is very clearly delineated from the background (Figure 3.3A). The 

specificity of the tumor uptake of [18F]3.21 was proven by displacement studies with co-

injection of high-affinity and metabolically stable NTS1R ligand 2.07 together with 

[18F]3.21, demonstrating that unspecific binding of [18F]3.21 in the tumor is negligible. 

Recently, Wang et al. reported on the synthesis of [18F]AlF-NOTA-NT[30]. They introduced 

the chelator NOTA to the formerly published “NT20.3” sequence (Ac-Lys(NOTA)-Pro-Me-

Arg-Arg-Pro-Tyr-Tle-Leu) and radiolabeled it with [18F]AlF2+. The resulting [18F]AlF-

NOTA-NT showed high NTS1R affinity (IC50 = 2.6 nM). PET scans of AsPC-1 and Panc-1 

tumor-bearing mice at 1 h p.i. demonstrated specific tumor uptake with 3-4 %ID/g and 

tumor-to-muscle ratios of 7-8, which slightly decreased over 4 hours to 5-6. As mentioned 

above, a direct comparison between [18F]AlF-NOTA-NT and [18F]3.21 is difficult due to the 

use of different animal models, however, the main feature of carbamoylated peptide 

[18F]3.21 is the very high tumor-to-blood ratio of 30 at 90 min p.i., whereas the 

radiosynthesis of [18F]AlF-NOTA-NT is more straightforward. 
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3.4 Conclusion 

Taken together, we here describe the strategy to combine Nω-carbamoylation with 18F-

fluoroglycosylation for the development of new 18F-labeled NT(8-13) analogs with high 

affinity to the NTS1R, sufficient metabolic stability and high and specific uptake in NTS1R-

positive HT-29 tumors in vivo. The PET tracer [18F]3.21 has the potential to be used as 

molecular probe for PET imaging of other NTS1R-expressing tumors such as pancreatic 

adenocarcinoma. Moreover, the present study suggests that Nω-carbamoylated arginines, 

such as 3.06a, might be useful for the preparation of chelator-conjugated, 68Ga- or 177Lu-

labeled NT(8-13) analogs with higher NTS1R affinity compared to reported chelator-

bearing NTS1R ligands. 
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3.5 Experimental section 

Additional information on materials, chemicals, and additional analytical data of 

compounds (HPLC analyses, 1H- and 13C-NMR spectra) are provided in the Appendix. 

3.5.1 General procedure for SPPS 

Peptides were synthesized by manual SPPS according to a reported procedure[16] with the 

following modifications: The resin was allowed to swell in the solvent for 45 min before the 

beginning of the synthesis. Protected standard amino acids (Fmoc-Arg(Pbf)-OH, Fmoc-

Pro-OH, Fmoc-Tyr(tBu)-OH) were used in 5-fold excess, Fmoc-N-Me-Arg(Pbf)-OH was 

used in 3.5-fold excess, and Fmoc-Tle-OH was used in 5-fold excess (3.07, 3.08), 4-fold 

excess (3.09, 3.16) or 4.4-fold excess (3.14). The arginine building block 3.06a was used in 

3-fold excess and the arginine building block 3.06b was used in 2.45-fold (3.07, 3.08) or 3-

fold (3.09) excess. Amino acid coupling was performed with HBTU/HOBt/DIPEA (Fmoc-

Arg(Pbf)-OH, Fmoc-Pro-OH, Fmoc-Tyr(tBu)-OH: 4.9/5/10 equiv., Fmoc-N-Me-Arg(Pbf)-

OH: 3.45/3.5/7 equiv., Fmoc-Tle-OH: 4.9/5/10 (3.07, 3.08), 3.95/4/8 (3.09, 3.16) or 

4.35/4.4/8.8 (3.14) equiv., 3.06a: 3/3/6 equiv., 3.06b: 2.2/2.2/4.4 (3.07, 3.08) or 2.95/3/6 

(3.09) equiv.). For the coupling of Fmoc-N-Me-Arg(Pbf)-OH and the arginine building 

blocks 3.06a and 3.06b, anhydrous solvents (DMF, NMP) were used. Except for the 

arginine building blocks 3.06a and 3.06b, “double coupling” was performed (2 × 45 min or 

60 min at 35 °C). In the case of the arginine derivatives 3.06a and 3.06b, “single coupling” 

was performed with a longer reaction time (16 h at 35 °C). Peptides were cleaved off the 

resin with CH2Cl2/HFIP (4:1 v/v) (3.07, 3.08) or CH2Cl2/HFIP (3:1 v/v) (3.09, 3.14, 3.16) 

(rt, 2 × 20 min).  

3.5.2 Synthesis protocols and analytical data of compounds 3.07-3.09, 3.11-

3.14 and 3.16-3.21 

(Nω-5-Hexynylaminocarbonyl)Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tris(hydrotrifluoroacetate) (3.07). The peptide was synthesized according to the 

general procedure (resin: 43.8 mg, 0.034 mmol). The product was purified by preparative 

RP-HPLC (column: Kinetex-XB C18; gradient: 0-35 min: A2/B 92:8-47:53, tR = 22 min). 

Lyophilization of the eluate afforded peptide 3.07 as white fluffy solid (16.9 mg, 39%). 1H-

NMR (600 MHz, DMSO-d6): δ 0.81-0.95 (m, 15H), 1.40-1.65 (m, 12H), 1.65-1.77 (m, 3H), 

1.77-1.88 (m, 3H), 1.88-2.03 (m, 1H), 2.14-2.23 (td, 2H, J 6.9, 2.6 Hz), 2.64-2.73 (m, 1H), 

2.77 (t, 1H, J 2.6 Hz), 2.82-2.93 (m, 1H), 3.02-3.16 (m, 4H), 3.20-3.29 (m, 2H), 3.52-3.66 

(m, 2H), 3.78-3.94 (m, 1H), 4.16-4.25 (m, 1H), 4.28 (d, 1H, J 9.8 Hz), 4.32-4.40 (m, 1H), 

4.40-4.59 (m, 2H), 6.58-6.62 (m, 2H), 6.62-7.18 (br s, 2H, interfering with the next listed 

signal), 6.97-7.01 (m, 2H), 7.18-7.49 (br s, 2H), 7.49-7.57 (br s, 1H), 7.61 (d, 1H, J 9.3 Hz), 

7.65-7.72 (m, 1H), 7.97 (d, 1H, J 8.1 Hz), 8.03-8.30 (m, 4H), 8.30-8.56 (m, 2H), 8.67 (d, 1H, 

J 7.5 Hz), 8.96-9.18 (br s, 1H), 9.20 (s, 1H), 10.07-10.51 (br s, 1H), 12.23-12.75 (br s, 1 H). 
13C-NMR (150 MHz, DMSO-d6): δ 17.3, 21.2, 22.8, 23.5, 24.2, 24.3, 24.5, 25.2, 26.5 (3 carbon 

atoms), 28.1, 28.2, 28.3, 29.1, 34.8, 36.3, 38.6, 39.7, 40.1, 40.5, 46.8, 50.1, 50.4, 51.6, 54.2, 

59.1, 59.2, 71.4, 84.2, 114.8 (2 carbon atoms), 116.2 (TFA), 118.2 (TFA), 127.6, 130.0 (2 

carbon atoms), 153.8 (2 carbon atoms), 155.7, 156.8, 158.5 (q, J 31 Hz) (TFA), 168.3, 169.1, 

169.8, 170.5, 171.3, 173.8. HRMS (ESI): m/z [M+2H]2+ calcd. for [C45H75N13O9]2+ 470.7900, 

found 470.7912. RP‐HPLC (220 nm): > 99% (tR = 10.3 min, k = 12.2). C45H73N13O9 · 

C6H3F9O6 (940.16 + 342.07). 
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Arg-(Nω-5-hexynylaminocarbonyl)Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tris(hydrotrifluoroacetate) (3.08). The peptide was synthesized according to the 

general procedure (resin: 102.2 mg, 0.081 mmol). The product was purified by preparative 

RP-HPLC (column: Kinetex-XB C18; gradient: 0-35 min: A2/B 92:8-47:53, tR = 23 min). 

Lyophilization of the eluate afforded 3.08 as white fluffy solid (38.7 mg, 37%). 1H-NMR 

(600 MHz, DMSO-d6): δ 0.80-0.94 (m, 15H), 1.41-1.74 (m, 15H), 1.74-1.89 (m, 3H), 1.95-

2.03 (m, 1H), 2.14-2.19 (dt, 2H, J 6.8, 2.7 Hz), 2.64-2.72 (m, 1H), 2.76 (t, 1H, J 2.2 Hz), 

2.85-2.92 (m, 1H), 3.05-3.15 (m, 4H), 3.19-3.28 (m, 2H), 3.52-3.64 (m, 2H), 3.78-3.86 (m, 

1H), 4.17-4.24 (m, 1H), 4.28 (d, 1H, J 9.5 Hz), 4.28-4.39 (m, 1H), 4.43-4.57 (m, 2H), 6.59-

6.62 (m, 2H), 6.62-7.20 (br s, 2H, interfering with the next listed signal), 6.97-7.00 (m, 2H), 

7.20-7.51 (br s, 2H), 7.51-7.57 (br s, 1H), 7.63 (d, 1H, J 9.2 Hz), 7.76 (t, 1H, J 6.0 Hz), 7.94 

(d, 1H, J 7.3 Hz), 8.02-8.31 (br s, 4H), 8.33-8.57 (br s, 2H), 8.68 (d, 1H, J 7.9 Hz), 8.95-9.12 

(br s, 1H), 9.20 (s, 1H), 10.03-10.70 (br s, 1H), 12.21-12.80 (br s, 1H). 13C-NMR (150 MHz, 

DMSO-d6): δ 17.3, 21.2, 22.8, 24.08, 24.14, 24.3, 25.2, 26.5 (3 carbon atoms), 28.1, 28.2, 

28.4, 29.1, 34.7, 36.3, 38.6, 39.7, 40.1, 40.6, 46.8, 50.1, 50.3, 51.7, 54.2, 59.1, 59.2, 71.4, 

84.2, 114.8 (2 carbon atoms), 114.8, 116.1 (TFA), 118.1 (TFA), 127.6, 130.0 (2 carbon 

atoms), 153.8 (2 carbon atoms), 155.7, 156.8, 158.7 (q, J 31 Hz) (TFA), 168.3, 169.1, 169.8, 

170.5, 171.2, 173.8. HRMS (ESI): m/z [M+H]+ calcd. for [C45H74N13O9]+ 940.5727, found 

940.5724. RP‐HPLC (220 nm): > 99% (tR = 10.4 min, k = 12.7). C45H73N13O9 · C6H3F9O6 

(940.16 + 342.07). 

Nα-(Nα-Methylarginyl)-Nω-(5-hexynylaminocarbonyl)Arg-Pro-Tyr-2-tert-butyl-

Gly-Leu tris(hydrotrifluoroacetate) (3.09). The peptide was synthesized according to 

the general procedure (resin: 76 mg, 0.060 mmol). The product was purified by preparative 

RP-HPLC (column: Kinetex-XB C18; gradient: 0-35 min: A2/B 92:8-47:53, tR = 24 min). 

Lyophilization of the eluate afforded 3.09 as white fluffy solid (44 mg, 57%). 1H-NMR (600 

MHz, DMSO-d6): δ 0.80-0.94 (m, 15H), 1.41-1.77 (m, 15H), 1.77-1.88 (m, 3H), 1.95-2.04 (m, 

1H), 2.13-2.21 (m, 2H), 2.47 (s, 3H), 2.64-2.72 (m, 1H), 2.76 (t, 1H, J 2.7 Hz), 2.83-2.92 (m, 

1H), 3.05-3.16 (m, 4H), 3.19-3.29 (m, 2H), 3.52-3.65 (m, 2H), 3.71-3.82 (m, 1H), 4.18-4.25 

(m, 1H), 4.26-4.31 (m, 1H), 4.33-4.40 (m, 1H), 4.43-4.51 (m, 1H), 4.51-4.61 (m, 1H), 6.58-

6.63 (m, 2H), 6.85-7.24 (br s, 2H, interfering with the next listed signal), 6.96-7.01 (m, 2H), 

7.24-7.49 (br s, 2H), 7.53 (s, 1H), 7.63 (d, 1H, J 9.5 Hz), 7.82 (t, 1H, J 5.8 Hz), 7.94 (d, 1H, 

J 7.3 Hz), 8.19 (d, 1H, J 7.4 Hz), 8.37-8.65 (br s, 2H), 8.66-9.18 (m, 4H), 9.21 (s, 1H), 10.13-

10.63 (br s, 1H), 12.09-12.80 (br s, 1H). 13C-NMR (150 MHz, DMSO-d6): δ 17.7, 21.6, 23.1, 

24.1, 24.3, 24.6, 24.7, 25.5, 26.8 (3 carbon atoms), 27.2, 28.1, 28.4, 29.4, 31.4, 35.0, 36.5, 

38.9, 39.7, 40.0, 40.3, 40.8, 47.3, 50.5, 50.9, 54.5, 59.6, 60.1, 71.6, 84.7, 115.1 (2 carbon 

atoms), 116.4 (TFA), 118.3 (TFA), 127.9, 130.4 (2 carbon atoms), 153.8, 153.9, 155.9, 156.8, 

159.2 (q, J 32 Hz) (TFA), 167.3, 169.5, 170.2, 170.9, 171.7, 174.1. HRMS (ESI): m/z [M+H]+ 

calcd. for [C46H76N13O9]+ 954.5883, found 954.5884. RP‐HPLC (220 nm): > 99% (tR = 11.0 

min, k = 11.2). C46H75N13O9 · C6H3F9O6 (954.19 + 342.07). 

{Nω-[N-(4-{1-[6-Deoxy-6-fluoro-β-D-glucopyranosyl]-1H-1,2,3-triazol-4-

yl}butyl)aminocarbonyl]}Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tris(hydrotrifluoroacetate) (3.11). To a solution of 3.07 (3.94 mg, 2.96 μmol) and 6-

deoxy-6-fluoro-β-D-glucosyl azide (3.10) (2.45 mg, 11.8 μmol) in EtOH/PBS (1:9 v/v) (0.5 

mL) were added a 0.2 M solution of copper(II)sulfate pentahydrate (17.8 μL, 3.55 μmol) in 

EtOH/PBS (1:9 v/v) and a 0.6 M solution of sodium ascorbate (17.8 μL, 10.7 μmol) in 

EtOH/PBS (1:9 v/v). The mixture was stirred at rt for 30 min (complete consumption of 
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3.07 was verified by analytical HPLC). The product was purified by preparative RP-HPLC 

(column: Kinetex Biphenyl; gradient: 0-30 min: A1/B 93:7-76:24, tR = 21 min). 

Lyophilization of the eluate afforded 3.11 as white fluffy solid (1.53 mg, 45%). 1H-NMR 

(600 MHz, DMSO-d6): δ 0.79-0.96 (m, 15H), 1.46-1.65 (m, 12H), 1.65-1.76 (m, 3H), 1.76-

1.91 (m, 3H), 1.94-2.07 (m, 1H), 2.63-2.71 (m, 2H), 2.84-2.92 (m, 1H), 2.82-2.93 (m, 1H), 

3.05-3.16 (m, 4H), 3.23-3.28 (m, 3H), 3.40-3.47 (m, 2H), 3.50-3.66 (m, 2H), 3.67-3.78 (m, 

2H), 3.78-3.86 (m, 1H), 4.17-4.25 (m, 1H), 4.28 (d, 1H, J 9.8 Hz), 4.31-4.39 (m, 1H), 4.42-

4.66 (m, 4H), 5.35-5.51 (m, 3H), 5.57 (d, 1H, J 9.0 Hz), 6.56-6.63 (m, 2H), 6.63-7.08 (br s, 

2H, interfering with the next listed signal), 6.97-7.01 (m, 2H), 7.08-7.48 (br s, 2H), 7.52 (s, 

1H), 7.54-7.59 (m, 1H), 7.59-7.64 (d, 1H, J 9.4 Hz), 7.98 (d, 1H, J 8.1 Hz), 8.03 (s, 1H), 8-

05-8.19 (br s, 3H), 8.22 (d, 1H, J 7.5 Hz), 8.26-8.56 (br s, 2H), 8.66 (d, 1H, J 7.5 Hz), 8.91-

9.13 (br s, 1H), 9.18 (s, 1H), 9.79-10.05 (br s, 1H), 12.14-12.71 (br s, 1H). HRMS (ESI): m/z 

[M+H]+ calcd. for [C51H84FN16O13]+ 1147.6382, found 1147.6375. RP‐HPLC (220 nm): > 99% 

(tR = 8.0 min, k = 9.5). C51H83FN16O13 · C6H3F9O6 (1147.32 + 342.07). 

Arg-{Nω-[N-(4-{1-[6-deoxy-6-fluoro-β-D-glucopyranosyl]-1H-1,2,3-triazol-4-

yl}butyl)aminocarbonyl]}Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tris(hydrotrifluoroacetate) (3.12). Compound 3.12 was prepared from 3.08 (9.7 mg, 

7.57 μmol) and 3.10 (6.27 mg, 30.3 μmol) using the procedure for the preparation of 3.11. 

The product was purified by preparative RP-HPLC (column: Kinetex Biphenyl; gradient: 

0-35 min: A1/B 90:10-62:38, tR = 21 min). Lyophilization of the eluate afforded 3.12 as 

white fluffy solid (8.72 mg, 77%). 1H-NMR (600 MHz, DMSO-d6): δ 0.78-0.96 (m, 15H), 

1.44-1.76 (m, 15H), 1.76-1.91 (m, 3H), 1.94-2.06 (m, 1H), 2.63-2.68 (m, 2H), 2.84-2.93 (m, 

1H), 3.07-3.16 (m, 4H), 3.23-3.29 (m, 3H), 3.43-3.45 (m, 2H), 3.56-3.61 (m, 2H), 3.69-3.82 

(m, 3H), 4.17-4.26 (m, 1H), 4.28 (d, 1H, J 9.8 Hz), 4.31-4.38 (m, 1H), 4.44-4.66 (m, 4H), 

5.29-5.54 (m, 3H), 5.56 (d, 1H, J 9.0 Hz), 6.59-6.63 (m, 2H), 6.63-7.10 (br s, 2H, interfering 

with the next listed signal), 6.97-7.01 (m, 2H), 7.10-7.51 (br s, 2H), 7.51-7.61 (m, 2 H), 7.63 

(d, 1H, J 9.4 Hz), 7.95 (d, 1H, J 8.1 Hz), 8.03 (s, 1H), 8.06-8.19 (br s, 3H), 8.21 (d, 1H, J 7.5 

Hz), 8.29-8.62 (br s, 2H), 8.67 (d, 1H, J 7.5 Hz), 8.85-9.09 (br s, 1H), 9.17 (s, 1H), 9.73-9.97 

(br s, 1H), 12.34-12.65 (br s, 1H). HRMS (ESI): m/z [M+H]+ calcd. for [C51H84FN16O13]+ 

1147.6382, found 1147.6380. RP‐HPLC (220 nm): > 99% (tR = 8.0 min, k = 9.5). 

C51H83FN16O13 · C6H3F9O6 (1147.32 + 342.07). 

Nα-(Nα-Methylarginyl)-{Nω-[N-(4-{1-[6-deoxy-6-fluoro-β-D-glucopyranosyl]-1H-

1,2,3-triazol-4-yl}butyl)aminocarbonyl]}Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tris(hydrotrifluoroacetate) (3.13). To a solution of 3.09 (12.0 mg, 9.26 μmol) and 6-

deoxy-6-fluoro-β-D-glucosyl azide (3.10) (5.4 mg, 26.0 μmol) in EtOH/PBS (1:9 v/v) (0.5 mL) 

were added a 0.2 M solution of copper(II)sulfate pentahydrate (56.0 μL, 11.1 μmol) in 

EtOH/PBS (1:9 v/v) and a 0.6 M solution of sodium ascorbate (46.0 μL, 27.8 μmol) in 

EtOH/PBS (1:9 v/v). The mixture was stirred at rt for 30 min (complete consumption of 

3.09 was detected by analytical HPLC) and acidified by the addition of 10% aq. TFA (2.7 

μL). The product was purified by preparative RP-HPLC (column: Kinetex-XB C18; 

gradient: 0-35 min: A2/B 92:8-55:45, tR = 22 min). Lyophilization of the eluate afforded 

3.13 as white fluffy solid (9.5 mg, 68%). 1H-NMR (600 MHz, DMSO-d6): δ 0.77-0.98 (m, 

15H), 1.42-1.76 (m, 15H), 1.78-1.90 (m, 3H), 1.95-2.04 (m, 1H), 2.43-2.47 (m, 3H), 2.63-2.70 

(m, 2H), 2.82-2.94 (m, 1H), 3.04-3.17 (m, 4H), 3.21-3.29 (m, 3H), 3.41-3.46 (m, 1H), 3.51-

3.65 (m, 2H), 3.65-3.86 (m, 3H), 4.16-4.25 (m, 1H), 4.25-4.32 (m, 1H), 4.32-4.39 (m, 1H), 

4.42-4.65 (m, 4H), 5.36-5.44 (m, 2H), 5.46 (d, 1H, J 5.5 Hz), 5.56 (d, 1H, J 9.0 Hz), 6.57-
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6.66 (m, 2H), 6.69-7.13 (br s, 2H, interfering with the next listed signal), 6.97-7.01 (m, 2H), 

7.13-7.45 (br s, 2H), 7.47-7.54 (m, 1 H), 7.57-7.68 (m, 2H), 7.94 (d, 1H, J 7.0 Hz), 8.03 (s, 

1H), 8.16-8.25 (m, 1H), 8.25-8.73 (m, 3H), 8.73-9.11 (m, 4H), 9.17 (s, 1H), 9.76-10.04 (m, 

1H), 12.38-12.59 (br s, 1H). HRMS (ESI): m/z [M+H]+ calcd. for [C52H86N16O13]+ 1161.6539, 

found 1161.6534. RP‐HPLC (220 nm): 98% (tR = 8.4 min, k = 8.7). C52H85FN16O13 · C6H3F9O6 

(1161.35 + 342.07). 

Nω-[(4-Aminobutyl)aminocarbonyl]Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (3.14). The peptide was synthesized according to the 

general procedure (resin: 200 mg, 0.158 mmol). Purification by preparative RP-HPLC 

(column: Kinetex-XB C18; gradient: 0-35 min: A2/B 92:8-57:43, tR = 18 min) yielded 3.14 

as white fluffy solid (108.1 mg, 49%) with a HPLC purity of 95% (220 nm). A fraction (ca. 

13 mg) was purified again (gradient: 0-18 min: A2/B 92:8-75:25, 18-40 min: 75:25-38:62, tR 

= 19 min) yielding 3.14 with a HPLC purity of 97% (220 nm). 1H-NMR (600 MHz, DMSO-

d6): δ 0.78-0.96 (m, 15H), 1.44-1.64 (m, 12H), 1.66-1.77 (m, 3H), 1.77-1.90 (m, 3H), 1.90-

2.04 (m, 1H), 2.68 (dd, 1H, J 8.1, 14.0 Hz), 2.79 (s, 2H), 2.85-2.96 (m, 1H), 3.01-3.18 (m, 

4H), 3.26 (s, 2H), 3.51-3.64 (m, 2H), 3.84 (s, 1H), 4.14-4.25 (m, 1H), 4.28 (d, 1H, J 9.5 Hz), 

4.31-4.40 (m, 1H), 4.40-4.58 (m, 2H), 6.56-6.67 (m, 2H), 6.96-7.00 (m, 2H), 7.00-7.26 (br s, 

2H), 7.26-7.56 (br s, 2H), 7.56-7.68 (m, 2H), 7.70-7.89 (m, 4H), 7.95 (d, 1H, J 7.8 Hz), 8.10-

8.36 (m, 4H), 8.36-8.64 (m, 2H), 8.68 (d, 1H, J 7.4 Hz), 9.09 (br s, 1H), 9.17-9.38 (m, 1H), 

10.76 (br s, 1H), 12.51 (br s, 1H). 13C-NMR (150 MHz, DMSO-d6): δ 21.2, 22.8, 23.5, 24.1, 

24.3, 24.4, 24.6, 26.0, 26.5 (3 carbon atoms), 28.2, 28.3, 29.1, 34.7, 36.3, 38.5, 38.6, 39.8, 

40.1, 40.5, 46.8, 50.2, 50.4, 51.6, 54.2, 59.1, 59.2, 114.8 (2 carbon atoms), 116.1 (TFA), 118.0 

(TFA), 127.6, 130.0 (2 carbon atoms), 153.9, 153.9, 155.8, 156.9, 158.8 (q, J 32 Hz) (TFA), 

168.3, 169.2, 169.8, 170.6, 171.3, 173.8. HRMS (ESI): m/z [M+2H]2+ calcd. for 

[C43H76N14O9]2+ 466.2954, found 466.2962. RP-HPLC (220 nm): 97% (tR = 5.7 min, k = 6.5). 

C43H74N14O9・C8H4F12O8 (931.14 + 456.09). 

Nα-Methyl-Nω-[(4-aminobutyl)aminocarbonyl]Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-

Leu tetrakis(hydrotrifluoroacetate) (3.16). The N-terminally non-methylated 

precursor peptide of peptide 3.16 was synthesized according to the general procedure 

(resin: 280 mg, 0.2212 mmol). N-terminal methylation: after coupling and Fmoc-

deprotection of the last amino acid (arginine building block 3.06a), the resin was washed 

with CH2Cl2 (5 ×), a solution of 2-nitrobenzenesulfonylchloride (147 mg, 0.664 mmol) and 

collidine (147 µL, 1.11 mmol) in CH2Cl2 (4.5 mL) was added to the resin and the mixture 

was shaken at rt for 2 h. The resin was washed with DMF (5 ×), and a solution of MTBD 

(127 µL, 0.885 mmol) and 3.15 (240 mg, 1.11 mmol) in DMF (5 mL) was added. After 

shaking at rt for 30 min, the resin was washed with DMF (3 ×) followed by the addition of 

a solution of DBU (165 µL, 1.11 mmol) and 2-mercaptoethanol (154 µL, 2.21 mmol) in 

DMF (5 mL) and shaking at rt for 30 min. After washing with DMF (5 ×), the resin was 

washed with K2CO3-treated CH2Cl2 and the peptide was cleaved off the resin as described 

in the general procedure. Purification by preparative RP-HPLC (column: Kinetex-XB C18; 

gradient: 0-35 min: A2/B 86:14-67:33, tR = 15 min) afforded 3.16 as white fluffy solid (139.5 

mg, 45%). 1H-NMR (600 MHz, DMSO-d6): δ 0.76-0.96 (m, 15H), 1.41-1.88 (m, 18H), 1.91-

2.05 (m, 1H), 2.44-2.49 (m, 3H), 2.63-2.72 (m, 1H), 2.75-2.83 (m, 2H), 2.85-2.93 (m, 1H), 

3.04-3.16 (m, 4H), 3.22-3.30 (m, 2H), 3.53-3.62 (m, 2H), 3.78-3.83 (m, 1H), 4.19-4.24 (m, 

1H), 4.28 (d, 1H, J 9.5 Hz), 4.33-4.41 (m, 1H), 4.43-4.58 (m, 2H), 6.56-6.64 (m, 2H), 6.78-
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7.23 (br s, 2H, interfering with the next listed signal), 6.96-7.00 (m, 2H), 7.23-7.55 (br s, 

2H), 7.55-7.69 (m, 2H), 7.69-8.03 (m, 5H), 8.22 (d, 1H, J 7.6 Hz), 8.31-8.71 (m, 2H), 8.71-

9.46 (m, 5H), 10.54-10.86 (m, 1H), 12.49 (br s, 1H). 13C-NMR (150 MHz, DMSO-d6): δ 21.2, 

22.8, 23.4, 24.2, 24.3, 24.4, 24.6, 26.0, 26.5 (3 carbon atoms), 26.9, 28.1, 29.1, 31.1, 34.8, 

36.3, 38.5, 38.6, 39.8, 40.1, 40.4, 46.8, 50.2, 50.6, 54.2, 59.1, 59.2, 59.8, 114.8 (2 carbon 

atoms), 116.0 (TFA), 117.9 (TFA), 127.6, 130.0 (2 carbon atoms), 153.9 (2 carbon atoms), 

155.8, 156.9, 158.7 (q, J 32 Hz) (TFA), 166.9, 169.0, 169.8, 170.5, 171.2, 173.8. HRMS 

(ESI): m/z [M+2H]2+ calcd. for [C44H78N14O9]2+ 473.3033, found 473.3038. RP-HPLC (220 

nm): 98% (tR = 5.8 min, k = 6.6). C44H76N14O9・C8H4F12O8 (945.18 + 456.09). 

4-Pentynoic acid succinimidyl ester (3.17)[26]. 4-Pentynoic acid (2 g, 20.4 mmol) and 

N-hydroxysuccinimide (2.35 g, 20.4 mmol) were suspended in anhydrous CH2Cl2 (200 mL) 

under argon atmosphere, the mixture was cooled in an ice bath, and DCC (4.21 g, 20.4 

mmol) was added under stirring. After 1 h, the ice bath was removed and stirring was 

continued at rt overnight. The white solid was separated by filtration and washed with 

CH2Cl2. The filtrate and the washings were combined, the volatiles were removed under 

reduced pressure, and the residue was subjected to crystallization (CH2Cl2/diethyl ether) 

to afford 3.17 as a colorless needle-like crystalline solid (1.31 g, 33%). The mother liquor 

was subjected to column chromatography (n-Hex/EtOAc 3:1-1:1) to obtain the residual 

product 3.17 as white solid (1.76 g, 44%). TLC: (light petroleum/EtOAc 1:1 v/v): Rf = 0.5. 
1H-NMR (300 MHz, CDCl3): δ 2.04 (t, 1H, J 2.7 Hz), 2.57-2.63 (m, 2H), 2.83 (s, 4H), 2.84-

2.90 (m, 2H). 13C-NMR (100 MHz, DMSO-d6): δ 13.4, 25.4, 29.6, 72.2, 82.0, 167.6, 170.1. 

HRMS (ESI): m/z [M+H]+ calcd. for [C9H10NO4]+ 196.0604, found 196.0605. C9H9NO4 

(195.17).  

{Nω-[N-(4-Pent-4-ynoylaminobutyl)aminocarbonyl]}Arg-Arg-Pro-Tyr-2-tert-

butyl-Gly-Leu tris(hydrotrifluoroacetate) (3.18). A solution of 3.17 (3.95 mg, 20.3 

μmol) in anhydrous DMF was added to a stirred solution of compound 3.14 

tetrakis(hydrotrifluoroacetate) (42.15 mg, 30.4 μmol) and DIPEA (41.4 μL, 0.243 mmol) in 

anhydrous DMF/NMP (75:25 v/v) (250 μL) and stirring was continued at rt for 30 min. The 

mixture was acidified by addition of 10% aq. TFA (240 μL) and the product was purified 

by preparative RP-HPLC (column: Kinetex-XB C18; gradient: 0-35 min: A2/B 92:8-55:45, 

tR = 23 min). Lyophilization of the eluate afforded 3.18 as white fluffy solid (16.2 mg, 59%). 
1H-NMR (600 MHz, DMSO-d6): δ 0.80-0.93 (m, 15H), 1.35-1.46 (m, 4H), 1.46-1.64 (m, 8H), 

1.64-1.76 (m, 3H), 1.76-1.90 (m, 3H), 1.94-2.04 (m, 1H), 2.22-2.28 (m, 2H), 2.32-2.37 (dt, 

2H, J 7.2, 2.8 Hz), 2.64-2.71 (m, 1H), 2.74 (t, 1H, J 2.8 Hz), 2.85-2.92 (m, 1H), 3.01-3.16 

(m, 6H), 3.22-3.28 (br s, 2H), 3.48-3.67 (m, 2H), 3.77-3.86 (m, 1H), 4.18-4.24 (m, 1H), 4.28 

(d, 1H, J 9.5 Hz), 4.31-4.39 (m, 1H), 4.42-4.54 (m, 2H), 6.57-6.65 (m, 2H), 6.65-7.11 (br s, 

2H, interfering with the next listed signal), 6.97-7.01 (m, 2H), 7.11-7.46 (br s, 2H), 7.50 (s, 

1H), 7.55-7.67 (m, 2H), 7.88 (t, 1H, J 5.6 Hz), 7.98 (d, 1H, J 8.0 Hz), 8.04-8.28 (m, 4H), 

8.29-8.56 (m, 2H), 8.59-8.73 (d, 1H, J 7.4 Hz), 8.99-9.12 (br s, 1H), 9.12-9.23 (m, 1H), 9.89-

10.15 (br s, 1H), 12.35-12.61 (br s, 1H). HRMS (ESI): m/z [M+2H]2+ calcd. for 

[C48H80N14O10]2+ 506.3085, found 506.3097. RP‐HPLC (220 nm): 96% (tR = 8.5 min, k = 

10.2). C48H78N14O10 · C6H3F9O6 (1011.24 + 342.07). 
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Nα-Methyl-{Nω-[N-(4-pent-4-ynoylaminobutyl)aminocarbonyl]}Arg-Arg-Pro-Tyr-

2-tert-butyl-Gly-Leu tris(hydrotrifluoroacetate) (3.19). A solution of 3.17 (1.96 mg, 

10.1 μmol) in anhydrous DMF was added to a stirred solution of compound 3.16 

tetrakis(hydrotrifluoroacetate) (11.7 mg, 8.38 μmol) and DIPEA (11.6 μL, 67.1 µmol) in 

anhydrous DMF/NMP (75:25 v/v) (68.9 µL) and stirring was continued at rt for 75 min. 

The mixture was acidified by addition of 10% aq. TFA (67.1 µL) and the product was 

purified by preparative RP-HPLC (column: Kinetex-XB C18; gradient: 0-35 min: A2/B 

92:8-57:43, tR = 21 min). Lyophilization of the eluate afforded 3.19 as white fluffy solid 

(10.3 mg, 90%). 1H-NMR (600 MHz, DMSO-d6): δ 0.81-0.93 (m, 15H), 1.32-1.89 (m, 19H), 

1.96- 2.04 (m, 1H), 2.22-2.26 (m, 2H), 2.33-2.36 (m, 2H), 2.46-2.48 (m, 3H), 2.63-2.72 (m, 

1H), 2.84-2.93 (m, 1H), 3.02-3.12 (m, 6H), 3.24-3.27 (m, 2H), 3.55-3.63 (m, 2H), 3.76-3.86 

(m, 1H), 4.17-4.25 (m, 1H), 4.26-4.30 (m, 1H), 4.32-4.41 (m, 1H), 4.42-4.60 (m, 2H), 6.55-

6.65 (m, 2H), 6.65-7.17 (br s, 2H, interfering with the next listed signal), 6.97-7.01 (m, 2H), 

7.17-8.04 (m, 6H), 8.04-8.69 (m, 3H), 8.69-9.33 (m, 5H), 9.79-10.07 (m, 1H), 12.20-12.81 (br 

s, 1H). 1 exchangeable proton (NH, OH) of the presumably 3-fold protonated molecule 

could not be identified. HRMS (ESI): m/z [M+2H]2+ calcd. for [C49H82N14O10]2+ 513.3164, 

found 513.3174. RP‐HPLC (220 nm): 99% (tR = 8.8 min, k = 10.6). C49H80N14O10 · C6H3F9O6 

(1025.27 + 342.07). 

(Nω-{N-[4-(3-{1-[6-deoxy-6-fluoro-β-D-glucopyranosyl]-1H-1,2,3-triazol-4-

yl}propanoyl)aminobutyl]aminocarbonyl})Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tris(hydrotrifluoroacetate) (3.20). Compound 3.20 was prepared from 3.18 (3.6 mg, 2.6 

μmol) and 3.10 (2.2 mg, 10.6 μmol) using the procedure for the preparation of 3.11. The 

product was purified by preparative RP-HPLC (column: Kinetex Biphenyl; gradient: 0-35 

min: A1/B 90:10-62:38, tR = 20 min). Lyophilization of the eluate afforded 3.20 as white 

fluffy solid (0.81 mg, 25%). HRMS (ESI): m/z [M+H]+ calcd. for [C54H89FN17O14]+ 

1218.6753, found 1218.6737. RP‐HPLC (220 nm): > 99% (tR = 7.6 min, k = 9.0). 

C54H88FN17O14 · C6H3F9O6 (1218.40 + 342.07). 

Nα-Methyl-(Nω-{N-[4-(3-{1-[6-deoxy-6-fluoro-β-D-glucopyranosyl]-1H-1,2,3-triazol-

4-yl}propanoyl)aminobutyl]aminocarbonyl})Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-

Leu tris(hydrotrifluoroacetate) (3.21). A solution of 3.10 (1.4 mg, 6.75 μmol) in 

EtOH/PBS (1:9 v/v) (114 µL) and a solution of 3.19 (3.6 mg, 2.6 μmol) in NMP (108 µL) 

were combined. A 1 M solution of copper(II)sulfate pentahydrate (3.1 μL, 3.12 μmol) in 

PBS and a 1 M solution of sodium ascorbate (7.8 μL, 7.79 μmol) in PBS were added and 

the mixture was stirred at rt for 30 min. After acidification by addition of 10% aq. TFA (1 

μL) the product was purified by preparative RP-HPLC (column: Gemini-NX C18; gradient: 

0-35 min: A2/B 81:19-62:38, tR = 11 min). Lyophilization of the eluate afforded 3.21 as 

white fluffy solid (3.2 mg, 79%). 1H-NMR (600 MHz, DMSO-d6): δ 0.80-0.96 (m, 15H), 1.34-

1.44 (m, 4H), 1.44-1.90 (m, 14H), 1.93-2.06 (m, 1H), 2.40-2.49 (m, 5H), 2.63-2.71 (m, 1H), 

2.80-2.93 (m, 3H), 2.97-3.18 (m, 6H), 3.20-3.28 (m, 3H), 3.40-3.44 (m, 1H), 3.51-3.65 (m, 

2H), 3.67-3.85 (m, 3H), 4.17-4.24 (m, 1H), 4.28 (d, 1H, J 9.4 Hz), 4.33-4.40 (m, 1H), 4.43-

4.65 (m, 4H), 5.38-5.48 (m, 2H), 5.57 (d, 1H, J 9.3 Hz), 6.58-6.63 (m, 2H), 6.63-7.16 (br s, 

2H, interfering with the next listed signal), 6.97-7.01 (m, 2H), 7.16-7.78 (m, 4H), 7.78-8.11 

(m, 3H), 8.12-8.59 (m, 3H), 8.61-9.36 (m, 4H), 9.88 (br s, 1H), 12.49 (br s, 1H). 3 

exchangeable protons (NH, OH) of the 3-fold protonated molecule could not be identified. 

HRMS (ESI): m/z [M+H]+ calcd. for [C55H91FN17O14]+ 1232.6910, found 1232.6919. RP‐

HPLC (220 nm): 98% (tR = 7.6 min, k = 9.0). C55H90FN17O14 · C6H3F9O6 (1232.43 + 342.07). 
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3.5.3 Radioligand competition binding assay 

Radioligand competition binding experiments with [3H]UR-MK300 at hNTS1R-expressing 

intact human HT-29 colon carcinoma cells (grown in antibiotic-free RPMI medium 

supplemented with 7.5% FCS) were performed at 23 ± 1 °C as described previously[16]. The 

latest determination of the Kd value of [3H]UR-MK300 in this assay yielded a Kd of 0.55 ± 

0.03 nM (mean value ± SEM from two independent determinations performed in 

triplicate)[13]. Unspecific binding was subtracted from total binding to obtain specific 

binding. Data analysis was performed by plotting % specifically bound radioligand (100% 

= specifically bound radioligand in the absence of competitor) over log(concentration of 

competitor) followed by a four-parameter logistic fit (SigmaPlot 12.5, Systat Software). 

Resulting pIC50 values were converted to IC50 values and Ki values were calculated from 

the IC50 values according to the Cheng-Prusoff equation[33] using a Kd value of 0.55 nM. 

The Ki values from individual experiments were transformed to pKi values, followed by 

the calculation of mean pKi values ± SEM. 

3.5.4 Investigation of the stability of 3.11-3.14, 3.16 and 3.18-3.21 in human 

plasma 

The metabolic stabilities of 3.11-3.14, 3.16 and 3.18-3.21 (cf. Table 3.2) were investigated 

in human blood plasma/PBS (136.9 mM NaCl, 2.68 mM KCl, 5.62 mM Na2HPO4, 1.09 mM 

NaH2PO4 and 1.47 mM KH2PO4) pH 7.4 (1:2, v/v) according to a described procedure[13] 

with the following modifications: 5 mM stock solutions in EtOH/0.04% aq TFA (30:70 v/v) 

(3.11-3.13), MeCN/0.025% aq TFA (30:70 v/v) (3.14), MeCN/0.04% aq TFA (30:70 v/v) 

(3.16, 3.19 and 3.21) or EtOH/H2O (40:60 v/v) (3.18, 3.20) were used for the addition of the 

peptides to plasma/PBS (1:2 v/v). As the RP-HPLC purity of 1-Methyl-D-Trp (internal 

standard, IS) was < 95% (data not shown), the compound was purified by preparative 

HPLC to give a purity of > 99%. The concentration of the peptides in plasma/PBS (1:2 v/v) 

was 80 and 4 µM (recovery determination) or 100 µM (stability tests). The obtained 

recoveries and the recovery ratios (peptide/internal standard) are summarized in Table 

A3.1 (Appendix). Data analysis was based on UV detection at 220 nm. Additionally, the 

stability of compound 3.21 was investigated in mouse plasma/PBS (1:2 v/v) using the same 

procedure as described above for human plasma. Mouse plasma was obtained by the 

collection of blood from anesthetized mice via cardiac puncture using a syringe that was 

rinsed with sodium heparin (25000 I.E., Ratiopharm, Ulm, Germany). The heparinized 

blood was transferred into a 2-mL reaction vessel, followed by centrifugation (1,200 × g, 

4 °C, 10 min). The supernatants were pooled, centrifuged again (1,200 × g, 4 °C, 10 min), 

the plasma was aliquoted and stored at −80 °C. The concentration of 3.21 in plasma/PBS 

(1:2 v/v) was 80 and 4 μM (recovery determination) or 100 μM (stability tests). The 

obtained recoveries and the recovery ratios (3.21/IS) are summarized in Table A3.2 

(Appendix). Data analysis was based on UV detection at 220 nm. 

3.5.5 Radiosynthesis of [18F]3.21 

The 18F-labeled glycosyl azide 6-deoxy-6-[18F]fluoroglucosyl azide ([18F]3.10) was prepared 

and used for the following CuAAC as described previously with slight modifications[21]. In 

brief, [18F]fluoride was eluted from a Sep-Pak® Light (46 mg) AccellTM Plus QMA carbonate 

cartridge with a solution of Kryptofix® 2.2.2 (10 mg), potassium carbonate (0.1 M, 17.5 μL), 

KH2PO4 (0.1 M, 17.5 μL) in water (165 μL) and acetonitrile (800 μL). After azeotropic 
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drying, the tosyl-precursor 2,3,4-tri-O-acetyl-6-O-tosylglucosyl azide (9 mg, 19 μmol) in 

anhydrous acetonitrile (450 μL) was added and the mixture was stirred at 85 °C for 5 min. 

The product 2,3,4-tri-O-acetyl-6-deoxy-6-[18F]fluoroglucosyl azide was isolated by semi-

preparative HPLC (column: Kromasil C8, 125 × 8 mm, gradient: 0-30 min: A1/0.1% TFA 

in MeCN 70:30-30:70, tR = 9.6 min) followed by SPE (Sep-Pak® light C18 cartridge, 

Waters). Starting from 1000 MBq [18F]fluoride, this procedure yielded 400-450 MBq of 

2,3,4-tri-O-acetyl-6-deoxy-6-[18F]fluoroglucosyl azide (40-45 % activity yield (AY)) after a 

total synthesis time of about 30 min. For subsequent CuAAC, deacetylation was achieved 

by treatment with NaOH (60 mM, 270 µL) for 5 min at 60 °C to afford [18F]3.10, and a 

mixture of Cu(OAc)2 (4 mM, 10 µL), THPTA (20 mM, 10 µL), sodium ascorbate (100 mM, 

10 µL) and alkyne 3.19 (10 mM, 5 µL) in sodium phosphate buffer (0.5 M, pH 8.0, 270 µL) 

was added. After stirring for 10 min at 60 °C the radiochemical yield of [18F]3.21 was 92% 

as determined by radio-HPLC (column: Chromolith RP-18, 100 × 4.6 mm, gradient: 0-

5 min: A1/0.1% TFA in MeCN 90:10-50:50, tR = 2.97 min). The mixture was diluted with 

aqueous TFA (0.1%, 400 µL) and the product was isolated by semipreparative HPLC 

(column: Kromasil C8, 125 × 8 mm; gradient: 0-20 min: A1/0.1% TFA in MeCN 85:15-

50:50, tR = 7.2 min; see Figure A3.4, Appendix). The product fraction was diluted with 

water (15 mL) and passed through an RP-18 cartridge (SepPak® light C18, Waters). The 

product was eluted with ethanol (1 mL). For all further experiments, the ethanol was 

evaporated in vacuo and the tracer was formulated with saline (0.9%). Starting from 

[18F]fluoride (600-1000 MBq), [18F]3.21 was obtained in an AY of 20-23% (referred to 

[18F]fluoride) in a total synthesis time of 65-70 min in molar activities of 75-130 GBq/μmol 

(n = 5). 

3.5.6 In vitro characterization of [18F]3.21 by determination of logD7.4, 

stability in human serum and plasma, and binding to plasma 

proteins 

All experiments were performed as described before[34]. In brief, the logD7.4 value was 

determined via an octanol/water partition assay and provided as mean value ± SD from 

three independent experiments, each performed in triplicates. The stability of [18F]3.21 

was determined by analytical radio-HPLC from human serum and human plasma samples 

(see Figure A3.5, Appendix). The percentage of binding of [18F]3.21 to human plasma 

proteins was determined by spin-column chromatography using MicroSpinTM G-50 

columns (Cytiva, Amersham) and averaged in triplicate experiments. 

3.5.7 Tumor model 

All mouse experiments were approved by the local animal protection authorities 

(Government of Central Franconia, Germany, no. 55.2-2532-2-279), were carried out in 

compliance with the ARRIVE guidelines and performed in accordance with the relevant 

institutional guidelines and EU regulations. Mice were maintained in groups in an IVC 

recovery unit (25 ± 1 °C, Tecniplast S.p.A, Italy) with autoclaved bedding, food, and water 

on a daily 12 h light/dark cycle. Female nude mice (8-10 weeks old, Crl:NMRI-Foxn1nu, 

Charles River) were used for animal studies and were kept under pathogen-free conditions 

at the Franz-Penzoldt-Zentrum (Friedrich-Alexander University Erlangen-Nürnberg). A 

cell suspension of HT-29 cells (2 × 106) in PBS (100 µL) was injected in the upper back of 
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each mouse. After 2 weeks the tumors were between 5-8 mm in diameter and the mice 

were used for biodistribution or PET studies. 

3.5.8 Biodistribution in HT-29 tumor-bearing nude mice 

The tumor-bearing mice were anesthetized with O2/isoflurane (3-4% isoflurane, 0.8 L/min 

O2). Subsequently, the body weight and tumor size were determined, and the mice were 

laid on a heating pad (37 °C). About 1-3 MBq [18F]3.21 (in 100 μL NaCl (0.9%) were 

injected via the tail vein. After 30, 60 or 90 min the mice (n = 4 for each time point) were 

euthanized by cervical dislocation under deep isoflurane anesthesia and the following 

organs/tissues of the mice were removed, weighed, and radioactivity counted in the γ-

counter (Wallac Wizard, PerkinElmer): blood, lung, liver, heart, spleen, kidney, HT-29 

tumor, brain, intestine, pancreas, duodenum, muscle, and femur. The results were 

presented as the percentage of injected dose per gram organ (%ID/g), and tumor-to-organ 

ratios were calculated thereof. All measurements were corrected for decay.  

3.5.9 Small-animal PET imaging 

The HT-29 tumor-bearing mice (n = 4) were anesthetized using O2/isoflurane (3-4% 

isoflurane, 0.8 L/min O2) and laid on a heating pad (37 °C). Venous access was laid into 

the tail vein of the animals, and the cannula was fixed by an instant adhesive on the tail 

and the mice were transferred to the PET scanner. A dynamic PET scan was started from 

0 to 60 min after injection of [18F]3.21 (2.5-2.9 MBq, 100 μL). Blocking experiments were 

performed on the following day with the same mice. For this purpose, the mice were 

injected with radiotracer together with 2.07 (100 nmol per mouse) and also scanned from 

0-60 min after injection. After iterative maximum a posteriori image reconstruction of the 

decay and attenuation-corrected images, regions of interest (ROIs) were drawn over the 

tumors using the software PMOD (PMOD Technologies LLC, Switzerland). The 

radioactivity concentration within the regions was obtained from the mean value within 

the multiple ROIs and then converted to percentage of injected dose per gram organ 

(%ID/g). 

3.5.10  Stability in mouse blood 

Two NMRI mice were anesthetized with isoflurane and injected with [18F]3.21 (7-8 MBq) 

into the tail vein. One mouse was sacrificed by cervical dislocation after 10 min, the other 

mouse after 20 min, and approximately 100 μL blood were collected from the abdomen and 

transferred into Li-heparinized Microvettes® (100 LH, Sarstedt) and the Microvette® was 

centrifuged (2,000 × g, 5 min). The supernatant was transferred in a reaction vial and the 

same volume of aqueous TFA (10%) was added. The vial was centrifuged (20,000 × g, 

5 min) and a sample of the resulting supernatant (100 μL) was analyzed by radio-HPLC 

(column: Chromolith RP-18e, 100 × 4.6 mm, gradient: 0-5 min: A1/0.1% TFA in MeCN 

90:10-50:50). 
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3.7 Appendix 

3.7.1 General experimental conditions 

If not otherwise stated, solvents and buffer components, purchased from commercial 

suppliers, were of analytical grade. Gradient grade MeOH for HPLC was obtained from 

Merck (Darmstadt, Germany) and gradient grade acetonitrile for HPLC was from Sigma-

Aldrich (Taufkirchen, Germany). Diethyl ether was from Fisher Chemicals 

(Loughborough, United Kingdom), EtOAc was from VWR Chemicals (Ismaning, 

Germany), and N,N-Diisopropylethylamine (DIPEA, 99%) was from ABCR (Karlsruhe, 

Germany). Anhydrous N,N-Dimethylformamide (DMF) (99.8%), n-hexane, 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-en (MTBD), 

methyl-4-nitrobenzenesulfonate (3.15), 2-mercaptoethanol, N-hydroxysuccinimide, N,N′-

dicyclohexylcarbodiimide (DCC), sodium L-ascorbate and 1-methyl-D-Trp were purchased 

from Sigma-Aldrich. DMF (for peptide synthesis, packed under nitrogen, code 

D/3848/PB17), 1-methyl-2-pyrrolidone (NMP) (for peptide synthesis, nitrogen flushed), 

anhydrous NMP (99.5%), CH2Cl2 and 1-hydroxy-1H-benzotriazole (HOBt) hydrate were 

obtained from Acros Organics/Fisher Scientific (Nidderau, Germany). Trifluoroacetic acid 

and absolute EtOH were purchased from Honeywell (Seelze, Germany). 4-Pentynoic acid, 

collidine, 2-nitrobenzenesulfonylchloride and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) 

were from Alfa Aesar/ThermoFisher (Heysham, Great Britain). Piperidine and N,N,N′,N′-

tetramethyl-O-(1H-benzotriazole-1-yl)-uronium hexafluorophosphate (HBTU) were from 

Iris Biotech (Marktredwitz, Germany). Deuterated solvents were obtained from Deutero 

(Kastellaun, Germany). Bovine serum albumin (BSA) was purchased from Serva 

(Heidelberg, Germany). Ammonium acetate (98%) and copper(II)sulfate pentahydrate 

were from Merck. H-Leu-2-ClTrt resin (loading: 0.79 mmol/g), Fmoc-N-Me-Arg(Pbf)-OH, 

Fmoc-Pro-OH, Fmoc-Tle-OH (Fmoc-α-tert-butylglycine)) were purchased from Merck 

Biosciences (Schwalbach am Taunus, Germany). Fmoc-Arg(Pbf)-OH and Fmoc-Tyr(tBu)-

OH were obtained from Iris Biotech. Peptide 1 (tris(hydrotrifluoroacetate)) was purchased 

from SynPeptide (Shanghai, China). Succinimidyl pentynoate (3.17)[1] and 6-deoxy-6-

fluoro-β-D-glucosyl azide (3.10)[2] were prepared according to described procedures. 

Millipore water was used throughout for the preparation of buffers, stock solutions and 

HPLC eluents. 1.5- and 2-mL polypropylene reaction vessels with screw cap (in the 

following referred to as “reaction vessel with screw cap”) from Süd-Laborbedarf (Gauting, 

Germany) were used for the preparation and storage of stock solutions, and for small-scale 

reactions. 1.5- or 2-mL polypropylene reaction vessels (in the following referred to as 

“reaction vessel”) from Sarstedt (Nümbrecht, Germany) were used for the preparation of 

diluted solutions, and for the investigation of stabilities in plasma. For the evaporation of 

solvents in 1.5- or 2-mL reaction vessels, a Savant Speed-Vac Plus SC110A vacuum 

concentrator (Thermo Fischer Scientific, Waltham, MA) was used. NMR spectra were 

recorded on a Bruker Avance 600 instrument (1H: 600 MHz, T = 300 K, 13C: 151 MHz, T = 

300 K), a Bruker Avance 400 instrument (1H: 400 MHz, T = 300 K, 13C: 101 MHz, 

T = 300 K) or a Bruker Avance 300 instrument (1H: 300 MHz, T = 300 K, 13C: 75 MHz, 

T = 300 K) (Bruker, Karlsruhe, Germany). The spectra were calibrated based on the 

solvent residual peaks (1H-NMR: CDCl3: δ = 7.26 ppm, DMSO-d6: δ = 2.50 ppm; 13C-NMR: 

DMSO-d6: δ = 39.50 ppm). 1H-NMR data are reported as follows: chemical shift δ in ppm 

(multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br s = broad 
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singlet), integral, coupling constant J in Hz). Thin layer chromatography was performed 

on Merck silica gel 60 F254 TLC aluminum plates. High resolution mass spectra (HRMS) 

were acquired with an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS system coupled 

to an Agilent 1290 HPLC system (Agilent Technologies, Santa Clara, CA), using an ESI 

source. Analyses were performed using the following LC method: column: Luna Omega 

C18, 1.6 μm, 50 × 2.1 mm (Phenomenex, Aschaffenburg, Germany), column temperature: 

40 °C, flow: 0.6 mL/min, solvent/linear gradient: 0-4 min: 0.1% aq HCOOH/0.1% HCOOH 

in MeCN 95:5-2:98, 4-5 min: 2:98. Preparative HPLC was performed with a system from 

Knauer (Berlin, Germany) consisting of two K-1800 pumps and a K-2001 detector. A 

Kinetex-XB C18, 5 μm, 250 mm × 21 mm (Phenomenex), a Kinetex Biphenyl, 5 μm, 

250 mm × 21 mm (Phenomenex) or a Gemini-NX C18, 5 μm, 250 mm × 21 mm 

(Phenomenex) served as RP-columns at a flow rate of 20 mL/min. Mixtures of 0.1% aq TFA 

(A1) and acetonitrile (B), or 0.2% aq TFA (A2) and B were used as mobile phase. A 

detection wavelength of 220 nm was used throughout. Collected fractions were lyophilized 

using an Alpha 2-4 LD apparatus (Martin Christ, Osterode am Harz, Germany) or a 

Scanvac CoolSafe 100-9 freeze-dryer (Labogene, Allerød, Denmark) both equipped with a 

vacuubrand RZ 6 rotary vane vacuum pump. Analytical HPLC analysis of compounds 

3.07-3.09, 3.11-3.14, 3.16 and 3.18-3.21 was performed with a system from Agilent 

Technologies consisting of a 1290 Infinity binary pump equipped with a degasser, a 1290 

Infinity Autosampler, a 1290 Infinity Thermostated Column Compartment, a 1260 

Infinity Diode Array Detector and a 1260 Infinity Fluorescence Detector. A Kinetex-XB 

C18, 2.5 μm, 100 × 3 mm (Phenomenex) served as stationary phase at a flow rate of 

0.6 mL/min. The oven temperature was set to 25 °C. Mixtures of 0.04% aq TFA (A3) and 

B were used as mobile phase. The following linear gradient was applied: 0-12 min: A3/B 

90:10-70:30, 12-16 min: 70:30-5:95, 16-20 min: 5:95. The injection volume was 20 μL. UV 

detection was performed at 220 nm and fluorescence detection at 275/305 nm. Retention 

(capacity) factors k were calculated from the retention times tR according to k = (tR – t0)/t0 

(t0 = dead time). Synthesized peptides were characterized by 1H- and 13C-NMR 

spectroscopy, HRMS, and RP-HPLC analysis. Additionally, 1H-COSY NMR spectra were 

acquired of peptides 3.07-3.09, 3.14, 3.16, 3.19 and 3.21. The purity of all final compounds, 

determined by RP-HPLC (220 nm), was ≥ 96%. 

Annotation concerning the 1H-NMR spectra (solvent: DMSO-d6): in order to allow an 

integration of the signals interfering with the broad water signal at ca 3.5 ppm, 1H-NMR 

spectra were additionally recorded in DMSO-d6/D2O (10:1 or 4:1 v/v) (spectra and data not 

shown). 

Radio-HPLC was performed on an Agilent 1100 system (Agilent Technologies) with a 

quaternary pump and variable wavelength detector and radio-HPLC detector HERM LB 

500 (Berthold Technologies, Germany). No-carrier-added [18F]fluoride was produced 

through the 18O(p,n)18F reaction on a PETtrace 800 cyclotron (General Electric, Uppsala, 

Sweden) using H2[18O]O as the target at the Universitätsklinikum Würzburg (Klinik und 

Poliklinik für Nuklearmedizin, Experimentelle Nuklearmedizin, Radiopharmazie/PET-

Zentrum, Prof. Samuel Samnick) and transported by road to Erlangen. 
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3.7.2 Figures A3.1-A3.5 and Tables A3.1-A3.3 

 
Figure A3.1. Structure of the tritium-labeled NT(8-13)-derived radioligand [3H]UR-MK300 used 

for NTS1R competition binding studies (reported Kd = 0.51 nM)[3]. 

 

 
Figure A3.2. Radioligand displacement curves from competition binding experiments with 

[3H]UR-MK300 (Kd = 0.55 nM, c = 1 nM) and 3.07-3.09, 3.11-3.14, 3.16 or 3.18-3.21 at intact 

hNTS1R-expressing HT-29 cells. Amino-functionalized precursor peptides are represented by 

squares, alkyne-functionalized peptides are represented by circles, and compounds conjugated to 

the sugar moiety are represented by triangles. Data represent mean values ± SEM from at least 

two independent experiments (performed in triplicate). 
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Figure A3.3. Structures of the NT(8-13)-derived NTS1R PET ligands [18F]3.04[4] and [18F]3.21 (this 

work), both conjugated to an 18F-labeled 6-deoxy-6-fluoroglucosyl moiety, and the NT(6-13)-derived 

[18F]AlF-NOTA-NT[5], containing 18F−, non-covalently bound to Al3+ in the NOTA chelator. 
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Figure A3.4. (A) Semipreparative HPLC run for isolation of [18F]3.21 (column: Kromasil C8, 

125 × 8 mm; gradient: 0-20 min: A1/0.1% TFA in MeCN 85:15-50:50, tR ([18F]3.21) = 7.2 min; note: 

tR (3.19) > 9 min, not recorded). (B) HPLC analysis of glycopeptide 3.21 compared to the alkyne 

precursor 3.19 revealed that 3.19 is more lipophilic than 3.21 (column: Chromolith RP-18, 100 × 

4.6 mm, flow: 4 mL/min, gradient: 0-5 min: A1/0.1% TFA in MeCN 90:10-50:50, tR (3.21) = 3.0 min, 

tR (3.19) = 3.3 min; detection at 214 nm). 

[18F]3.21

3.21

3.19
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Figure A3.5. Radiochemical purity and stability in vitro and ex vivo (after i.v. injection) of [18F]3.21. 

Column: Chromolith RP-18, 100 × 4.6 mm, flow: 4 mL/min, gradient: 0-5 min: A1/0.1% TFA in 

MeCN 90:10-50:50. 

 

 

 

 

 

 

 

 

 

of [18F]3.21
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Table A3.1. Recoveries of peptides 3.11-3.14, 3.16 and 3.18-3.21 from human plasma/PBS (1:2 v/v) 

and ratios of peptide-recovery over recovery of IS. 

Compd. 

Peptide concentration 80 µM Peptide concentration 4 µM 

recovery 

peptide (%)a 

recovery  

IS (%)a 
ratiob 

recovery 

peptide (%)a 

recovery  

IS (%)a 
ratiob 

3.11 94 

91 

97 

89 

92 

107 

99 

109 

97 

101 

0.88 

0.92 

0.89 

0.92 

0.91  

(0.90 ± 0.01) 

94 

89 

94 

91 

104 

99 

100 

102 

99 

108 

0.95 

0.89 

0.92 

0.92 

0.96 

 (0.93 ± 0.01) 

3.12 91 

93 

94 

92 

 

106 

107 

110 

107 

0.85 

0.87 

0.85 

0.86 

 (0.86 ± 0.01) 

92 

116 

103 

110 

96 

105 

99 

100 

 

0.96 

1.11 

1.03 

1.10  

(1.05 ± 0.03) 

3.13 86 

88 

92 

89 

 

104 

103 

104 

99 

0.82 

0.85 

0.89 

0.90  

(0.86 ± 0.02)  

103 

104 

104 

93 

101 

106 

98 

89 

1.03 

0.98 

1.06 

1.05 

(1.03 ± 0.02) 

3.14 85 

84 

84 

88 

104 

106 

103 

107 

 

 

0.82 

0.79 

0.82 

0.82 

 

 (0.81 ± 0.01) 

88 

96 

94 

94 

88 

 

105 

110 

109 

106 

100 

 

0.84 

0.87 

0.87 

0.89 

0.88 

(0.87 ± 0.01) 

3.16 91 

88 

88 

94 

 

104 

104 

105 

110 

0.87 

0.85 

0.84 

0.85 

 (0.85 ± 0.01) 

91 

91 

98 

101 

97 

99 

106 

109 

0.93 

0.92 

0.93 

0.93 

(0.93 ± 0.01) 

3.18 95 

111 

99 

98 

109 

 

104 

120 

107 

110 

120 

0.91 

0.93 

0.92 

0.89 

0.91 

 (0.91 ± 0.01) 

102 

119 

104 

112 

98 

103 

122 

98 

112 

103 

0.99 

0.97 

1.06 

1.00 

0.95 

(0.99 ± 0.02) 

3.19 93 

93 

96 

101 

101 

100 

101 

106 

0.92 

0.93 

0.95 

0.96 

 (0.94 ± 0.01) 

106 

100 

97 

105 

94 

94 

88 

100 

1.12 

1.07 

1.10 

1.05 

(1.09 ± 0.02) 

3.20 86 

94 

90 

89 

97 

103 

99 

96 

0.88 

0.91 

0.91 

0.92 

 

 (0.91 ± 0.01) 

109 

109 

110 

113 

115 

100 

103 

108 

109 

107 

1.09 

1.06 

1.02 

1.03 

1.07 

(1.05 ± 0.01) 
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Table A3.1 continued 

3.21 

 

 

 

 

 

96 

99 

103 

104 

 

 

104 

106 

111 

112 

 

 

0.92 

0.93 

0.92 

0.93 

 

 (0.93 ± 0.01) 

102 

112 

110 

119 

108 

 

103 

107 

109 

115 

109 

 

0.99 

1.05 

1.01 

1.03 

0.99  

(1.01 ± 0.01) 

aRecoveries of the peptides and of IS from human plasma/PBS (1:2 v/v) using a peptide 

concentration of 80 µM or 4 µM and an IS concentration of 10 µM (four or five independent 

experiments). bRatios of peptide recovery over recovery of the IS calculated for individual 

experiments, as well as mean recovery ratios ± SEM (given in parenthesis). Note: When the 

remaining intact peptide concentration in plasma was > 20 µM, recovery ratios based on the 80 µM 

peptide concentrations were used to calculate peptide recoveries of the plasma stability samples. 

When the remaining intact peptide concentration was < 20 µM, recovery ratios based on the 4 µM 

peptide concentrations were used to calculate peptide recoveries of the plasma stability samples. 

 

Table A3.2. Recoveries of potential PET ligand 3.21 from mouse plasma/PBS (1:2 v/v) and ratios 

of peptide-recovery over recovery of IS. 

Compd. 

Peptide concentration 80 µM Peptide concentration 4 µM 

recovery 

peptide (%)a 

recovery  

IS (%)a 
ratiob 

recovery 

peptide (%)a 

recovery  

IS (%)a 
ratiob 

3.21 

 

 

 

 

 

95 

92 

96 

93 

103 

102 

105 

100 

0.92 

0.90 

0.91 

0.93  

 

(0.92 ± 0.01) 

105 

101 

107 

107 

108 

 

105 

104 

105 

104 

108 

1.00 

0.98 

1.02 

1.03 

0.99 

(1.00 ± 0.01) 

aRecoveries of 3.21 and IS from mouse plasma/PBS (1:2 v/v) using a peptide concentration of 80 µM 

or 4 µM and an IS concentration of 10 µM (four or five independent experiments). bRatios of peptide 

recovery over recovery of the IS calculated for individual experiments, as well as mean recovery 

ratios ± SEM (given in parenthesis). Note: As the remaining intact peptide concentration in plasma 

was > 20 µM, recovery ratios based on the 80 µM peptide concentrations were used to calculate 

peptide recoveries of the plasma stability samples.  
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Table A3.3. Biodistribution data (%ID/g) of [18F]3.21 in HT-29 tumor-bearing nude mice at 30, 60 

and 90 min p.i. and tumor-to-tissue ratios calculated thereof from selected organs.a  

 30 min  60 min 90 min 

  blood 1.7 ± 1.1 0.4 ± 0.4 0.1 ± 0.05 

  lung 1.5 ± 0.2 0.3 ± 0.2 0.3 ± 0.2 

  liver  5.1 ± 0.5 4.1 ± 0.3 3.7 ± 0.6 

  kidneys 16.0 ± 3.3 14.8 ± 3.0 11.9 ± 1.4 

  heart 0.6 ± 0.1 0.2 ± 0.1 0.07 ± 0.04 

  spleen 1.3 ± 0.3 1.0 ± 0.4 0.7 ± 0.1 

  brain 0.1 ± 0.05 0.04 ± 0.02 0.04 ± 0.05 

  muscle 2.6 ± 5.2 0.4 ± 0.5 0.08 ± 0.04 

  femur 2.2 ± 3.9 0.7 ± 1.1 0.2 ± 0.02 

  HT-29 tumor 4.8 ± 1.0 2.1 ± 0.6 2.6 ± 0.3 

  intestine 2.5 ± 1.5 1.8 ± 2.0 0.5 ± 0.5 

  pancreas 0.6 ± 0.4 0.7 ± 1.1 0.2 ± 0.2 

  duodenum 1.1 ± 0.3 1.4 ± 1.8 0.5 ± 0.3 

  tumor/blood 2.8 5.3 30.0 

  tumor/kidneys 0.3 0.1 0.2 

  tumor/muscle 7.6 6.0 32.6 

aValues are given as the mean ± SD (n = 4). 

3.7.3 RP-HPLC analyses of compounds 3.07-3.09, 3.11-3.14, 3.16 and 3.18-

3.21 

 
RP-HPLC analysis (purity control) of compound 3.07 

 



Neurotensin analogs by fluoroglycosylation at Nω-carbamoylated arginines for  

PET imaging of NTS1R-positive tumors 

- 115 - 

 
RP-HPLC analysis (purity control) of compound 3.08 

 

 
RP-HPLC analysis (purity control) of compound 3.09 

 

 
RP-HPLC analysis (purity control) of compound 3.11 
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RP-HPLC analysis (purity control) of compound 3.12 

 

 
RP-HPLC analysis (purity control) of compound 3.13 

 

 
RP-HPLC analysis (purity control) of compound 3.14 
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RP-HPLC analysis (purity control) of compound 3.16 

 

 
RP-HPLC analysis (purity control) of compound 3.18 

 

 
RP-HPLC analysis (purity control) of compound 3.19 
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RP-HPLC analysis (purity control) of compound 3.20 

 

 
RP-HPLC analysis (purity control) of compound 3.21 
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3.7.4 1H-NMR spectra of compounds 3.07-3.09, 3.11-3.14, 3.16, 3.18, 3.19 and 

3.21, and 13C-NMR spectra of compounds 3.07-3.09, 3.14, 3.16 and 3.17 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.07 

 
13C-NMR spectrum (150 MHz, DMSO-d6) of compound 3.07 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.08 

 

 
13C-NMR spectrum (150 MHz, DMSO-d6) of compound 3.08 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.09 

 

 
13C-NMR spectrum (150 MHz, DMSO-d6) of compound 3.09 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.11 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.12 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.13 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.14 
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13C-NMR spectrum (150 MHz, DMSO-d6) of compound 3.14 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.16 
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13C-NMR spectrum (150 MHz, DMSO-d6) of compound 3.16 

 

 
1H-NMR spectrum (300 MHz, CDCl3) of compound 3.17 
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13C-NMR spectrum (100 MHz, DMSO-d6) of compound 3.17 

 

1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.18 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.19 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.21 
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Prior to the submission of this thesis, the content of this chapter was published in 

collaboration with partners: 
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Meister, S.; Echtenacher, B.; Bernhardt, G.; Pietzsch, J.; Hellwig, D.; Keller, M. 

Development of a neurotensin-derived 68Ga-labeled PET ligand with high in vivo stability 

for imaging of NTS1 receptor-expressing tumors. Cancers (Basel) 2022, 14, 4922, 
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The following experimental work and data processing was performed by co-authors: 

Moosbauer, J.: Syntheses of 68Ga-labeled compounds 

Schmidt, D.: Establishment of PET scan protocols; performance of 

PET scans 

Spruss, D.: Animal anesthetization and removal of organs for 

biodistribution experiments 

Grätz, L.: Preparation of HEK293T-hNTS2R cells 

Lüdeke, S.: Determination of the absolute configuration of diMe-

Tyr in compounds 4.48 and 4.49 by CD spectroscopy 

Keller, M.: Performance of the internalization assay 

Schmidt, D.; Hofheinz, F.; Data analysis of the PET scans 

Meister, S.; Hellwig, D.: 

 

Note: The compounds assigned with 2.01, 2.02 and 2.07 in Chapter 2, as well as the 

compounds assigned with 3.06a and 3.16 in Chapter 3 are also part of Chapter 4. To avoid 

an assignment of several numbers to the same compound, the numbers 2.01, 2.02, 2.07, 

3.06a and 3.16 are also used in this chapter, which had been, as mentioned before, 

published as a scientific article prior to submission of this thesis. Instead of reorganizing 

the compound numbers, the numbers designating the same compounds as 2.01, 2.02, 2.07, 

3.06a and 3.16 in the published article, were omitted in Chapter 4 resulting in gaps in 

compound numbering, i.e., 4.01, 4.02, 4.03, 4.06 and 4.10 are missing. 
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4.1 Introduction 

Neurotensin (NT), a linear 13 amino acid peptide, acts as a hormone in the gastrointestinal 

tract, regulating, inter alia, motility and mucosal regeneration[1], and as a 

neurotransmitter and neuromodulator in the central nervous system, where it is involved, 

inter alia, in the regulation of body temperature, food intake, blood pressure, nociception, 

memory, and hormone secretion[2-7]. The effects of neurotensin are mainly mediated by the 

neurotensin receptors 1 and 2 (NTS1R, NTS2R), members of the family of G-protein 

coupled receptors. The NTS1R has emerged as an interesting target for tumor 

visualization and therapy due to its overexpression in a variety of tumors such as breast 

cancer, colorectal carcinoma, and (the prognostically poor) pancreatic adenocarcinoma[8-10]. 

The carboxyterminal hexapeptide of NT (NT(8-13), 2.01, Figure 4.1A) was identified as 

the biologically active fragment, exhibiting the potency of full-length NT[11-13]. Therefore, 

peptide 2.01 has previously served as a lead structure for the development of imaging 

agents addressing the NTS1R[14-20]. 

68Ga- and 18F-labeled ligands of cell-surface receptors that are (over-)expressed in 

malignant tumors are considered useful tools for in vivo cancer imaging by positron 

emission tomography (PET)[21-28]. 18F-labeled PET tracers are advantageous with respect 

to half-life (about 110 min) and achievable resolution, but require a cyclotron for 

radionuclide synthesis and usually two or more radiosynthetic reaction steps[29,30]. In 

contrast, the advantage of 68Ga-labeled PET tracers lies in their fast one-step 

radiosynthesis (incorporation of 68Ga in a chelator moiety) and convenient radionuclide 

accessibility (68Ge/68Ga-generator); however, these tracers result in lower resolution 

images and the short half-life (68 min) does not allow a transfer between clinics. The 

development of PET ligands with favorable properties (e.g., high receptor affinity, high in 

vivo stability and appropriate pharmacokinetics) is challenging. The development of 

peptidic PET tracers, often acting as receptor agonists, can be convenient with respect to 

high target affinity and attachment of the label[31-33], but high proteolytic stability in vivo 

might not be easily achieved[33,34]. With respect to NTS1R PET ligands, two main strategies 

have been pursued[26], i.e., investigations of peptidic agonists and of non-peptidic 

antagonists[35-37]. To date, reported 18F- and 68Ga-labeled NTS1R antagonists exhibit higher 

receptor affinities and higher in vivo stabilities compared to peptidic NTS1R PET ligands 

explored with regard to in vivo tumor imaging. However, the pharmacokinetic profile of 

the antagonists is not well-suited for PET imaging based on short-lived radionuclides[38]. 

Unlike antagonists, agonist binding induces receptor internalization; thus, peptidic PET 

ligands potentially allow for a higher tracer uptake in the tumor. 
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Figure 4.1. (A) Amino acid sequences and NTS1R affinities of NT(8-13) (2.01), NT(8-13) derivatives 

2.02 and 2.07, and NT(8-13)-derived potential PET ligands 4.04 and 4.05. (B) Structures of the 

reported arginine building blocks 3.06a and 4.07 (Keller et al.[39]) which were applied in SPPS for 

the preparation of amino-functionalized precursor peptides. aKi value, Schindler et al.[40] bIC50 value, 

Alshoukr et al.[41] cKi value, Maschauer et al.[42] 

Peptide 2.01 exhibits a plasma half-life of only a few minutes[40,43]; thus, NT(8-13) analogs 

require stabilizing structural modifications when intended to be used as tracers for 

NTS1R-targeted tumor imaging. A previously reported approach based on the replacement 

of amide bonds in the core structure of 2.01 by triazoles revealed that high affinity of the 

respective 177Lu-labeled analogs could not be combined with high in vitro serum 

stability[44]. The recent exploration of the introduction of trimethylsilylalanine instead of 

Ile12 or Leu13 for the preparation of 68Ga-labeled derivatives of 2.01 resulted in only 

moderate in vitro plasma stabilities as well[38]. The replacement of Ile12 in analogs derived 

from 2.01 by Tle12 (α-tert-butyl-Gly) represents one of the most frequently applied 

modifications to prevent C-terminal degradation[14-19,41,42,45-54], but is insufficient to prevent 

proteolytic degradation when applied, e.g., to 2.01 as the only structural alteration (2.02, 

Figure 4.1A) due to persisting N-terminal degradation[40]. However, additional N-

methylation of either Arg8 or Arg9 in 2.01 resulted in excellent in vitro plasma stabilities 

(e.g., compound 2.07, Figure 4.1A)[40].  

Among reported 68Ga-labeled neurotensin-derived NTS1R PET ligands, peptides 

[68Ga]4.04 and [68Ga]4.05 (Figure 4.1A), and the 1,4,7-triazacyclononane-1,4,7-triacetic 

acid (NOTA)-conjugated analog of 4.05 represent the most promising candidates in terms 

of NTS1R affinity and achieved tumor-to-muscle activity ratios. Both peptides contain Tle 

in position 12, but differ with respect to the modification of the N-terminal segment. 

Whereas 4.04 is Nα-methylated at Arg8 and represents an octapeptide, the hexapeptide 

4.05 harbors a peptoid-like moiety at the N-terminus (NLys8). For both peptides in vivo 

stability data were not reported. However, for the 111In-labeled analog of 4.04, 22% 

remaining intact tracer in blood plasma 15 min p.i. in mice has been reported[41], and for 

[68Ga]4.05 a high in vitro stability in human serum (93% remaining intact tracer after 1 h) 

has been described[42]. Notably, in 4.04 and 4.05, the 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid (DOTA) chelator is attached to the α- or ε-amino group of Lys, 
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which represents a common strategy for the conjugation of NT(8-13) analogs with 

chelating agents[16,19,52,54-57]. A recently introduced alternative strategy is the labeling of 

peptides via the side chain of Arg, based on amino-functionalized Nω-carbamoylated 

arginines derived from building blocks 3.06a and 4.07 (Figure 4.1B)[39,58,59]. Lately, the 

incorporation of 3.06a in the stabilized NT(8-13) core structure (2.07) and the subsequent 

attachment of a fluoroglycosyl moiety to the carbamoylated arginine side chain afforded 

an 18F-labeled NTS1R PET ligand showing high receptor affinity (Ki of the “cold” ligand = 

4.3 nM) and high tumor uptake in vivo[60]. 

In the present study, we aimed at the development of a peptidic NTS1R PET ligand 

matching up with reported receptor antagonists in terms of NTS1R affinity and in vivo 

stability. For this purpose, Nω-carbamoylated arginines derived from 3.06a or 4.07 were 

incorporated into 2.07 or slightly modified analogs of 2.07, optimized with respect to 

plasma stability, followed by the attachment of a DOTA chelator to the modified arginine 

side chain and insertion of stable (“cold”) Ga3+ or radioactive 68Ga3+. The potential NTS1R 

PET ligands (“cold” compounds) were characterized with respect to NTS1R and NTS2R 

affinity and plasma stability. For selected peptides, the 68Ga-labeled analogs were 

prepared and studied in vivo in tumor-bearing mice.  
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4.2 Results and discussion 

4.2.1 Chemistry 

Standard Fmoc strategy solid-phase peptide synthesis (SPPS) was used for the 

preparation of the NT(8-13)-derived peptides 3.16[60], 4.08, 4.09, 4.11 and 4.12, containing 

an amino-functionalized arginine (position 8 or 9) derived from the reported Fmoc- and 

Boc-protected Nω-carbamoylated arginine building blocks 3.06a[39] or 4.07[39] (structures 

shown in Figure 4.1B) (Scheme 4.1). Peptides 3.16, 4.08, 4.09, 4.11 and 4.12 were Nα-

methylated in position 8 (3.16, 4.08, 4.09 and 4.12) or 9 (4.11), and α-tert-butyl-Gly (Tle) 

was incorporated in position 12 in peptides 3.16, 4.08, 4.11 and 4.12 instead of Ile12. 

Details on the coupling conditions are provided in Table A4.1 (Appendix).  
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Scheme 4.1. (A) Synthesis of the potential NTS1R PET ligands 4.19-4.23 from the amino-

functionalized precursor peptides 3.16, 4.08, 4.09, 4.11 and 4.12. (B) Synthesis of amino-

functionalized NT(8-13) derivatives containing a fluorinated biphenyl or benzoyl moiety (4.25, 4.26, 

4.28, 4.29 and 4.31) and preparation of the potential NTS1R PET ligands 4.33, 4.36 and 4.37. 

Reagents and conditions: (I) (1) DIPEA, DMF/NMP 75:25 or 80:20 v/v, rt, 30 min, (2) TFA/H2O 

80:20 v/v, 50 °C, overnight, 72% (4.14), 62% (4.15), 75% (4.16), 28% (4.17), 93% (4.18), 69% (4.32), 

78% (4.34), 81% (4.35); (II) preheating of a solution of the peptide (4 mM) in HEPES buffer (0.2 M, 

pH 4.2) to 60 °C, 5 min, addition of Ga(NO3)3 × H2O in 10 mM HCl, 100 °C, 10-30 min, 95% (4.19), 

> 99% (4.20), 92% (4.21), 99% (4.22), 92% (4.23), 99% (4.33), 96% (4.36), 95% (4.37); (III) (1) DIPEA, 
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HOBt, HBTU, DMF/NMP 80:20 v/v, rt, 60-75 min, (2) TFA/H2O 95:5 v/v, rt, 3.5 h, 46% (4.25), 47% 

(4.26), 24% (4.28), 32% (4.29); (IV) (1) DIPEA, DMF/NMP 75:25 v/v, rt, 45 min, (2) TFA/H2O 

95:5 v/v, rt, 3.5 h, 66% (4.31). 

A reported procedure for the on-resin Nα-methylation of peptides[61], which was recently 

used for Nα-methylation of the carbamoylated arginine in 3.16[60], was also successfully 

applied for Nα-methylation of the carbamoylated arginines in 4.11 and 4.12. Coupling of 

Fmoc amino acids to an Nα-methylated N-terminal amino acid using the standard coupling 

reagents HOBt, HBTU and DIPEA proved to be unfeasible; therefore, 4.11 was prepared 

by applying a combination of oxyma and DIC as activation reagents. Detailed information 

on the synthesis procedures and the applied coupling conditions are given in the Appendix.  

Compounds 3.16, 4.08, 4.09, 4.11 and 4.12 served as starting materials for the syntheses 

of the chelator-conjugated peptides 4.14-4.18 using the tris-tBu-protected DOTA reagent 

4.13 for coupling to the amino-functionality of the Nω-carbamoylated arginine in 3.16, 

4.08, 4.09, 4.11 and 4.12. Attempts to introduce the DOTA moiety using a non-protected 

DOTA succinimidyl ester caused severe separation problems due to nearly identical HPLC 

retention times of precursor peptide and product. However, the tBu-protected 

intermediates could easily be separated from the remaining starting material, followed by 

deprotection with acid overnight and purification, yielding 4.14-4.18 with HPLC purities 

of > 99%.  

The “cold” PET ligands 4.19-4.23 were prepared by incubation of 4.14-4.18 with natural 
69Ga3+ in a HEPES buffer pH 4.2 at 100 °C (Scheme 4.1). Complete conversion of the 

starting material was achieved after only 10 min. Under these conditions, the peptides 

proved to be stable. It should be noted that the potential PET ligands 4.19-4.23 could not 

be separated from the remaining respective precursor peptide (C18 RP-HPLC) when using 

acetonitrile and 0.04% aqueous TFA as eluent. However, baseline separation was achieved 

using MeOH and 0.05% formic acid as mobile phase. 

For the purpose of the preparation of less polar PET ligands, peptides 3.16 and 4.12, 

containing a tetramethylene and a dioxaoctamethylene linker, respectively, in the amino-

functionalized Nω-carbamoylated arginine, were conjugated to the fluorinated biphenyl-

Ala spacer 4.24, yielding 4.25 and 4.26 (after subsequent Boc-deprotection), or to the 

fluorinated aminomethyl-benzoyl spacer 4.27, affording 4.28 and 4.29 (after subsequent 

Boc-deprotection), using HOBt, HBTU and DIPEA as coupling reagents. The side chain of 

the carbamoylated arginine in 4.26 was further elongated by treatment with succinimidyl 

ester 4.30, yielding a terminal aminohexanoyl moiety in the arginine side chain after 

subsequent Boc-deprotection (4.31).  

Compounds 4.31, 4.25 and 4.26 were treated with 4.13 as described above, giving the 

DOTA-conjugated compounds 4.32, 4.34 and 4.35 after removal of protecting groups (note: 

4.28 and 4.29 were not further processed by coupling to DOTA as they proved to be more 

polar (shorter RP-HPLC retention times) than 4.25, 4.31 and 4.26). Finally, 4.32, 4.34 and 

4.35 were converted into the potential PET ligands 4.33, 4.36 and 4.37 by insertion of 

Ga3+. Unlike the synthesis of 4.19-4.23, complete conversion of the starting material was 

only achieved after incubation at 100 °C for 30 min (as verified by analytical HPLC).  

Aiming at a PET ligand with high in vivo stability, a series of N-terminally methylated 

NT(8-13) derivatives was synthesized by SPPS containing various commercially available 
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unnatural amino acids in position 12 (4.38-4.45), 13 (4.46 and 4.47), or 11 (4.48 and 4.49) 

(Figure 4.2). Whereas the unnatural amino acids incorporated in peptides 4.38-4.47 

represent enantiomerically pure derivatives of Ile and Leu, the incorporation of racemic 

β,β-dimethyl-tyrosine (β,β-diMe-Tyr) in position 11 yielded the epimers 4.48 and 4.49 (see 

Figure 4.2). In the case of 4.46 and 4.47, a 2-ClTrt-Cl resin had to be used instead of a 

H-Leu-2-ClTrt resin. For the coupling of the carboxy-terminal amino acid, the 2-ClTrt-Cl 

resin was treated with the respective Fmoc amino acid and DIPEA in CH2Cl2 overnight. 

After quenching of unreacted starting material with MeOH, the loading of the resin with 

β-cyclopropyl-Ala (4.46) or α-methyl-Leu (4.47) was estimated to amount to 50% compared 

to the original loading of the resin with chloride. After side chain deprotection and 

cleavage from the resin, the overall yields of 4.38-4.49 amounted to 15-74%.  

 
Figure 4.2. Structures of the C-terminally modified NT(8-13) derivatives 4.38-4.49 and the amino-

functionalized precursor compounds 4.50-4.53, representing derivatives of 4.48 and 4.49. 

Replacement of the Nα-methylated Arg8 in 4.48 and 4.49 by an Nα-methylated, Nω-

carbamoylated arginine derived from 3.06a, led to peptides 4.50 and 4.51, and the 

additional replacement of Ile by Tle yielded 4.52 and 4.53 (Figure 4.2). Isolation of the 

epimers 4.50/4.51 and 4.52/4.53, respectively, from one batch was necessary due to the 

usage of the same racemic β,β-diMe-Tyr building block as described for 4.48 and 4.49.  

The amino-functionalized peptides 4.50 and 4.52 were treated with 4.13 as described 

above for the synthesis of 3.16, 4.08, 4.09, 4.11 and 4.12 (cf. Scheme 4.1) to give the DOTA-
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conjugated compounds 4.54 and 4.55, respectively, in high yields (76% and 79%) after 

subsequent Boc-deprotection (Scheme 4.2). Insertion of Ga3+ into the chelator moiety 

resulted in the PET ligand candidates 4.56 (UR-LS130) and 4.57 in high yields of 97% and 

91%, respectively. 

 
Scheme 4.2. Synthesis of the potential NTS1R PET ligands 4.56 and 4.57 containing a β,β-

dimethylated tyrosine. Reagents and conditions: (I) (1) DIPEA, DMF/NMP 80:20 v/v, rt, 30 min, (2) 

TFA/H2O 80:20 v/v, 50 °C, overnight, 76% (4.54), 79% (4.55); (II) preheating of a solution of the 

peptide (4 mM) in HEPES buffer (0.2 M, pH 4.2) to 60 °C, 5 min, addition of Ga(NO3)3 × H2O in 

10 mM HCl, 100 °C, 30 min, 97% (4.56), 91% (4.57). 

4.2.2 Circular dichroism (CD) analysis 

To determine the configuration at the α-carbon of the β,β-dimethylated tyrosine at position 

11, we measured CD spectra of 4.48 and 4.49 and compared them to the CD spectrum of 

the peptide Me-Arg-Arg-Pro-Tyr-Ile-Leu[40], representing an all-L-configured reference 

compound with tyrosine instead of β,β-dimethylated tyrosine in position 11 as the only 

difference to 4.48 and 4.49 (Figure 4.3). To facilitate the assignment, we factorized the CD 

spectra into linearly independent spectral components by singular value decomposition 

(SVD), as described elsewhere[62]. As the three compounds differ in two properties, i.e., 

configuration at the α-carbon, β,β-dimethylation, or both, we expected three linear 

components, each contributing with a certain linear coefficient with either a positive or a 

negative sign. Indeed, performing the SVD on a set of nine spectra (three spectra each) 

resulted in three components being different from noise (cf. Figure 4.3B), whose 

reconstruction (under omission of linear components supposedly containing noise 

contribution only) resulted in nearly identical spectra as in Figure 4.3A (Figure 4.3C). 

Despite factorizing the SVD according to numerical variance and not to structural origin 

of spectral features, a rough assignment of the linear components was possible. 

Reconstruction of the spectra exclusively from spectral component 1 and the corresponding 

linear coefficients resulted in the spectra shown in Figure 4.3D. As this component 

represents the features with highest agreement between the three species, they are 

presumably associated with the backbone conformation of the peptides. In agreement with 

previous NMR and CD data on neurotensin in water[63], the maximum at 220 nm and the 

minimum at 190 nm indicate a lack of consecutive order in these peptides. After 

reconstruction of spectra with linear component 2, the resulting spectra for the reference 

compound and peptide 4.48 were nearly identical, whereas the spectrum reconstructed for 

4.49 had the opposite sign. Therefore, component 2 is the one that indicates the 

configuration of the α-carbon, which allows assignment of the L-configuration to the β,β-

dimethylated tyrosine in 4.48 and the D-configuration to the β,β-dimethylated tyrosine in 

4.49. Finally, component 3 accounts for all the remaining spectral differences between the 

three species such as contributions from presence or absence of β,β-dimethylation. The 
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configuration (R or S) of the β,β-dimethylated tyrosine in 4.50-4.53 was assigned based on 

the comparison of elution orders in RP-HPLC (4.48, 4.50 and 4.52 elute before 4.49, 4.51 

and 4.53, respectively). 

 
Figure 4.3. Circular dichroism (CD)-based identification of the absolute configuration of the 

dimethylated Tyr11 in 4.48 and 4.49 through spectral deconvolution and assignment of linearly 

independent spectral features to stereochemical and structural properties. (A) CD spectra of the 

two diastereomers 4.48 and 4.49 and an all-ʟ-reference compound (Me-Arg-Arg-Pro-Tyr-Ile-Leu[40]). 

(B) Linearly independent components (“abstract spectra”) from SVD, shared by the two 

diastereomers and the reference compound (rescaled by a factor of 30 for better comparison). (C) 

Reconstruction of full spectra from linear combination of the “abstract spectra” in panel B. (D) 

Contributions of component 1 to the full spectra in A or C correlating with CD contributions from 

the peptide backbone minus contributions from the fourth amino acid (tyrosine in the reference 

compound or β,β-dimethylated tyrosine in 4.48 and 4.49). (E) Contributions of component 2 

correlating with the configuration at the α-carbon of the fourth amino acid. Identical signs of the 

bands of this spectral component indicate the same configuration in 4.48 and the reference 

compound. (F) Contributions of component 3 accounting for spectral differences due to β,β-

dimethylation that have not been considered in component 1 and component 2. As the SVD 

factorizes the experimental spectra with respect to highest spectral agreement, i.e., a ‘compromise’ 

spectrum formed from the spectra of the reference compound, 4.48 and 4.49, absence of β,β-

dimethylation in the reference compound is reflected by a negative contribution of component 3. 

4.2.3 Peptide stability in human plasma 

The stability of compounds 4.08, 4.09, 4.11, 4.12, 4.14-4.23, 4.38-4.49 and 4.54-4.57 

against proteolytic degradation was investigated in human plasma for up to 48 h as 

previously described[40]. For compounds 2.01, 2.02, 2.07[40], 4.19-4.23, 4.56 and 4.57, the 

amount of remaining intact peptide after incubation in plasma at 37 °C is shown in Table 

4.1 (for plasma stability data of compounds 3.16, 4.08, 4.09, 4.11, 4.12, 4.14-4.18, 4.38-

4.48

4.49

4.48

4.49

4.49

4.48

4.48

4.49

4.48
4.49
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4.49, 4.54 and 4.55 (Table A4.3) and recovery ratios of compounds 4.08, 4.09, 4.11, 4.12, 

4.14-4.23 and 4.54-4.57 (Table A4.2) see Appendix).  

Table 4.1. NTS1R affinities of 2.01, 2.02, 2.07, 4.19-4.23, 4.33, 4.36, 4.37, 4.56 and 4.57, NTS2R 

affinities of 2.01, 2.07, 4.19-4.22 and 4.56, NTS1R selectivities of 2.01, 2.07, 4.19-4.22 and 4.56, 

and in vitro plasma stabilities of 2.01, 2.02, 2.07, 4.19-4.23, 4.56 and 4.57, determined at 37 °C. 

cpd. 

pKi ± SD/Ki  

[nM] 

NTS1Ra 

pKi ± SD/Ki  

[nM] 

NTS2Rb 

NTS1R 

Selectivity 

(Ratio  

Ki(NTS2R)/ 

Ki(NTS1R)) 

% intact peptide in plasma after the given  

incubation timec 

10 min 1 h 6 h 24 h 48 h 

2.01 9.49/0.33d 8.61 ± 0.09/2.5 7.6 23d < 1d n.d. < 1d < 1d 

2.02 8.93/1.2d n.d. - 11d < 1d n.d. < 1d < 1d 

2.07 9.07/0.88d 8.01 ± 0.07/9.9 11 n.d. > 99d > 99d 98d 87d 

4.19 7.80 ± 0.03/16 7.16 ± 0.18/73 4.6 n.d. > 99 > 99 36 ± 1 4.2 ± 0.6 

4.20 8.70 ± 0.10/2.0 7.70 ± 0.09/20 10 n.d. > 99 77 ± 2 15 ± 1 4.6 ± 0.1 

4.21 8.01 ± 0.08/9.9 7.25 ± 0.15/59 6.0 n.d. > 99 > 99 26 ± 1 4.1 ± 0.1 

4.22 7.70 ± 0.07/20 7.08 ± 0.16/88 4.4 n.d. > 99 87 ± 2 30 ± 1 7.7 ± 1.0 

4.23 8.13 ± 0.11/7.5 n.d. - n.d. > 99 98 ± 6 46 ± 2 7.8 ± 0.6 

4.33 8.61 ± 0.07/2.5 n.d. - n.d. n.d. n.d. n.d. n.d. 

4.36 8.53 ± 0.02/3.0 n.d. - n.d. n.d. n.d. n.d. n.d. 

4.37 8.38 ± 0.03/4.2 n.d. - n.d. n.d. n.d. n.d. n.d. 

4.56 8.93 ± 0.17/1.2 8.35 ± 0.27/5.2 4.3 n.d. > 99 > 99 77 ± 1 < 1 

4.57 7.67 ± 0.04/21 n.d. - n.d. > 99 > 99 68 ± 1 < 1 

aDetermined by radioligand competition binding with [3H]UR-MK300 at HT-29 cells (Kd = 

0.55 nM[40] or 0.41 nM, c = 1 nM); given are mean values ± SD (pKi) and mean values (Ki) from two 

(4.33, 4.36 and 4.37), three (4.19, 4.20, 4.56 and 4.57) or four (4.21-4.23) independent experiments, 

each performed in triplicate. bDetermined by radioligand competition binding with [3H]UR-MK300 

at HEK293T-hNTS2R cells (Kd = 6.9 nM or 4.0 nM, c = 10 nM); given are mean values ± SD (pKi) 

and mean values (Ki) from two (2.01, 2.07 and 4.21), three (4.20) or four (4.19, 4.22 and 4.56) 

independent experiments, each performed in triplicate. cThe initial concentration of the peptide in 

human plasma/PBS (1:2 v/v) was 100 µM. Data represent means ± SD from two or three 

independent experiments (SD not given when no decomposition was observed). dSchindler et al.[40]. 

The Nα-unmethylated peptides 2.01 and 2.02 were reported to undergo very rapid 

degradation in plasma[40,43]. Therefore, N-terminal methylation or methylation of Arg9, 

both impairing NTS1R binding only to a minor extent[40], was applied to the synthesized 

peptides throughout. 

In the initial set of prepared peptides (4.08, 4.09, 4.11, 4.12 and 4.14-4.23) low stability 

in plasma (≤ 15% intact peptide after 24 h) was found for compounds containing Ile in 

position 12 (4.09, 4.15 and 4.20), confirming the importance of Tle12 for the stabilization 

of the C-terminus against proteolytic degradation. Compounds with Tle12, devoid of a Ga3+-

occupied chelator (3.16, 4.08, 4.11, 4.12, 4.14 and 4.16-4.18), showed a high stability 

towards proteolytic degradation (≥ 93% intact peptide after 24 h). However, insertion of 

Ga3+ (4.19 and 4.21-4.23) led to a considerable decrease in stability (≤ 46% intact peptide 

after 24 h, Table 4.1). This observation can be explained by changes in compound 
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structure, hydrophilicity and charge distribution upon insertion of the gallium cation and 

rearrangement of the carboxylic arms of the chelators, thereby facilitating the recognition 

by proteases. 

In the final set of compounds (4.38-4.57), high plasma stabilities (≥ 91% intact peptide 

after 24 h) were found for peptides 4.39, 4.44, 4.48 and 4.49, as well as for the labeling 

precursors 4.54 and 4.55, the latter even showing > 99% intact peptide after 48 h. 

Strikingly, peptides 4.48, 4.49 and 4.54 do not comprise Tle but Ile in position 12. 

Therefore, the stabilizing effect must result from the diMe-Tyr in position 11. Insertion of 

Ga3+ in 4.54 and 4.55 (giving 4.56 and 4.57) again provoked a substantial decrease in 

stability towards proteolytic degradation, nonetheless, the plasma half-lives of 4.56 and 

4.57 were higher than those of the potential PET ligands 4.19-4.23 (cf. Table 4.1). 

4.2.4 In vitro binding studies at the NTS1R and NTS2R, and NTS1R 

agonistic activities 

Except for compounds 4.28 and 4.29, NTS1R affinities were determined for all synthesized 

peptides (4.08, 4.09, 4.11, 4.12, 4.14-4.23, 4.25, 4.26, 4.32-4.50, 4.52 and 4.54-4.57) in a 

radiochemical competition binding assay using intact HT-29 colon carcinoma cells 

expressing the hNTS1R[64], but not the NTS2R[39]. The previously described radioligand 

[3H]UR-MK300[39] (structure see Figure A4.1, Appendix) was used as radioligand. Selected 

compounds (2.01, 2.07, 3.16, 4.08, 4.09, 4.11, 4.14-4.17, 4.19-4.22, 4.48-4.53 and 4.56) 

were also investigated with respect to NTS2R binding using the same radioligand and 

HEK293T cells stably expressing the hNTS2R. The obtained Ki values are presented in 

Tables 4.1 and A4.3 (Appendix) and the resulting radioligand displacement curves are 

depicted in Figures A4.3, A4.4 and A4.5 (Appendix). The Ile-containing peptides 4.09, 4.15, 

4.20, 4.50, 4.54 and 4.56 yielded lower Ki values (NTS1R) than their respective Tle-

containing analogs 4.08, 4.14, 4.19, 4.52, 4.55 and 4.57, confirming the described affinity-

decreasing effect of the Ile12/Tle12 exchange in NT(8-13) analogs[14,40,50,52,54,65,66]. Ga3+-

containing DOTA-conjugated peptides consistently showed slightly higher NTS1 and NTS2 

receptor affinities compared to the respective precursor compounds with an empty DOTA 

chelator (cf. Tables 4.1 and A4.3, Appendix). In terms of NTS1R binding, the effect was 

most pronounced for the compound pairs 4.32/4.33 and 4.54/4.56 (4.8-fold and 4.9-fold 

increase in affinity upon insertion of Ga3+). This phenomenon is in agreement with 

reported findings for DOTA- and (1,4,7-triazacyclononane-4,7-diyl)diacetic acid-1-glutaric 

acid (NODA-GA)-conjugated 68Ga-labeled NTS1R ligands[16,42], which were explained by 

changes in ligand structure as discussed above for the reduced plasma stabilities of the 

Ga3+-containing peptides[16,42]. 

The difference with respect to the linker in the side chain of the Nω-carbamoylated 

arginines of compounds 3.16 and 4.12 did not affect NTS1R receptor affinity (Ki = 2.8 and 

2.7 nM, respectively), but the change in the position of the Nα-methylated and Nω-

carbamoylated arginine (position 8 in 3.16, position 9 in 4.11) led to a slight decrease in 

NTS1R affinity from Ki = 2.8 nM (3.16) to 13 nM (4.11). The latter finding is in agreement 

with reports on the higher importance of Arg9 for NTS1R binding compared to Arg8 [41,67,68]. 

The initially prepared set of PET ligand candidates with Tle in position 12 (4.19 and 4.21-

4.23) exhibited Ki values (NTS1R) in the range of 7.5-20 nM. The second set of potential 
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PET ligands (4.33, 4.36 and 4.37), containing a lipophilic fluorinated biphenyl moiety, 

showed higher NTS1R affinities with Ki values of 2.5-4.2 nM. The position and the type of 

carbamoylated arginine played only a minor role in terms of NTS1R binding for the 

potential PET ligands and their precursors. Within the final set of potential PET ligands 

(4.56 and 4.57), containing S-configured β,β-diMe-Tyr in position 11, the peptide with Ile 

in position 12 (4.56) displayed excellent NTS1R binding (Ki = 1.2 nM), while its congener 

4.57, containing Tle in position 12, showed 18-fold lower NTS1R affinity (Ki = 21 nM). 

The series of NT(8-13) derivatives containing various unnatural amino acids in position 

11, 12 or 13 (4.38-4.49) was prepared to develop a PET ligand with improved in vivo 

stability. As the side chains of Ile12 and Leu13 in 2.01 were hypothesized to contribute to 

receptor binding via hydrophobic interactions with aliphatic residues in the binding pocket 

of the NTS1R[68,69], hydrophobic unnatural amino acids structurally related to Ile and Leu, 

were incorporated in position 12 or 13 (4.38-4.47, cf. Figure 4.2). The artificial amino acids 

were quite well tolerated with respect to NTS1R binding, provided that they contained no 

additional alkyl substituent at the α-carbon (4.38, 4.40-4.43, and 4.46). The incorporation 

of amino acids with an additional alkyl group (methyl, ethyl) at the α-carbon resulted in a 

loss of NTS1R binding (Table A4.3, Appendix). Strikingly, sub-nanomolar NTS1R affinity 

(Ki = 0.14 nM) was achieved with compound 4.48, containing S-configured β,β-diMe-Tyr11 

instead of Tyr11. As 4.48 showed also excellent in vitro plasma stability (see Table A4.3, 

Appendix), it served as a lead structure for the synthesis of the PET ligand candidates 

4.56 and 4.57. The epimer of 4.48 (peptide 4.49), containing R-configured β,β-diMe-Tyr11, 

displayed considerably lower NTS1R binding compared to 4.48. This was in agreement 

with the results of variations in position 11 of 2.01, including the incorporation of D-

configured tyrosine derivatives, revealing that D-configured tyrosine analogs caused a 

decrease in NTS1R binding[40,66,70-72]. 

All compounds that were investigated at the NTS2R showed lower Ki values at the NTS1R 

than at the NTS2R (difference most pronounced for peptide 4.15: Ki values of 2.4 and 

55 nM, respectively) revealing moderate NTS1R selectivity (Table 4.1). However, it is 

unlikely that low or missing NTS1R selectivity hampers the imaging of NTS1R-expressing 

tumors in the periphery, as the NTS2R is primarily expressed in the central nervous 

system[73-75]. 

In addition to the investigation of NTS1R and NTS2R binding, the agonistic activities of 

4.21 and 4.56 at the Gq-coupled NTS1R were determined in a Fura-2 Ca2+-assay using 

HT-29 colon carcinoma cells. The potential PET ligands 4.21 and 4.56 proved to be full 

agonists with maximal responses comparable to that of 2.01 (see Figure A4.6, Appendix). 

As also found for 2.01, the NTS1R agonistic potencies of 4.21 and 4.56 were lower 

compared to their NTS1R binding affinities (cf. Table 4.1 and Figure A4.6). A plausible 

explanation for this observation is in the non-equilibrium conditions in the case of the 

functional Ca2+-assay precluding a complete association of the agonist to the receptor 

(signal is recorded within 3 min after agonist addition), which must be compensated by 

higher agonist concentrations. 

4.2.5 Radiosynthesis and distribution coefficients 

The potential PET tracers 4.21, 4.33, 4.37 and 4.56 all showed high NTS1R affinity and 

high in vitro plasma stability. Thus, radiolabeling with 68Ga3+ was performed to prepare 
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the respective PET tracers, i.e., [68Ga]4.21, [68Ga]4.33, [68Ga]4.37 and [68Ga]4.56. This 

selection included two highly polar PET ligands ([68Ga]4.21, [68Ga]4.56) and two ligands 

bearing a lipophilic spacer ([68Ga]4.33, [68Ga]4.37), which can possibly result in different 

pharmacokinetic properties. 

Radiosynthesis was performed by incubation of the precursor compounds 4.16, 4.32, 4.35 

or 4.54 (7.5-15 nmol) in HEPES buffer pH 5.5 with [68Ga]GaCl3 at 125 °C for 6 or 16 min 

(for details see Experimental section). After the synthesis, the PET tracers were separated 

from the respective precursor using an analytical HPLC system in order to increase 

specific activity and to obtain a homogenous tracer preparation. The isolation from the 

precursors was feasible on a C18 reversed-phase material with mixtures of MeOH and 

0.1% formic acid as mobile phase (comparable conditions as used for the purification of the 

“cold” PET ligands). For an exemplary chromatogram of the micro-preparative HPLC see 

Figure A4.7 (Appendix). Radiosynthesis and evaporation of the solvent was accomplished 

in approximately 90 min, and the separation of the PET tracer from the precursor 

including the second evaporation step took approximately another 50-60 min.  

The hydrophilicity values of the PET ligands [68Ga]4.21, [68Ga]4.33, [68Ga]4.37 and 

[68Ga]4.56 were evaluated by the determination of the n-octanol/PBS distribution 

coefficients logD7.4, which amounted to −3.87, −2.48, −2.59 and −3.06, respectively. 

Notably, compared to the most polar PET ligand ([68Ga]4.21), the introduction of a 

lipophilic spacer ([68Ga]4.33, [68Ga]4.37) only led to an increase in logD7.4 by less than 

1.4 log units.  

4.2.6 Biodistribution of PET ligands [68Ga]4.21, [68Ga]4.33, [68Ga]4.37 and 

[68Ga]4.56, and cellular uptake of [68Ga]4.56 

Biodistribution studies in HT-29 tumor-bearing nude mice were firstly performed with 

[68Ga]4.21 and resulted in a tumor-to-muscle ratio of 9.5 at 45 min after injection of the 

tracer (cf. Figure A4.8 and Table A4.4, Appendix). This result was comparable with the 

data reported for studies of the 68Ga-labeled NTS1R PET ligands [68Ga]4.04[41] and 

[68Ga]4.05[42] in the same xenograft mouse model (tumor-to-muscle ratios 60 min p.i.; 

approximately 14 and 8.8, respectively). As the fast renal elimination of [68Ga]4.21 

potentially compromises its accumulation in the tumor, a second attempt with the less 

hydrophilic tracers [68Ga]4.33 and [68Ga]4.37, potentially exhibiting longer systemic 

circulation, which could, in turn, result in an increased tumor uptake, was made. Although 

the introduction of the hydrophobic spacer in [68Ga]4.33 and [68Ga]4.37 had a marked 

impact on the predominant way of tracer elimination (shift from renal to nearly balanced 

renal and hepatobiliary excretion, cf. Figure 4.4A), tumor-to-muscle ratios 45 min p.i. (4.1 

([68Ga]4.33) and 3.4 ([68Ga]4.37)) were diminished even in comparison to [68Ga]4.21 (cf. 

Figure A4.8 and Table A4.4, Appendix). These results show that shifting the elimination 

pathway towards hepatobiliary excretion by decreasing the hydrophilicity of the tracer 

does not warrant an enhanced accumulation in the tumor, which might be explained by 

retained fast elimination despite an altered route of excretion. Irrespective of their 

different physicochemical properties, [68Ga]4.21, [68Ga]4.33 or [68Ga]4.37 showed low in 

vivo stability, as concluded from HPLC analyses of urine samples revealing that intact 

[68Ga]4.21, [68Ga]4.33 or [68Ga]4.37 accounted for less than 6% of the radioactivity in urine 

45 min after tracer injection (Figure A4.9, Appendix). Notably, for these tracers, only one 
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main metabolite was found in the urine samples, being more polar than the respective 

intact tracer.  

 
Figure 4.4. Ratio of the %ID/g values of (A) kidney and liver and of (B) tumor and muscle, obtained 

from biodistribution experiments with [68Ga]4.21, [68Ga]4.33, [68Ga]4.37 and [68Ga]4.56 in HT-29 

tumor-bearing mice. Given are mean values ± SD from three ([68Ga]4.33, [68Ga]4.37) or four 

([68Ga]4.21, [68Ga]4.56) independent experiments. aGiven is the relative area (as percentage of the 

total peak area) of the peak corresponding to the intact PET ligand in the radiochromatogram of 

the HPLC analysis of the urine sample obtained 45 min after injection of the tracer. 

Prompted by these findings, the focus was set on the development of NT(8-13)-derived 

PET tracers with higher proteolytic stability, as a low in vivo stability of the tracers could 

also be a major reason (other than fast elimination) for the low tracer accumulation in the 

tumor. The preparation and in vitro characterization of peptides 4.38-4.49 brought forth 

the potential PET tracer 4.56 exhibiting high NTS1R affinity (Ki = 1.2 nM) and high in 

vitro plasma stability (Table 4.1). The biodistribution of [68Ga]4.56 in HT-29 tumor-

bearing nude mice was investigated at 10, 25, and 45 min p.i. (Figure 4.5 and Table 4.2). 

Blocking experiments were performed for the time of highest tumor-uptake (45 min p.i.). 

At 10 min after injection of [68Ga]4.56, the major fraction of activity was found in the 

kidneys (47 %ID/g), remaining at this level over time (47 %ID/g and 55 %ID/g after 25 min 

and 45 min, respectively). The activity in the liver was much lower (7.2, 5.7 and 5.2 %ID/g 

after 10, 25 and 45 min, respectively), indicating predominant renal excretion of 

[68Ga]4.56, which was expected for this highly hydrophilic tracer (Table 4.2, Figure 4.4A). 

The activity in the blood dropped from 3.1 %ID/g (10 min p.i.) to 1.3 %ID/g (45 min p.i.), 

while it increased in the tumor from 3.6 %ID/g (10 min) over 7.3 %ID/g (25 min) to 

8.4 %ID/g (45 min). Tumor-to-muscle ratios increased over time (3.3 at 10 min p.i. and 13 

at 25 min p.i.), reaching a value of 16 after 45 min, which was considerably higher than 
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the tumor-to-muscle ratios of [68Ga]4.21, [68Ga]4.33 and [68Ga]4.37 at 45 min p.i. (Table 

4.2 and Table A4.4, Appendix). Co-injection of the non-labeled compound 4.48 with 

[68Ga]4.56 (blocking experiments) resulted in a tumor-to-muscle ratio of 1.8 (45 min p.i.), 

indicating that the uptake of [68Ga]4.56 in the tumor was NTS1R-mediated. To evaluate 

the in vivo stability of [68Ga]4.56, HPLC analyses of urine samples obtained 10 min and 

45 min after tracer injection were performed, revealing that, in contrast to [68Ga]4.21, 

[68Ga]4.33 and [68Ga]4.37, intact [68Ga]4.56 accounted for more than 80% of the activity in 

urine (cf. Figure A4.11B and Figure A4.10, Appendix). The high in vivo stability of 

[68Ga]4.56, which obviously contributes to an increased tracer accumulation in the tumor, 

was confirmed by HPLC analysis of an ex vivo blood plasma sample at 10 min p.i. showing 

that intact [68Ga]4.56 (identity confirmed by spiking of the plasma sample with 4.56) 

accounted for more than 80% of the radioactivity in the processed sample (cf. Figure 

A4.11C-E, Appendix). 

 

Figure 4.5. Biodistribution data (%ID/g tissue) of [68Ga]4.56 obtained from HT-29 tumor-bearing 

mice. Given are mean values ± SD (n = 4). Blocking data were obtained by co-injection of 4.48 (560-

700 nmol/mouse). Statistical analysis of differences between tracer accumulation in the tumor of 

unblocked and blocked animals was performed by an unpaired two-tailed t-test (p < 0.05 was 

considered statistically significant). ** p < 0.01. *** p < 0.001. 
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Table 4.2. Ex vivo biodistribution data and tumor-to-muscle ratios of [68Ga]4.56 obtained from 

HT-29 tumor-bearing mice.a 

tissue 

uptake (%ID/g) at given times p.i. 

10 min 25 min 45 min 
45 min  

(blocking) 

kidney 47 ± 3.4 47 ± 7.0 55 ± 28 53 ± 27 

liver 7.2 ± 0.83 5.7 ± 1.6 5.2 ± 2.2 0.69 ± 0.39 

gall bladder (bile) 1.1 ± 0.71 1.9 ± 0.79 1.6 ± 0.99 0.59 ± 0.49 

blood 3.1 ± 0.34 2.9 ± 1.3 1.3 ± 0.33 1.4 ± 1.0 

spleen 2.5 ± 0.25 2.6 ± 0.60 2.1 ± 0.52 0.56 ± 0.35 

intestine 1.8 ± 0.22 2.4 ± 0.68 2.1 ± 0.49 1.0 ± 0.80 

heart 1.2 ± 0.10 1.3 ± 0.49 0.72 ± 0.36 0.60 ± 0.44 

lung 2.4 ± 0.30 2.8 ± 1.5 1.2 ± 0.34 1.3 ± 0.83 

brain 0.079 ± 0.017 0.13 ± 0.11 0.061 ± 0.049 0.10 ± 0.074 

pancreas 1.3 ± 0.83 1.1 ± 1.1 0.90 ± 0.57 0.51 ± 0.37 

femur 0.95 ± 0.25 0.78 ± 0.27 0.73 ± 0.29 0.65 ± 0.43 

muscle 1.1 ± 0.18 0.57 ± 0.23 0.55 ± 0.23 0.68 ± 0.61 

tumor 3.6 ± 0.20 7.3 ± 1.8 8.4 ± 2.9 0.94 ± 0.55 

tumor-to-muscle 3.3 ± 0.46 13 ± 3.0 16 ± 2.2 1.8 ± 0.78 

aGiven are mean values ± SD (n = 4). Blocking data were obtained by co-injection of 4.48 (560-

700 nmol/mouse). 

In reported studies, the 111In-labeled analog of compound 4.04 was investigated in terms 

of in vivo stability 15 min after injection in mice, revealing 22% of remaining intact tracer 

in the plasma sample[41]. The 68Ga-labeled analog of 4.05, investigated in vitro in human 

serum, gave 93% intact tracer after 60 min of incubation[42]. In vivo studies in mice with a 
68Ga-labeled tracer structurally closely related to 4.05, showing low NTS1R affinity (Ki = 

180 nM), resulted in 90% intact tracer in blood plasma 10 min after tracer 

administration[16]. Noteworthy, a recently reported 18F-labeled fluoroglycosylated NTS1R 

PET ligand derived from 3.16, containing the same peptide core structure as [68Ga]4.21, 

[68Ga]4.33 and [68Ga]4.37, exhibited low in vivo stability in mice (30% of remaining intact 

tracer in plasma 10 min p.i., and no detectable tracer in plasma 20 min p.i.)[60]. 

Consequently, the high in vivo stability accomplished with [68Ga]4.56 in combination with 

retained high NTS1R affinity, represents an important achievement in the field of peptidic 

NTS1R PET ligands. 

To estimate the internalization rate of NTS1 receptors occupied by [68Ga]4.56, HT-29 

tumor cells were incubated with [68Ga]4.56 at 37 °C for up to 75 min followed by removal 

of extracellularly bound peptidic receptor ligand using the acid-strip method. This 

experiment showed that the fraction of internalized tracer was > 80% after only 5 min of 

incubation, reaching a plateau of approximately 95% after 55 min (Figure 4.6). This 

feature is considered favorable with respect to an accumulation of the tracer in the tumor 

in vivo, particularly when it comes to therapeutic applications using, e.g., alpha-emitting 

tracers such as 225Ac-labeled radiopharmaceuticals. 
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Figure 4.6. Fraction of specifically bound and internalized [68Ga]4.56 in HT-29 cells relative to the 

entire specific binding determined at 37 °C. Given are mean values ± SD of two independent 

experiments, each performed in triplicate. 

4.2.7 PET/CT imaging with [68Ga]4.56 

Dynamic PET scans of HT-29 tumor-bearing nude mice injected with [68Ga]4.56 were 

performed for 45 min. Notably, a PET/CT scanner (Siemens Biograph mCT-S(40)) for 

clinical routine tumor diagnostics in patients was used for these studies. It was shown 

previously that this instrument is applicable for imaging of small animals with sufficiently 

large tumor implants[76,77]. Blocking experiments were carried out by co-injection of an 

excess of the NTS1R ligand 4.48. Time-activity-curves (TACs) for the tumor and muscle 

(from non-blocking and blocking experiments) as well as for the kidneys, generated from 

the SUVs acquired for the respective ROIs, are depicted in Figure 4.7A,B. These data 

confirmed the results from the biodistribution studies with [68Ga]4.56: the tracer uptake 

in the tumor increased over time and the activity level in the kidneys reached a plateau 

after approximately 10 min. Thus, tumor-to-muscle ratios, determined from the SUVs (cf. 

inset table in Figure 4.7A), were comparable with the tumor-to-muscle ratios obtained 

from biodistribution studies. The blocking experiments confirmed the specific (NTS1R-

mediated) uptake of [68Ga]4.56 in the tumor (Figure 4.7A). Representative PET images of 

tumor-bearing mice injected with [68Ga]4.56 alone or with [68Ga]4.56 and an excess of 4.48 

are shown in Figure 4.7C. Accumulation of the tracer in the tumor was clearly visible. 
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Figure 4.7. TACs and representative PET images from studies with [68Ga]4.56 in HT-29 tumor-

bearing mice. (A) SUVmean ± SD (n = 4) from 45 min-PET scans for the tumor (circles) and muscle 

(squares), and tumor-to-muscle ratios for selected times calculated based on the SUV values (inset 

table). Blocking data were obtained by co-injection of 4.48 (560-700 nmol/mouse). (B) SUVmean ± SD 

(n = 4) for the kidneys (same PET scans as under A). (C) Maximum intensity projections of two 

representative PET images of HT-29 tumor-bearing mice after injection of [68Ga]4.56 (left) or co-

injection of [68Ga]4.56 and 4.48 (right) (time frame: 10-45 min p.i.). The blue arrows indicate the 

tumors. 
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4.3 Conclusion 

We herein describe the preparation, analysis and biological characterization of a series of 

peptidic PET tracer candidates, which led to the discovery of the DOTA(Ga3+)-conjugated 

NTS1R ligand UR-LS130 (4.56) showing high stability in human plasma (t1/2 > 24 h) and 

higher NTS1R affinity (Ki = 1.2 nM) compared to previously reported NTS1R PET ligands 

with high in vitro plasma stability. A novel feature of this Ga3+-containing peptidic PET 

ligand is the attachment of the chelator via the side chain of an arginine. [68Ga]4.56 

displayed high in vivo stability and a clear accumulation in NTS1R-expressing HT-29 

tumors. Notably, 4.56 contains no Tle, but Ile in position 12, like endogenous neurotensin. 

Instead, 4.56 contains a β,β-diMe-Tyr in position 11, leading to excellent stability in vitro 

and in vivo. To date, replacement of Ile12 by Tle12 is the state of the art to achieve 

proteolytic stabilization of the C-terminus of NT(8-13)-derived PET tracers. However, in 

the present study, we show that the Ile12/Tle12 exchange can be insufficient to achieve high 

in vivo stability. Unlike the Ile12/Tle12 exchange, which affects NTS1R binding, the recently 

introduced alternative based on the exchange of Leu13 by trimethylsilylalanine proved to 

be beneficial with respect to NTS1R binding, but turned out to be less favorable than the 

Tle12-approach regarding proteolytic stability[38]. In contrast, the new diMe-Tyr11-approach 

combines retained NTS1R affinity and high tracer stability. Taking into consideration the 

reported impact of the metal ion chelator on a tracer’s biodistribution profile and 

accumulation in the tumor[37,78], further improvement of the tracer [68Ga]4.56 could be 

undertaken by conjugation to a chelator different from DOTA. With [68Ga]4.56 we present 

the first peptidic NTS1R PET ligand with high in vivo stability exhibiting comparable 

NTS1R affinity as reported 177Lu-labeled NTS1R antagonists[79,80], which are favored over 

peptides for tumor endoradiotherapy due to higher in vivo stability[81]. Thus, the 

achievements of this work could promote the development of NT(8-13)-derived 

radiotherapeutics for cancer treatment, as an alternative to 177Lu-labeled NTS1R 

antagonists.  
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4.4 Experimental section 

4.4.1 General experimental conditions 

Solvents and buffer components, all purchased from commercial suppliers, were of 

analytical grade. Gradient grade MeOH for HPLC was obtained from Merck Chemicals 

(Darmstadt, Germany) and gradient grade MeCN for HPLC was from Sigma-Aldrich 

(Taufkirchen, Germany) or Merck. N,N-Diisopropylethylamine (DIPEA, 99%) and (R)-2-

(Boc-amino)-3-(4’-fluoro-[1,1’-biphenyl]-4-yl)propanoic acid (4.24) were obtained from 

ABCR (Karlsruhe, Germany). HCOOH and K2CO3 were from Roth (Karlsruhe, Germany) 

and 1 M HCl was from VWR Chemicals (Fontenay-sous-Bois, France). Anhydrous N,N-

dimethylformamide (DMF) (99.8%), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), Ga(NO3)3 

hydrate, 7-methyl-1,5,7-triazabicyclo [4.4.0]dec-5-ene (MTBD), methyl-4-

nitrobenzenesulfonate, 2-mercaptoethanol, n-octanol and 1-methyl-D-Trp were purchased 

from Sigma-Aldrich. DMF (for peptide synthesis, packed under nitrogen, code 

D/3848/PB17), 1-methylpyrrolidin-2-one (NMP) (for peptide synthesis, nitrogen flushed), 

anhydrous NMP (99.5%), CH2Cl2 and 1-hydroxy-1H-benzotriazole (HOBt) hydrate were 

obtained from Acros Organics/Fisher Scientific (Nidderau, Germany). When used for the 

coupling of non-standard Fmoc-amino acids (SPPS), HOBt hydrate, containing up to 3% 

water, was dried using a lyophilizer. 4-[(Boc-amino)methyl]-3-fluoro-benzoic acid (> 95%) 

(4.27) was purchased from Activate Scientific (Prien am Chiemsee, Germany) and Boc-ε-

aminocaproic acid succinimidyl ester (4.30) was purchased from Bachem (Bubendorf, 

Switzerland). DOTA-tris(tBu)ester succinimidyl ester (4.13) was from CheMatech (Dijon, 

France). Trifluoroacetic acid (TFA) and absolute EtOH were obtained from Honeywell 

(Seelze, Germany). Collidine, 2-nitrobenzenesulfonylchloride and 1,8-diazabicyclo [5.4.0] 

undec-7-ene (DBU) were from Alfa Aesar/ThermoFisher (Heysham, UK). Piperidine and 

N,N,N′,N′-tetramethyl-O-(1H-benzotriazole-1-yl)-uronium hexafluorophosphate (HBTU) 

were purchased from Iris Biotech (Marktredwitz, Germany). Deuterated solvents were 

obtained from Deutero (Kastellaun, Germany). Bovine serum albumin (BSA) was 

purchased from Serva (Heidelberg, Germany). Oxyma pure, N,N’-diisopropylcarbodiimide 

(DIC), H-Leu-2-ClTrt resin (loading: 0.79 mmol/g), Fmoc-N-Me-Arg(Pbf)-OH, Fmoc-Pro-

OH, Fmoc-Ile-OH and Fmoc-Tle-OH (Fmoc-L-α-tert-butylglycine) were from Merck 

Biosciences (Schwalbach am Taunus, Germany). Cl-2-ClTrt resin (loading: 1.6 mmol/g), 

Fmoc-L-allo-Ile-OH, Fmoc-Deg-OH, Fmoc-L-cPrGly-OH and Fmoc-β,β-diMe-Tyr(tBu)-OH 

(rac) were obtained from Iris Biotech. Fmoc-Arg(Pbf)-OH and Fmoc-Tyr(tBu)-OH were 

from Iris Biotech or Carbolution (St. Ingbert, Germany). Fmoc-β-cyclopropyl-L-Ala-OH, 

Fmoc-β-cyclopentyl-L-Gly-OH, Fmoc-α-methyl-L-Leu-OH and (S)-Fmoc-α-ethyl-Ala-OH 

were from ABCR, and Fmoc-(S)-2-amino-2-cyclobutylacetic acid was from Merck 

Chemicals. Ultrapure 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was 

from Gerbu (Heidelberg, Germany). Peptide 2.01 (tris(hydrotrifluoroacetate)) was 

purchased from SynPeptide (Shanghai, China). The syntheses of reference peptides 2.02[40] 

and 2.07[40], arginine building blocks 3.06a[39] and 4.07[39], NT(8-13) derivative 3.16[60] and 

radioligand [3H]UR-MK300[39] have been described elsewhere. Millipore water was used 

throughout for the preparation of buffers, stock solutions and HPLC eluents. 1.5- and 

2-mL polypropylene reaction vessels with screw cap (in the following referred to as 

“reaction vessel with screw cap”) from Süd-Laborbedarf (Gauting, Germany) were used for 

the preparation and storage of stock solutions, and for small-scale reactions. 1.5- or 2-mL 
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polypropylene reaction vessels (in the following referred to as “reaction vessel”) from 

Sarstedt (Nümbrecht, Germany) were used for the preparation of serial dilutions, for the 

synthesis, determination of the distribution coefficient and biodistribution measurements 

of 68Ga-labeled PET tracers and for the determination of stabilities in plasma. For the 

evaporation of solvents in 1.5- or 2-mL reaction vessels, a Savant Speed-Vac Plus SC110A 

vacuum concentrator (Thermo Fisher Scientific, Waltham, MA) was used. NMR spectra 

were recorded on a Bruker Avance 600 instrument (1H: 600 MHz, 13C: 151 MHz) (Bruker, 

Karlsruhe, Germany) at 300 K. The spectra were calibrated based on the solvent residual 

peaks (1H-NMR: DMSO-d6: δ = 2.50 ppm; 13C-NMR: DMSO-d6: δ = 39.52 ppm). 1H-NMR 

data are reported as follows: chemical shift δ in ppm (multiplicity (s = singlet, d = doublet, 

m = multiplet, br s = broad singlet), integral, coupling constant J in Hz). High resolution 

mass spectra (HRMS) were acquired with an Agilent 6540 UHD Accurate-Mass Q-TOF 

LC/MS system coupled to an Agilent 1290 HPLC system (Agilent Technologies, Santa 

Clara, CA), using an ESI source. Analyses were performed using the following LC method: 

column: Luna Omega C18, 1.6 μm, 50 × 2.1 mm (Phenomenex, Aschaffenburg, Germany), 

column temperature: 40 °C, flow: 0.6 mL/min, solvent/linear gradient: 0-4 min: 0.1% 

aqueous HCOOH/0.1% HCOOH in MeCN 95:5-2:98, 4-5 min: 2:98. Preparative HPLC was 

performed with a system from Knauer (Berlin, Germany) consisting of two K-1800 pumps 

and a K-2001 detector (compounds 4.08, 4.09, 4.11, 4.12, 4.14-4.21, 4.23, 4.25, 4.26, 4.28, 

4.29, 4.31-4.57), or a Prep 150 LC System from Waters (Eschborn, Germany) consisting of 

a 2545 binary gradient module, a 2489 UV/visible detector, and a Waters Fraction 

Collector III (compound 4.22). A Kinetex-XB C18, 5 μm, 250 mm × 21 mm (Phenomenex) 

or a Gemini-NX C18, 5 μm, 250 mm × 21 mm (Phenomenex) served as RP-columns at a 

flow rate of 20 mL/min. Mixtures of 0.2% aq TFA (A1) and acetonitrile (B1), or 0.1% aq 

TFA (A2) and B1 were used as mobile phase. A detection wavelength of 220 nm was used 

throughout. Collected fractions were lyophilized using an Alpha 2-4 LD apparatus (Martin 

Christ, Osterode am Harz, Germany) or a Scanvac CoolSafe 100-9 freeze-dryer (Labogene, 

Allerød, Denmark) both equipped with a Vacuubrand RZ 6 rotary vane vacuum pump. 

Analytical HPLC analysis of compounds 4.08, 4.09, 4.11, 4.12, 4.14-4.23, 4.25, 4.26, 4.28, 

4.29 and 4.31-4.57 was performed with a system from Agilent Technologies consisting of 

a 1290 Infinity binary pump equipped with a degasser, a 1290 Infinity Autosampler, a 

1290 Infinity Thermostated Column Compartment, a 1260 Infinity Diode Array Detector 

and a 1260 Infinity Fluorescence Detector. A Kinetex-XB C18, 2.6 μm, 100 × 3 mm 

(Phenomenex) served as stationary phase at a flow rate of 0.5 mL/min or 0.6 mL/min. The 

oven temperature was set to 25 °C. UV detection was performed at 220 nm and 

fluorescence detection at 275/305 nm. The injection volume was 20 μL. Mixtures of 0.04% 

aq TFA (A3), 0.05% aq HCOOH (A4) or 0.1% aq HCOOH (A5) and B1 or MeOH (B2) were 

used as mobile phase. The following linear gradients were applied for purity controls: 

compounds 4.08, 4.09, 4.11, 4.12, 4.14-4.18, 4.25, 4.26, 4.28, 4.29, 4.31-4.35 and 4.38-4.57 

(flow rate 0.6 mL/min): 0-12 min: A3/B1 90:10-70:30, 12-16 min: 70:30-5:95, 16-20 min: 

5:95; compounds 4.19-4.23, 4.36 and 4.37 (flow rate 0.5 mL/min): 0-12 min: A4/B2 95:5-

70:30, 12-16 min: 70:30-5:95, 16-20 min: 5:95. The following linear gradient was used for 

the analysis of plasma stability samples: 0-12 min: A3/B1 90:10-73:27, 12-16 min: 73:27-

5:95, 16-20 min: 5:95. Retention (capacity) factors k were calculated from the retention 

times tR according to k = (tR − t0)/t0 (t0 = dead time). Peptides were characterized by 1H- 

and 1H-COSY NMR spectroscopy, HRMS, and RP-HPLC analysis. Additionally, 13C-NMR 

spectra were acquired of 4.50 and 4.51.  
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Annotation concerning the 1H-NMR spectra (solvent: DMSO-d6): in order to allow an 

integration of the signals interfering with the broad water signal at ca. 3.5 ppm, spectra 

were additionally recorded in DMSO-d6/D2O (4:1 v/v (4.08, 4.09, 4.11, 4.14-4.17, 4.19-4.22) 

or 5:1 v/v (4.12, 4.18, 4.23, 4.25, 4.26, 4.28, 4.29, 4.32-4.57)) (data not shown). 

Additional analytical data of compounds (HPLC analyses, 1H- and 13C-NMR spectra) are 

provided in the Appendix. 

4.4.2 Cell culture and preparation of HEK293T cells stably expressing the 

human NTS2R 

All cells were cultured in 75 or 175 cm2 flasks (Sarstedt, Nümbrecht, Germany) in a 

humidified atmosphere (95% air, 5% CO2) at 37 °C. HT-29 colon carcinoma cells (DSMZ-

no. ACC 299) were maintained in antibiotic-free RPMI medium (Sigma-Aldrich) 

supplemented with 7.5% fetal bovine serum (FBS) (Sigma-Aldrich). HEK293T cells stably 

expressing the human NTS2R (HEK293T-hNTS2R cells) were essentially generated 

following a previously described procedure[82]. In brief, HEK293T cells (kind gift from Prof. 

Dr. Wulf Schneider, Institute for Medical Microbiology and Hygiene, University of 

Regensburg, Germany) were seeded on a 6-well plate (Sarstedt, Nümbrecht, Germany) in 

Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) supplemented with 10% FBS, L-

glutamine (2 mM) (Sigma-Aldrich) and Penicillin-Streptomycin (100 IU/mL and 

0.1 mg/mL, respectively) (Sigma-Aldrich) at a density of 6 × 105 cells/well. On the next 

day, cells were transfected with 2 µg of cDNA encoding the hNTS2R (cDNA Resource 

Center, Rolla, MO, USA, catalog no. NTSR200000) using X-tremeGENETM HP (Roche 

Diagnostics, Mannheim, Germany) as transfection reagent according to the 

manufacturer’s protocol. After two days of transfection, cells were detached with trypsin-

ethylenediamine-tetraacetic acid (EDTA, Biochrom, Berlin, Germany) and transferred to 

a 15-cm dish (Sarstedt, Nümbrecht, Germany). After the cells had attached to the dish, 

G418 (Biochrom, Berlin, Germany) was added at a final concentration of 1 mg/mL. 

Selection was achieved by exchanging the medium every two to three days for two weeks. 

Subsequently, a clone with high NTS2R-expression, which was assessed radiochemically 

after addition of 10 nM of [3H]UR-MK300, was isolated. Cultivation was then continued 

with a reduced G418 concentration in the culture medium of 600 µg/mL.  

4.4.3 Radiochemical binding assays 

4.4.3.1 NTS1R binding 

Radioligand competition binding experiments with [3H]UR-MK300 (specific activity: 

47.0 Ci/mmol[39] or 65.0 Ci/mmol; for structure see Figure A4.1, Appendix) at hNTS1R-

expressing intact human HT-29 colon carcinoma cells were performed at 23 ± 1 °C as 

described previously[39]. Two different batches of the radioligand [3H]UR-MK300 were 

used. The Kd values of [3H]UR-MK300 amounted to 0.55 nM (mean value from two 

independent saturation binding experiments, each performed in triplicate)[40] and 0.41 ± 

0.12 nM (mean value ± SD from two independent saturation binding experiments, each 

performed in triplicate, data not shown). Specific binding data (obtained by subtracting 

unspecific binding from total binding) were normalized (100% = specifically bound 

radioligand in the absence of competitor) and plotted over log(concentration of competitor) 

followed by a four-parameter logistic fit (SigmaPlot 12.5, Systat Software, San José, CA, 
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USA) (note: in the case of 4.40, the lower curve plateau of the sigmoidal fit was constrained 

to > 0). Resulting pIC50 values were converted to IC50 values and Ki values were calculated 

from the IC50 values according to the Cheng-Prusoff equation[83] using a Kd value of 

0.55 nM (4.08, 4.09, 4.11, 4.14-4.17 and 4.19-4.22) or 0.41 nM (4.12, 4.18, 4.23, 4.25, 4.26, 

4.32-4.50, 4.52 and 4.54-4.57). The Ki values from individual experiments were 

transformed to pKi values, followed by the calculation of mean pKi values ± SD.  

4.4.3.2 NTS2R binding 

NTS2R saturation and competition binding experiments were performed at intact 

HEK293T-hNTS2R cells at 23 ± 1 °C using [3H]UR-MK300[39] as radioligand (two different 

batches were used; specific activities: 47.0 Ci/mmol[39] and 65.0 Ci/mmol). Two days prior 

to the experiment, white 96-well plates with clear bottoms (Costar, catalog no. 3610) were 

treated with poly-D-lysine hydrobromide (Sigma-Aldrich) for 10 min. The wells were 

washed with H2O and the plates were dried on air at rt overnight. Alternatively, plates 

were treated with a sterile solution of 5% (w/v) gelatin (Sigma-Aldrich) in H2O (50 µL) at 

rt for 1.5-2 h. The gelatin solution was removed, followed by the addition of a solution of 

2.5% (v/v) of glutaraldehyde (Sigma-Aldrich) in H2O (50 µL) at rt for 10 min. After removal 

of the glutaraldehyde solution, the wells were washed twelve times with H2O and two 

times with culture medium (150-300 µL). One day before the experiment, cells were seeded 

in the treated plates at a density of 9 × 104 cells/well. On the day of the experiment, the 

culture medium was carefully removed using a multi-channel pipette (Transferpette S-12, 

Brand, Wertheim, Germany) and the cells were washed once with Dulbecco’s phosphate-

buffered saline (D-PBS) containing Ca2+ and Mg2+ (1.8 mM CaCl2, 2.68 mM KCl, 1.47 mM 

KH2PO4, 3.98 mM MgSO4, 136.9 mM NaCl and 8.06 mM Na2HPO4) (200 μL, rt) followed 

by the careful pre-filling of the wells with 180 µL (total binding) or 160 µL (unspecific and 

competition binding) of D-PBS, supplemented with 1% BSA and 100 μg/mL bacitracin 

(Serva, Heidelberg, Germany) (in the following referred to as binding buffer). To determine 

total binding, 20 µL of a solution of the radioligand in binding buffer (10-fold concentrated 

compared to the final concentration) were added. For the determination of unspecific 

binding, 20 µL of a solution of 2.01 in binding buffer (10-fold concentrated, used in 500-

fold excess compared to the radioligand) and 20 µL of a 10-fold concentrated solution of 

the radioligand in binding buffer were added. To determine the displacing effect of a 

compound of interest, 20 µL of a solution of the respective compound in binding buffer (10-

fold concentrated) and 20 µL of a 10-fold concentrated solution of the radioligand in 

binding buffer were added. During the incubation period of 2 h at 23 °C, the plates were 

gently shaken. After incubation, the liquid was carefully removed using a multi-channel 

pipette and the cells were carefully washed twice with ice-cold D-PBS (200 μL). 25 μL of 

lysis solution (8 M urea, 3 M acetic acid, and 1% Triton-X-100 in H2O) were added to each 

well and the plates were shaken at rt for 25 min, followed by the addition of liquid 

scintillator (Ultima Gold, PerkinElmer, Waltham, MA, USA) (200 μL). The plates were 

sealed with a transparent sealing tape (permanent seal for microplates, PerkinElmer, 

product no. 1450-461) and turned upside down several times to achieve complete mixing. 

Prior to the measurement of the radioactivity with a MicroBeta2 plate counter 

(PerkinElmer), the plates were kept in the dark for at least 1 h. All experiments were 

performed in triplicate. The Kd values of [3H]UR-MK300, determined for the different 

batches of radioligand by saturation binding experiments, amounted to 6.9 ± 1.8 nM (mean 

value ± SD from six independent determinations, each performed in triplicate) and 4.0 ± 
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1.5 nM (mean value ± SD from three independent determinations, each performed in 

triplicate) (for representative saturation binding curves see Figure A4.2, Appendix). Data 

from competition binding experiments were analyzed as described for NTS1R binding 

using a Kd value of 6.9 nM (2.01, 4.08, 4.09, 4.14, 4.15, and 4.19) or 4.0 nM (2.07, 3.16, 

4.09, 4.11, 4.15-4.17, 4.19-4.22, 4.48-4.53 and 4.56). Note: in the cases of 4.49-4.53 and 

4.56, the lower curve plateau of the sigmoidal fit was constrained to > 0.  

4.4.4 Fura-2 Ca2+-assay 

The fura-2 calcium assay on intact hNTS1R-expressing HT-29 cells was performed as 

previously described for human erythroleukemia cells[84] using a Perkin-Elmer LS50 B 

spectrofluorimeter (PerkinElmer, Rodgau, Germany). At a confluency of 80-95%, cells 

were trypsinized, detached from the culture flask and the assay was performed as 

described in the protocol. Net Ca2+-responses (basal cytosolic Ca2+-concentration 

subtracted from the measured Ca2+-concentration), induced by 2.01, 4.21 and 4.56, were 

normalized (100% = effect elicited by 300 nM NT(8-13)) and plotted over log(concentration 

of agonist) followed by a four-parameter logistic fit (SigmaPlot 12.5, Systat Software).  

4.4.5 Investigation of the stability of 4.08, 4.09, 4.11, 4.12, 4.14-4.23, 4.38-

4.49 and 4.54-4.57 in human plasma 

The proteolytic stabilities of 4.08, 4.09, 4.11, 4.12, 4.14-4.23, 4.38-4.49 and 4.54-4.57 were 

investigated in human blood plasma/PBS (136.9 mM NaCl, 2.68 mM KCl, 5.62 mM 

Na2HPO4, 1.09 mM NaH2PO4 and 1.47 mM KH2PO4) pH 7.4 (1:2, v/v) according to a 

described procedure[40] with the following modifications: 5 mM stock solutions in 

MeCN/0.04% aq TFA (30:70 v/v) were used throughout for the addition of the peptides to 

plasma/PBS (1:2 v/v). As the RP-HPLC purity of 1-methyl-D-Trp, used as internal 

standard (IS) was < 95% (data not shown), the compound was purified by preparative 

HPLC to give a purity of > 99%. The concentration of the peptides in plasma/PBS (1:2 v/v) 

was 80 and 4 µM (recovery determination) or 100 µM (stability tests). Data analysis was 

based on UV detection at 220 nm (4.08, 4.09, 4.11, 4.12, 4.14-4.18, 4.21-4.23, 4.38-4.49 

and 4.54-4.57) or fluorescence detection at 275/305 nm (4.19 and 4.20). Reference samples, 

representing 100% recovery, were prepared in duplicate (4.08, 4.09, 4.11, 4.14-4.16 and 

4.19-4.21) or quadruplicate (4.12, 4.17, 4.18, 4.22, 4.23, 4.38-4.49 and 4.54-4.57). 

Recovery ratios were obtained by dividing the recovery of the peptide by the recovery of IS 

for each individual sample (n = 3-5). The obtained recoveries and the recovery ratios are 

summarized in Table A4.2 (Appendix). Note: in the case of compounds 4.38-4.49, which 

were prepared for testing the effects of various unnatural amino acids on peptide stability, 

no recovery ratios were determined. Instead, the recovery ratios determined for the 

previously reported, structurally closely related peptide Me-Arg-Arg-Pro-Tyr-Ile-Leu[40] 

were used for calculating the amount of remaining intact peptide in plasma. 

4.4.6 Circular dichroism (CD) analysis 

CD spectra of 100 µM aqueous solutions of 4.48 and 4.49 and a reference compound with 

the amino acid sequence Me-Arg-Arg-Pro-Tyr-Ile-Leu[40] were recorded in a 1 cm path 

length cuvette at 20 °C with a Jasco J-810 spectropolarimeter (Jasco, Tokyo, Japan) 

equipped with a PTC-423S Peltier temperature controller (Jasco). Instrumental 

parameters: spectral range, 180-300 nm; bandwidth, 1 nm; scanning speed, 500 nm/min. 
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Each spectrum represents the average of three spectra, each recorded with 20 

accumulations, after solvent subtraction. An “economy-size” singular-value decomposition 

(SVD) on a set of nine spectra (matrix A consisting of three spectra for each of 4.48, 4.49 

and the reference compound) was calculated in MATLAB (MathWorks, Natick, MA) as 

A = U·S·VT. Here, U is a matrix whose columns contain the linearly independent spectral 

components, S is a diagonal matrix containing the singular values, and VT is the transpose 

of matrix V, which contains the linear coefficients associated with the spectral components 

in U. 

4.4.7 Synthesis, in vitro and in vivo characterization of PET tracers 

[68Ga]4.21, [68Ga]4.33, [68Ga]4.37 and [68Ga]4.56 

4.4.7.1 PET tracer synthesis 

The preparation of the 68Ga-labeled PET ligands [68Ga]4.21, [68Ga]4.33, [68Ga]4.37 and 

[68Ga]4.56 was performed on a Scintomics GRP® synthesizer module (Scintomics GmbH, 

Fürstenfeldbruck, Germany) with the Scintomics Control Center software, the Reagent 

and Hardware Kit SC-01 and SC-01-H (ABX, Radeberg, Germany) and a Isomed 2010 

activimeter (MED Nuklear-Medizintechnik, Dresden, Germany) for activity 

measurements. [68Ga]GaCl3 was eluted from a 68Ge/68Ga-generator GalliaPharm 

(Eckert&Ziegler, Berlin, Germany) with 0.1 M HCl (Eckert&Ziegler) (approximately 

9 mL). A 0.12-0.15 mM solution of the precursor compound (4.16, 4.32, 4.35 or 4.54) in 

ultrapure H2O (Merck) (100 µL) was added to a HEPES buffer (ABX Kit; 1.5 M, pH 5.5) 

(3 mL), combined with the gallium eluate and the mixture was incubated for 6 min 

([68Ga]4.21, [68Ga]4.33, [68Ga]4.56) or 16 min ([68Ga]4.37) at 125 °C, cooled down to 

approximately 120 °C and loaded on a C18 cartridge (Sep-Pak C18 Plus Short Cartridge, 

55-105 µm, Waters, Milford, MA, USA). After a washing step with H2O (ca. 8 mL), the 

product was eluted from the cartridge with EtOH (effective volume ca. 1 mL) and the 

eluate was transferred into a 2-mL reaction vessel. The solvent was evaporated in a 

Savant Speed-Vac SVC100H vacuum concentrator (Savant Instruments, Farmingdale, 

NY, USA) equipped with pre-heated (100 °C) rotor inserts (aluminum blocks with bores 

for 1.5- and 2-mL reaction vessels) for approximately 50 min (note: a complete evaporation 

to dryness was avoided; the residual volume was approximately 10-30 µL), followed by 

uptake in 0.1% aq HCOOH (80-100 µL). The solution was subjected to preparative work-

up using an HPLC system composed of a P4000 pump (Thermo Separation Products), a 

Degassex DG-4400 degasser (Phenomenex), a 2487 UV/visible detector (Waters) and a 

Rheodyne manual injector equipped with a 200-µL loop (note: the pump was directly 

controlled via the front panel and the UV/Vis-detector was remote-controlled using Waters 

Millennium Software). For the detection of γ-radiation, a B20/G-10 RADEye (Thermo 

Scientific, Erlangen, Germany) was placed close to the outlet tubing of the UV/Vis-detector 

(note: the vessel used for waste collection was shielded from the RADEye by 2 cm of lead). 

The stationary phase, a Luna C18(2), 3 μm, 150 × 4.6 mm (Phenomenex), was placed in a 

box of lead (wall thickness: 2 cm). The flow rate was 0.5 mL/min. Mixtures of A5 and B2 

were used as mobile phase. The following linear gradients were applied: [68Ga]4.21: 0-

16 min: A5/B2 85:15-65:35, 16-17 min: 65:35-5:95, 17-22 min: 5:95; [68Ga]4.33 and 

[68Ga]4.37: 0-16 min: A5/B2 65:35-45:55, 16-17 min: 45:55-5:95, 17-22 min: 5:95; 

[68Ga]4.56: 0-16 min: A5/B2 80:20-60:40, 16-17 min: 60:40-5:95, 17-22 min: 5:95. UV 

detection was performed at 220 nm and 275 nm (note: the chosen conditions enabled a 
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separation of excessive labeling precursor from the Ga3+-labeled species. For an exemplary 

chromatogram of a co-injection of 4.32 and 4.33 (50 µM each, injection volume 75 µL), and 

a chromatogram of the separation of [68Ga]4.33 from remaining 4.32 after radiosynthesis 

see Figure A4.7, Appendix). The eluate, containing the PET ligand, was collected in a 2 mL 

reaction vessel immediately followed by removal of the solvent in a vacuum concentrator 

equipped with pre-heated (100 °C) aluminum blocks (35-40 min). However, a complete 

evaporation of the solvent was avoided. The aqueous residue (20-40 µL) was taken up in 

PBS (ABX Kit) (80-500 µL) yielding a solution referred to as “tracer stock” in the following 

(final activity 0.157-1.69 GBq/mL). Quality controls of the PET ligands were performed by 

HPLC analysis using a system from Agilent Technologies (Waldbronn, Germany) 

consisting of a 1100 Series quaternary pump equipped with a 1260 Infinity degasser, a 

1100 Series Autosampler, a 1100 Series Thermostated Column Compartment, a 1100 

Series Diode Array Detector, and a GABI Star radiometric detector (Raytest 

Isotopenmessgeräte GmbH, Straubenhardt, Germany). A Luna C18(2), 3 μm, 100 × 

4.6 mm (Phenomenex) served as stationary phase. The flow rate was 0.95 mL/min and the 

temperature of the column compartment was set to 25 °C. The following linear gradients 

were applied: [68Ga]4.21: 0-9 min: A3/B1 95:5-72:28, 9-12 min: 72:28-5:95, 12-16 min: 5:95; 

[68Ga]4.33 and [68Ga]4.37: 0-9 min: A3/B1 95:5-55:45, 9-12 min: 55:45-5:95, 12-16 min: 

5:95; [68Ga]4.56: 0-9 min: A3/B1 95:5-65:35, 9-12 min: 65:35-5:95, 12-16 min: 5:95. UV 

detection was performed at 220 nm. Dilutions of the tracer stocks (5-25 µL, 0.17-1.39 MBq) 

were injected into the HPLC system. PET tracer-specific details about the syntheses 

including radiochemical yields and purities are provided in Table 4.3. 

Table 4.3. PET ligand specific parameters for the radiosynthesis of [68Ga]4.21, [68Ga]4.33, 

[68Ga]4.37 and [68Ga]4.56. 

PET  

ligand 

labeling 

precursor 

amount of  

precursor 

total product  

activitya 

decay-

corrected  

RCY (%)b 

HPLC analysis:b  

purity, tR, k 

[68Ga]4.21 4.16 
10-20 µg, 

7.5-15.0 nmol 
78.71-111.4 MBq  67-77 97-99%, 8.1-8.2 min, 4.8-4.9 

[68Ga]4.33 4.32 20 µg, 11.5 nmol 93.51 MBq 75 95%, 8.1 min, 4.8 

[68Ga]4.37 4.35 20 µg, 12.2 nmol 69.05 MBq 77 99%, 7.8 min, 4.6 

[68Ga]4.56 4.54 20 µg, 14.7 nmol 95.80-168.6 MBq 67-80 92-99%, 7.3-7.4 min, 4.2-4.3 

aActivity after separation of the PET tracer from the precursor by HPLC, removal of the solvent 

and uptake in PBS; given is the range over the performed syntheses. bGiven is the range over the 

performed syntheses. RCY = radiochemical yield. 

4.4.7.2 Determination of the distribution coefficient logD7.4 of PET ligands 

[68Ga]4.21, [68Ga]4.33, [68Ga]4.37 and [68Ga]4.56 

The distribution coefficients logD7.4 of the radiotracers [68Ga]4.21, [68Ga]4.33, [68Ga]4.37 

and [68Ga]4.56 were determined by adding a solution of the tracer in PBS (100 μL, ca. 0.20-

0.34 MBq) to a mixture of n-octanol (500 μL) and PBS (pH 7.4) (400 μL) in a 2-mL HPLC 

vial (Agilent, article number 5182-0714) with a screw cap equipped with a septum 

(Agilent, article number 5182-0717). After vortexing the mixture for 2 min, two 100 μL 

aliquots of the upper phase (n-octanol) were taken. To obtain a sample of the lower phase 
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(PBS), the HPLC vial was held upside down and approximately 100-150 µL of the aqueous 

phase were removed using a syringe equipped with a canula and collected in a reaction 

vessel. Two 10 µL aliquots of the aqueous phase were subjected to measurement. The 

activity of the aliquots was measured with a Canberra Genie 2000 system (Canberra, 

Rüsselsheim, Germany) using the Gamma Acquisition & Analysis Software Genie 2000 

3.4.1. Experiments were performed in triplicate. The decay-corrected counts per minute 

(cpm) values were averaged (n = 3) and transformed to a distribution coefficient logD7.4 

according to logD7.4 = log(Aoctanol/Aaqueous), where Aoctanol is the mean of the decay-corrected 

cpm values obtained for samples of the n-octanol phase, and Aaqueous is the mean of the 

decay-corrected cpm values obtained for samples of the aqueous phase.  

4.4.7.3 Mouse xenograft model 

8-12 weeks old female NMRI nude (nu/nu) mice (body weight 22-32 g) (Charles River, 

Sulzfeld, Germany) were kept under specified pathogen free (SPF) conditions at 23 °C, 

55% relative humidity and a 12 h light/dark cycle in the central animal facility of the 

University of Regensburg using type III cages from Tecniplast (Hohenpeißenberg, 

Germany). The animals took food (Ssniff, Soest, Germany) and autoclaved tap water ad 

libitum. For tumor cell implantation, the culture medium of HT-29 cells was removed, the 

cells were detached from the culture flask by incubation for 2 min in trypsin-EDTA and 

the suspension was centrifuged (164 × g, rt, 5 min). The supernatant was removed, and 

the cell pellet was washed twice with sterile PBS or serum-free medium (5-6 mL). The 

cells were resuspended in sterile PBS to a final density of 1 × 107 cells/mL. Mice were 

injected subcutaneously into the right flank with the HT-29 cell suspension (100 µL). After 

2-4 weeks, when the tumors had reached a size of 50-500 mm3, animals were used for 

biodistribution and PET/computed tomography (CT) imaging studies (note: for PET/CT 

studies, the tumor size was at least 200 mm3).  

4.4.7.4 Animal anesthetization 

Mice were anesthetized by i.p. injection (100 µL per 10 g body weight) using a mixture 

that was prepared by addition of ketamin (Medistar Arzneimittelvertrieb, Ascheberg, 

Germany, 10 wt%, 800 µL) and xylazine (Serumwerk, Bernburg (Saale), Germany, 2 wt%, 

200 µL) to PBS (9 mL).  

4.4.7.5 Biodistribution studies 

Aliquots of the tracer stock were diluted in PBS to give a volume of 200 µL. 80-100 µL (0.9-

5.9 MBq) of this solution were injected into anesthetized HT-29 tumor-bearing nude mice 

via the tail vein. Animals were kept on a heating plate (set to 40 °C) or a pre-heated (ca. 

45 °C) gel cushion and were killed by cardiac puncture 10 min, 25 min or 45 min p.i. 

immediately followed by taking blood, urine and tissue (i.e., tumor, kidney, liver, gall 

bladder, spleen, small intestine, heart, lung, brain, pancreas, femur and muscle) samples. 

Radioactivity measurement of the samples was performed with the Canberra Genie 2000 

system described for the determination of the distribution coefficient logD7.4. Decay-

corrected measured activities (cpm) were converted into activities (MBq) on the basis of 

an activity measurement with a 68Ge-calibration standard source (Eckert&Ziegler, Berlin, 

Germany). Sample activities were converted to percentage of injected dose per gram tissue 

(%ID/g). Blocking experiments were performed by co-injection of the tracer with NTS1R 

ligand 4.48 (ca. 700 nmol per mouse). Mice were killed 45 min p.i. and analyzed as 
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described above. The animals used for the 45-min biodistribution experiments were the 

same as used for the PET/CT imaging studies. 

4.4.7.6 HPLC analysis of urine from mice injected with [68Ga]4.21, [68Ga]4.33, 

[68Ga]4.37 or [68Ga]4.56 

The analysis was performed with the urine obtained from biodistribution and PET 

imaging studies, respectively (t = 10 or 45 min). The urine was diluted with H2O (1:2-1:100 

depending on the activity in the urine) and 10-80 µL of this solution were subjected to 

analysis by analytical HPLC using the same HPLC system and conditions as described for 

the quality controls of the PET ligands. To confirm the identity of [68Ga]4.56 in the 45-min 

urine samples, an additional analysis was performed, using the aforementioned injection 

solution spiked with 100 µM 4.56. Representative chromatograms of the HPLC analysis 

of the urine samples are shown in Figures A4.9-A4.11 (Appendix). 

4.4.7.7 HPLC analysis of blood plasma from mice injected with [68Ga]4.56 

This analysis was performed with the blood obtained from biodistribution studies with 

[68Ga]4.56 (t = 10 min). Blood (ca. 200 µL) was taken from the heart using a syringe that 

was rinsed with sodium heparin (25000 I.E., Ratiopharm, Ulm, Germany). The 

heparinized blood was transferred into a 1.5-mL reaction vessel immediately followed by 

centrifugation (1,200 × g, 4 °C, 5 min) using a Biofuge fresco centrifuge (Heraeus, Hanau, 

Germany). The supernatant (ca. 100 µL) was treated with the same volume of 10% aq TFA 

(precipitation of proteins) and the mixture was centrifuged (16,100 × g, 4 °C, 10 min). The 

supernatant (70-100 µL) was subjected to analysis by analytical HPLC using the same 

HPLC system and conditions as described for the quality control of the PET ligand. To 

confirm the identity of [68Ga]4.56 in the plasma samples, an additional analysis was 

performed, using the aforementioned injection solution spiked with 100 µM 4.56. 

Representative chromatograms of the HPLC analysis of the plasma samples are shown in 

Figure A4.11C-E (Appendix). 

4.4.7.8 Determination of the internalization of [68Ga]4.56 in HT-29 tumor cells 

HT-29 cells were seeded in 24-well TC plates (Sarstedt, catalog no. 83.3922) one day prior 

to the experiment at a density of 4.5 × 105 cells/well. Shortly before the experiment, the 

culture medium was removed and the cells were washed once with PBS (500 μL, rt) 

followed by pre-filling of the wells with 250 µL of binding buffer (see procedure for NTS2R 

binding studies). For the determination of unspecific binding, the binding buffer was 

supplemented with 2.01 (2 µM). 50 µL aliquots of the [68Ga]4.56 stock in PBS (1.5-2.8 MBq) 

were added to the wells, and the cells were incubated at 37 °C for 5, 10, 15, 25, 35, 55, or 

75 min under gentle shaking. After completed incubation, the plates were immediately 

placed on ice, the liquid was removed by suction and the cells were washed twice with ice-

cold PBS (500 μL). The cells were washed twice with ice-cold acid strip buffer (50 mM 

glycine and 125 mM NaCl in H2O, pH 3.0) (300 µL) for 5 min each, and the washings were 

combined in 5-mL polypropylene tubes. The cells were then lysed by the addition of lysis 

solution (see procedure for NTS2R binding studies) (250 µL) and shaken at 37 °C for 

15 min. The lysates were transferred into 5-mL polypropylene tubes, the wells were 

washed with lysis solution (250 µL) and the washings were combined with the lysates. The 

activities were measured with the Canberra Genie 2000 system as described for the 

determination of the distribution coefficient logD7.4. The decay-corrected cpm values of 
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unspecific binding were subtracted from the decay-corrected cpm values of total binding 

to obtain specific binding data for both surface-bound [68Ga]4.56 (acid strip) and 

internalized [68Ga]4.56 (cell lysate). The amount of internalized specific binding was 

normalized based on total specific binding, and the mean values from two independent 

experiments (each performed in triplicate) were plotted against the incubation time. 

4.4.7.9 PET/CT imaging with [68Ga]4.56 

PET/computed tomography (CT) imaging was performed using an EARL-certified clinical 

PET/CT scanner (Biograph mCT-S(40) with TrueV and Flow-4R technology, Siemens 

Healthcare, Erlangen, Germany) exhibiting, at 1 cm off-center, a spatial resolution for 18F 

of 4.1 mm in transversal and 4.7 mm in axial direction according to the NEMA NU2-2007 

standard[85]. This PET/CT scanner is capable of obtaining PET images in small animal 

experiments with reported recovery coefficients from NEMA NU 4 phantom 

measurements of 0.21, 0.59, and 1.16 in rods with a diameter of 2, 3, and 4 mm, 

respectively[76]. After positioning the animal, topograms were acquired (70 kVp, 60 mA, 

slice 0.6 mm, manually terminated craniocaudal movement) with tube position at bottom 

and lateral for anteroposterior and lateral view, respectively. A CT scan (70 kVp, 140 mA) 

was performed without dose reduction (CARE Dose 4D and CARE kV off) with the minimal 

slice scanning thickness of 0.6 mm (40 × 0.6 mm) with a pitch of 0.35 and a rotation time 

of 0.5 s resulting in a typical acquisition time of about 27 s. For attenuation correction of 

the PET data acquisition, axial CT images were reconstructed with the full field of view 

(FoV) of 780 mm by the FAST reconstruction algorithm using the “B30f medium smooth” 

kernel with an increment of 0.6 mm, typically resulting in 369 images. For visual analysis, 

axial CT images were reconstructed with a reduced FoV of 100 mm by the SAFIRE 

reconstruction algorithm (strength = 3) by the “I49f medium” kernel with an increment of 

0.3 mm, typically resulting in 737 images. For PET data acquisition, the animal bed was 

positioned in the center of the PET detector. Simultaneously with the injection of the 

tracer, a dynamic PET scan (list mode for 45 min in a single bed position) was started. 

4.4.7.10 Tracer administration 

Aliquots of the tracer stock of [68Ga]4.56 were diluted in PBS to give a volume of 200 µL. 

80-100 µL of this solution (3.2-5.9 MBq per mouse) were injected into the tail vein of 

anesthetized HT-29 tumor-bearing nude mice placed in the scanner. During the PET scan, 

mice were kept on a pre-warmed (approximately 45 °C) gel pad. Immediately after the 

PET scan, mice were killed followed by taking blood, urine, tumor tissue and organ tissues. 

Blocking experiments were carried out by co-injection of the tracer with 4.48 (ca. 700 nmol 

per mouse). 

4.4.7.11 Imaging analysis 

For dynamic analysis of the PET images, list mode data were replayed according to the 

following frame scheme: 6 × 10 s, 4 × 30 s, 1 × 2 min, 4 × 5 min, 2 × 10 min. All PET scans 

were corrected for normalization, detector dead time, attenuation, scatter, decay, random 

coincidences and prompt gamma coincidences. Attenuation corrected PET images (512 × 

512 pixels, pixel size 0.40 mm, slice thickness 2.03 mm) were reconstructed by iterative 

reconstruction (8 iterations, 24 subsets, point spread function modelling) with a Gaussian 

post reconstruction filter with 1.0 mm full width at half maximum (FWHM). Additionally, 

static frames from 5 min to 10 min and for the entire acquisition of 45 min were 
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reconstructed (512 × 512 pixels, pixel size 0.40 mm, slice thickness 0.6 mm) from the list 

mode data. By means of static recording over the complete acquisition period, possible 

movements of the mouse could be excluded. For determination of the tracer uptake in 

tumors and kidneys corresponding regions of interest (ROIs) were generated using a fixed 

threshold of 45% of the maximum tracer accumulation for tumors and 40% of the 

maximum tracer accumulation for kidneys. The resulting delineations were inspected 

visually and corrected manually if necessary. Manual correction was performed for all 

tumors in mice used for blocking experiments which exhibited only low diffuse tracer 

accumulation. For determination of the tracer uptake in the muscles, a ROI was 

delineated manually in the left femoral muscles observing a volume of approximately 

0.05 mL. The ROIs were transferred to all time frames of the respective dynamic study. 

Time-activity-curves (TACs) were generated by computing the mean standardized uptake 

value normalized to body weight (SUVmean) in each frame. ROI definition and ROI analyses 

were performed using the ROVER software, version 3.0.64 (ABX GmbH, Radeberg, 

Germany). 
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4.6 Appendix 

4.6.1 Figures A4.1-A4.11 and Tables A4.1-A4.4 

 
Figure A4.1. Structure of the tritium-labeled NT(8-13)-derived radioligand [3H]UR-MK300 used 

for NTS1R and NTS2R binding studies[1]. 

 

 

 
Figure A4.2. Representative saturation isotherms and unspecific binding curves from experiments 

with two batches of [3H]UR-MK300 at HEK293T-hNTS2R cells, giving Kd values of (A) 6.9 ± 1.8 nM 

(mean value ± SD from six independent determinations, each performed in triplicate) and (B) 

4.0 ± 1.5 nM (mean value ± SD from three independent determinations, each performed in 

triplicate). 
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Figure A4.3. Radioligand displacement curves from competition binding experiments with 

[3H]UR-MK300 (Kd = 0.55 nM or 0.41 nM, c = 1 nM) and 4.08, 4.09, 4.11, 4.12, 4.14-4.23, 4.25, 4.26 

and 4.32-4.37 at intact hNTS1R-expressing HT-29 cells. Amino-functionalized precursor peptides 

are represented by circles, DOTA-conjugated peptides are represented by triangles, and Ga3+-

containing compounds are represented by squares. Data represent mean values ± SD from at least 

two independent experiments (performed in triplicate). 
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Figure A4.4. Radioligand displacement curves from competition binding experiments with 

[3H]UR-MK300 (Kd = 0.41 nM, c = 1 nM) and 4.38-4.50, 4.52 and 4.54-4.57 at intact hNTS1R-

expressing HT-29 cells. Amino-functionalized precursor peptides are represented by circles, DOTA-

conjugated peptides are represented by triangles, and Ga3+-containing compounds are represented 

by squares. Data represent mean values ± SD from at least two independent experiments 

(performed in triplicate). 
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Figure A4.5. Radioligand displacement curves from competition binding experiments with 

[3H]UR-MK300 (Kd = 6.9 nM or 4.0 nM, c = 10 nM) and 2.01, 2.07, 3.16, 4.08, 4.09, 4.11, 4.14-4.17, 

4.19-4.22, 4.48-4.53 or 4.56 at intact HEK293T-hNTS2R cells. Reference compounds and amino-

functionalized precursor peptides are represented by circles, DOTA-conjugated peptides are 

represented by triangles, and Ga3+-containing compounds are represented by squares. Data 

represent mean values ± SD from at least two independent experiments (performed in triplicate). 
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Figure A4.6. Concentration response curves and agonistic potencies (pEC50, EC50) of 2.01, 4.21 

and 4.56 from fura-2 Ca2+-assays using intact hNTS1R-expressing HT-29 cells. Data represent 

mean values ± SD from three or four independent experiments (performed in singlet). 

 

 
Figure A4.7. Chromatogram of the RP-HPLC analysis of a mixture of the labeling precursor 4.32 

and the "cold" PET ligand 4.33 (50 µM each, injection volume 75 µL) (black line), and chromatogram 

of the preparative HPLC run for the separation of the PET tracer [68Ga]4.33 from 4.32 after 

radiosynthesis (blue line). The vertical blue lines give the beginning and the end of tracer collection. 

 

log(concentration)

-11 -10 -9 -8 -7 -6 -5

%
 r

e
s
p
o
n
s
e
 

(r
e
la

ti
v
e
 t

o
 3

0
0
 n

M
 N

T
(8

-1
3
))

0

20

40

60

80

100

compd. pEC50  SD / EC50 [nM]

2.01

4.21

4.56

8.33  0.05 / 4.7

6.97  0.08 / 110

7.70  0.09 / 20

0.00

0.05

0.10

0.15

0.20

0.25

0 5 10 15 20

a
b
s
o
rb

a
n
c
e
 a

t 
2
7
5
 n

m
 (

m
A

U
)

time [min]

4.32 + 4.33

4.32 + [
68

Ga]4.33

4.33

4.32

4.32

sample collection 

of [
68

Ga]4.33



 

Chapter 4 

- 174 - 

 
Figure A4.8. Biodistribution data (%ID/g tissue) of [68Ga]4.21, [68Ga]4.33 and [68Ga]4.37 from 

HT-29 tumor-bearing mice. Given are mean values ± SD (n = 3 ([68Ga]4.33, [68Ga]4.37) or n = 4 

([68Ga]4.21)) gained at 45 min p.i. 
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Figure A4.9. Representative chromatograms of the RP-HPLC quality controls of the PET tracers 

[68Ga]4.21 (A), [68Ga]4.33 (B) and [68Ga]4.37 (C) after radiosynthesis (black lines) and of the RP-

HPLC analyses of urine samples obtained from mice 45 min after injection of the respective PET 

tracers. 
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Figure A4.10. RP-HPLC analysis of an ex vivo urine sample from a mouse 45 min after injection 

of [68Ga]4.56, spiked with 4.56 (100 µM). The blue line shows radiodetection and the black line 

shows UV detection at 220 nm.  
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Figure A4.11. Chromatograms of the RP-HPLC analyses of different samples of [68Ga]4.56 using 

radio- or UV-detection. (A) quality control after radiosynthesis; (B) ex vivo urine sample obtained 

from a mouse 10 min after injection of [68Ga]4.56; (C) ex vivo plasma sample (10 min p.i.) from the 

same mouse as under B; (D) UV-detection of the analysis from C; (E) plasma sample from C and D 

spiked with 4.56 (100 µM). 
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Table A4.1. Equivalents and conditions applied for SPPS.  

Fmoc-aa 
equiv. 

Fmoc-aa 

equiv. 

HBTU/HOBt/DIPEA 
coupling conditionsa 

Fmoc-Arg(Pbf)-OH 5 4.9/5/10 „double“, 35 °C 

Fmoc-Pro-OH 5 4.9/5/10 „double“, 35 °C 

Fmoc-Tyr(tBu)-OH 5 4.9/5/10 „double“, 35 °C 

Fmoc-Ile-OH 5 4.9/5/10 „double“, 35 °C 

Fmoc-Tle-OH (for 4.08, 4.52 and 4.53) 4 3.95/4/8 „double“, 35 °C 

Fmoc-Tle-OH (for 4.11) 5  „double“, 35 °C 

Fmoc-Tle-OH (for 4.12) 4.4 4.35/4.4/8.8 „double“, 35 °C 

Fmoc-N-Me-Arg(Pbf)-OHb 3.5 3.45/3.5/7 „double“, 35 °C 

Fmoc-L-allo-Ile-OHb 5 4.9/5/10 „double“, 35 °C 

Fmoc-Deg-OHb 5 4.9/5/10 „double“, 35 °C 

Fmoc-L-cPrGly-OHb 5 4.9/5/10 „double“, 35 °C 

Fmoc-β-cyclopropyl-L-Ala-OHb 5 4.9/5/10 „double“, 35 °C 

Fmoc-(S)-2-amino-2-cyclobutylacetic acidb 5 4.9/5/10 „double“, 35 °C 

Fmoc-β-cyclopentyl-L-Gly-OHb 5 4.9/5/10 „double“, 35 °C 

(S)-Fmoc-α-ethyl-Ala-OHb 5 4.9/5/10 „double“, 35 °C 

Fmoc-α-methyl-L-Leu-OHb 3 2.95/3/6 „double“, 35 °C 

Fmoc-β,β-diMe-Tyr(tBu)-OH (rac)b 3 2.95/3/6 „double“, 35 °C 

3.06a (for 4.08 and 4.09)b 3 3/3/6 “single”, 14 h, 35 °C 

3.06a (for 4.11)b 3  “single”, 14 h, 35 °C 

3.06a (for 4.50-4.53)b 3 3/3/6 „double“, 35 °C 

4.07b 2.6 2.6/2.6/5.2 “single”, 14 h, 35 °C 

aIn the case of “double coupling”, the length of one coupling step varied between 45 min and 

overnight. bAnhydrous DMF and NMP was used for the coupling reactions. 
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Table A4.2. Recoveries of peptides 4.08, 4.09, 4.11, 4.12, 4.14-4.23 and 4.54-4.57 from human 

plasma/PBS (1:2 v/v) and ratios of peptide-recovery over recovery of IS. 

Compd. 

Peptide concentration 80 µM Peptide concentration 4 µM 

recovery 

peptide (%)a 

recovery  

IS (%)a 
ratiob 

recovery 

peptide (%)a 

recovery  

IS (%)a 
ratiob 

4.08 82 

84 

82 

98 

102 

96 

0.84 

0.83 

0.86 

 

(0.84 ± 0.02) 

103 

103 

100 

106 

98 

102 

100 

102 

1.05 

1.00 

1.01 

1.04 

(1.03 ± 0.02) 

4.09 90 

85 

86 

83 

85 

 

103 

99 

98 

97 

96 

0.87 

0.86 

0.88 

0.86 

0.89 

(0.87 ± 0.01) 

92 

92 

88 

96 

101 

109 

100 

113 

 

0.90 

0.85 

0.88 

0.85 

 

(0.87 ± 0.03) 

4.11 90 

89 

90 

91 

88 

104 

105 

106 

106 

99 

0.87 

0.84 

0.85 

0.86 

0.89 

(0.86 ± 0.02)  

98 

101 

101 

98 

96 

96 

103 

99 

99 

96 

1.02 

0.98 

1.02 

1.00 

1.00  

(1.00 ± 0.02) 

4.12 

 

 

 

 

 

90 

99 

95 

90 

89 

95 

110 

104 

97 

98 

0.95 

0.90 

0.92 

0.93 

0.91 

(0.92 ± 0.02) 

109 

111 

107 

109 

 

101 

100 

97 

100 

 

1.07 

1.12 

1.10 

1.10  

 

(1.09 ± 0.02) 

4.14 93 

79 

82 

101 

84 

89 

0.92 

0.94 

0.92 

 

(0.93 ± 0.01) 

96 

90 

90 

94 

103 

99 

98 

105 

0.93 

0.91 

0.92 

0.90  

(0.91 ± 0.01) 

4.15 89 

90 

84 

84 

86 

96 

104 

98 

99 

95 

0.93 

0.87 

0.86 

0.84 

0.91 

(0.88 ± 0.04) 

73 

80 

79 

94 

103 

105 

0.77 

0.78 

0.76  

 

 

(0.77 ± 0.01) 

4.16 93 

102 

106 

99 

96 

107 

109 

103 

0.97 

0.95 

0.97 

0.96 

 

(0.96 ± 0.01) 

99 

108 

99 

107 

102 

103 

110 

100 

113 

109 

0.97 

0.99 

0.98 

0.95 

0.94 

(0.97 ± 0.02) 
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Table A4.2 continued 

4.17 84 

86 

85 

86 

85 

88 

87 

88 

86 

89 

0.96 

0.99 

0.96 

1.01 

0.96 

(0.97 ± 0.02) 

123 

129 

121 

130 

124 

88 

88 

82 

90 

84 

1.40 

1.46 

1.48 

1.44 

1.47 

(1.45 ± 0.03) 

4.18 108 

104 

99 

105 

105 

 

118 

110 

107 

112 

110 

0.92 

0.94 

0.93 

0.95 

0.95  

(0.94 ± 0.01) 

104 

105 

114 

103 

99 

103 

108 

100 

1.05 

1.02 

1.06 

1.03 

 

(1.04 ± 0.02) 

4.19 91 

88 

86 

86 

 

112 

110 

108 

105 

0.81 

0.80 

0.80 

0.82 

(0.81 ± 0.01) 

112 

110 

112 

112 

111 

102 

102 

109 

1.01 

1.07 

1.10 

1.03 

(1.05 ± 0.04) 

4.20 103 

111 

99 

90 

102 

123 

134 

114 

107 

119 

0.84 

0.82 

0.87 

0.85 

0.86 

(0.85 ± 0.02) 

102 

98 

102 

108 

103 

102 

100 

108 

0.99 

0.96 

1.02 

1.00  

 

(0.99 ± 0.03) 

4.21 98 

92 

97 

91 

89 

108 

104 

108 

100 

102 

0.91 

0.89 

0.90 

0.91 

0.88 

(0.90 ± 0.02) 

115 

120 

118 

120 

112 

99 

105 

105 

101 

101 

1.16 

1.14 

1.13 

1.19 

1.11 

(1.15 ± 0.03) 

4.22 80 

81 

76 

77 

 

89 

91 

86 

84 

0.89 

0.89 

0.88 

0.91 

(0.89 ± 0.01) 

96 

90 

100 

100 

83 

86 

89 

90 

1.16 

1.06 

1.13 

1.11 

(1.11 ± 0.04) 

4.23 88 

96 

97 

104 

98 

100 

105 

109 

119 

109 

0.87 

0.91 

0.89 

0.88 

0.90 

 (0.89 ± 0.02) 

112 

98 

107 

106 

111 

96 

105 

103 

1.01 

1.02 

1.02 

1.03  

 

(1.02 ± 0.01) 

4.54 90 

90 

94 

89 

91 

97 

96 

97 

93 

99 

0.94 

0.94 

0.98 

0.95 

0.92  

(0.94 ± 0.02) 

96 

100 

106 

107 

103 

96 

99 

99 

109 

95 

1.00 

1.01 

1.07 

0.98 

1.09 

(1.03 ± 0.05) 
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Table A4.2 continued 

4.55 91 

102 

88 

89 

96 

105 

91 

94 

0.95 

0.97 

0.96 

0.95  

 

(0.96 ± 0.01) 

97 

99 

102 

94 

103 

96 

101 

106 

94 

100 

1.01 

0.99 

0.96 

0.99 

1.02  

(0.99 ± 0.02) 

4.56 94 

84 

91 

87 

90 

103 

94 

101 

96 

99 

0.92 

0.89 

0.91 

0.91 

0.91 

 (0.91 ± 0.01) 

99 

100 

101 

109 

105 

100 

93 

97 

107 

107 

0.99 

1.07 

1.04 

1.01 

0.98 

(1.02 ± 0.04) 

4.57 

 

 

 

 

 

85 

83 

90 

88 

100 

 

97 

91 

98 

92 

106 

 

0.88 

0.91 

0.92 

0.96 

0.94  

(0.92 ± 0.03) 

104 

96 

100 

94 

91 

 

105 

95 

102 

95 

90 

 

0.99 

1.01 

0.98 

0.99 

1.01 

(1.00 ± 0.02) 

aRecoveries of the peptides and of IS from human plasma/PBS (1:2 v/v) using a peptide 

concentration of 80 µM or 4 µM and an IS concentration of 10 µM (three, four or five independent 

experiments). bRatios of peptide recovery over recovery of the IS calculated for individual 

experiments, as well as mean recovery ratios ± SD (given in parenthesis). Note: When the 

remaining intact peptide concentration in plasma was > 20 µM, recovery ratios based on the 80 µM 

peptide concentrations were used to calculate peptide recoveries of the plasma stability samples. 

When the remaining intact peptide concentration was < 20 µM, recovery ratios based on the 4 µM 

peptide concentrations were used to calculate peptide recoveries of the plasma stability samples. 

 

Table A4.3. NTS1R affinities of 3.16, 4.08, 4.09, 4.11, 4.12, 4.14-4.18, 4.25, 4.26, 4.32, 4.34, 4.35, 

4.38-4.50, 4.52, 4.54 and 4.55, NTS2R affinities of 3.16, 4.08, 4.09, 4.11, 4.14-4.17 and 4.48-4.53, 

NTS1R selectivities of 3.16, 4.08, 4.09, 4.11, 4.14-4.17, 4.48-4.50 and 4.52, and in vitro plasma 

stabilities of 3.16, 4.08, 4.09, 4.11, 4.12, 4.14-4.18, 4.38-4.49, 4.54 and 4.55, determined at 37 °C. 

cpd. 

pKi ± SD/ 

Ki [nM] 

NTS1Ra 

pKi ± SD/ 

Ki [nM] 

NTS2Rb 

NTS1R selectivity 

(ratio Ki(NTS2R)/ 

Ki(NTS1R)) 

% intact peptide in plasma after the 

given incubation timec 

1 h 6 h 24 h 48 h 

3.16 8.55/2.8d 7.72 ± 0.09/19 6.8 > 99d > 99d > 99d > 99d 

4.08 8.28 ± 0.05/5.3 7.68 ± 0.11/22 4.2 > 99 > 99 > 99 > 99 

4.09 9.16 ± 0.02/0.69 8.10 ± 0.19/8.3 12 99 ± 2 57 ± 2 3.0 ± 0.1 1.4 ± 0.3 

4.11 7.88 ± 0.04/13 7.57 ± 0.10/27 2.1 > 99 > 99 > 99 > 99 

4.12 8.61 ± 0.23/2.7 n.d. - 97 ± 3 97 ± 3 94 ± 3 91 ± 3 

4.14 7.66 ± 0.39/28 7.11 ± 0.07/79 2.8 > 99 > 99 > 99 > 99 

4.15 8.62 ± 0.005/2.4 7.27 ± 0.10/55 23 78 ± 1 8.3 ± 0.4 < 1 < 1 

4.16 7.48 ± 0.02/33 6.86 ± 0.25/150 4.5 > 99 > 99 93 ± 3 84 ± 2 

4.17 7.45 ± 0.09/36 6.65 ± 0.10/230 6.4 97 ± 1 99 ± 1 98 ± 1 97 ± 1 

4.18 7.45 ± 0.07/36 n.d. - > 99 99 ± 1 94 ± 1 86 ± 1 
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Table A4.3 continued 

4.25 8.37 ± 0.08/4.3 n.d. - n.d. n.d. n.d. n.d. 

4.26 8.52 ± 0.11/3.1 n.d. - n.d. n.d. n.d. n.d. 

4.32 7.97 ± 0.19/12 n.d. - n.d. n.d. n.d. n.d. 

4.34 7.99 ± 0.06/10 n.d. - n.d. n.d. n.d. n.d. 

4.35 7.87 ± 0.12/14 n.d. - n.d. n.d. n.d. n.d. 

4.38 8.33 ± 0.06/4.8 n.d. - 92 ± 1 87 ± 1 70 ± 1 52 ± 1 

4.39 < 6/> 1000 n.d. - 93 ± 1 94 ± 1 93 ± 1 93 ± 1 

4.40 8.05 ± 0.21/9.6 n.d. - 88 ± 1 58 ± 1 < 1 < 1 

4.41 8.31 ± 0.12/5.0 n.d. - 92 ± 1 74 ± 1 15 ± 1 < 1 

4.42 8.98 ± 0.05/1.1 n.d. - 91 ± 1 79 ± 1 32 ± 1 < 1 

4.43 8.92 ± 0.09/1.2 n.d. - 99 ± 1 95 ± 1 78 ± 1 58 ± 1 

4.44 < 6/> 1000 n.d. - 94 ± 1 91 ± 4 91 ± 1 87 ± 1 

4.45 < 6/> 1000 n.d. - 93 ± 1 92 ± 1 86 ± 1 77 ± 1 

4.46 8.63 ± 0.22/2.6 n.d. - 25 ± 2 < 1 < 1 < 1 

4.47 < 6/> 1000 n.d. - 89 ± 1 88 ± 1 81 ± 1 73 ± 1 

4.48 9.86 ± 0.17/0.14 8.82 ± 0.07/1.5 11 90 ± 4 97 ± 6 92 ± 1 92 ± 1 

4.49 7.25 ± 0.06/56 6.95 ± 0.12/110 2.0 96 ± 2 96 ± 1 94 ± 5 95 ± 2 

4.50 9.60 ± 0.12/0.26 8.23 ± 0.28/6.8 26 n.d. n.d. n.d. n.d. 

4.51 n.d. 6.76 ± 0.07/170 - n.d. n.d. n.d. n.d. 

4.52 8.30 ± 0.21/5.4 8.22 ± 0.22/6.5 1.2 n.d. n.d. n.d. n.d. 

4.53 n.d. 6.40 ± 0.24/450 - n.d. n.d. n.d. n.d. 

4.54 8.23 ± 0.08/5.9 n.d. - > 99 > 99 > 99 > 99 

4.55 7.10 ± 0.20/85 n.d. - > 99 > 99 > 99 > 99 

aDetermined by radioligand competition binding with [3H]UR-MK300 at HT-29 cells 

(Kd = 0.55 nM[2] or 0.41 nM, c = 1 nM); given are mean values ± SD (pKi) and mean values (Ki) from 

two (4.08, 4.15, 4.42), three (4.09, 4.11, 4.16, 4.17, 4.25, 4.32, 4.34, 4.38, 4.40, 4.41, 4.43, 4.46, 

4.48-4.50, 4.52, 4.54, 4.55), four (4.12, 4.18, 4.26, 4.35) or five (4.14) independent experiments, 

each performed in triplicate. bDetermined by radioligand competition binding with [3H]UR-MK300 

at HEK293T-hNTS2R cells (Kd = 6.9 nM or 4.0 nM, c = 10 nM); given are mean values ± SD (pKi) 

and mean values (Ki) from two (4.09, 4.14), three (3.16, 4.08, 4.11, 4.16, 4.17, 4.48, 4.49, 4.51, 4.52) 

or four (4.15, 4.50, 4.53) independent experiments, each performed in triplicate. cThe initial 

concentration of the peptide in human plasma/PBS (1:2 v/v) was 100 µM. Data represent means ± 

SD from two or three independent experiments (SD not given when no decomposition was 

observed). dSchindler et al.[3] n.d. = not determined. 
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Table A4.4. Ex vivo biodistribution data and tumor-to-muscle ratios of [68Ga]4.21, [68Ga]4.33 and 

[68Ga]4.37.a 

tissue 
uptake (%ID/g) 45 min p.i. 

[68Ga]4.21 [68Ga]4.33 [68Ga]4.37 

kidney 6.0 ± 1.9 10 ± 0.96 7.6 ± 0.39 

liver 0.59 ± 0.17 16 ± 2.2 4.1 ± 0.79 

gall bladder (bile) 0.55 ± 0.29 2.0 ± 0.14 1.9 ± 0.34 

muscle 0.21 ± 0.062 0.41 ± 0.17 0.50 ± 0.18 

blood 0.63 ± 0.20 1.3 ± 0.29 n.d. 

tumor 1.9 ± 0.70 1.5 ± 0.22 1.6 ± 0.19 

tumor-to-muscle 9.5 ± 3.7 4.1 ± 1.7 3.4 ± 0.71 

aGiven are mean values ± SD (n = 3 ([68Ga]4.33, [68Ga]4.37) or n = 4 ([68Ga]4.21)). Organ uptake 

values were obtained at 45 min p.i. from HT-29 tumor-bearing mice.  

4.6.2 General procedure for manual solid-phase peptide synthesis (SPPS) 

The synthesis was performed according to a reported procedure[1] with minor 

modifications. The resin was allowed to swell in the solvent for 45 min before the 

beginning of the synthesis. For coupling conditions see Table A4.1.  

4.6.3 General procedure for the conjugation of the DOTA chelator to 

peptides 

The reaction was performed in a 2-mL reaction vessel with screw cap, equipped with a 

magnetic micro stirrer. DIPEA (27 equiv. (4.14-4.17), 15 equiv. (4.34, 4.35), 13 equiv. 

(4.18, 4.32) or 12 equiv. (4.54, 4.55)) was added to a solution of the peptide (2.2 equiv. 

(4.14-4.17), 1.25 equiv. (4.34, 4.35), 1.1 equiv. (4.18, 4.32) or 1 equiv. (4.54, 4.55)) in 

DMF/NMP (75:25 v/v) or DMF/NMP (80:20 v/v) (26-230 μL), followed by the addition of 

DOTA tris(tert-butyl) succinimidyl ester (4.13, 1 equiv.) dissolved in anhydrous DMF or 

DMF/NMP (80:20 v/v) (6-30 μL). After stirring at rt for 30 min, 10% aq TFA (corresponding 

to 18 equiv. TFA (4.14-4.17), 10 equiv. TFA (4.34, 4.35), 9 equiv. TFA (4.18, 4.35) or 

8 equiv. TFA (4.54, 4.55)) was added. The protected intermediate was isolated by 

preparative HPLC. After lyophilization of the eluate, TFA/H2O (80:20 v/v) (0.5-3 mL) was 

added, and the mixture was stirred at 50 °C overnight. The crude product was taken up 

in H2O (25-100 mL), and the solution was subjected to lyophilization. The DOTA-

conjugated peptide was purified by preparative HPLC.  

4.6.4 General procedure for the incorporation of Ga3+ into DOTA-

conjugated peptides 

The incorporation reaction was performed in a 2-mL reaction vessel with screw cap. A 

solution of the peptide (4 mM) in HEPES buffer (0.2 M, pH 4.2) was heated to 60 °C for 

5 min, followed by the addition of a solution of Ga(NO3)3 × H2O (3 equiv., 0.4 M) in aqueous 

HCl (10 mM). The mixture was shaken at 100 °C for 10 min (4.19-4.23) or 30 min (4.33, 

4.36, 4.37, 4.56, 4.57) using a Thermocell mixing block from Bioer (Hangzhou, China), and 

the product was purified by preparative HPLC. 
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4.6.5 Synthesis protocols and analytical data of compounds 4.08, 4.09, 

4.11, 4.12, 4.14-4.23, 4.25, 4.26, 4.28, 4.29 and 4.31-4.57 

Nα-(Nα-Methylarginyl)-Nω-[(4-aminobutyl)aminocarbonyl]Arg-Pro-Tyr-α-tert-

butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.08). Peptide 4.08 was synthesized 

according to the general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 

0.79 mmol/g) (109 mg, 0.086 mmol). Purification by preparative RP-HPLC (column: 

Kinetex-XB C18, gradient: 0-35 min: A1/B1 92:8-57:43, tR = 18 min) afforded 4.08 as white 

fluffy solid (68.7 mg, 57%). 1H-NMR (600 MHz, DMSO-d6): δ 0.80-0.95 (m, 15H), 1.39-1.63 

(m, 12H), 1.63-1.90 (m, 6H), 1.92-2.06 (m, 1H), 2.46-2.48 (m, 3H), 2.64-2.72 (m, 1H), 2.76-

2.81 (m, 2H), 2.85-2.92 (m, 1H), 3.05-3.12 (m, 4H), 3.22-3.27 (m, 2H), 3.55-3.59 (m, 2H), 

3.75-3.80 (m, 1H), 4.17-4.24 (m, 1H), 4.27-4.31 (m, 1H), 4.31-4.39 (m, 1H), 4.44-4.59 (m, 

2H), 6.55-6.64 (m, 2H), 6.64-7.15 (br s, 2H, interfering with the next listed signal), 6.97-

7.01 (m, 2H), 7.15-7.53 (br s, 2H), 7.53-7.66 (m, 2H), 7.66-7.90 (m, 4H), 7.97 (d, 1H, J 

7.4 Hz), 8.17-8.27 (m, 1H), 8.31-8.67 (m, 2H), 8.68-9.12 (m, 4H), 9.12-9.25 (m, 1H), 10.27-

10.56 (m, 1H), 12.49 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. for [C44H78N14O9]2+ 473.3033, 

found 473.3039. RP-HPLC (220 nm): > 99% (tR = 5.8 min, k = 6.6). C44H76N14O9・

C8H4F12O8 (945.18 + 456.09). 

Nα-(Nα-Methylarginyl)-Nω-[(4-aminobutyl)aminocarbonyl]Arg-Pro-Tyr-Ile-Leu 

tetrakis(hydrotrifluoroacetate) (4.09). Peptide 4.09 was synthesized according to the 

general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 0.79 mmol/g) (120 mg, 

0.095 mmol). Purification by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 0-

35 min: A1/B1 92:8-57:43, tR = 18 min) afforded 4.09 as white fluffy solid (58.8 mg, 44%). 
1H-NMR (600 MHz, DMSO-d6): δ 0.76-0.87 (m, 9H), 0.87-0.92 (m, 3H), 0.99-1.10 (m, 1H), 

1.40-1.64 (m, 13H), 1.64-1.89 (m, 7H), 1.94-2.05 (m, 1H), 2.45-2.48 (m, 3H), 2.64-2.72 (m, 

1H), 2.76-2.82 (m, 2H), 2.83-2.89 (m, 1H), 3.07-3.13 (m, 4H), 3.22-3.28 (m, 2H), 3.58-3.62 

(m, 2H), 3.76-3.80 (m, 1H), 4.17-4.26 (m, 2H), 4.28-4.39 (m, 1H), 4.39-4.50 (m, 1H), 4.50-

4.61 (m, 1H), 6.53-6.65 (m, 2H), 6.65-7.13 (br s, 2H, interfering with the next listed signal), 

6.98-7.00 (m, 2H), 7.13-7.48 (br s, 2H), 7.48-7.61 (m, 1H), 7.61-7.82 (m, 5H), 7.82-8.00 (m, 

1H), 8.19 (d, 1H, J 7.7 Hz), 8.26-8.70 (m, 2H), 8.70-9.10 (m, 4H), 9.10-9.25 (m, 1H), 10.42 

(s, 1H), 12.50 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. for [C44H78N14O9]2+ 473.3033, found 

473.3047. RP-HPLC (220 nm): > 99% (tR = 6.0 min, k = 6.9). C44H76N14O9・C8H4F12O8 

(945.18 + 456.09). 

Nα-Arginyl-Nα-methyl-Nω-[(4-aminobutyl)aminocarbonyl]Arg-Pro-Tyr-α-tert-

butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.11). Peptide 4.11 was synthesized 

according to the general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 

0.79 mmol/g) (60 mg, 0.047 mmol), with the following modification: Fmoc amino acids 

(Fmoc-Arg(Pbf)-OH, Fmoc-Pro-OH, Fmoc-Tle-OH, Fmoc-Tyr(tBu)-OH (used in 5-fold 

excess) and 3.06a (used in 3-fold excess)) were pre-activated with oxyma/DIC (5/5 equiv. 

and 3/3 equiv., respectively) instead of HBTU/HOBt. After coupling of arginine building 

block 3.06a and Fmoc-deprotection, the resin was washed with CH2Cl2 (5 ×), a solution of 

2-nitrobenzenesulfonylchloride (31.5 mg, 0.142 mmol) and collidine (31.4 µL, 0.237 mmol) 

in CH2Cl2 (1.25 mL) was added and the mixture was shaken at rt for 2 h. The resin was 

washed with DMF (5 ×), and a solution of MTBD (27.2 µL, 0.190 mmol) and methyl-4-

nitrobenzenesulfonate (51.5 mg, 0.237 mmol) in DMF (1.5 mL) was added. After shaking 
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at rt for 30 min, the resin was washed with DMF (3 ×) followed by the addition of a solution 

of DBU (35.4 µL, 0.237 mmol) and 2-mercaptoethanol (33.1 µL, 0.474 mmol) in DMF 

(1.25 mL) and shaking at rt for 30 min. The resin was washed with DMF (5 ×) followed by 

coupling of Fmoc-Arg(Pbf)-OH as described above. Fmoc-deprotection and cleavage from 

the resin was performed as described in the general procedure for SPPS. Purification by 

preparative RP-HPLC (column: Gemini NX-C18, gradient: 0-35 min: A1/B1 92:8-57:43, tR 

= 16 min) afforded 4.11 as white fluffy solid (39.0 mg, 59%). 1H-NMR (600 MHz, DMSO-

d6): δ 0.79-0.95 (m, 15H), 1.42-1.80 (m, 18H), 1.92-2.03 (m, 1H), 2.66-2.72 (m, 1H), 2.76-

2.81 (m, 2H), 2.84-2.95 (m, 4H), 3.06-3.14 (m, 4H), 3.22-3.28 (m, 3H), 3.50-3.51 (m, 1H), 

4.17-4.23 (m, 1H), 4.25-4.32 (m, 2H), 4.32-4.40 (m, 1H), 4.41-4.47 (m, 1H), 5.12-5.18 (m, 

1H), 6.59-6.64 (m, 2H), 6.64-7.19 (br s, 2H, interfering with the next listed signal), 6.98-

7.01 (m, 2H), 7.19-7.52 (br s, 2H), 7.52-7.64 (m, 2H), 7.64-7.82 (m, 4H), 7.99 (d, 1H, J 

7.9 Hz), 8.05-8.30 (m, 4H), 8.35-8.61 (m, 2H), 8.88-9.10 (m, 1H), 9.10-9.25 (m, 1H), 10.21-

10.55 (m, 1H), 12.47 (br s, 1H). HRMS: m/z [M+3H]3+ calcd. for [C44H79N14O9]3+ 315.8713, 

found 315.8722. RP-HPLC (220 nm): 99% (tR = 5.7 min, k = 6.5). C44H76N14O9・C8H4F12O8 

(945.18 + 456.09). 

Nα-Methyl-Nω-[(8-amino-3,6-dioxaoctyl)aminocarbonyl]Arg-Arg-Pro-Tyr-α-tert-

butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.12). Peptide 4.12 was synthesized 

according to the general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 

0.79 mmol/g) (100 mg, 0.079 mmol), with the following modification: after coupling of 

arginine building block 4.07 and Fmoc-deprotection, the resin was washed with CH2Cl2 

(5 ×), a solution of 2-nitrobenzenesulfonylchloride (52.5 mg, 0.237 mmol) and collidine 

(52.4 µL, 0.395 mmol) in CH2Cl2 (1.5 mL) was added and the mixture was shaken at rt for 

2 h. The resin was washed with DMF (5 ×), and a solution of MTBD (45.4 µL, 0.316 mmol) 

and methyl-4-nitrobenzenesulfonate (85.8 mg, 0.395 mmol) in DMF (1.8 mL) was added. 

After shaking at rt for 30 min, the resin was washed with DMF (3 ×) followed by the 

addition of a solution of DBU (59.0 µL, 0.395 mmol) and 2-mercaptoethanol (55.1 µL, 

0.790 mmol) in DMF (1.5 mL) and shaking at rt for 30 min. The resin was washed with 

DMF (5 ×) followed by cleavage from the resin as described in the general procedure for 

SPPS. Purification by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-

30 min: A1/B1 92:8-60:40, tR = 13 min) afforded 4.12 as white fluffy solid (63.1 mg, 55%). 
1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.95 (m, 15H), 1.43-1.88 (m, 14H), 1.94-2.04 (m, 1H), 

2.44-2.48 (m, 3H), 2.64-2.71 (m, 1H), 2.85-2.93 (m, 1H), 2.93-3.02 (m, 2H), 3.05-3.15 (m, 

2H), 3.24-3.28 (m, 4H), 3.45-3.48 (m, 2H), 3.50-3.64 (m, 8H), 3.72-3.88 (m, 1H), 4.17-4.26 

(m, 1H), 4.26-4.31 (m, 1H), 4.31-4.39 (m, 1H), 4.42-4.61 (m, 2H), 6.55-6.62 (m, 2H), 6.62-

7.12 (br s, 2H, interfering with the next listed signal), 6.97-7.01 (m, 2H), 7.12-7.44 (br s, 

2H), 7.44-7.56 (m, 1H), 7.56-7.67 (m, 2H), 7.67-7.92 (m, 3H), 7.97 (d, 1H, J 7.7 Hz), 8.22 

(d, 1H, J 7.5 Hz), 8.27-8.66 (m, 2H), 8.66-9.32 (m, 5H), 10.20-10.54 (m, 1H), 12.48 (br s, 

1H). HRMS: m/z [M+3H]3+ calcd. for [C46H83N14O11]3+ 335.8783, found 335.8791. RP-HPLC 

(220 nm): 89% (tR = 6.2 min, k = 7.2). C46H80N14O11・C8H4F12O8 (1005.23 + 456.09). 
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Nα-(Nα-Methylarginyl)-Nω-{[4-(N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Pro-Tyr-α-

tert-butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.14). Compound 4.14 was 

prepared from 4.08 (34.2 mg, 24.4 μmol) and 4.13 (9.0 mg, 11.0 μmol) according to the 

general procedure for DOTA-conjugation. Isolation of the protected intermediate: column: 

Kinetex-XB C18, gradient: 0-18 min: A1/B1 92:8-75:25, 18-40 min: 75:25-38:62, 

tR = 28 min. Purification of the product by preparative RP-HPLC (column: Kinetex-XB 

C18, gradient: 0-35 min: A1/B1 92:8-57:43, tR = 18 min) afforded 4.14 as white fluffy solid 

(14.1 mg, 72%). 1H-NMR (600 MHz, DMSO-d6): δ 0.81-0.85 (m, 3H), 0.87-0.95 (m, 12H), 

1.40-1.64 (m, 12H), 1.64-1.89 (m, 6H), 1.95-2.06 (m, 1H), 2.46-2.48 (m, 3H), 2.65-2.71 (m, 

1H), 2.85-2.90 (m, 1H), 3.00-3.27 (m, 25H), 3.53-3.84 (m, 10H), 4.18-4.24 (m, 1H), 4.27-4.31 

(m, 1H), 4.31-4.39 (m, 1H), 4.45-4.61 (m, 2H), 6.56-6.64 (m, 2H), 6.64-7.09 (br s, 2H, 

interfering with the next listed signal), 6.97-7.00 (m, 2H), 7.09-7.56 (br s, 3H), 7.60-7.83 

(m, 2H), 7.92-8.00 (m, 1H), 8.03-8.63 (m, 4H), 8.68-9.11 (m, 3H), 9.11-9.51 (m, 2H), 11.83-

12.94 (m, 2H). 4 exchangeable protons (NH, OH) of the presumably 4-fold protonated 

molecule could not be identified. HRMS: m/z [M+2H]2+ calcd. for [C60H104N18O16]2+ 

666.3933, found 666.3943. RP-HPLC (220 nm): > 99% (tR = 6.1 min, k = 7.0). C60H102N18O16

・C8H4F12O8 (1331.59 + 456.09). 

Nα-(Nα-Methylarginyl)-Nω-{[4-(N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Pro-Tyr-Ile-

Leu tetrakis(hydrotrifluoroacetate) (4.15). Compound 4.15 was prepared from 4.09 

(32.8 mg, 23.4 μmol) and 4.13 (8.6 mg, 10.5 μmol) according to the general procedure for 

DOTA-conjugation. Isolation of the protected intermediate: column: Kinetex-XB C18, 

gradient: 0-18 min: A1/B1 92:8-75:25, 18-40 min: 75:25-38:62, tR = 28 min. Purification of 

the product by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 0-35 min: A1/B1 

92:8-57:43, tR = 18 min) afforded 4.15 as white fluffy solid (11.7 mg, 62%). 1H-NMR (600 

MHz, DMSO-d6): δ 0.76-0.87 (m, 9H), 0.87-0.93 (m, 3H), 0.98-1.10 (m, 1H), 1.36-1.65 (m, 

13H), 1.65-1.90 (m, 7H), 1.93-2.07 (m, 1H), 2.46-2.48 (m, 3H), 2.64-2.72 (m, 1H), 2.84-2.89 

(m, 1H), 2.95-3.28 (m, 25H), 3.53-3.86 (m, 10H), 4.17-4.25 (m, 2H), 4.28-4.37 (m, 1H), 4.39-

4.50 (m, 1H), 4.50-4.62 (m, 1H), 6.55-6.69 (m, 2H), 6.69-7.13 (br s, 2H, interfering with the 

next listed signal), 6.97-7.00 (m, 2H), 7.13-7.67 (br s, 3H), 7.67-8.06 (m, 3H), 8.06-8.49 (m, 

3H), 8.49-9.63 (m, 6H), 11.80-12.93 (m, 2H). 4 exchangeable protons (NH, OH) of the 

presumably 4-fold protonated molecule could not be identified. HRMS: m/z [M+2H]2+ 

calcd. for [C60H104N18O16]2+ 666.3933, found 666.3946. RP-HPLC (220 nm): > 99% (tR = 

6.3 min, k = 7.3). C60H102N18O16・C8H4F12O8 (1331.59 + 456.09).  

Nα-Methyl-Nω-{[4-(N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Arg-Pro-

Tyr-α-tert-butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.16). Compound 4.16 

was prepared from 3.16 (34.2 mg, 24.4 μmol) and 4.13 (9.0 mg, 11.0 μmol) according to the 

general procedure for DOTA-conjugation. Isolation of the protected intermediate: column: 

Kinetex-XB C18, gradient: 0-18 min: A1/B1 92:8-75:25, 18-40 min: 75:25-38:62, 

tR = 28 min. Purification of the product by preparative RP-HPLC (column: Kinetex-XB 

C18, gradient: 0-35 min: A1/B1 92:8-57:43, tR = 19 min) afforded 4.16 as white fluffy solid 

(14.7 mg, 75%). 1H-NMR (600 MHz, DMSO-d6): δ 0.81-0.94 (m, 15H), 1.40-1.87 (m, 18H), 

1.96-2.04 (m, 1H), 2.46-2.49 (m, 3H), 2.65-2.71 (m, 1H), 2.86-2.92 (m, 1H), 3.04-3.33 (m, 
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24H), 3.56-3.62 (m, 5H), 3.81-3.91 (m, 6H), 4.19-4.23 (m, 1H), 4.26-4.29 (m, 1H), 4.33-4.39 

(m, 1H), 4.43-4.50 (m, 1H), 4.52-4.59 (m, 1H), 6.59-6.63 (m, 2H), 6.63-7.10 (br s, 2H, 

interfering with the next listed signal), 6.97-7.00 (m, 2H), 7.10-7.54 (br s, 3H), 7.54-7.72 

(m, 2H), 7.97 (d, 1H, J 7.7 Hz), 8.07-8.74 (m, 4H), 8.74-9.38 (m, 5H), 11.21-13.33 (m, 2H). 

4 exchangeable protons (NH, OH) of the presumably 4-fold protonated molecule could not 

be identified. HRMS: m/z [M+3H]3+ calcd. for [C60H105N18O16]3+ 444.5980, found 444.5989. 

RP-HPLC (220 nm): 99% (tR = 6.0 min, k = 6.9). C60H102N18O16・C8H4F12O8 (1331.59 + 

456.09). 

Nα-Arginyl-Nα-methyl-Nω-{[4-(N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Pro-Tyr-α-

tert-butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.17). Compound 4.17 was 

prepared from 4.11 (18.7 mg, 13.3 μmol) and 4.13 (4.9 mg, 6.0 μmol) according to the 

general procedure for DOTA-conjugation. Isolation of the protected intermediate: column: 

Kinetex-XB C18, gradient: 0-18 min: A1/B1 92:8-75:25, 18-40 min: 75:25-38:62, 

tR = 28 min). Purification of the product by preparative RP-HPLC (column: Kinetex-XB 

C18, gradient: 0-35 min: A1/B1 92:8-57:43, tR = 19 min) afforded 4.17 as white fluffy solid 

(3.0 mg, 28%). 1H-NMR (600 MHz, DMSO-d6): δ 0.81-0.85 (m, 3H), 0.86-0.94 (m, 12H), 

1.40-1.79 (m, 18H), 1.92-2.02 (m, 1H), 2.66-2.72 (m, 1H), 2.82-2.95 (m, 5H), 3.02-3.29 (m, 

25H), 3.47-3.84 (m, 8H), 4.17-4.25 (m, 1H), 4.25-4.32 (m, 2H), 4.32-4.40 (m, 1H), 4.43-4.49 

(m, 1H), 5.12-5.19 (m, 1H), 6.58-6.63 (m, 2H), 6.63-7.17 (br s, 2H, interfering with the next 

listed signal), 6.98-7.02 (m, 2H), 7.17-7.53 (br s, 2H), 7.53-7.59 (m, 1H), 7.64-7.79 (m, 1H), 

7.79-8.53 (m, 7H), 9.02-9.50 (m, 2H), 12.37 (br s, 1H). 7 exchangeable protons (NH, OH) of 

the presumably 4-fold protonated molecule could not be identified. HRMS: m/z [M+3H]3+ 

calcd. for [C60H105N18O16]3+ 444.5980, found 444.5994. RP-HPLC (220 nm): > 99% (tR = 

6.2 min, k = 7.2). C60H102N18O16・C8H4F12O8 (1331.59 + 456.09). 

Nα-Methyl-Nω-{[8-(N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})amino-3,6-dioxaoctyl]aminocarbonyl}Arg-

Arg-Pro-Tyr-α-tert-butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.18). 

Compound 4.18 was prepared from 4.12 (9.3 mg, 6.36 μmol) and 4.13 (4.67 mg, 5.73 μmol) 

according to the general procedure for DOTA-conjugation. Isolation of the protected 

intermediate: column: Gemini-NX C18, gradient: 0-6 min: A1/B1 85:15-79:21, 6-28 min: 

79:21-40:60, tR = 18 min. Purification of the product by preparative RP-HPLC (column: 

Gemini-NX C18, gradient: 0-35 min: A1/B1 97:3-60:40, tR = 22 min) afforded 4.18 as white 

fluffy solid (9.8 mg, 93%). 1H-NMR (600 MHz, DMSO-d6): δ 0.78-1.02 (m, 15H), 1.47-1.87 

(m, 14H), 1.97-2.03 (m, 1H), 2.47-2.48 (m, 3H), 2.66-2.70 (m, 1H), 2.87-2.90 (m, 1H), 3.09-

3.29 (m, 24H), 3.51-3.59 (m, 10H), 3.60-3.80 (m, 9H), 4.19-4.24 (m, 1H), 4.26-4.31 (m, 1H), 

4.32-4.39 (m, 1H), 4.42-4.50 (m, 1H), 4.50-4.59 (m, 1H), 6.58-6.62 (m, 2H), 6.62-7.09 (br s, 

2H, interfering with the next listed signal), 6.97-7.00 (m, 2H), 7.09-7.46 (br s, 2H), 7.46-

7.65 (m, 3H), 7.98 (d, 1H, J 8.0 Hz), 8.10-8.76 (m, 4H), 8.76-9.30 (m, 4H), 11.78-12.80 (m, 

1H). 6 exchangeable protons (NH, OH) of the presumably 4-fold protonated molecule could 

not be identified. HRMS: m/z [M+2H]2+ calcd. for [C62H108N18O18]2+ 696.4039, found 

696.4048. RP-HPLC (220 nm): 99% (tR = 6.6 min, k = 7.7). C62H106N18O18・C8H4F12O8 

(1391.64 + 456.09). 
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Nα-(Nα-Methylarginyl)-Nω-{[4-(N-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-

1,4,7,10-tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Pro-

Tyr-α-tert-butyl-Gly-Leu tris(hydrotrifluoroacetate) (4.19). Compound 4.19 was 

prepared from 4.14 (4.8 mg, 2.7 μmol) according to the general procedure for the insertion 

of Ga3+. Purification by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 0-

35 min: A2/B1 92:8-57:43, tR = 17 min) yielded 4.19 as white fluffy solid (4.5 mg, 95%). 1H-

NMR (600 MHz, DMSO-d6): δ 0.80-0.94 (m, 15H), 1.36-1.89 (m, 18H), 1.96-2.05 (m, 1H), 

2.47-2.48 (m, 3H), 2.64-2.71 (m, 1H), 2.85-2.92 (m, 1H), 3.08-3.12 (m, 4H), 3.25-3.30 (m, 

9H), 3.48-3.50 (m, 6H), 3.57-3.81 (m, 16H), 4.18-4.24 (m, 1H), 4.25-4.31 (m, 1H), 4.32-4.38 

(m, 1H), 4.44-4.51 (m, 1H), 4.53-4.60 (m, 1H), 6.59-6.62 (m, 2H), 6.62-7.15 (br s, 2H, 

interfering with the next listed signal), 6.98-7.01 (m, 2H), 7.15-7.47 (br s, 2H), 7.47-7.56 

(m, 1H), 7.56-7.70 (m, 2H), 7.90-8.05 (m, 1H), 8.15-8.27 (m, 1H), 8.28-8.65 (m, 3H), 8.85-

9.02 (m, 3H), 9.14-9.21 (m, 1H), 10.03-10.30 (m, 1H), 12.25-12.80 (m, 1H), 13.03-13.57 (m, 

1H). HRMS: m/z [M+2H]2+ calcd. for [C60H101GaN18O16]2+ 699.3444, found 699.3455. RP-

HPLC (220 nm): > 99% (tR = 10.0 min, k = 12.2). C60H99GaN18O16・C6H3F9O6 (1398.29 + 

342.07).  

Nα-(Nα-Methylarginyl)-Nω-{[4-(N-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-

1,4,7,10-tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Pro-

Tyr-Ile-Leu tris(hydrotrifluoroacetate) (4.20). Compound 4.20 was prepared from 

4.15 (4.9 mg, 2.8 μmol) according to the general procedure for the insertion of Ga3+. 

Purification by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 0-35 min: 

A2/B1 92:8-57:43, tR = 17 min) yielded 4.20 as white fluffy solid (4.9 mg, > 99%). 1H-NMR 

(600 MHz, DMSO-d6): δ 0.77-0.93 (m, 12H), 0.99-1.09 (m, 1H), 1.37-1.87 (m, 20H), 1.92-

2.06 (m, 1H), 2.46-2.48 (m, 3H), 2.64-2.71 (m, 1H), 2.82-2.89 (m, 1H), 3.03-3.22 (m, 10H), 

3.26-3.30 (m, 8H), 3.60-3.82 (m, 17H), 4.17-4.26 (m, 2H), 4.32-4.37 (m, 1H), 4.40-4.48 (m, 

1H), 4.52-4.60 (m, 1H), 6.56-6.63 (m, 2H), 6.63-7.13 (br s, 2H, interfering with the next 

listed signal), 6.97-7.01 (m, 2H), 7.13-7.47 (br s, 2H), 7.47-7.56 (m, 1H), 7.62-7.70 (m, 1H), 

7.70-7.81 (m, 1H), 7.83-7.94 (m, 1H), 8.20 (d, 1H, J 7.6 Hz), 8.25-8.64 (m, 3H), 8.86-9.20 

(m, 4H), 9.99-10.35 (m, 1H), 12.51 (br s, 1H), 13.29 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. 

for [C60H101GaN18O16]2+ 699.3444, found 699.3456. RP-HPLC (220 nm): > 99% (tR = 

10.7 min, k = 13.1). C60H99GaN18O16・C6H3F9O6 (1398.29 + 342.07). 

Nα-Methyl-Nω-{[4-(N-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Arg-Pro-

Tyr-α-tert-butyl-Gly-Leu tris(hydrotrifluoroacetate) (4.21). Compound 4.21 was 

prepared from 4.16 (4.8 mg, 2.7 μmol) according to the general procedure for the insertion 

of Ga3+. Purification by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 0-

35 min: A2/B1 92:8-57:43, tR = 17 min) yielded 4.21 as white fluffy solid (4.3 mg, 92%). 1H-

NMR (600 MHz, DMSO-d6): δ 0.78-0.97 (m, 15H), 1.37-1.86 (m, 18H), 1.95-2.04 (m, 1H), 

2.44-2.48 (m, 3H), 2.64-2.71 (m, 1H), 2.85-2.92 (m, 1H), 3.01-3.18 (m, 9H), 3.22-3.34 (m, 

13H), 3.64-3.83 (m, 13H), 4.19-4.25 (m, 1H), 4.26-4.30 (m, 1H), 4.33-4.38 (m, 1H), 4.42-4.50 

(m, 1H), 4.50-4.59 (m, 1H), 6.58-6.63 (m, 2H), 6.63-7.12 (br s, 2H, interfering with the next 

listed signal), 6.97-7.00 (m, 2H), 7.12-7.48 (br s, 2H), 7.48-7.57 (m, 1H), 7.57-7.74 (m, 2H), 

7.97 (d, 1H, J 7.7 Hz), 8.11-8.60 (m, 4H), 8.85-9.22 (m, 4H), 10.03-10.30 (m, 1H), 12.49 (br 

s, 1H), 13.30 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. for [C60H101GaN18O16]2+ 699.3444, 
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found 699.3448. RP-HPLC (220 nm): > 99% (tR = 9.5 min, k = 11.5). C60H99GaN18O16・

C6H3F9O6 (1398.29 + 342.07).  

Nα-Arginyl-Nα-methyl-Nω-{[4-(N-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-

1,4,7,10-tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Pro-

Tyr-α-tert-butyl-Gly-Leu tris(hydrotrifluoroacetate) (4.22). Compound 4.22 was 

prepared from 4.17 (1.7 mg, 0.97 μmol) according to the general procedure for the insertion 

of Ga3+. Purification by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 0-

35 min: A2/B1 92:8-57:43, tR = 16 min) yielded 4.22 as white fluffy solid (1.7 mg, 99%). 1H-

NMR (600 MHz, DMSO-d6): δ 0.80-0.95 (m, 15H), 1.37-1.79 (m, 18H), 1.94-2.01 (m, 1H), 

2.66-2.72 (m, 1H), 2.86-2.95 (m, 4H), 3.04-3.28 (m, 21H), 3.47-3.79 (m, 13H), 4.18-4.25 (m, 

1H), 4.26-4.33 (m, 2H), 4.33-4.39 (m, 1H), 4.41-4.48 (m, 1H), 5.10-5.18 (m, 1H), 6.58-6.63 

(m, 2H), 6.63-7.14 (br s, 2H, interfering with the next listed signal), 6.98-7.02 (m, 2H), 

7.14-7.46 (br s, 2H), 7.46-7.60 (m, 2H), 7.60-7.76 (m, 1H), 7.97 (d, 1H, J 7.9 Hz), 8.04-8.61 

(m, 6H), 8.78-9.04 (m, 1H), 9.17 (s, 1H), 9.85-10.07 (m, 1H), 12.15-12.86 (m, 1H), 12.91-

13.48 (m, 1H). HRMS: m/z [M+2H]2+ calcd. for [C60H101GaN18O16]2+ 699.3444, found 

699.3454. RP-HPLC (220 nm): 98% (tR = 9.6 min, k = 11.6). C60H99GaN18O16・C6H3F9O6 

(1398.29 + 342.07).  

Nα-Methyl-Nω-{[8-(N-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})amino-3,6-dioxaoctyl]aminocarbonyl}Arg-

Arg-Pro-Tyr-α-tert-butyl-Gly-Leu tris(hydrotrifluoroacetate) (4.23). Compound 

4.23 was prepared from 4.18 (3.0 mg, 1.62 μmol) according to the general procedure for 

the insertion of Ga3+. Purification by preparative RP-HPLC (column: Gemini-NX C18, 

gradient: 0-35 min: A2/B1 97:3-60:40, tR = 21 min) yielded 4.23 as white fluffy solid 

(2.7 mg, 92%). 1H-NMR (600 MHz, DMSO-d6): δ 0.77-0.97 (m, 15H), 1.42-1.90 (m, 14H), 

1.94-2.04 (m, 1H), 2.45-2.49 (m, 3H), 2.64-2.73 (m, 1H), 2.85-2.92 (m, 1H), 3.07-3.31 (m, 

20H), 3.40-3.83 (m, 23H), 4.16-4.25 (m, 1H), 4.25-4.31 (m, 1H), 4.33-4.40 (m, 1H), 4.42-4.59 

(m, 2H), 6.56-6.63 (m, 2H), 6.63-7.12 (br s, 2H, interfering with the next listed signal), 

6.97-7.00 (m, 2H), 7.12-7.49 (br s, 2H), 7.49-7.81 (m, 3H), 7.98 (d, 1H, J 7.7 Hz), 8.22 (d, 

1H, J 7.6 Hz), 8.28-8.65 (m, 3H), 8.78-9.20 (m, 4H), 10.05-10.40 (m, 1H), 12.48 (br s, 1H), 

13.28 (br s, 1H). HRMS: m/z [M+3H]3+ calcd. for [C62H106GaN18O18]3+ 486.5724, found 

486.5733. RP-HPLC (220 nm): > 99% (tR = 10.7 min, k = 13.1). C62H103GaN18O18・

C6H3F9O6 (1458.34 + 342.07).  

Nα-Methyl-Nω-({4-N-[4-(4-

fluorophenyl)phenylalanyl]aminobutyl}aminocarbonyl)Arg-Arg-Pro-Tyr-α-tert-

butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.25). HBTU (4.0 mg, 10.4 µmol) and 

DIPEA (3.6 µL, 20.9 µmol) were added to a solution of HOBt (1.4 mg, 10.4 µmol) and 4.24 

(5.4 mg, 14.9 μmol) in DMF/NMP (80:20 v/v) (15 µL) in a 2-mL reaction vessel. The 

mixture was vortexed, incubated for 5 min at rt and added to a solution of 3.16 (29.8 mg, 

21.3 µmol) and DIPEA (14.8 µL, 85.2 µmol) in DMF/NMP (80:20 v/v) (18 µL) in a 2-mL 

reaction vessel with screw cap equipped with a magnetic micro stirrer. After stirring at rt 

for 60 min, 10% aq TFA (106.1 µL, 106 µmol) was added. The protected intermediate was 

isolated by preparative HPLC (column: Gemini-NX C18, gradient: 0-6 min: A1/B1 85:15-

82:18, 6-15 min: 82:18-70:30, 15-25 min: 70:30-60:40, 25-30 min: 60:40-40:60, tR = 26 min). 

After lyophilization of the eluate, TFA/H2O (95:5 v/v) (2 mL) was added, and the mixture 



 

Chapter 4 

- 190 - 

was stirred at rt for 2.5 h. Additional TFA (1 mL) was added and stirring was continued 

for 1 h. The crude product was dissolved in H2O (40 mL) and the solution was subjected to 

lyophilization. Purification of the product by preparative RP-HPLC (column: Gemini-NX 

C18, gradient: 0-5 min: A1/B1 85:15-70:30, 5-15 min: 70:30-50:50, tR = 9 min) afforded 4.25 

as white fluffy solid (7.9 mg, 46%). 1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.95 (m, 15H), 

1.27-1.38 (m, 4H), 1.43-1.88 (m, 14H), 1.93-2.03 (m, 1H), 2.38-2.49 (m, 3H), 2.64-2.72 (m, 

1H), 2.85-2.93 (m, 1H), 2.95-3.17 (m, 8H), 3.18-3.25 (m, 2H), 3.43-3.88 (m, 3H), 3.88-3.98 

(m, 1H), 4.16-4.31 (m, 2H), 4.31-4.40 (m, 1H), 4.40-4.58 (m, 2H), 6.57-6.62 (m, 2H), 6.62-

7.10 (br s, 2H, interfering with the next listed signal), 6.97-7.00 (m, 2H), 7.10-7.57 (br s, 

2H, interfering with the next two listed signals), 7.27-7.32 (m, 4H), 7.40-7.50 (m, 1H), 7.57-

7.78 (m, 6H), 7.78-8.60 (m, 8H), 8.60-9.44 (m, 4H), 10.32 (br s, 1H), 12.49 (br s, 1H). 1 

exchangeable proton (NH, OH) of the presumably 4-fold protonated molecule could not be 

identified. HRMS: m/z [M+2H]2+ calcd. for [C59H90FN15O10]2+ 593.8484, found 593.8491. 

RP-HPLC (220 nm): > 99% (tR = 10.9 min, k = 13.3). C59H88FN15O10・C8H4F12O8 (1186.45 

+ 456.09). 

Nα-Methyl-Nω-({8-N-[4-(4-fluorophenyl)-phenylalanyl]amino-3,6-

dioxaoctyl}aminocarbonyl)Arg-Arg-Pro-Tyr-α-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (4.26). Compound 4.26 was prepared from 4.12 

(29.2 mg, 20.0 µmol) and 4.24 (5.0 mg, 14.0 μmol) according to the procedure for the 

synthesis of 4.25. Isolation of the protected intermediate: column: Gemini-NX C18, 

gradient: 0-6 min: A1/B1 85:15-82:18, 6-15 min: 82:18-70:30, 15-25 min: 70:30-60:40, 25-

30 min: 60:40-40:60, tR = 26 min. Purification of the product by preparative RP-HPLC 

(column: Gemini-NX C18, gradient: 0-5 min: A1/B1 85:15-70:30, 5-15 min: 70:30-50:50, 

tR = 10 min) afforded 4.26 as white fluffy solid (7.76 mg, 47%). 1H-NMR (600 MHz, DMSO-

d6): δ 0.80-0.95 (m, 15H), 1.38-1.90 (m, 14H), 1.94-2.05 (m, 1H), 2.40-2.48 (m, 3H), 2.64-

2.71 (m, 1H), 2.86-2.92 (m, 1H), 2.97-3.02 (m, 1H), 3.04-3.26 (m, 8H), 3.34-3.44 (m, 5H), 

3.45-3.49 (m, 4H), 3.52-3.64 (m, 2H), 3.64-3.92 (m, 1H), 3.95-4.03 (m, 1H), 4.18-4.30 (m, 

2H), 4.32-4.39 (m, 1H), 4.43-4.59 (m, 2H), 6.57-6.63 (m, 2H), 6.63-7.11 (br s, 2H, interfering 

with the next listed signal), 6.97-7.00 (m, 2H), 7.11-7.57 (br s, 2H, interfering with the 

next two listed signals), 7.27-7.33 (m, 4H), 7.39-7.49 (m, 1H), 7.57-7.72 (m, 6H), 7.97 (d, 

1H, J 7.7 Hz), 8.00-8.70 (m, 7H), 8.70-9.37 (m, 4H), 10.30 (br s, 1H), 12.49 (br s, 1H). 1 

exchangeable proton (NH, OH) of the presumably 4-fold protonated molecule could not be 

identified. HRMS: m/z [M+H]+ calcd. for [C61H93FN15O12]+ 1246.7107, found 1246.7112. 

RP-HPLC (220 nm): 99% (tR = 11.5 min, k = 14.1). C61H92FN15O12・C8H4F12O8 (1246.50 + 

456.09). 

Nα-Methyl-Nω-{[4-N-(4-aminomethyl-3-

fluorobenzoyl)aminobutyl]aminocarbonyl}Arg-Arg-Pro-Tyr-α-tert-butyl-Gly-

Leu tetrakis(hydrotrifluoroacetate) (4.28). Compound 4.28 was prepared from 3.16 

(16.6 mg, 11.9 µmol) and 4.27 (2.2 mg, 8.30 μmol) according to the procedure for the 

synthesis of 4.25 (modification: stirring of the mixture for 75 min instead of 60 min). 

Isolation of the protected intermediate: column: Gemini-NX C18, gradient: 0-6 min: A1/B1 

85:15-82:18, 6-16 min: 82:18-70:30, 16-30 min: 70:30-60:40, tR = 23 min. Purification of the 

product by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 

85:15-80:20, 5-15 min: 80:20-60:40, tR = 11 min) afforded 4.28 as white fluffy solid (2.2 mg, 

24%). 1H-NMR (600 MHz, DMSO-d6): δ 0.77-0.97 (m, 15H), 1.39-1.90 (m, 18H), 1.94-2.05 
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(m, 1H), 2.45-2.49 (m, 3H), 2.64-2.71 (m, 1H), 2.84-2.94 (m, 1H), 3.05-3.17 (m, 4H), 3.23-

3.28 (m, 4H), 3.50-3.64 (m, 2H), 3.73-3.88 (m, 1H), 4.08-4.17 (m, 2H), 4.17-4.24 (m, 1H), 

4.26-4.31 (m, 1H), 4.32-4.40 (m, 1H), 4.41-4.60 (m, 2H), 6.57-6.62 (m, 2H), 6.62-7.09 (br s, 

2H, interfering with the next listed signal), 6.97-7.00 (m, 2H), 7.09-7.44 (br s, 2H), 7.44-

7.67 (m, 4H), 7.67-7.76 (m, 2H), 7.98 (d, 1H, J 7.7 Hz), 8.05-8.59 (m, 6H), 8.59-8.66 (m, 

1H), 8.73-9.25 (m, 4H), 9.86-10.16 (m, 1H), 12.44 (br s, 1H). 1 exchangeable proton (NH, 

OH) of the presumably 4-fold protonated molecule could not be identified. HRMS: m/z 

[M+2H]2+ calcd. for [C52H84FN15O10]2+ 548.8249, found 548.8262. RP-HPLC (220 nm): 

> 99% (tR = 7.0 min, k = 8.2). C52H82FN15O10・C8H4F12O8 (1096.32 + 456.09). 

Nα-Methyl-Nω-{[8-N-(4-aminomethyl-3-fluorobenzoyl)amino-3,6-

dioxaoctyl]aminocarbonyl}Arg-Arg-Pro-Tyr-α-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (4.29). Compound 4.29 was prepared from 4.12 

(12.2 mg, 8.35 µmol) and 4.27 (1.6 mg, 5.84 μmol) according to the procedure for the 

synthesis of 4.25. Isolation of the protected intermediate: column: Gemini-NX C18, 

gradient: 0-6 min: A1/B1 85:15-82:18, 6-15 min: 82:18-70:30, 15-25 min: 70:30-60:40, 

tR = 22 min. Purification of the product by preparative RP-HPLC (column: Gemini-NX 

C18, gradient: 0-5 min: A1/B1 85:15-80:20, 5-15 min: 80:20-60:40, tR = 11 min) afforded 

4.29 as white fluffy solid (2.1 mg, 32%). 1H-NMR (600 MHz, DMSO-d6): δ 0.78-0.96 (m, 

15H), 1.44-1.88 (m, 14H), 1.95-2.04 (m, 1H), 2.44-2.48 (m, 3H), 2.65-2.72 (m, 1H), 2.85-2.91 

(m, 1H), 3.07-3.15 (m, 2H), 3.23-3.29 (m, 4H), 3.42-3.47 (m, 4H), 3.53-3.61 (m, 8H), 3.78-

3.80 (m, 1H), 4.12-4.15 (m, 2H), 4.20-4.23 (m, 1H), 4.27-4.29 (m, 1H), 4.34-4.38 (m, 1H), 

4.44-4.57 (m, 2H), 6.57-6.62 (m, 2H), 6.62-7.11 (br s, 2H, interfering with the next listed 

signal), 6.97-7.00 (m, 2H), 7.11-7.46 (br s, 2H), 7.46-7.54 (m, 1H), 7.54-7.77 (m, 5H), 7.97 

(d, 1H, J 7.9 Hz), 8.11-8.65 (m, 6H), 8.65-8.72 (m, 1H), 8.72-9.31 (m, 5H), 10.05-10.33 (m, 

1H), 12.49 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. for [C54H88FN15O12]2+ 578.8355, found 

578.8369. RP-HPLC (220 nm): 99% (tR = 7.1 min, k = 8.3). C54H86FN15O12・C8H4F12O8 

(1156.37 + 456.09). 

Nα-Methyl-Nω-({8-N-[Nα-(6-aminohexanoyl)-4-(4-fluorophenyl)-

phenylalanyl]amino-3,6-dioxaoctyl}aminocarbonyl)Arg-Arg-Pro-Tyr-α-tert-

butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.31). The reaction was performed in 

a 2-mL reaction vessel with screw cap, equipped with a magnetic micro stirrer. DIPEA 

(2.5 µL, 14.3 µmol) and a solution of N-Boc-6-aminohexanoic acid succinimidyl ester (4.30) 

(1.06 mg, 3.22 μmol) in anhydrous DMF/NMP (75:25 v/v) (4 μL) were added to a solution 

of 4.26 (6.09 mg, 3.58 μmol) in anhydrous DMF/NMP (75:25 v/v) (41 μL). The mixture was 

stirred at rt for 45 min followed by the addition of 10% aq TFA (14.3 µL, 14.3 µmol). The 

protected intermediate was isolated by preparative HPLC (column: Gemini-NX C18, 

gradient: 0-5 min: A1/B1 85:15-70:30, 5-15 min: 70:30-50:50, 15-25 min: 50:50-30:70, 

tR = 14 min) and the eluate was subjected to lyophilization. TFA/H2O (95:5 v/v) (2 mL) was 

added, and the mixture was stirred at rt for 3 h. Additional TFA (1 mL) was added and 

stirring was continued for 30 min. The crude product was dissolved in H2O (40 mL) and 

the mixture was subjected to lyophilization. Purification of the product by preparative RP-

HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 85:15-70:30, 5-15 min: 70:30-

50:50, tR = 10 min) gave 4.31 as white fluffy solid (3.84 mg, 66%). HRMS: m/z [M+2H]2+ 

calcd. for [C67H105FN16O13]2+ 680.4010, found 680.4019. RP-HPLC (220 nm): > 99% (tR = 

12.2 min, k = 15.1). C67H103FN16O13・C8H4F12O8 (1359.66 + 456.09). 
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Nα-Methyl-Nω-({8-N-[Nα-(6-N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl}-aminohexanoyl)-4-(4-fluorophenyl)-

phenylalanyl]amino-3,6-dioxaoctyl}aminocarbonyl)Arg-Arg-Pro-Tyr-α-tert-

butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.32). Compound 4.32 was prepared 

from 4.31 (3.84 mg, 2.11 μmol) and 4.13 (1.55 mg, 1.90 μmol) according to the general 

procedure for DOTA-conjugation (modification: stirring of the mixture for 45 min instead 

of 30 min). Isolation of the protected intermediate: column: Gemini-NX C18, gradient: 0-

5 min: A1/B1 85:15-70:30, 5-15 min: 70:30-50:50, tR = 14 min. Purification of the product 

by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 85:15-70:30, 

5-15 min: 70:30-50:50, tR = 10 min) afforded 4.32 as white fluffy solid (2.9 mg, 69%). 1H-

NMR (600 MHz, DMSO-d6): δ 0.80-0.94 (m, 15H), 1.07-1.18 (m, 2H), 1.28-1.43 (m, 4H), 

1.45-1.89 (m, 14H), 1.95-2.10 (m, 3H), 2.44-2.47 (m, 3H), 2.64-2.71 (m, 1H), 2.72-3.26 (m, 

29H), 3.40-3.73 (m, 18H), 3.76-3.83 (m, 1H), 4.17-4.25 (m, 1H), 4.25-4.30 (m, 1H), 4.32-4.39 

(m, 1H), 4.42-4.60 (m, 3H), 6.58-6.62 (m, 2H), 6.62-7.12 (br s, 2H, interfering with the next 

listed signal), 6.97-7.00 (m, 2H), 7.12-7.45 (br s, 2H, interfering with the next listed signal), 

7.25-7.32 (m, 4H), 7.45-7.52 (m, 1H), 7.52-7.56 (m, 2H), 7.56-7.72 (m, 4H), 7.81-8.30 (m, 

5H), 8.30-9.44 (m, 6H), 10.22-10.69 (m, 1H), 11.12-12.83 (m, 2H). 4 exchangeable protons 

(NH, OH) of the presumably 4-fold protonated molecule could not be identified. HRMS: 

m/z [M+2H]2+ calcd. for [C83H131FN20O20]2+ 873.4911, found 873.4920. RP-HPLC (220 nm): 

99% (tR = 12.5 min, k = 15.4). C83H129FN20O20・C8H4F12O8 (1746.06 + 456.09). 

Nα-Methyl-Nω-({8-N-[Nα-(6-N-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl}-aminohexanoyl)-4-(4-fluorophenyl)-

phenylalanyl]amino-3,6-dioxaoctyl}aminocarbonyl)Arg-Arg-Pro-Tyr-α-tert-

butyl-Gly-Leu tris(hydrotrifluoroacetate) (4.33). Compound 4.33 was prepared from 

4.32 (1.81 mg, 0.82 μmol) according to the general procedure for the insertion of Ga3+. 

Purification by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 

85:15-75:25, 5-10 min: 75:25-67:33, 10-20 min: 67:33-55:45, tR = 14 min) yielded 4.33 as 

white fluffy solid (1.76 mg, 99%). 1H-NMR (600 MHz, DMSO-d6): δ 0.81-0.94 (m, 15H), 

1.07-1.16 (m, 2H), 1.27-1.41 (m, 4H), 1.47-1.64 (m, 8H), 1.64-1.87 (m, 6H), 1.95-2.07 (m, 

3H), 2.44-2.47 (m, 3H), 2.64-2.71 (m, 1H), 2.74-2.81 (m, 1H), 2.85-2.91 (m, 1H), 2.91-3.02 

(m, 3H), 3.07-3.10 (m, 1H), 3.10-3.29 (m, 18H), 3.34-3.37 (m, 4H), 3.37-3.49 (m, 7H), 3.49-

3.51 (m, 3H), 3.58-3.76 (m, 10H), 4.17-4.25 (m, 1H), 4.25-4.31 (m, 1H), 4.33-4.38 (m, 1H), 

4.43-4.60 (m, 3H), 6.57-6.62 (m, 2H), 6.62-7.10 (br s, 2H, interfering with the next listed 

signal), 6.97-7.01 (m, 2H), 7.10-7.45 (br s, 2H, interfering with the next listed signal), 7.25-

7.32 (m, 4H), 7.45-7.52 (m, 1H), 7.52-7.72 (m, 6H), 7.86-8.12 (m, 3H), 8.12-8.61 (m, 4H), 

8.78-9.21 (m, 4H), 9.85-10.20 (m, 1H), 12.48 (br s, 1H), 13.27 (br s, 1H). HRMS: m/z 

[M+2H]2+ calcd. for [C83H128FGaN20O20]2+ 906.4421, found 906.4431. RP-HPLC 

(220 nm): 99% (tR = 12.5 min, k = 15.4). C83H126FGaN20O20・C6H3F9O6 (1812.76 + 342.07).  

Nα-Methyl-Nω-{[4-N-(Nα-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl}-4-{4-

fluorophenyl}phenylalanyl)aminobutyl]aminocarbonyl}Arg-Arg-Pro-Tyr-α-tert-

butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.34). Compound 4.34 was prepared 

from 4.25 (7.9 mg, 4.81 μmol) and 4.13 (3.14 mg, 3.85 μmol) according to the general 

procedure for DOTA-conjugation. Isolation of the protected intermediate: column: Gemini-

NX C18, gradient: 0-5 min: A1/B1 85:15-70:30, 5-15 min: 70:30-50:50, tR = 13 min. 
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Purification of the product by preparative RP-HPLC (column: Gemini-NX C18, gradient: 

0-5 min: A1/B1 85:15-70:30, 5-15 min: 70:30-50:50, tR = 9 min) afforded 4.34 as white fluffy 

solid (6.1 mg, 78%). 1H-NMR (600 MHz, DMSO-d6): δ 0.81-0.94 (m, 15H), 1.33-1.44 (m, 

4H), 1.46-1.87 (m, 14H), 1.95-2.05 (m, 1H), 2.46-2.49 (m, 3H), 2.65-2.70 (m, 1H), 2.77-3.26 

(m, 28H), 3.55-3.67 (m, 5H), 3.67-3.93 (m, 5H), 4.19-4.24 (m, 1H), 4.26-4.30 (m, 1H), 4.33-

4.39 (m, 1H), 4.42-4.60 (m, 3H), 6.58-6.62 (m, 2H), 6.62-7.12 (br s, 2H, interfering with the 

next listed signal), 6.97-7.00 (m, 2H), 7.12-7.54 (br s, 2H, interfering with the next listed 

signal), 7.26-7.33 (m, 4H), 7.54-7.57 (m, 2H), 7.57-7.71 (m, 4H), 7.71-8.53 (m, 6H), 8.53-

9.32 (m, 6H), 11.49 (br s, 1H), 12.47 (br s, 1H). 4 exchangeable protons (NH, OH) of the 

presumably 4-fold protonated molecule could not be identified. HRMS: m/z [M+2H]2+ 

calcd. for [C75H116FN19O17]2+ 786.9385, found 786.9394. RP-HPLC (220 nm): > 99% (tR = 

11.2 min, k = 13.7). C75H114FN19O17・C8H4F12O8 (1572.85 + 456.09). 

Nα-Methyl-Nω-{[8-N-(Nα-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl}-4-{4-fluorophenyl}-phenylalanyl)amino-3,6-

dioxaoctyl]aminocarbonyl}Arg-Arg-Pro-Tyr-α-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (4.35). Compound 4.35 was prepared from 4.26 

(6.6 mg, 3.86 μmol) and 4.13 (2.52 mg, 3.09 μmol) according to the general procedure for 

DOTA-conjugation. Isolation of the protected intermediate: column: Gemini-NX C18, 

gradient: 0-5 min: A1/B1 85:15-70:30, 5-15 min: 70:30-50:50, tR = 13 min. Purification of 

the product by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 

85:15-70:30, 5-15 min: 70:30-50:50, tR = 10 min) afforded 4.35 as white fluffy solid (5.2 mg, 

81%). 1H-NMR (600 MHz, DMSO-d6): δ 0.80-0.95 (m, 15H), 1.47-1.87 (m, 14H), 1.95-2.03 

(m, 1H), 2.46-2.48 (m, 3H), 2.64-2.70 (m, 1H), 2.75-2.79 (m, 1H), 2.84-2.91 (m, 3H), 3.23-

3.41 (m, 24H), 3.49-3.61 (m, 16H), 3.77-3.87 (m, 2H), 4.18-4.24 (m, 1H), 4.27-4.29 (m, 1H), 

4.32-4.40 (m, 1H), 4.43-4.50 (m, 1H), 4.50-4.58 (m, 1H), 4.60-4.71 (m, 1H), 6.56-6.62 (m, 

2H), 6.62-7.09 (br s, 2H, interfering with the next listed signal), 6.97-7.00 (m, 2H), 7.09-

7.43 (br s, 2H, interfering with the next listed signal), 7.26-7.34 (m, 4H), 7.43-7.52 (m, 1H), 

7.52-7.64 (m, 4H), 7.64-7.69 (m, 2H), 7.87-8.02 (m, 1H), 8.07-8.83 (m, 5H), 8.83-9.29 (m, 

4H), 10.19-11.03 (m, 1H), 11.99-12.87 (m, 1H). 5 exchangeable protons (NH, OH) of the 

presumably 4-fold protonated molecule could not be identified. HRMS: m/z [M+2H]2+ 

calcd. for [C77H120FN19O19]2+ 816.9490, found 816.9497. RP-HPLC (220 nm): 97% (tR = 

12.1 min, k = 14.9). C77H118FN19O19・C8H4F12O8 (1632.90 + 456.09). 

Nα-Methyl-Nω-{[4-N-(Nα-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl}-4-(4-

fluorophenyl)phenylalanyl)aminobutyl]aminocarbonyl}Arg-Arg-Pro-Tyr-α-tert-

butyl-Gly-Leu tris(hydrotrifluoroacetate) (4.36). Compound 4.36 was prepared from 

4.34 (3.49 mg, 1.72 μmol) according to the general procedure for the insertion of Ga3+. 

Purification by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 

85:15-75:25, 5-10 min: 75:25-67:33, 10-20 min: 67:33-55:45, tR = 12 min) yielded 4.36 as 

white fluffy solid (3.26 mg, 96%). 1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.95 (m, 15H), 

1.31-1.43 (m, 4H), 1.44-1.89 (m, 14H), 1.95-2.04 (m, 1H), 2.43-2.48 (m, 3H), 2.64-2.85 (m, 

3H), 2.85-3.29 (m, 22H), 3.35-3.90 (m, 14H), 4.17-4.25 (m, 1H), 4.25-4.31 (m, 1H), 4.31-4.41 

(m, 1H), 4.41-4.59 (m, 3H), 6.57-6.63 (m, 2H), 6.63-7.12 (br s, 2H, interfering with the next 

listed signal), 6.97-7.00 (m, 2H), 7.12-7.45 (br s, 2H, interfering with the next listed signal), 

7.26-7.33 (m, 4H), 7.45-7.53 (m, 1H), 7.53-7.76 (m, 6H), 7.97 (d, 1H, J 7.8 Hz), 8.03-8.16 
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(m, 1H), 8.22 (d, 1H, J 7.3 Hz), 8.28-8.65 (m, 2H), 8.68-9.26 (m, 5H), 9.75-10.27 (m, 1H), 

12.47 (br s, 1H), 13.27 (br s, 1H). HRMS: m/z [M+3H]3+ calcd. for [C75H114FGaN19O17]3+ 

546.9288, found 546.9299. RP-HPLC (220 nm): > 99% (tR = 14.4 min, k = 17.9). 

C75H111FGaN19O17・C6H3F9O6 (1639.55 + 342.07).  

Nα-Methyl-Nω-{[8-N-(Nα-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl}-4-{4-fluorophenyl}-phenylalanyl)amino-3,6-

dioxaoctyl]aminocarbonyl}Arg-Arg-Pro-Tyr-α-tert-butyl-Gly-Leu 

tris(hydrotrifluoroacetate) (4.37). Compound 4.37 was prepared from 4.35 (3.33 mg, 

1.59 μmol) according to the general procedure for the insertion of Ga3+. Purification by 

preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 85:15-75:25, 5-

10 min: 75:25-67:33, 10-20 min: 67:33-55:45, tR = 12 min) yielded 4.37 as white fluffy solid 

(3.09 mg, 95%). 1H-NMR (600 MHz, DMSO-d6): δ 0.80-0.94 (m, 15H), 1.47-1.87 (m, 14H), 

1.95-2.05 (m, 1H), 2.44-2.47 (m, 3H), 2.64-2.71 (m, 1H), 2.71-2.96 (m, 4H), 3.01-3.28 (m, 

19H), 3.33-3.46 (m, 9H), 3.46-3.68 (m, 12H), 3.68-3.83 (m, 2H), 4.17-4.25 (m, 1H), 4.26-4.30 

(m, 1H), 4.32-4.40 (m, 1H), 4.42-4.61 (m, 3H), 6.54-6.62 (m, 2H), 6.62-7.11 (br s, 2H, 

interfering with the next listed signal), 6.97-7.00 (m, 2H), 7.11-7.42 (br s, 2H, interfering 

with the next listed signal), 7.26-7.33 (m, 4H), 7.42-7.52 (m, 1H), 7.52-7.85 (m, 6H), 7.88-

8.68 (m, 5H), 8.68-9.29 (m, 5H), 10.00-10.36 (m, 1H), 12.49 (br s, 1H), 13.28 (br s, 1H). 

HRMS: m/z [M+2H]2+ calcd. for [C77H117FGaN19O19]2+ 849.9001, found 849.9012. RP-

HPLC (220 nm): > 99% (tR = 14.5 min, k = 18.1). C77H115FGaN19O19・C6H3F9O6 (1699.60 + 

342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-2-((1R)-1-methylpropyl)-Gly-Leu 

tris(hydrotrifluoroacetate) (4.38). Peptide 4.38 was synthesized according to the 

general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 0.79 mmol/g) (40 mg, 

0.0316 mmol). Purification by preparative RP-HPLC (column: Gemini-NX C18, gradient: 

0-5 min: A1/B1 95:5-90:10, 5-10 min: 90:10-80:20, 10-30 min: 80:20-60:40, tR = 18 min) 

afforded 4.38 as white fluffy solid (13.8 mg, 37%). 1H-NMR (600 MHz, DMSO-d6): δ 0.74-

0.80 (m, 3H), 0.82-0.87 (m, 6H), 0.88-0.92 (m, 3H), 1.00-1.09 (m, 1H), 1.32-1.40 (m, 1H), 

1.40-1.59 (m, 7H), 1.59-1.89 (m, 8H), 1.95-2.04 (m, 1H), 2.42-2.48 (m, 3H), 2.65-2.75 (m, 

1H), 2.85-2.92 (m, 1H), 3.04-3.16 (m, 4H), 3.53-3.64 (m, 2H), 3.74-3.83 (m, 1H), 4.18-4.26 

(m, 1H), 4.32-4.39 (m, 2H), 4.41-4.60 (m, 2H), 6.59-6.63 (m, 2H), 6.63-7.18 (br s, 4H, 

interfering with the next listed signal), 6.99-7.01 (m, 2H), 7.19-7.60 (br s, 4H), 7.60-7.76 

(m, 3H), 7.93 (d, 1H, J 7.9 Hz), 8.13 (d, 1H, J 7.7 Hz), 8.73-9.06 (m, 3H), 9.11-9.23 (m, 1H), 

12.47 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. for [C39H68N12O8]2+ 416.2636, found 416.2645. 

RP-HPLC (220 nm): 99% (tR = 6.7 min, k = 7.8). C39H66N12O8・C6H3F9O6 (831.03 + 342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-α,α-diethyl-Gly-Leu tris(hydrotrifluoroacetate) 

(4.39). Peptide 4.39 was synthesized according to the general procedure for SPPS using a 

H-Leu-2-ClTrt resin (loading 0.79 mmol/g) (40 mg, 0.0316 mmol). Purification by 

preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 95:5-90:10, 5-

10 min: 90:10-80:20, 10-30 min: 80:20-55:45, tR = 18 min) afforded 4.39 as white fluffy solid 

(9.1 mg, 25%). 1H-NMR (600 MHz, DMSO-d6): δ 0.31-0.49 (m, 3H), 0.57-0.70 (m, 3H), 0.79-

0.82 (m, 3H), 0.87-0.90 (m, 3H), 1.40-1.87 (m, 15H), 1.87-2.01 (m, 1H), 2.01-2.14 (m, 1H), 

2.25-2.38 (m, 2H), 2.43-2.48 (m, 3H), 2.65-2.75 (m, 1H), 2.88-2.94 (m, 1H), 3.04-3.18 (m, 

4H), 3.51-3.64 (m, 2H), 3.72-3.88 (m, 1H), 4.12-4.22 (m, 1H), 4.23-4.41 (m, 2H), 4.46-4.62 
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(m, 1H), 6.61-6.70 (m, 2H), 6.70-7.14 (br s, 4H, interfering with the next listed signal), 

7.03-7.06 (m, 2H), 7.14-7.54 (br s, 4H, interfering with the next listed signal), 7.37-7.40 

(m, 1H), 7.54-7.76 (m, 2H), 8.16 (d, 1H, J 7.9 Hz), 8.46 (d, 1H, J 7.4 Hz), 8.68-9.12 (m, 3H), 

9.15-9.25 (m, 1H), 12.57 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. for [C39H68N12O8]2+ 

416.2636, found 416.2644. RP-HPLC (220 nm): 99% (tR = 7.4 min, k = 8.7). C39H66N12O8・

C6H3F9O6 (831.03 + 342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-α-cyclopropyl-Gly-Leu tris(hydrotrifluoroacetate) 

(4.40). Peptide 4.40 was synthesized according to the general procedure for SPPS using a 

H-Leu-2-ClTrt resin (loading 0.79 mmol/g) (40 mg, 0.0316 mmol). Purification by 

preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 95:5-90:10, 5-

10 min: 90:10-80:20, 10-30 min: 80:20-55:45, tR = 15 min) afforded 4.40 as white fluffy solid 

(25.3 mg, 69%). 1H-NMR (600 MHz, DMSO-d6): δ 0.29-0.35 (m, 1H), 0.35-0.42 (m, 2H), 

0.42-0.48 (m, 1H), 0.83-0.87 (m, 3H), 0.87-0.92 (m, 3H), 0.99-1.05 (m, 1H), 1.42-1.87 (m, 

14H), 1.96-2.06 (m, 1H), 2.42-2.48 (m, 3H), 2.65-2.73 (m, 1H), 2.84-2.91 (m, 1H), 3.06-3.15 

(m, 4H), 3.54-3.63 (m, 2H), 3.76-3.86 (m, 1H), 3.91-3.98 (m, 1H), 4.21-4.30 (m, 1H), 4.30-

4.37 (m, 1H), 4.37-4.44 (m, 1H), 4.46-4.58 (m, 1H), 6.55-6.65 (m, 2H), 6.65-7.13 (br s, 4H, 

interfering with the next listed signal), 6.99-7.02 (m, 2H), 7.13-7.56 (br s, 4H), 7.56-7.72 

(m, 2H), 7.79-8.01 (m, 2H), 8.08-8.19 (m, 1H), 8.73-9.04 (m, 3H), 9.18 (s, 1H), 12.54 (br s, 

1H). HRMS: m/z [M+2H]2+ calcd. for [C38H64N12O8]2+ 408.2480, found 408.2487. RP-HPLC 

(220 nm): 97% (tR = 5.2 min, k = 5.8). C38H62N12O8・C6H3F9O6 (814.99 + 342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-β-cyclopropyl-Ala-Leu tris(hydrotrifluoroacetate) 

(4.41). Peptide 4.41 was synthesized according to the general procedure for SPPS using a 

H-Leu-2-ClTrt resin (loading 0.79 mmol/g) (40 mg, 0.0316 mmol). Purification by 

preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 95:5-90:10, 5-

10 min: 90:10-78:22, 10-30 min: 78:22-50:50, tR = 16 min) afforded 4.41 as white fluffy solid 

(17.5 mg, 47%). 1H-NMR (600 MHz, DMSO-d6): δ 0.02-0.15 (m, 2H), 0.27-0.44 (m, 2H), 

0.62-0.77 (m, 1H), 0.82-0.93 (m, 6H), 1.36-1.89 (m, 16H), 1.95-2.05 (m, 1H), 2.40-2.48 (m, 

3H), 2.66-2.75 (m, 1H), 2.86-2.92 (m, 1H), 3.05-3.14 (m, 4H), 3.54-3.55 (m, 1H), 3.60-3.62 

(m, 1H), 3.75-3.80 (m, 1H), 4.21-4.29 (m, 1H), 4.29-4.44 (m, 3H), 4.49-4.60 (m, 1H), 6.57-

6.62 (m, 2H), 6.62-7.12 (br s, 4H, interfering with the next listed signal), 7.00-7.02 (m, 2H), 

7.12-7.57 (br s, 4H), 7.57-7.73 (m, 2H), 7.77-7.96 (m, 2H), 8.11-8.21 (m, 1H), 8.74-9.03 (m, 

3H), 9.09-9.27 (m, 1H), 12.55 (br s, 1H). HRMS: m/z [M+3H]3+ calcd. for [C39H67N12O8]3+ 

277.1729, found 277.1739. RP-HPLC (220 nm): 98% (tR = 5.9 min, k = 6.8). C39H64N12O8・

C6H3F9O6 (829.02 + 342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-α-cyclobutyl-Gly-Leu tris(hydrotrifluoroacetate) 

(4.42). Peptide 4.42 was synthesized according to the general procedure for SPPS using a 

H-Leu-2-ClTrt resin (loading 0.79 mmol/g) (40 mg, 0.0316 mmol). Purification by 

preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 95:5-90:10, 5-

10 min: 90:10-78:22, 10-30 min: 78:22-50:50, tR = 15 min) afforded 4.42 as white fluffy solid 

(27.6 mg, 74%). 1H-NMR (600 MHz, DMSO-d6): δ 0.81-0.93 (m, 6H), 1.37-1.95 (m, 20H), 

1.95-2.06 (m, 1H), 2.44-2.48 (m, 3H), 2.52-2.54 (m, 1H), 2.66-2.74 (m, 1H), 2.84-2.91 (m, 

1H), 3.05-3.14 (m, 4H), 3.54-3.62 (m, 2H), 3.76-3.86 (m, 1H), 4.17-4.26 (m, 1H), 4.27-4.38 

(m, 2H), 4.38-4.45 (m, 1H), 4.48-4.59 (m, 1H), 6.57-6.63 (m, 2H), 6.63-7.15 (br s, 4H, 

interfering with the next listed signal), 6.99-7.01 (m, 2H), 7.15-7.58 (br s, 4H), 7.58-7.71 
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(m, 2H), 7.76-7.83 (m, 1H), 7.86-7.95 (m, 1H), 8.11-8.22 (m, 1H), 8.71-9.07 (m, 3H), 9.09-

9.24 (m, 1H), 12.51 (br s, 1H). HRMS: m/z [M+3H]3+ calcd. for [C39H67N12O8]3+ 277.1729, 

found 277.1738. RP-HPLC (220 nm): 99% (tR = 6.0 min, k = 6.9). C39H64N12O8・C6H3F9O6 

(829.02 + 342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-α-cyclopentyl-Gly-Leu tris(hydrotrifluoroacetate) 

(4.43). Peptide 4.43 was synthesized according to the general procedure for SPPS using a 

H-Leu-2-ClTrt resin (loading 0.79 mmol/g) (40 mg, 0.0316 mmol). Purification by 

preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 95:5-90:10, 5-

10 min: 90:10-80:20, 10-30 min: 80:20-55:45, tR = 17 min) afforded 4.43 as white fluffy solid 

(26.8 mg, 71%). 1H-NMR (600 MHz, DMSO-d6): δ 0.81-0.93 (m, 6H), 1.20-1.27 (m, 1H), 

1.31-1.39 (m, 1H), 1.39-1.89 (m, 20H), 1.95-2.06 (m, 1H), 2.08-2.15 (m, 1H), 2.44-2.48 (m, 

3H), 2.64-2.71 (m, 1H), 2.83-2.91 (m, 1H), 3.05-3.14 (m, 4H), 3.54-3.63 (m, 2H), 3.75-3.86 

(m, 1H), 4.16-4.29 (m, 2H), 4.29-4.60 (m, 3H), 6.57-6.62 (m, 2H), 6.62-7.13 (br s, 4H, 

interfering with the next listed signal), 6.98-7.01 (m, 2H), 7.13-7.56 (br s, 4H), 7.56-7.71 

(m, 2H), 7.79-7.93 (m, 2H), 8.16-8.26 (m, 1H), 8.72-9.03 (m, 3H), 9.09-9.26 (m, 1H), 12.49 

(br s, 1H). HRMS: m/z [M+3H]3+ calcd. for [C40H69N12O8]3+ 281.8448, found 281.8457. RP-

HPLC (220 nm): 99% (tR = 6.8 min, k = 7.9). C40H66N12O8・C6H3F9O6 (843.04 + 342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-α-methyl-Leu-Leu tris(hydrotrifluoroacetate) (4.44). 

Peptide 4.44 was synthesized according to the general procedure for SPPS using a H-Leu-

2-ClTrt resin (loading 0.79 mmol/g) (40 mg, 0.0316 mmol). Purification by preparative RP-

HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 95:5-90:10, 5-10 min: 90:10-

75:25, 10-30 min: 75:25-45:55, tR = 16 min) afforded 4.44 as white fluffy solid (26.3 mg, 

70%). 1H-NMR (600 MHz, DMSO-d6): δ 0.70-0.89 (m, 12H), 1.27-1.38 (m, 3H), 1.38-1.91 

(m, 16H), 1.98-2.08 (m, 1H), 2.18-2.28 (m, 1H), 2.45-2.48 (m, 3H), 2.62-2.70 (m, 1H), 2.86-

2.95 (m, 1H), 3.05-3.15 (m, 4H), 3.53-3.63 (m, 2H), 3.74-3.85 (m, 1H), 4.13-4.24 (m, 1H), 

4.27-4.39 (m, 2H), 4.44-4.59 (m, 1H), 6.61-6.66 (m, 2H), 6.66-7.13 (br s, 4H, interfering 

with the next listed signal), 7.01-7.05 (m, 2H), 7.13-7.53 (br s, 4H), 7.53-7.72 (m, 3H), 8.04-

8.12 (m, 1H), 8.31-8.37 (m, 1H), 8.74-9.03 (m, 3H), 9.14-9.23 (m, 1H), 12.55 (br s, 1H). 

HRMS: m/z [M+3H]3+ calcd. for [C40H71N12O8]3+ 282.5167, found 282.5175. RP-HPLC 

(220 nm): 99% (tR = 8.3 min, k = 9.9). C40H68N12O8・C6H3F9O6 (845.06 + 342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-α-ethyl-D-Ala-Leu tris(hydrotrifluoroacetate) (4.45). 

Peptide 4.45 was synthesized according to the general procedure for SPPS using a H-Leu-

2-ClTrt resin (loading 0.79 mmol/g) (40 mg, 0.0316 mmol). Purification by preparative RP-

HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 95:5-90:10, 5-10 min: 90:10-

80:20, 10-30 min: 80:20-60:40, tR = 17 min) afforded 4.45 as white fluffy solid (26.3 mg, 

72%). 1H-NMR (600 MHz, DMSO-d6): δ 0.58-0.72 (m, 3H), 0.80-0.91 (m, 6H), 1.35 (s, 3H), 

1.40-1.89 (m, 15H), 1.98-2.07 (m, 1H), 2.12-2.21 (m, 1H), 2.45-2.48 (m, 3H), 2.65-2.75 (m, 

1H), 2.88-2.95 (m, 1H), 3.05-3.18 (m, 4H), 3.49-3.68 (m, 2H), 3.70-3.87 (m, 1H), 4.19-4.39 

(m, 3H), 4.48-4.59 (m, 1H), 6.61-6.67 (m, 2H), 6.67-7.13 (br s, 4H, interfering with the next 

listed signal), 7.01-7.05 (m, 2H), 7.13-7.51 (br s, 4H), 7.51-7.74 (m, 3H), 7.82-7.97 (m, 1H), 

8.12-8.22 (m, 1H), 8.73-9.05 (m, 3H), 9.14-9.25 (m, 1H), 12.51 (br s, 1H). HRMS: m/z 

[M+3H]3+ calcd. for [C38H67N12O8]3+ 273.1729, found 273.1738. RP-HPLC (220 nm): 98% 

(tR = 6.4 min, k = 7.4). C38H64N12O8・C6H3F9O6 (817.01 + 342.07). 
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Nα-Methyl-Arg-Arg-Pro-Tyr-Ile-β-cyclopropyl-Ala tris(hydrotrifluoroacetate) 

(4.46). Peptide 4.46 was synthesized on a 2-ClTrt-Cl resin (loading 1.6 mmol/g) (40 mg, 

0.064 mmol, 1 equiv.). The resin was treated with a solution of Fmoc-β-cyclopropyl-Ala-

OH (45.0 mg, 0.128 mmol, 2 equiv.) and DIPEA (111.5 µL, 0.64 mmol, 10 equiv.) in CH2Cl2 

(0.5 mL) at 35 °C for 15 h. MeOH (65 µL) and CH2Cl2 (100 µL) were added and shaking 

was continued at rt for 15 min. The liquid was removed by filtration and the resin was 

washed with CH2Cl2 (3 ×), MeOH (3 ×) and DMF/NMP (80:20 v/v) (4 ×). Fmoc-deprotection 

of β-cyclopropyl-Ala and further SPPS was performed according to the general procedure 

for SPPS (note: the amounts of Fmoc-amino acids and coupling reagents were calculated 

based on the assumption that the loading of the resin with β-cyclopropyl-Ala was 50% 

compared to the original loading, i.e., 0.8 mmol/g). Purification by preparative RP-HPLC 

(column: Gemini-NX C18, gradient: 0-5 min: A1/B1 95:5-90:10, 5-10 min: 90:10-80:20, 10-

30 min: 80:20-55:45, tR = 15 min) afforded 4.46 as white fluffy solid (27.4 mg, 37%). 1H-

NMR (600 MHz, DMSO-d6): δ 0.01-0.17 (m, 2H), 0.32-0.44 (m, 2H), 0.71-0.89 (m, 7H), 1.00-

1.10 (m, 1H), 1.37-1.90 (m, 15H), 1.94-2.06 (m, 1H), 2.43-2.48 (m, 3H), 2.63-2.73 (m, 1H), 

2.83-2.91 (m, 1H), 3.04-3.14 (m, 4H), 3.54-3.63 (m, 2H), 3.75-4.86 (m, 1H), 4.18-4.27 (m, 

2H), 4.27-4.39 (m, 1H), 4.39-4.59 (m, 2H), 6.57-6.64 (m, 2H), 6.64-7.13 (br s, 4H, interfering 

with the next listed signal), 6.99-7.01 (m, 2H), 7.13-7.56 (br s, 4H), 7.56-7.79 (m, 3H), 7.93 

(d, 1H, J 8.0 Hz), 8.18-8.34 (m, 1H), 8.70-9.23 (m, 4H), 12.52 (br s, 1H). HRMS: m/z 

[M+3H]3+ calcd. for [C39H67N12O8]3+ 277.1729, found 277.1741. RP-HPLC (220 nm): 99% 

(tR = 5.3 min, k = 6.0). C39H64N12O8・C6H3F9O6 (829.02 + 342.07). 

Nα-Methyl-Arg-Arg-Pro-Tyr-Ile-α-methyl-Leu tris(hydrotrifluoroacetate) (4.47). 

Peptide 4.47 was synthesized on a 2-ClTrt-Cl resin (loading 1.6 mmol/g) (40 mg, 

0.064 mmol, 1 equiv.). The resin was treated with a solution of Fmoc-α-methyl-Leu-OH 

(47.0 mg, 0.128 mmol, 2 equiv.) and DIPEA (111.5 µL, 0.64 mmol, 10 equiv.) in CH2Cl2 

(0.5 mL) at 35 °C for 15 h. MeOH (65 µL) was added and shaking was continued at rt for 

15 min. The liquid was removed by filtration and the resin was washed with CH2Cl2 (3 ×), 

MeOH (3 ×) and DMF/NMP (80:20 v/v) (4 ×). Fmoc-deprotection of α-methyl-Leu and 

further SPPS was performed according to the general procedure for SPPS (note: the 

amounts of Fmoc-amino acids and coupling reagents were calculated based on the 

assumption that the loading of the resin with α-methyl-Leu was 50% compared to the 

original loading, i.e., 0.8 mmol/g). Purification by preparative RP-HPLC (column: Gemini-

NX C18, gradient: 0-5 min: A1/B1 95:5-90:10, 5-10 min: 90:10-75:25, 10-30 min: 75:25-

45:55, tR = 16 min) afforded 4.47 as white fluffy solid (11.7 mg, 15%). 1H-NMR (600 MHz, 

DMSO-d6): δ 0.77-0.87 (m, 12H), 1.00-1.09 (m, 1H), 1.35-1.87 (m, 19H), 1.96-2.05 (m, 1H), 

2.45-2.48 (m, 3H), 2.63-2.74 (m, 1H), 2.83-2.92 (m, 1H), 3.06-3.16 (m, 4H), 3.52-3.64 (m, 

2H), 3.74-3.88 (m, 1H), 4.16-4.22 (m, 1H), 4.28-4.38 (m, 1H), 4.39-4.59 (m, 2H), 6.59-6.64 

(m, 2H), 6.64-7.14 (br s, 4H, interfering with the next listed signal), 7.00-7.03 (m, 2H), 

7.14-7.57 (br s, 4H), 7.57-7.71 (m, 2H), 7.74-7.86 (m, 2H), 7.91 (d, 1H, J 8.0 Hz), 8.73-9.06 

(m, 3H), 9.08-9.24 (m, 1H), 12.51 (br s, 1H). HRMS: m/z [M+3H]3+ calcd. for 

[C40H71N12O8]3+ 282.5167, found 282.5175. RP-HPLC (220 nm): > 99% (tR = 8.1 min, k = 

9.7). C40H68N12O8・C6H3F9O6 (845.06 + 342.07). 
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Nα-Methyl-Arg-Arg-Pro-β,β-dimethyl-Tyr-Ile-Leu tris(hydrotrifluoroacetate) 

(4.48) and Nα-methyl-Arg-Arg-Pro-β,β-dimethyl-D-Tyr-Ile-Leu 

tris(hydrotrifluoroacetate) (4.49). Peptides 4.48 and 4.49 were synthesized according 

to the general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 0.79 mmol/g) 

(40 mg, 0.0316 mmol). Purification by preparative RP-HPLC (column: Gemini-NX C18, 

gradient: 0-5 min: A1/B1 95:5-90:10, 5-10 min: 90:10-73:27, 10-30 min: 73:27-63:37, 4.48: 

tR = 14 min, 4.49: tR = 15 min) afforded the epimers 4.48 and 4.49 as white fluffy solids 

(4.48: 16.7 mg, 44%, 4.49: 11.8 mg, 31%). 4.48: 1H-NMR (600 MHz, DMSO-d6): δ 0.74-0.86 

(m, 9H), 0.88-0.92 (m, 3H), 0.96-1.05 (m, 1H), 1.20-1.31 (m, 6H), 1.37-1.60 (m, 8H), 1.60-

1.93 (m, 9H), 2.46-2.49 (m, 3H), 3.06-3.15 (m, 4H), 3.49-3.52 (m, 1H), 3.56-3.61 (m, 1H), 

3.76-3.90 (m, 1H), 4.03-4.17 (m, 1H), 4.17-4.27 (m, 1H), 4.37-4.44 (m, 1H), 4.52-4.60 (m, 

1H), 4.61-4.68 (m, 1H), 6.59-6.65 (m, 2H), 6.65-7.17 (br s, 4H, interfering with the next 

listed signal), 7.11-7.14 (m, 2H), 7.17-7.60 (br s, 4H, interfering with the next listed signal), 

7.32-7.34 (m, 1H), 7.60-7.72 (m, 3H), 8.08-8.16 (m, 1H), 8.79-9.06 (m, 3H), 9.08-9.21 (m, 

1H), 12.48 (br s, 1H). HRMS: m/z [M+3H]3+ calcd. for [C41H73N12O8]3+ 287.1886, found 

287.1896. RP-HPLC (220 nm): 97% (tR = 7.3 min, k = 8.6). C41H70N12O8・C6H3F9O6 (859.09 

+ 342.07). 4.49: 1H-NMR (600 MHz, DMSO-d6): δ 0.72-0.81 (m, 6H), 0.82-0.86 (m, 3H), 

0.87-0.97 (m, 4H), 1.20-1.25 (m, 3H), 1.25-1.35 (m, 5H), 1.40-1.60 (m, 8H), 1.60-1.83 (m, 

7H), 2.46-2.48 (m, 3H), 3.04-3.14 (m, 4H), 3.45-3.48 (m, 1H), 3.53-3.57 (m, 1H), 3.73-3.81 

(m, 1H), 4.08-4.19 (m, 2H), 4.36-4.43 (m, 1H), 4.46-4.55 (m, 1H), 4.86-4.92 (m, 1H), 6.58-

6.65 (m, 2H), 6.65-7.11 (br s, 4H), 7.11-7.57 (br s, 4H, interfering with the next listed 

signal), 7.15-7.17 (m, 2H), 7.57-7.77 (m, 4H), 8.21 (d, 1H, J 7.1 Hz), 8.75-9.06 (m, 3H), 9.09-

9.17 (m, 1H), 12.45 (br s, 1H). HRMS: m/z [M+3H]3+ calcd. for [C41H73N12O8]3+ 287.1886, 

found 287.1894. RP-HPLC (220 nm): 99% (tR = 9.3 min, k = 11.2). C41H70N12O8・C6H3F9O6 

(859.09 + 342.07). 

Nα-Methyl-Nω-[(4-aminobutyl)aminocarbonyl]Arg-Arg-Pro-β,β-dimethyl-Tyr-Ile-

Leu tetrakis(hydrotrifluoroacetate) (4.50) and Nα-methyl-Nω-[(4-

aminobutyl)aminocarbonyl]Arg-Arg-Pro-β,β-dimethyl-D-Tyr-Ile-Leu 

tetrakis(hydrotrifluoroacetate) (4.51). Peptides 4.50 and 4.51 were synthesized 

according to the general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 

0.79 mmol/g) (40 mg, 0.0316 mmol), with the following modification: after coupling of 

arginine building block 3.06a and Fmoc-deprotection, the resin was washed with CH2Cl2 

(5 ×), a solution of 2-nitrobenzenesulfonylchloride (21.0 mg, 0.095 mmol) and collidine 

(20.9 µL, 0.158 mmol) in CH2Cl2 (0.75 mL) was added and the mixture was shaken at rt 

for 2 h. The resin was washed with DMF (5 ×), and a solution of MTBD (18.2 µL, 

0.126 mmol) and methyl-4-nitrobenzenesulfonate (34.3 mg, 0.158 mmol) in DMF (0.9 mL) 

was added. After shaking at rt for 30 min, the resin was washed with DMF (3 ×) followed 

by the addition of a solution of DBU (23.6 µL, 0.158 mmol) and 2-mercaptoethanol 

(22.0 µL, 0.316 mmol) in DMF (0.75 mL) and shaking at rt for 30 min. The resin was 

washed with DMF (5 ×) followed by cleavage from the resin as described in the general 

procedure for SPPS. Purification by preparative RP-HPLC (column: Gemini-NX C18, 

gradient: 0-5 min: A1/B1 85:15-80:20, 5-8 min: 80:20-73:27, 8-35 min: 73:27-70:30, 4.50: 

tR = 11 min, 4.51: tR = 12 min) afforded the epimers 4.50 and 4.51 as white fluffy solids 

(4.50: 11.5 mg, 25%, 4.51: 7.9 mg, 17%). 4.50: 1H-NMR (600 MHz, DMSO-d6): δ 0.73-0.96 

(m, 12H), 0.96-1.06 (m, 1H), 1.15-1.33 (m, 6H), 1.33-1.96 (m, 21H), 2.46-2.49 (m, 3H), 2.75-

2.82 (m, 2H), 3.04-3.20 (m, 4H), 3.20-3.32 (m, 2H), 3.44-3.63 (m, 2H), 3.80-3.93 (m, 1H), 
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4.08-4.18 (m, 1H), 4.20-4.27 (m, 1H), 4.38-4.44 (m, 1H), 4.51-4.69 (m, 2H), 6.58-6.65 (m, 

2H), 6.79-7.27 (br s, 2H, interfering with the next listed signal), 7.11-7.14 (m, 2H), 7.27-

7.30 (m, 1H), 7.30-7.72 (br s, 2H, interfering with the next listed signal), 7.55-7.68 (m, 2H), 

7.72-7.91 (m, 4H), 8.06-8.16 (m, 1H), 8.31-8.73 (m, 2H), 8.80-9.39 (m, 5H), 10.61-10.87 (m, 

1H), 12.50 (br s, 1H). 13C-NMR (151 MHz, DMSO-d6): δ 10.9, 15.1, 21.1, 23.0, 23.4, 24.2, 

24.2, 24.2, 24.4, 24.5, 24.5, 26.0, 26.9, 27.0, 28.1, 28.6, 31.1, 36.7, 38.5, 38.6, 39.8, 40.1, 

40.2, 40.4, 46.9, 50.0, 50.5, 56.6, 59.3, 59.8, 59.8, 114.3 (2 carbon atoms), 116.0 (TFA), 117.9 

(TFA), 119.9, 127.4 (2 carbon atoms), 136.2, 153.9, 155.3, 156.9, 158.8 (q, J 32 Hz) (TFA), 

167.0, 169.4, 169.4, 170.6, 170.7, 173.9. HRMS: m/z [M+H]+ calcd. for [C46H81N14O9]+ 

973.6305, found 973.6309. RP-HPLC (220 nm): 97% (tR = 7.1 min, k = 8.3). C46H80N14O9・

C8H4F12O8 (973.24 + 456.09). 4.51: 1H-NMR (600 MHz, DMSO-d6): δ 0.71-0.96 (m, 13H), 

1.18-1.37 (m, 8H), 1.42-1.86 (m, 19H), 2.44-2.49 (m, 3H), 2.75-2.84 (m, 2H), 3.02-3.18 (m, 

4H), 3.20-3.29 (m, 2H), 3.43-3.50 (m, 1H), 3.50-3.59 (m, 1H), 3.76-3.84 (m, 1H), 4.08-4.19 

(m, 2H), 4.35-4.43 (m, 1H), 4.47-4.56 (m, 1H), 4.84-4.90 (m, 1H), 6.60-6.64 (m, 2H), 6.64-

7.24 (br s, 2H, interfering with the next listed signal), 7.14-7.17 (m, 2H), 7.24-7.55 (br s, 

2H), 7.55-7.73 (m, 3H), 7.73-7.90 (m, 4H), 8.12-8.24 (m, 1H), 8.31-8.71 (m, 2H), 8.79-9.01 

(m, 2H), 9.01-9.34 (m, 3H), 10.66-10.88 (m, 1H), 12.48 (br s, 1H). 13C-NMR (151 MHz, 

DMSO-d6): δ 11.1, 15.3, 21.5, 22.7, 23.4, 23.9, 24.0, 24.2, 24.3, 24.4, 24.5, 26.0, 26.3, 26.9, 

28.1, 29.3, 31.1, 37.0, 38.5, 38.6, 39.7, 40.1, 40.4, 41.0, 46.7, 50.6, 50.6, 56.5, 59.2, 59.5, 

59.8, 114.4 (2 carbon atoms), 116.0 (TFA), 117.9 (TFA), 119.9, 127.3 (2 carbon atoms), 

136.8, 153.9, 155.4, 156.9, 158.8 (q, J 32 Hz) (TFA), 166.9, 168.9, 169.4, 170.2, 171.2, 173.9. 

HRMS: m/z [M+H]+ calcd. for [C46H81N14O9]+ 973.6305, found 973.6307. RP-HPLC 

(220 nm): 95% (tR = 8.5 min, k = 10.2). C46H80N14O9・C8H4F12O8 (973.24 + 456.09). 

Nα-Methyl-Nω-[(4-aminobutyl)aminocarbonyl]Arg-Arg-Pro-β,β-dimethyl-Tyr-α-

tert-butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.52) and Nα-methyl-Nω-[(4-

aminobutyl)aminocarbonyl]Arg-Arg-Pro-β,β-dimethyl-D-Tyr-α-tert-butyl-Gly-

Leu tetrakis(hydrotrifluoroacetate) (4.53). Peptides 4.52 and 4.53 were synthesized 

according to the general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 

0.79 mmol/g) (25 mg, 0.01975 mmol), with the following modification: after coupling of 

arginine building block 3.06a and Fmoc-deprotection, the resin was washed with CH2Cl2 

(5 ×), a solution of 2-nitrobenzenesulfonylchloride (13.1 mg, 0.059 mmol) and collidine 

(13.1 µL, 0.099 mmol) in CH2Cl2 (0.5 mL) was added and the mixture was shaken at rt for 

2 h. The resin was washed with DMF (5 ×), and a solution of MTBD (11.3 µL, 0.079 mmol) 

and methyl-4-nitrobenzenesulfonate (21.4 mg, 0.099 mmol) in DMF (0.6 mL) was added. 

After shaking at rt for 30 min, the resin was washed with DMF (3 ×) followed by the 

addition of a solution of DBU (14.7 µL, 0.099 mmol) and 2-mercaptoethanol (13.8 µL, 

0.198 mmol) in DMF (0.5 mL) and shaking at rt for 30 min. The resin was washed with 

DMF (5 ×) followed by cleavage from the resin as described in the general procedure for 

SPPS. Purification by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: 

A1/B1 85:15-80:20, 5-8 min: 80:20-73:27, 8-35 min: 73:27-70:30, 4.52: tR = 11 min, 4.53: 

tR = 12 min) afforded the epimers 4.52 and 4.53 as white fluffy solids (4.52: 5.2 mg, 19%, 

4.53: 5.0 mg, 18%). 4.52: 1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.94 (m, 15H), 1.19-1.32 

(m, 6H), 1.44-1.84 (m, 18H), 1.86-1.95 (m, 1H), 2.47-2.49 (m, 3H), 2.76-2.81 (m, 2H), 3.07-

3.14 (m, 4H), 3.24-3.28 (m, 2H), 3.50-3.52 (m, 1H), 3.56-3.60 (m, 1H), 3.78-3.85 (m, 1H), 

4.18-4.29 (m, 2H), 4.40-4.45 (m, 1H), 4.53-4.61 (m, 1H), 4.68-4.74 (m, 1H), 6.57-6.65 (m, 

2H), 6.70-7.09 (br s, 2H), 7.09-7.15 (m, 2H), 7.15-7.51 (br s, 2H, interfering with the next 
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listed signal), 7.37-7.45 (m, 2H), 7.53-7.78 (m, 5H), 8.12-8.18 (m, 1H), 8.31-8.64 (m, 2H), 

8.78-9.22 (m, 5H), 10.16-10.53 (m, 1H), 12.46 (br s, 1H). HRMS: m/z [M+H]+ calcd. for 

[C46H81N14O9]+ 973.6305, found 973.6303. RP-HPLC (220 nm): 98% (tR = 7.1 min, k = 8.3). 

C46H80N14O9・C8H4F12O8 (973.24 + 456.09). 4.53: 1H-NMR (600 MHz, DMSO-d6): δ 0.78-

0.91 (m, 15H), 1.19-1.32 (m, 7H), 1.42-1.80 (m, 18H), 2.42-2.48 (m, 3H), 2.77-2.83 (m, 2H), 

3.06-3.15 (m, 4H), 3.22-3.26 (m, 2H), 3.48-3.54 (m, 2H), 3.75-3.83 (m, 1H), 4.09-4.23 (m, 

2H), 4.37-4.42 (m, 1H), 4.47-4.56 (m, 1H), 4.87-4.94 (m, 1H), 6.60-6.65 (m, 2H), 6.65-7.13 

(br s, 2H), 7.13-7.19 (m, 2H), 7.19-7.53 (br s, 2H, interfering with the next listed signal), 

7.44-7.49 (m, 1H), 7.53-7.87 (m, 6H), 8.16-8.26 (m, 1H), 8.33-8.65 (m, 2H), 8.70-9.21 (m, 

5H), 10.29-10.63 (m, 1H), 12.44 (br s, 1H). HRMS: m/z [M+H]+ calcd. for [C46H81N14O9]+ 

973.6305, found 973.6307. RP-HPLC (220 nm): 93% (tR = 8.5 min, k = 10.2). C46H80N14O9

・C8H4F12O8 (973.24 + 456.09). 

Nα-Methyl-Nω-{[4-(N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Arg-Pro-β,β-

dimethyl-Tyr-Ile-Leu tetrakis(hydrotrifluoroacetate) (4.54). Compound 4.54 was 

prepared from 4.50 (9.7 mg, 6.79 μmol) and 4.13 (5.54 mg, 6.79 μmol) according to the 

general procedure for DOTA-conjugation (modification: stirring of the mixture for 45 min 

instead for 30 min). Isolation of the protected intermediate: column: Gemini-NX C18, 

gradient: 0-5 min: A1/B1 90:10-80:20, 5-10 min: 80:20-72:28, 10-20 min: 72:28-60:40, 

tR = 19 min. Purification of the product by preparative RP-HPLC (column: Gemini-NX 

C18, gradient: 0-5 min: A1/B1 90:10-80:20, 5-10 min: 80:20-72:28, 10-20 min: 72:28-60:40, 

tR = 11 min) afforded 4.54 as white fluffy solid (9.4 mg, 76%). 1H-NMR (600 MHz, DMSO-

d6): δ 0.73-0.95 (m, 12H), 0.96-1.04 (m, 1H), 1.19-1.30 (m, 6H), 1.36-1.94 (m, 21H), 2.47-

2.49 (m, 3H), 3.06-3.25 (m, 17H), 3.56-3.96 (m, 18H), 4.10-4.13 (m, 1H), 4.21-4.25 (m, 1H), 

4.39-4.44 (m, 1H), 4.53-4.59 (m, 1H), 4.61-4.67 (m, 1H), 6.59-6.64 (m, 2H), 6.64-7.17 (br s, 

2H, interfering with the next listed signal), 7.10-7.14 (m, 2H), 7.17-7.57 (br s, 2H, 

interfering with the next listed signal), 7.30-7.34 (m, 1H), 7.57-7.71 (m, 2H), 8.07-8.16 (m, 

1H), 8.22-8.56 (m, 2H), 8.77-9.46 (m, 5H), 11.28-13.36 (m, 2H). 6 exchangeable protons 

(NH, OH) of the presumably 4-fold protonated molecule could not be identified. HRMS: 

m/z [M+3H]3+ calcd. for [C62H109N18O16]3+ 453.9417, found 453.9425. RP-HPLC (220 nm): 

98% (tR = 7.0 min, k = 8.2). C62H106N18O16・C8H4F12O8 (1359.64 + 456.09). 

Nα-Methyl-Nω-{[4-(N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Arg-Pro-β,β-

dimethyl-Tyr-α-tert-butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (4.55). 

Compound 4.55 was prepared from 4.52 (7.5 mg, 5.25 μmol) and 4.13 (4.28 mg, 5.25 μmol) 

according to the general procedure for DOTA-conjugation (modification: stirring of the 

mixture for 45 min instead for 30 min). Isolation of the protected intermediate: column: 

Gemini-NX C18, gradient: 0-5 min: A1/B1 90:10-80:20, 5-10 min: 80:20-72:28, 10-20 min: 

72:28-60:40, tR = 19 min. Purification of the product by preparative RP-HPLC (column: 

Gemini-NX C18, gradient: 0-5 min: A1/B1 90:10-80:20, 5-10 min: 80:20-72:28, 10-20 min: 

72:28-60:40, tR = 11 min) afforded 4.55 as white fluffy solid (7.5 mg, 79%). 1H-NMR (600 

MHz, DMSO-d6): δ 0.80-0.93 (m, 15H), 1.21-1.29 (m, 6H), 1.39-1.85 (m, 18H), 1.86-1.96 (m, 

1H), 2.47-2.49 (m, 3H), 2.94-3.22 (m, 17H), 3.47-3.59 (m, 5H), 3.59-3.92 (m, 13H), 4.20-4.26 

(m, 2H), 4.40-4.46 (m, 1H), 4.53-4.59 (m, 1H), 4.68-4.74 (m, 1H), 6.56-6.65 (m, 2H), 6.65-

7.12 (br s, 2H), 7.12-7.15 (m, 2H), 7.15-7.60 (br s, 2H, interfering with the next listed 
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signal), 7.37-7.45 (m, 2H), 7.60-7.70 (m, 1H), 8.12-8.19 (m, 1H), 8.25-8.58 (m, 2H), 8.78-

9.49 (m, 5H), 11.65-13.27 (m, 2H). 6 exchangeable protons (NH, OH) of the presumably 4-

fold protonated molecule could not be identified. HRMS: m/z [M+3H]3+ calcd. for 

[C62H109N18O16]3+ 453.9417, found 453.9428. RP-HPLC (220 nm): 98% (tR = 7.0 min, k = 

8.2). C62H106N18O16・C8H4F12O8 (1359.64 + 456.09). 

Nα-Methyl-Nω-{[4-(N-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Arg-Pro-β,β-

dimethyl-Tyr-Ile-Leu tris(hydrotrifluoroacetate) (4.56). Compound 4.56 was 

prepared from 4.54 (3.5 mg, 1.93 μmol) according to the general procedure for the insertion 

of Ga3+. Purification by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: 

A1/B1 90:10-80:20, 5-10 min: 80:20-72:28, 10-20 min: 72:28-60:40, tR = 12 min) yielded 

4.56 as white fluffy solid (3.3 mg, 97%). 1H-NMR (600 MHz, DMSO-d6): δ 0.73-0.86 (m, 

9H), 0.88-0.93 (m, 3H), 0.96-1.03 (m, 1H), 1.21-1.30 (m, 6H), 1.36-1.85 (m, 20H), 1.85-1.95 

(m, 1H), 2.47-2.48 (m, 3H), 3.05-3.30 (m, 20H), 3.47-3.48 (m, 3H), 3.63-3.82 (m, 12H), 4.10-

4.14 (m, 1H), 4.21-4.26 (m, 1H), 4.38-4.45 (m, 1H), 4.54-4.66 (m, 2H), 6.58-6.66 (m, 2H), 

6.66-7.10 (br s, 2H), 7.10-7.15 (m, 2H), 7.15-7.48 (br s, 2H, interfering with the next listed 

signal), 7.31-7.35 (m, 1H), 7.48-7.56 (m, 1H), 7.56-7.67 (m, 2H), 8.07-8.16 (m, 1H), 8.30-

8.63 (m, 3H), 8.89-9.15 (m, 4H), 9.97-10.25 (m, 1H), 12.48 (br s, 1H), 13.29 (br s, 1H). 

HRMS: m/z [M+2H]2+ calcd. for [C62H105GaN18O16]2+ 713.3600, found 713.3605. RP-HPLC 

(220 nm): 98% (tR = 7.4 min, k = 8.7). C62H103GaN18O16・C6H3F9O6 (1426.34 + 342.07).  

Nα-Methyl-Nω-{[4-(N-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Arg-Pro-β,β-

dimethyl-Tyr-α-tert-butyl-Gly-Leu tris(hydrotrifluoroacetate) (4.57). Compound 

4.57 was prepared from 4.55 (1.8 mg, 0.991 μmol) according to the general procedure for 

the insertion of Ga3+. Purification by preparative RP-HPLC (column: Gemini-NX C18, 

gradient: 0-5 min: A1/B1 90:10-80:20, 5-10 min: 80:20-72:28, 10-20 min: 72:28-60:40, 

tR = 12 min) yielded 4.57 as white fluffy solid (1.6 mg, 91%). 1H-NMR (600 MHz, DMSO-

d6): δ 0.77-0.98 (m, 15H), 1.19-1.29 (m, 6H), 1.37-1.83 (m, 18H), 1.87-1.95 (m, 1H), 2.46-

2.48 (m, 3H), 3.02-3.17 (m, 9H), 3.25-3.32 (m, 11H), 3.63-3.70 (m, 7H), 3.70-3.85 (m, 8H), 

4.20-4.27 (m, 2H), 4.40-4.46 (m, 1H), 4.53-4.60 (m, 1H), 4.67-4.74 (m, 1H), 6.58-6.63 (m, 

2H), 6.63-7.10 (br s, 2H), 7.10-7.60 (br s, 2H, interfering with the next three listed signals), 

7.12-7.15 (m, 2H), 7.37-7.45 (m, 2H), 7.49-7.54 (m, 1H), 7.60-7.65 (m, 1H), 8.15 (d, 1H, J 

7.8 Hz), 8.25-8.61 (m, 3H), 8.86-9.17 (m, 4H), 10.03-10.28 (m, 1H), 12.46 (br s, 1H), 13.30 

(br s, 1H). HRMS: m/z [M+2H]2+ calcd. for [C62H105GaN18O16]2+ 713.3600, found 713.3606. 

RP-HPLC (220 nm): 98% (tR = 7.5 min, k = 8.9). C62H103GaN18O16・C6H3F9O6 (1426.34 + 

342.07).  
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4.6.6 RP-HPLC chromatograms of compounds 4.08, 4.09, 4.11, 4.12, 4.14-

4.23, 4.25, 4.26, 4.28, 4.29 and 4.31-4.57 

 
RP-HPLC analysis (purity control) of compound 4.08 

 
RP-HPLC analysis (purity control) of compound 4.09 

 

 
RP-HPLC analysis (purity control) of compound 4.11 
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RP-HPLC analysis (purity control) of compound 4.12 

 

 
RP-HPLC analysis (purity control) of compound 4.14 

 

 
RP-HPLC analysis (purity control) of compound 4.15 
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RP-HPLC analysis (purity control) of compound 4.16 

 

 
RP-HPLC analysis (purity control) of compound 4.17 

 

 
RP-HPLC analysis (purity control) of compound 4.18 
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RP-HPLC analysis (purity control) of compound 4.19 

 

 
RP-HPLC analysis (purity control) of compound 4.20 

 

 
RP-HPLC analysis (purity control) of compound 4.21 
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RP-HPLC analysis (purity control) of compound 4.22 

 

 
RP-HPLC analysis (purity control) of compound 4.23 

 

 
RP-HPLC analysis (purity control) of compound 4.25 
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RP-HPLC analysis (purity control) of compound 4.26 

 

 
RP-HPLC analysis (purity control) of compound 4.28 

 

 
RP-HPLC analysis (purity control) of compound 4.29 
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RP-HPLC analysis (purity control) of compound 4.31 

 

 
RP-HPLC analysis (purity control) of compound 4.32 

 

 
RP-HPLC analysis (purity control) of compound 4.33 
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RP-HPLC analysis (purity control) of compound 4.34 

 

 
RP-HPLC analysis (purity control) of compound 4.35 

 

 
RP-HPLC analysis (purity control) of compound 4.36 
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RP-HPLC analysis (purity control) of compound 4.37 

 

 
RP-HPLC analysis (purity control) of compound 4.38 

 

 
RP-HPLC analysis (purity control) of compound 4.39 
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RP-HPLC analysis (purity control) of compound 4.40 

 

 
RP-HPLC analysis (purity control) of compound 4.41 

 

 
RP-HPLC analysis (purity control) of compound 4.42 
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RP-HPLC analysis (purity control) of compound 4.43 

 

 
RP-HPLC analysis (purity control) of compound 4.44 

 

 
RP-HPLC analysis (purity control) of compound 4.45 
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RP-HPLC analysis (purity control) of compound 4.46 

 

 
RP-HPLC analysis (purity control) of compound 4.47 

 

 
RP-HPLC analysis (purity control) of compound 4.48 
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RP-HPLC analysis (purity control) of compound 4.49 

 

 
RP-HPLC analysis (purity control) of compound 4.50 

 

 
RP-HPLC analysis (purity control) of compound 4.51 
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RP-HPLC analysis (purity control) of compound 4.52 

 

 
RP-HPLC analysis (purity control) of compound 4.53 

 

 
RP-HPLC analysis (purity control) of compound 4.54 
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RP-HPLC analysis (purity control) of compound 4.55 

 

 
RP-HPLC analysis (purity control) of compound 4.56 

 

 
RP-HPLC analysis (purity control) of compound 4.57 
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4.6.7 1H-NMR spectra of compounds 4.08, 4.09, 4.11, 4.12, 4.14-4.23, 4.25, 

4.26, 4.28, 4.29 and 4.32-4.57, and 13C-NMR spectra of compounds 4.50 

and 4.51 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.08 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.09 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.11 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.12 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.14 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.15 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.16 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.17 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.18 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.19 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.20 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.21 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.22 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.23 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.25 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.26 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.28 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.29 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.32 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.33 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.34 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.35 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.36 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.37 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.38 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.39 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.40 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.41 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.42 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.43 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.44 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.45 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.46 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.47 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.48 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.49 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.50 
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13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.50 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.51 
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13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.51 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.52 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.53 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.54 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.55 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.56 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.57 
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Notes:  

The preparation of reference peptide 5.02 was performed within the scope of the Master 

thesis of Katrin Spinnler (Institute of Pharmacy, University of Regensburg, 2016). 

The preparation of building block 5.05 was performed within the scope of the Master thesis 

of Lara von Krüchten (Institute of Pharmacy, University of Regensburg, 2017). 

The preparation of HEK293T cells stably co-expressing NlucN-mGsi and CXCR4-NlucC 

fusion proteins and the functional characterization of the described ligands 5.01 and 5.02 

was performed within the scope of the Doctoral thesis of Carina Höring (Institute of 

Pharmacy, University of Regensburg, 2022). 

 

  



Fluoroglycosylated derivatives of the cyclic pentapeptide FC131: synthesis and 

characterization of potential CXCR4 PET ligands 

- 243 - 

5.1 Introduction 

The human CXCR4 receptor is a 352 amino acid peptide belonging to the family of 

rhodopsin-like G-protein coupled receptors (GPCRs)[1-3] and it is expressed in most 

hematopoietic stem or progenitor cell types[4-6]. The endogenous ligand of the CXCR4 is the 

stromal cell-derived factor SDF-1α (5.01, see Figure 5.1A)[4,7-9], also referred to as CXCL12, 

a peptide of 89 amino acids expressed in a variety of tissues, e.g., bone marrow, liver, lungs 

and some regions of the central nervous system[6,9,10]. 5.01 is a member of the CXC-type 

chemokine family[11] and can thus activate and direct leukocytes along a chemotactic 

gradient[12,13]. The interaction of 5.01 with the CXCR4 was reported to be involved in the 

homing of stem cells to particular sites during embryonal development[14], hematopoiesis[15-

17] and organogenesis[6,10,18]. Additionally, overexpression of the CXCR4 was described for a 

number of tumors, e.g., prostate cancer[19,20], breast cancer[10,21] and leukemia[10,22,23]. This 

overexpression is furthermore assumed to play a significant role in site-specific 

metastasis[21,22,24-26] and activation of tumor cell survival[9,27,28] via interaction with its 

chemotactic ligand 5.01. Besides this, the CXCR4 serves as a cofactor for the fusion of the 

human immunodeficiency virus (HIV) and its entry into human T-cells[29], which is why 

receptor antagonists are considered promising agents for HIV treatment[7,8,30-32]. Recently, 

the interest in such compounds was further promoted by several reports on the 

presumable involvement of the CXCR4 in the severity of the coronavirus disease 2019 

(COVID-19) infection progress[33-37]. 

The involvement of the CXCL12-CXCR4 axis in the above-mentioned malignancies 

triggered the search for suitable receptor antagonists considered useful tools for their 

treatment. Derived from the promising cyclopeptidic receptor ligand T140[31], the high 

affinity CXCR4 antagonist FC131 (cyclo[D-Tyr1-Arg2-Arg3-Nal4-Gly5], 5.02, see Figure 

5.1B) was described in 2003[38]. The exchange of Arg2 by an Nα-methylated, Nδ-acylated D-

ornithine gave the core structure of the 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid (DOTA)-conjugated ligand Pentixafor (5.03, also referred to as CPCR4-2; 

for structure see Figure 5.1B)[39]. Ga-Pentixafor (5.04, Figure 5.1B) is the cold analog of a 

CXCR4 positron emission tomography (PET) ligand with equal receptor affinity 

(IC50 = 5 nM[39]) as compared to that of 5.02 (IC50 = 4 nM[38]). 
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Figure 5.1. (A) Amino acid sequence of the endogenous CXCR4 ligand SDF-1α (5.01). (B) 

Structures of the described CXCR4 antagonist FC131 (5.02)[38] and the PET ligand precursor 

Pentixafor (5.03) for the 68Ga-labeled CXCR4 imaging probe [68Ga]Ga-Pentixafor (“cold” analog: 

5.04)[39]. (C) Structures of the Nω-carbamoylated arginine building blocks 4.07[40] and 5.05, and the 

fluorinated azido sugar 3.10[41] used for the preparation of CXCR4 ligands derived from 5.02. 

The 68Ga-labeled CXCR4 PET tracer [68Ga]5.04 was investigated in vivo in tumor-bearing 

mice, resulting in specific tracer accumulation in the tumor entities with high tumor-to-

organ ratios[39,42]. The usefulness of this PET tracer for cancer diagnosis was confirmed in 

clinical trials involving patients suffering from multiple myeloma[43-46], different types of 

lymphoma[46-49] or leukemia[50,51].  

Prompted by the encouraging performance of [68Ga]5.04 in the clinical stage we aimed at 

the development of 18F-labeled CXCR4 ligands based on the parent compound 5.02. The 

preparation of PET tracers by labeling with 18F is advantageous over the use of 68Ga with 

respect to the lower energy of positrons emitted by 18F and the consequently higher spatial 

resolution for PET as well as with regard to its convenient half-life of 110 min[52]. 

Cyclopeptides derived from 5.02 and 5.03 have already been labeled with 18F by 

conjugation to radiofluorinated moieties[53,54] or by chelation of [18F]AlF2+ [55]. However, the 

respective tracers revealed only poor performance in vivo in terms of high accumulation 

in elimination organs and moderate specific binding, and have thus not reportedly been 

subject of subsequent (pre-)clinical investigations[52,56].  

A newly introduced labeling strategy for arginine-containing peptides allows the 

attachment of a chelator or radiolabel via the side chain of Arg[40]. This approach, which is 

based on the bioisosteric replacement of a certain arginine by a synthetic Nω-

carbamoylated arginine[40], has recently successfully been applied to a cyclic pentapeptide, 

yielding an alkyne-functionalized derivative of 5.02 (compound 25 in Spinnler et al.[57]). In 
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the present study, the same concept was used to prepare amino-functionalized analogs of 

5.02 by incorporation of Nω-carbamoylated arginines derived from building blocks 4.07 

and 5.05 (for structures see Figure 5.1C) in position 2 or 3 of 5.02. The amino-

functionalized analogs of 5.02 were converted to alkyne-functionalized cyclic peptides 

followed by conjugation to a described fluoroglycosyl azide[41] (3.10, Figure 5.1C) to obtain 

potential CXCR4 PET ligands.  
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5.2 Results and discussion 

5.2.1 Synthesis of the reference compounds 5.03, 5.04, the linear 

precursors 5.11-5.14 and the cyclic peptides 5.15-5.26 

The reported CXCR4 ligand 5.03[39] and its Ga3+-labeled analog 5.04[39] were prepared to 

be used as reference compounds for investigations at the CXCR4. The side chain-protected 

linear pentapeptide 5.06 was synthesized via standard Fmoc solid-phase peptide synthesis 

(SPPS) using oxyma and DIC as activation reagents for amino acid coupling (Scheme 5.1). 

After coupling and Fmoc-deprotection of the side chain-Boc-protected D-Orn in position 2, 

the ornithine was Nα-methylated on-resin using a reported procedure[58], which was 

recently also successfully applied for the Nα-methylation of Nω-carbamoylated 

arginines[59,60]. Following completion of the pentapeptide sequence and cleavage from the 

solid support, cyclization of 5.06 was performed using HOBt, PyBOP and DIPEA as 

activation reagents. Side chain-deprotection with 95% aqueous trifluoroacetic acid for 4 h 

yielded cyclic peptide 5.07 (note: after 4 h, the compound still carried the Pbf-protecting 

group at the side chain of Arg3, which was not considered unfavorable for the subsequent 

step; thus, the Pbf-protected peptide was used for the following reaction). HOBt, HBTU 

and DIPEA served as activation reagents for the coupling of benzoic acid building block 

5.08 to 5.07 (Scheme 5.1), giving the fully deprotected peptide 5.09 after treatment with 

TFA. In order to conjugate the amino-functionality of the aminomethyl-benzoic acid linker 

to the DOTA chelator, 5.09 was initially treated with the tBu-protected DOTA reagent 

4.13 (see Chapter 4), which has recently proven to enable a simpler separation of the 

DOTA-conjugated product from the starting material by preparative HPLC[60]. However, 

subsequent acidic tBu-deprotection of the chelator overnight led to the complete re-

opening of the macrocycle by hydrolysis of an amide bond (as confirmed by mass 

spectrometry, data not shown). Consequently, DOTA-conjugation was performed using the 

non-protected DOTA succinimidyl ester 5.10, giving cyclic peptide 5.03. The separation of 

5.03 from non-converted starting material (5.09) turned out to be unfeasible using 

acetonitrile and aqueous TFA as HPLC eluents (C18 RP-HPLC) due to nearly identical 

HPLC retention times of 5.03 and 5.09. Isolation and purification of the product 5.03 was 

finally achieved using a mixture of 0.1% aqueous formic acid and acetonitrile containing 

0.1% formic acid as HPLC eluents. The potential PET ligand 5.04 was quantitatively 

obtained by incubation of 5.03 with 69Ga3+ in HEPES buffer pH 4.2 at 100 °C for 10 min 

(Scheme 5.1) as verified by analytical HPLC (data not shown) and mass spectrometry. 
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Scheme 5.1. Synthesis of the CXCR4 antagonist 5.03 (Pentixafor) and its Ga3+-containing analog 

5.04. Reagents and conditions: (I) Fmoc-strategy SPPS using oxyma and DIC, solvent: DMF/NMP 

(80:20 v/v), 35 °C, 2 × 60 min or 2 × 90 min, Fmoc-deprotection: 20% piperidine in DMF/NMP (80:20 

v/v), rt, 2 × 10 min; (II) (1) collidine, 2-nitrobenzenesulfonylchloride, CH2Cl2, rt, 2 h, (2) MTBD, 

DMF, rt, 30 min, (3) DBU, 2-mercaptoethanol, DMF, rt, 30 min; (III) HFIP/CH2Cl2 (1:3 v/v), rt, 2 × 

20 min; (IV) (1) HOBt, DIPEA, PyBOP, anhydrous DMF, rt, 5 h, (2) TFA/H2O (95:5 v/v), rt, 4 h, 

30%; (V) (1) HOBt, HBTU, DIPEA, anhydrous DMF/NMP (80:20 v/v), rt, 40 min, (2) TFA/H2O (95:5 

v/v), rt, 4 h, 59%; (VI) DIPEA, DMF/NMP (75:25 v/v), rt, 30 min, 58%; (VII) preheating of a solution 

of the peptide (4 mM) in HEPES buffer (0.2 M, pH 4.2) to 60 °C, 5 min, addition of Ga(NO3)3 × H2O 

in 10 mM HCl, 100 °C, 10 min, 99%. 

Aiming at CXCR4 PET ligands derived from the described receptor antagonist 5.02[38], 

Fmoc SPPS was applied for the preparation of the linear, side chain-protected peptides 

5.11-5.14 using the Nω-carbamoylated arginine building blocks 4.07[40] or 5.05 (for 

structures see Figure 5.1C) for amino acid coupling in position 2 (5.11, 5.12) or 3 (5.13, 

5.14) (cf. Scheme 5.2). By using a H-Gly-2-ClTrt resin, glycine was placed at the C-

terminus of the side chain-protected linear pentapeptides to prevent epimerization during 

peptide cyclization, which was performed using HOBt and PyBOP as coupling reagents in 

the presence of DIPEA. Side chain-deprotection with 95% aqueous TFA for 3 h gave the 

cyclic compounds 5.15-5.18 (Scheme 5.2) in good yields (46-59%).  
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Scheme 5.2. Synthesis of the potential CXCR4 PET ligands 5.23-5.26. Reagents and conditions: 

(I) Fmoc strategy SPPS using HBTU/HOBt and DIPEA, solvent: DMF/NMP (80:20 v/v), 35 °C, 2 × 

1 h, 2 × 2 h or 1 × 17 h, Fmoc-deprotection: 20% piperidine in DMF/NMP (80:20 v/v), rt, 2 × 5-

10 min; (II) HFIP/CH2Cl2 (1:4 v/v), rt, 2 × 20 min; (III) (1) HOBt, DIPEA, PyBOP, anhydrous DMF, 

rt, 5 h, (2) TFA/H2O (95:5 v/v), rt, 3 h, 46% (5.15), 48% (5.16), 59% (5.17), 55% (5.18); (IV) DIPEA, 

anhydrous DMF/NMP (75:25 v/v), rt, 3 h 30 min, 68% (5.19), 71% (5.20), 68% (5.21), 73% (5.22); 

(V) CuSO4, sodium ascorbate, PBS, NMP and EtOH/PBS (1:9 v/v), rt, 30 min or 60 min, 33% (5.23), 

58% (5.24), 63% (5.25), 38% (5.26). 

As the unnatural arginine residues introduced by the incorporation of 4.07 and 5.05 

contain a terminal amino group in the side chain, peptides 5.15-5.18 were alkyne-

functionalized by treatment with succinimidyl ester 3.17[61] in the presence of DIPEA, 

giving compounds 5.19-5.22 in good yields of 68-73% (Scheme 5.2). The potential PET 

ligands 5.23-5.26 were prepared from 5.19-5.22 and 3.10[41] via copper(I)-catalyzed azide-

alkyne cycloaddition (CuAAC). In a first attempt to synthesize compound 5.23, the use of 

EtOH/PBS (1:9 v/v) as solvent turned out to be unsuitable due to poor solubility of the 

starting material (peptide 5.19) in this mixture. Therefore, the successful preparation of 

the ‘click’ reaction products 5.23-5.26 was performed using NMP/PBS of approximately 

1:1 as solvent (Scheme 5.2). 

5.2.2 Peptide stability in human plasma 

To assess the stability of the cyclic, sugar-conjugated peptides 5.23-5.26 against 

proteolytic degradation a previously described procedure was used[62]. The compounds 

were incubated in human plasma for up to 48 h. The determined amounts of remaining 

intact peptide in plasma are summarized in Table 5.1 (for recovery ratios of 5.23-5.26 see 

Table 5.3).  
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Table 5.1. In vitro plasma stabilities of 5.23-5.26 determined at 37 °C. 

cpd. 
% intact peptide in plasma after the given incubation timea 

1 h 6 h 24 h 48 h 

5.23 > 99 > 99 > 99 > 99 

5.24 > 99 > 99 > 99 > 99 

5.25 > 99 > 99 > 99 99 ± 2 

5.26 > 99 > 99 66 ± 1 49 ± 1 
aThe initial concentration of the peptide in human plasma/PBS (1:2 v/v) was 100 µM. Data 

represent means ± SEM from two or three independent experiments (SEM not given when no 

decomposition was observed). 

Except for compound 5.26, the peptides showed no proteolytic degradation during 48 h of 

incubation, being in agreement with known concepts: the incorporation of D-amino acids 

in the peptide sequence or peptide cyclization are two of the most commonly used 

strategies to improve the metabolic stability of peptides, taking advantage of rigidifying 

the conformation and hence impeding the accessibility for endo- and exopeptidases[63-65]. 

Noteworthy, also the conjugation to a sugar moiety was reported to render peptides less 

prone towards enzymatic degradation[66-70]. 

5.2.3 Mini-G protein recruitment assay 

Assessment of the receptor affinities of compounds 5.15-5.26 via radioligand competition 

binding assays was not feasible in-house due to the lack of a suitable, e.g., 3H-labeled 

CXCR4 radioligand and of an established binding assay system for the CXCR4. However, 

a recently described functional CXCR4 assay (split-NanoLuc complementation assay 

based on mini-G protein recruitment[71]) allowed an estimation of the binding affinities of 

receptor antagonists by inhibiting the agonist-induced mini-G protein recruitment. The 

assay principle is based on cells co-expressing a minimalized G protein (mini-G, mG) fused 

to the N-terminal fragment of the engineered luciferase NanoLuc (NLucN-mG) and a 

GPCR of interest fused to the C-terminal fragment of the NanoLuc (GPCR-NLucC)[71]. 

Upon agonist-induced activation of the GPCR, recruitment of the mini-G protein to the 

receptor leads to the reassembly of a functional NanoLuc. Subsequent enzymatic 

conversion of the luciferase substrate furimazine generates luminescence signals in an 

agonist concentration-dependent manner, which allows the determination of EC50 values 

(agonists) or IC50 values (antagonists). Conversion of the IC50 values into pKb values via 

the Cheng-Prusoff equation[72] provides a measure for the CXCR4 affinities of the studied 

antagonists. 

The potency of the standard agonist 5.01 and the antagonistic activity of the antagonist 

5.02 were determined elsewhere[71], but raw data were re-processed for consistency reasons 

(Figure 5.2, Table 5.2). The resulting pEC50 value of 8.20 (5.01, cf. Figure 5.2A) and pIC50 

value of 6.49 (corresponding to a pKb value of 7.27, 5.02, cf. Table 5.2) were in good 

agreement with data from the literature (pEC50 = 8.27[73], pIC50 = 6.4[74]). For comparison 

of peptides 5.15-5.22 and the fluoroglycosylated compounds 5.23-5.26 with the reported 

DOTA-conjugated reference compounds 5.03 and 5.04, and for a comparison with 

literature data, 5.03 and 5.04 were also investigated with respect to CXCR4 antagonistic 

activities (cf. Figure 5.2B and Table 5.2). For 5.03 and 5.04, only IC50 values are reported 

(150 nM and 5 nM, respectively)[39], which were obtained from radioligand CXCR4 

competition binding assays using, according to what is provided in the respective article, 
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a non-characterized radioligand (no Kd value given)[39,75-77]. Thus, a direct comparison of 

the literature data with the results of the present functional assays is limited. However, 

the CXCR4 affinity measures of 5.03 and 5.04 obtained from the mini-G protein 

recruitment assay (Kb = 270 nM and 12 nM, respectively, Table 5.2) were in good 

agreement with the reported IC50 values of 5.03 and 5.04, confirming the markedly higher 

CXCR4 affinity of the Ga3+-containing peptide 5.04 over the Ga3+-free compound 5.03.  

 
Figure 5.2. (A) Concentration response curve of the CXCR4 agonist 5.01 obtained from a mini-G 

protein recruitment assay performed with HEK293T cells stably co-expressing NlucN-mGsi and 

CXCR4-NLucC proteins[71]. Presented are mean values ± SEM from three independent experiments 

(performed in triplicate). pEC50 value of 5.01: 8.20 ± 0.10 (mean ± SEM from three independent 

experiments). (B) Inhibiting effects of the antagonists 5.02-5.04 and 5.15-5.26 on the mini-G 

protein recruitment induced by 5.01 (c = 33 nM; same assay as under A performed in antagonist 

mode). Data represent mean values ± SEM from three independent experiments (performed in 

triplicate). 
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Table 5.2. CXCR4 antagonistic activities of 5.02-5.04 and 5.15-5.26 determined in a CXCR4 mini-

G protein recruitment assay using 5.01 (c = 33 nM) as agonist.a 

 cpd. 
pKb ± SEM / 

Kb [nM] 
 cpd. 

pKb ± SEM / 

Kb [nM] 
 cpd. 

pKb ± SEM / 

Kb [nM] 
 cpd. 

pKb ± SEM / 

Kb [nM] 

 5.02 7.27 ± 0.04 / 55  5.15 7.51 ± 0.07 / 32  5.19 6.98 ± 0.02 / 105  5.23 6.93 ± 0.04 / 117 

 5.03 6.57 ± 0.03 / 270  5.16 7.65 ± 0.09 / 23  5.20 7.19 ± 0.03 / 65  5.24 7.15 ± 0.02 / 70 

 5.04 7.94 ± 0.10 / 12  5.17 < 6 / > 1000  5.21 6.82 ± 0.02 / 153  5.25 < 6 / > 1000 

   5.18 < 6 / > 1000  5.22 7.29 ± 0.03 / 52  5.26 < 6 / > 1000 

aGiven are mean values ± SEM (pKb) and mean values (Kb) from three independent experiments, 

each performed in triplicate.  

Concentration response curves, obtained from functional studies with the cyclic 

antagonists 5.15-5.26 at the CXCR4, are depicted in Figure 5.2B, and the corresponding 

pKb values are summarized in Table 5.2. Whereas full inhibition curves were obtained for 

5.15, 5.16 and 5.19-5.24, the data obtained for 5.17, 5.18, 5.25 and 5.26, all containing an 

Nω-carbamoylated arginine in position 3, could not be fitted due to low CXCR4 affinities 

(pKb < 6). Interestingly, within the series of alkyne-functionalized peptides (5.19-5.22), the 

position of the Nω-carbamoyl substituent (Arg2 vs. Arg3) had no effect on the CXCR4 

antagonistic activities (pKb of 5.19 and 5.21: 6.98 vs. 6.82, pKb of 5.20 and 5.22: 7.19 vs. 

7.29). This means that in position 3 the alkyne-functionalized Nω-carbamoylated arginine 

is tolerated (5.21, 5.22), whereas the amino-functionalized arginine (5.17, 5.18) and the 

glycosylated arginine (5.25, 5.26) are not tolerated. A plausible explanation for this 

observation can possibly be found by the aid of computational chemistry (docking studies, 

simulations; not performed in this work). The strong impairment of CXCR4 binding caused 

by a modification of Arg3 is in agreement with reports on the stronger contribution of Arg3 

in 5.02 to CXCR4 binding compared to Arg2 [54,78]. 

The type of the linker in the Nω-carbamoyl substituent (dioxaoctamethylene vs. 

dimethylene) had almost no effect on the CXCR4 affinity (Table 5.2). The most pronounced 

difference was observed for the alkyne-functionalized peptides 5.21 and 5.22 (pKb: 6.82 vs. 

7.29). Notably, the potential CXCR4 PET ligand 5.23 showed only twofold lower CXCR4 

affinity than the parent peptide 5.02, and the potential PET ligand 5.24 displayed nearly 

equal CXCR4 affinity compared 5.02 (Table 5.2). This demonstrates that the pursued 

approach (replacement of arginine by a functionalized Nω-carbamoylated arginine) was 

successful with regard to the Arg2 position. 

Out of the four “sets” of cyclic peptides, exchange of Arg in position 2 in the scaffold of 5.02 

by an Nω-carbamoylated arginine containing a dimethylene linker, as in compounds 5.16, 

5.20 and 5.24, yielded the ligand candidates with the highest antagonistic activities at the 

CXCR4 (pKb = 7.65, 7.19 and 7.15, respectively; cf. Table 5.2). Notably, the functional 

activity of cyclopeptide 5.24, representing the “cold” analog of a 18F-PET ligand, is only 

marginally lower compared to 5.04, the “cold” form of a 68Ga-PET tracer (pKb = 7.94, see 

Table 5.2). However, aiming at CXCR4 ligands with higher affinity and potency, additional 

structural modifications as well as the setup of a robust binding assay system for further 

evaluation and characterization of the ligands will be necessary.  
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5.3 Conclusion 

The development of antagonistic CXCR4 ligands is of particular interest not only 

concerning the treatment of HIV[7,8,30-32] and COVID-19[36,37], but also with respect to 

molecular imaging and therapy of various types of cancer[45,48-50,79-84]. However, no 18F-

labeled CXCR4 PET ligand, useful for cancer diagnosis, has reached the clinic so far. Here 

we describe the synthesis and in vitro evaluation of the “cold” analogs of CXCR4 PET 

ligands derived from the cyclic peptidic CXCR4 antagonist FC131[38]. The conjugation to a 

fluorinated sugar[41] via the side chain of an Nω-carbamoylated arginine, introduced in 

position 2, afforded a stable (t1/2 in human plasma > 24 h) potential CXCR4 PET ligand 

(5.24) being only slightly less potent than the described CXCR4 PET ligand 

[68Ga]Pentixafor (pKb = 7.15 vs. 7.94). Therefore, in future studies compound 5.24 could 

serve as a starting point for the development of 18F-labeled CXCR4 PET ligands useful for 

in vivo tumor imaging. 
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5.4 Experimental section 

5.4.1 General experimental conditions 

Solvents and buffer components, purchased from commercial suppliers, were of analytical 

grade. Gradient grade MeOH for HPLC was obtained from Merck Chemicals (Darmstadt, 

Germany) and gradient grade MeCN for HPLC was from Sigma-Aldrich (Taufkirchen, 

Germany) or Merck. N,N-Diisopropylethylamine (DIPEA, 99%) was obtained from ABCR 

(Karlsruhe, Germany). HCOOH and K2CO3 were from Roth (Karlsruhe, Germany), and 

EtOAc and 1 M HCl were from VWR Chemicals (Ismaning, Germany). Anhydrous N,N-

dimethylformamide (DMF) (99.8%), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), Ga(NO3)3 

hydrate, 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD), methyl-4-

nitrobenzenesulfonate (3.15), 2-mercaptoethanol, sodium ascorbate and 1-methyl-D-Trp 

were purchased from Sigma-Aldrich. DMF (for peptide synthesis, packed under nitrogen, 

code D/3848/PB17), 1-methylpyrrolidin-2-one (NMP) (for peptide synthesis, nitrogen 

flushed), anhydrous NMP (99.5%), CH2Cl2 and 1-hydroxy-1H-benzotriazole (HOBt) 

hydrate were obtained from Acros Organics/Fisher Scientific (Nidderau, Germany). When 

used for the coupling of non-standard Fmoc-amino acids (SPPS), HOBt hydrate, 

containing up to 3% water, was dried using a lyophilizer. DOTA succinimidyl ester (5.10) 

was from CheMatech (Dijon, France). Trifluoroacetic acid (TFA) and absolute EtOH were 

obtained from Honeywell (Seelze, Germany). Collidine, 2-nitrobenzenesulfonylchloride, 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 4-(Boc-aminomethyl)benzoic acid (5.08) 

were from Alfa Aesar/ThermoFisher (Heysham, UK). Piperidine, N,N,N′,N′-tetramethyl-

O-(1H-benzotriazole-1-yl)-uronium hexafluorophosphate (HBTU) and benzotriazole-1-yl-

oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP) were purchased from 

Iris Biotech (Marktredwitz, Germany). Deuterated solvents were obtained from Deutero 

(Kastellaun, Germany). Bovine serum albumin (BSA) and bacitracin were purchased from 

Serva (Heidelberg, Germany). Oxyma pure, N,N’-diisopropylcarbodiimide (DIC), H-Gly-2-

ClTrt resin (loading: 0.54 mmol/g) and Fmoc-Arg(Pbf)-OH were from Merck Biosciences 

(Schwalbach am Taunus, Germany). Fmoc-D-Tyr(tBu)-OH, Fmoc-2-Nal-OH and Fmoc-D-

Orn(Boc)-OH were obtained from Iris Biotech. Copper(II)sulfate pentahydrate was from 

Merck Chemicals. Ultrapure 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

was from Gerbu (Heidelberg, Germany). Peptide 5.01 (tris(hydrotrifluoroacetate)) (SDF-

1α) was purchased from PeproTech (Hamburg, Germany). The syntheses of arginine 

building block 4.07[40] and succinimidyl pentynoate 3.17[59,61] were described elsewhere. 

Reference peptide 5.02[38] and compounds 5.11 and 5.15 were prepared within the scope of 

the Master thesis of Katrin Spinnler (Institute of Pharmacy, University of Regensburg, 

2016); 5.11 and 5.15 were re-synthesized. The synthesis of arginine building block 5.05 

was performed in analogy to building block 3.06a[40] and will be described elsewhere. 6-

Deoxy-6-fluoro-β-D-glycosyl azide (3.10)[41] was a kind gift from Prof. Dr. Olaf Prante, 

Department of Nuclear Medicine, Molecular Imaging and Radiochemistry, Friedrich-

Alexander-Universität Erlangen-Nürnberg (FAU), Germany. Millipore water was used 

throughout for the preparation of buffers, stock solutions and HPLC eluents. 1.5- and 2-

mL polypropylene reaction vessels with screw cap (in the following referred to as “reaction 

vessel with screw cap”) from Süd-Laborbedarf (Gauting, Germany) were used for the 

preparation and storage of stock solutions, and for small-scale reactions. 1.5- or 2-mL 

polypropylene reaction vessels (in the following referred to as “reaction vessel”) from 
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Sarstedt (Nümbrecht, Germany) were used for the preparation of serial dilutions, and for 

the determination of stabilities in plasma. For the evaporation of solvents in 1.5- or 2-mL 

reaction vessels, a Savant Speed-Vac Plus SC110A vacuum concentrator (Thermo Fisher 

Scientific, Waltham, MA) was used. NMR spectra were recorded on a Bruker Avance 600 

instrument (1H: 600 MHz, 13C: 151 MHz) (Bruker, Karlsruhe, Germany) at 300 K. The 

spectra were calibrated based on the solvent residual peaks (1H-NMR: DMSO-d6: δ = 

2.50 ppm; 13C-NMR: DMSO-d6: δ = 39.52 ppm). 1H-NMR data are reported as follows: 

chemical shift δ in ppm (multiplicity (s = singlet, d = doublet, m = multiplet, br s = broad 

singlet), integral, coupling constant J in Hz). High resolution mass spectra (HRMS) were 

acquired with an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS system coupled to an 

Agilent 1290 HPLC system (Agilent Technologies, Santa Clara, CA), using an ESI source. 

Analyses were performed using the following LC method: column: Luna Omega C18, 

1.6 μm, 50 × 2.1 mm (Phenomenex, Aschaffenburg, Germany), column temperature: 40 °C, 

flow: 0.6 mL/min, solvent/linear gradient: 0-4 min: 0.1% aqueous HCOOH/0.1% HCOOH 

in MeCN 95:5-2:98, 4-5 min: 2:98. Preparative HPLC was performed with a system from 

Knauer (Berlin, Germany) consisting of two K-1800 pumps and a K-2001 detector 

(compounds 5.03, 5.04, 5.07, the protected precursor of 5.09, 5.09, 5.15-5.22, 5.25 and 

5.26), or a Prep 150 LC System from Waters (Eschborn, Germany) consisting of a 2545 

binary gradient module, a 2489 UV/visible detector, and a Waters Fraction Collector III 

(compounds 5.23 and 5.24). A Kinetex-XB C18, 5 μm, 250 mm × 21 mm (Phenomenex) or 

a Gemini-NX C18, 5 μm, 250 mm × 21 mm (Phenomenex) served as RP-columns at a flow 

rate of 20 mL/min. Mixtures of 0.02% aq TFA (A1) and MeCN (B1), 0.2% aq TFA (A2) and 

B1, or 0.1% aq HCOOH (A3) and 0.1% HCOOH in MeCN (B2) were used as mobile phase. 

A detection wavelength of 220 nm was used throughout. Collected fractions were 

lyophilized using an Alpha 2-4 LD apparatus (Martin Christ, Osterode am Harz, 

Germany) or a Scanvac CoolSafe 100-9 freeze-dryer (Labogene, Allerød, Denmark) both 

equipped with a vacuubrand RZ 6 rotary vane vacuum pump. Analytical HPLC analysis 

of compounds 5.03, 5.04 and 5.15-5.26 was performed with a system from Agilent 

Technologies consisting of a 1290 Infinity binary pump equipped with a degasser, a 1290 

Infinity Autosampler, a 1290 Infinity Thermostated Column Compartment, a 1260 

Infinity Diode Array Detector and a 1260 Infinity Fluorescence Detector. A Kinetex-XB 

C18, 2.6 μm, 100 × 3 mm (Phenomenex) served as stationary phase at a flow rate of 

0.6 mL/min. The oven temperature was set to 25 °C. UV detection was performed at 

220 nm and fluorescence detection at 275/305 nm. The injection volume was 20 μL. 

Mixtures of 0.04% aq TFA (A4) or A3 and B1 or B2 were used as mobile phase. The 

following linear gradients were applied for purity controls: compounds 5.03 and 5.04: 0-

12 min: A3/B2 85:15-75:25, 12-16 min: 75:25-5:95, 16-20 min: 5:95; compounds 5.15-5.26: 

0-12 min: A4/B1 90:10-70:30, 12-16 min: 70:30-5:95, 16-20 min: 5:95. The following linear 

gradient was used for the analysis of plasma stability samples: 0-12 min: A4/B1 90:10-

73:27, 12-16 min: 73:27-5:95, 16-20 min: 5:95. Retention (capacity) factors k were 

calculated from the retention times tR according to k = (tR – t0)/t0 (t0 = dead time). All 

peptides were characterized by HRMS and RP-HPLC analysis, and peptides 5.03, 5.04 

and 5.15-5.22 were characterized by 1H-NMR spectroscopy. Additionally, 1H-COSY-, 13C-, 

HSQC- and HMBC-NMR spectra were acquired of 5.15-5.18.  

Annotation concerning the 1H-NMR spectra (solvent: DMSO-d6): in order to allow an 

integration of the signals interfering with the broad water signal at ca 3.5 ppm, 1H-NMR 
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spectra were additionally recorded in DMSO-d6/D2O (9:1 v/v (5.15-5.22) or 5:1 v/v (5.03, 

5.04)) (spectra and data not shown). 

Additional analytical data of compounds (HPLC analyses, 1H- and 13C-NMR spectra) are 

provided in the Appendix. 

5.4.2 General procedure for SPPS 

Peptides were synthesized by manual SPPS according to a reported procedure[40] with the 

following modifications: The resin was allowed to swell in the solvent for 45 min prior to 

the beginning of the synthesis. Fmoc-Arg(Pbf)-OH and Fmoc-D-Tyr(tBu)-OH were used in 

5-fold excess, Fmoc-Nal-OH was used in 4-fold excess, and the arginine building blocks 

4.07 and 5.05 were used in 3-fold excess. Amino acid coupling was performed with 

HBTU/HOBt/DIPEA (Fmoc-Arg(Pbf)-OH, Fmoc-D-Tyr(tBu)-OH: 4.95/5/10 equiv., Fmoc-

Nal-OH: 3.95/4/8 equiv., 4.07, 5.05: 3/3/6 equiv.). For the coupling of the arginine building 

blocks 4.07 and 5.05, anhydrous solvents (DMF, NMP) were used. Except for the arginine 

derivatives 4.07 and 5.05, “double coupling” was performed (2 × 60 min or 2 × 90 min at 

35 °C). For 4.07 and 5.05, “single coupling” was performed with a longer reaction time 

(17 h at 35 °C). Peptides were cleaved from the resin with CH2Cl2/HFIP (4:1 v/v) at rt for 

2 × 20 min. 

5.4.3 General procedure for the cyclization of peptides 

The reaction was performed in a round-bottom flask equipped with a magnetic micro-

stirrer. The crude linear peptide (1 equiv.) was dissolved in anhydrous DMF to give a 

1 mM solution. HOBt (2.5 equiv.), DIPEA (5 equiv.) and PyBOP (1.63 equiv.) were added 

under stirring and the reaction mixture was stirred at rt for 5 h. Water/brine (10:1 v/v) 

(190-390 mL) was added and the side chain-protected cyclic product was extracted with 

EtOAc (3 × 100-200 mL). The volatiles of the combined organic phases were removed 

under reduced pressure and the intermediate was purified by preparative HPLC. After 

lyophilization of the eluate, TFA/H2O (95:5 v/v) (5.5 mL) was added and the mixture was 

stirred at rt for 3 h. H2O (180 mL) was added and the mixture was subjected to 

lyophilization. The deprotected cyclic peptide was purified by preparative HPLC. 

5.4.4 General procedure for the alkynylation of cyclic peptides 

A solution of 3.17 (1.3 equiv., 0.04 mg/µL) in anhydrous DMF was added to a stirred 

solution of the peptide (1 equiv.) and DIPEA (6 equiv.) in anhydrous DMF/NMP (75:25 v/v) 

(66-69 μL) and stirring was continued at rt for 3.5 h. 10% aq TFA (corresponding to 

6 equiv. TFA) was added and the product was purified by preparative RP-HPLC. 

5.4.5 General procedure for copper(I)-catalyzed ‘click’ reaction 

A solution of fluoroglycosyl azide 3.10 (2.6 equiv.) in EtOH/PBS (136.9 mM NaCl, 2.68 mM 

KCl, 5.62 mM Na2HPO4, 1.09 mM NaH2PO4 and 1.47 mM KH2PO4) (1:9 v/v) (62-116 µL) 

was added to a solution of the alkynylated peptide (1 equiv.) in NMP (59-110 µL). A 

solution of copper(II)sulfate pentahydrate (1.2 equiv., 1 M) in PBS and a solution of 

sodium ascorbate (3 equiv., 1 M) in PBS were added and the mixture was stirred at rt for 

30 min. 10% aq TFA (1 μL) was added and the product was purified by preparative RP-

HPLC. 
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5.4.6 Synthesis protocols and analytical data of compounds 5.03, 5.04 and 

5.15-5.26 

cyclo[D-Tyr-Nα-methyl-Nδ-({4-[(N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminomethyl]phenyl}carbonyl)-D-Orn-Arg-β-

(naphtha-2-yl)Ala-Gly] bis(hydroformate) (5.03)[39]. The side chain-protected linear 

precursor peptide D-Tyr(tBu)-D-Me-Orn(Boc)-Arg(Pbf)-Nal-Gly (5.06) was synthesized 

according to the general procedure for SPPS using a H-Gly-2-ClTrt resin (loading 

0.54 mmol/g) (150 mg, 0.081 mmol), with the following modification: all amino acids were 

used in 5-fold excess and were pre-activated with oxyma/DIC (5/5 equiv.) instead of 

HBTU/HOBt. After coupling and Fmoc-deprotection of the D-Orn(Boc) building block, the 

resin was washed with CH2Cl2 (5 ×), a solution of 2-nitrobenzenesulfonylchloride (53.9 mg, 

0.243 mmol) and collidine (53.7 µL, 0.405 mmol) in CH2Cl2 (1.5 mL) was added and the 

mixture was shaken at rt for 2 h. The resin was washed with DMF (5 ×), and a solution of 

MTBD (46.5 µL, 0.324 mmol) and methyl-4-nitrobenzenesulfonate 3.15 (88.0 mg, 

0.405 mmol) in DMF (1.8 mL) was added. After shaking at rt for 30 min, the resin was 

washed with DMF (3 ×) followed by the addition of a solution of DBU (60.4 µL, 0.405 mmol) 

and 2-mercaptoethanol (56.5 µL, 0.810 mmol) in DMF (1.5 mL) and shaking at rt for 

30 min. The resin was washed with DMF (5 ×) followed by coupling of Fmoc-D-Tyr(tBu)-

OH as described above. Cleavage from the resin was performed with CH2Cl2/HFIP (3:1 

v/v) at rt for 2 × 20 min. Yield of crude 5.06: 29.0 mg, 32%, RP-HPLC (220 nm) ca. 76%. 

Crude 5.06 (29.0 mg, 25.7 μmol) was cyclized according to the general procedure with the 

following modifications: after cyclization, brine (246 mL) was added and the product was 

extracted with EtOAc (4 × 33 mL). The organic phases were combined and the volatiles 

were removed by evaporation. The residue was dissolved in TFA/H2O (95:5 v/v) (4 mL) and 

the mixture was stirred at rt for 4 h. The solution was transferred into water (30 mL) and 

the mixture was subjected to lyophilization. Purification by preparative HPLC (column: 

Gemini-NX C18, gradient: 0-10 min: A2/B1 97:3-60:40, 10-30 min: 60:40-45:55, tR = 

18 min) afforded 5.07 as white fluffy solid (8.3 mg, 30%), an intermediate still carrying the 

Pbf-protecting group at Arg3. 

DIPEA (47.3 μL, 271.7 μmol) was added to a solution of HOBt (18.4 mg, 135.8 μmol), 

building block 5.08 (34.1 mg, 135.8 µmol) and HBTU (50.5 mg, 133.1 µmol) in anhydrous 

DMF/NMP (80:20 v/v) (300 µL). The mixture was pre-incubated for 3 min, followed by the 

addition of peptide 5.07 (29.0 mg, 27.2 µmol) and stirring at rt for 40 min. 10% aq TFA 

(272 µL) was added, and the Pbf- and Boc-protected intermediate was purified by 

preparative HPLC (column: Gemini-NX C18, gradient: 0-8 min: A2/B1 75:25-47:53, 8-

26 min: 47:53-38:62, tR = 19 min). The intermediate was dissolved in TFA/H2O (95:5 v/v) 

(6 mL) and the mixture was stirred at rt for 4 h. The solution was transferred into water 

(30 mL) and the mixture was subjected to lyophilization. Purification by preparative 

HPLC (column: Gemini-NX C18, gradient: 0-35 min: A2/B1 90:10-55:45, tR = 20 min) 

afforded the deprotected intermediate 5.09 as white fluffy solid (17.0 mg, 59%). DIPEA 

(10.8 µL, 62.1 µmol) was added to a solution of 5.09 (11.0 mg, 10.4 µmol) in DMF/NMP 

(75:25 v/v) (73 µL) and the mixture was combined with a solution of DOTA reagent 5.10 

(7.88 mg, 10.4 µmol) in anhydrous DMF (26 µL). After shaking at rt for 30 min, 10% aq 

TFA (41.4 µL) was added. Purification by preparative HPLC (column: Gemini-NX C18, 

gradient: 0-5 min: A3/B2 90:10-85:15, 5-15 min: 85:15-75:25, 15-25 min: 75:25-60:40, tR = 
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14 min) afforded 5.03 as white fluffy solid (7.9 mg, 58%). 1H-NMR (600 MHz, DMSO-d6, at 

least two rotamers, resulting in signal splitting, were evident): δ 0.88-0.98 (m, 0.5H), 1.07-

1.36 (m, 3.5H), 1.41-1.70 (m, 3H), 1.84-1.98 (m, 1H), 2.62-2.67 (m, 1H), 2.67-2.75 (m, 4H), 

2.75-2.97 (m, 8H), 2.97-3.17 (m, 12H), 3.17-3.27 (m, 7H), 3.43-3.50 (m, 3H), 3.65-3.76 (m, 

1H), 3.77-3.99 (m, 2H), 4.15-4.48 (m, 3.5H), 4.65-4.76 (m, 1H), 4.88-4.97 (m, 0.5H), 6.36-

7.30 (br s, 2H, interfering with the next two listed signals), 6.59-6.74 (m, 2H), 6.92-7.04 

(m, 2H), 7.30-7.59 (m, 7H), 7.59-8.14 (m, 8H), 8.17-8.82 (m, 5H), 8.82-8.94 (m, 1H), 8.94-

11.26 (m, 4H). HRMS: m/z [M+2H]2+ calcd. for [C60H82N14O14]2+ 611.3062, found 611.3072. 

RP-HPLC (220 nm): 99% (tR = 5.2 min, k = 5.8). C60H80N14O14・C2H4O4 (1221.38 + 92.05). 

cyclo[D-Tyr-Nα-methyl-Nδ-({4-[(N-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-

1,4,7,10-tetraazacyclododecan-1-yl]acetyl})aminomethyl]phenyl}carbonyl)-D-

Orn-Arg-β-(naphtha-2-yl)Ala-Gly] hydrotrifluoroacetate (5.04)[39]. The 

incorporation reaction was performed in a 2-mL reaction vessel with screw cap. A solution 

of 5.03 (1.80 mg, 1.37 μmol, 4 mM) in HEPES buffer (0.2 M, pH 4.2) was heated to 60 °C 

for 5 min, followed by the addition of a solution of Ga(NO3)3 × H2O (1.13 mg, 4.11 µmol, 

0.4 M) in aqueous HCl (10 mM). The mixture was shaken at 100 °C for 10 min using a 

Thermocell mixing block from Bioer (Hangzhou, China). Purification by preparative RP-

HPLC (column: Gemini-NX C18, gradient: 0-22 min: A2/B1 84:16-60:40, tR = 12 min) 

yielded 5.04 as white fluffy solid (1.9 mg, 99%). 1H-NMR (600 MHz, DMSO-d6, at least two 

rotamers, resulting in signal splitting, were evident): δ 1.05-1.14 (m, 0.5H), 1.18-1.34 (m, 

2.5H), 1.36-1.68 (m, 4H), 1.91-2.04 (m, 1H), 2.61-2.65 (m, 1.5H), 2.68-2.73 (m, 0.5H), 2.83-

2.91 (m, 3H), 2.98-3.12 (m, 3H), 3.19-3.35 (m, 16H), 3.60-3.78 (m, 12H), 3.80-3.89 (m, 1H), 

3.89-4.02 (m, 1H), 4.29-4.43 (m, 3.5H), 4.61-4.73 (m, 1H), 4.78-4.90 (m, 0.5H), 6.60-6.67 

(m, 2H), 6.67-7.05 (br s, 1.5H, interfering with the next two listed signals), 6.90-6.93 (m, 

1H), 6.93-6.99 (m, 1H), 7.05-7.43 (br s, 1.5H, interfering with the next three listed signals), 

7.13-7.16 (m, 0.5H), 7.19-7.22 (m, 0.5H), 7.32-7.40 (m, 3.5H), 7.43-7.52 (m, 3H), 7.61-7.68 

(m, 1H), 7.72-7.99 (m, 5H), 8.10-8.19 (m, 1H), 8.21-8.31 (m, 0.5H), 8.40-8.52 (m, 1H), 8.61-

8.84 (m, 1H), 8.86-8.97 (m, 1H), 9.10-9.32 (m, 1H), 13.04-13.51 (m, 1H). HRMS: m/z 

[M+2H]2+ calcd. for [C60H79GaN14O14]2+ 644.2573, found 644.2582. RP-HPLC (220 nm): > 

99% (tR = 5.4 min, k = 6.1). C60H77GaN14O14・C2HF3O2 (1288.08 + 114.02). 

cyclo[D-Tyr-Nω-[N-(8-amino-3-6-dioxaoctyl)aminocarbonyl]Arg-Arg-β-(naphtha-

2-yl)Ala-Gly] tris(hydrotrifluoroacetate) (5.15). The side chain-protected linear 

precursor peptide D-Tyr(tBu)-Nω-[N-(8-tert-butoxycarbonylamino-3-6-

dioxaoctyl)aminocarbonyl]-Nω‘-tert-butoxycarbonyl-Arg-Arg(Pbf)-β-(naphtha-2-yl)Ala-Gly 

(5.11) was synthesized according to the general procedure for SPPS using a H-Gly-2-ClTrt 

resin (loading 0.54 mmol/g) (175 mg, 0.095 mmol; yield of crude 5.11: 91.2 mg, 67%, RP-

HPLC (220 nm) ca. 86%). Crude 5.11 (44.6 mg, 31.2 μmol) was cyclized according to the 

general procedure. Isolation of the protected intermediate by preparative HPLC: column: 

Kinetex XB-C18, gradient: 0-30 min: A1/B1 62:38-9:91, tR = 18 min. Purification of the 

product by preparative HPLC (column: Kinetex XB-C18, gradient: 0-35 min: A2/B1 92:8-

62:38, tR = 22 min) afforded 5.15 as white fluffy solid (17.9 mg, 46%). 1H-NMR (600 MHz, 

DMSO-d6): δ 1.23-1.48 (m, 5H), 1.49-1.59 (m, 1H), 1.59-1.73 (m, 2H), 2.70-2.82 (m, 2H), 

2.92-3.07 (m, 4H), 3.09-3.23 (m, 4H), 3.26-3.30 (m, 2H), 3.44-3.51 (m, 2H), 3.51-3.64 (m, 

7H), 3.69-3.78 (m, 1H), 3.88-3.97 (m, 1H), 4.02-4.17 (m, 1H), 4.17-4.30 (m, 1H), 4.30-4.42 

(m, 1H), 6.57-6.69 (m, 2H), 6.69-7.21 (br s, 2H, interfering with the next listed signal), 
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6.92-6.95 (m, 2H), 7.21-7.63 (br s, 2H, interfering with the next two listed signals), 7.35-

7.38 (m, 1H), 7.43-7.51 (m, 3H), 7.63-8.04 (m, 10H), 8.04-8.12 (m, 1H), 8.24-8.69 (m, 4H), 

8.87-9.39 (m, 2H), 10.51 (br s, 1H). 13C-NMR (151 MHz, DMSO-d6): δ 24.5, 25.1, 27.7, 28.9, 

36.1 (2 carbon atoms), 38.6, 39.1, 40.2, 40.3, 42.8, 54.0, 54.1, 55.3, 55.8, 66.7, 68.8, 69.4, 

69.6, 115.0 (2 carbon atoms), 116.1 (TFA), 118.1 (TFA), 120.1, 125.5, 126.1, 127.2, 127.3, 

127.3, 127.5, 127.7, 127.7, 130.0 (2 carbon atoms), 131.8, 133.0, 135.5, 153.7, 155.9, 156.8, 

158.7 (q, J 31 Hz) (TFA), 169.4, 170.7, 170.7, 171.1, 171.2. HRMS: m/z [M+2H]2+ calcd. for 

[C43H63N13O9]2+ 452.7430, found 452.7436. RP-HPLC (220 nm): 99% (tR = 7.4 min, k = 8.7). 

C43H61N13O9・C6H3F9O6 (904.04 + 342.07). 

cyclo[D-Tyr-Nω-[(2-aminoethyl)aminocarbonyl]Arg-Arg-β-(naphtha-2-yl)Ala-Gly] 

tris(hydrotrifluoroacetate) (5.16). The side chain-protected linear precursor peptide D-

Tyr(tBu)-Nω-[(2-tert-butoxycarbonylaminoethyl)aminocarbonyl]-Nω‘-tert-butoxycarbonyl-

Arg-Arg(Pbf)-β-(naphtha-2-yl)Ala-Gly (5.12) was synthesized according to the general 

procedure for SPPS using a H-Gly-2-ClTrt resin (loading 0.54 mmol/g) (175 mg, 

0.095 mmol; yield of crude 5.12: 85.4 mg, 67%, RP-HPLC (220 nm) ca. 84%). Crude 5.12 

(40.6 mg, 30.3 μmol) was cyclized according to the general procedure. Isolation of the 

protected intermediate by preparative HPLC: column: Kinetex XB-C18, gradient: 0-

30 min: A1/B1 62:38-9:91, tR = 19 min. Purification of the product by preparative HPLC 

(column: Kinetex XB-C18, gradient: 0-35 min: A2/B1 92:8-62:38, tR = 22 min) afforded 5.16 

as white fluffy solid (16.9 mg, 48%). 1H-NMR (600 MHz, DMSO-d6): δ 1.23-1.47 (m, 5H), 

1.49-1.59 (m, 1H), 1.59-1.73 (m, 2H), 2.68-2.84 (m, 2H), 2.89-2.96 (m, 2H), 2.99-3.06 (m, 

2H), 3.10-3.22 (m, 4H), 3.33-3.37 (m, 2H), 3.55-3.57 (m, 1H), 3.71-3.76 (m, 1H), 3.89-3.97 

(m, 1H), 4.06-4.16 (m, 1H), 4.21-4.28 (m, 1H), 4.31-4.39 (m, 1H), 6.54-6.72 (m, 2H), 6.72-

7.19 (br s, 2H, interfering with the next listed signal), 6.92-6.95 (m, 2H), 7.19-7.56 (br s, 

2H, interfering with the next two listed signals), 7.35-7.38 (m, 1H), 7.44-7.49 (m, 2H), 7.56-

7.76 (m, 3H), 7.76-8.01 (m, 8H), 8.02-8.12 (m, 1H), 8.20-8.81 (m, 4H), 8.90-9.37 (m, 2H), 

10.79 (br s, 1H). 13C-NMR (151 MHz, DMSO-d6): δ 24.5, 25.1, 27.7, 28.9, 36.1 (2 carbon 

atoms), 37.2, 38.5, 40.2, 40.3, 42.8, 54.0 (2 carbon atoms), 55.3, 55.8, 115.0 (2 carbon 

atoms), 116.0 (TFA), 118.0 (TFA), 125.5, 126.1, 127.2, 127.3, 127.3, 127.5, 127.7, 127.7, 

130.0 (2 carbon atoms), 131.8, 133.0, 135.6, 153.8, 154.4, 155.9, 156.8, 158.9 (q, J 32 Hz) 

(TFA), 169.4, 170.7, 170.8, 171.1, 171.1. HRMS: m/z [M+2H]2+ calcd. for [C39H55N13O7]2+ 

408.7168, found 408.7176. RP-HPLC (220 nm): 99% (tR = 7.0 min, k = 8.2). C39H53N13O7・

C6H3F9O6 (815.94 + 342.07). 

cyclo[D-Tyr-Arg-Nω-[N-(8-amino-3-6-dioxaoctyl)aminocarbonyl]Arg-β-(naphtha-

2-yl)Ala-Gly] tris(hydrotrifluoroacetate) (5.17). The side chain-protected linear 

precursor peptide D-Tyr(tBu)-Arg(Pbf)-Nω-[N-(8-tert-butoxycarbonylamino-3-6-

dioxaoctyl)aminocarbonyl]-Nω‘-tert-butoxycarbonyl-Arg-β-naphtha-2-yl)Ala-Gly (5.13) 

was synthesized according to the general procedure for SPPS using a H-Gly-2-ClTrt resin 

(loading 0.54 mmol/g) (175 mg, 0.095 mmol; yield of crude 5.13: 95.3 mg, 70%, RP-HPLC 

(220 nm) ca. 91%). Crude 5.13 (45.2 mg, 31.6 μmol) was cyclized according to the general 

procedure. Isolation of the protected intermediate by preparative HPLC: column: Kinetex 

XB-C18, gradient: 0-30 min: A1/B1 62:38-9:91, tR = 18 min. Purification of the product by 

preparative HPLC (column: Kinetex XB-C18, gradient: 0-35 min: A2/B1 92:8-62:38, tR = 

21 min) afforded 5.17 as white fluffy solid (23.4 mg, 59%). 1H-NMR (600 MHz, DMSO-d6): 

δ 1.21-1.38 (m, 4H), 1.39-1.48 (m, 1H), 1.48-1.59 (m, 1H), 1.59-1.75 (m, 2H), 2.69-2.83 (m, 
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2H), 2.94-3.05 (m, 4H), 3.10-3.21 (m, 4H), 3.26-3.30 (m, 2H), 3.47-3.49 (m, 2H), 3.53-3.59 

(m, 7H), 3.71-3.80 (m, 1H), 3.86-3.95 (m, 1H), 4.07-4.15 (m, 1H), 4.21-4.29 (m, 1H), 4.32-

4.40 (m, 1H), 6.57-6.69 (m, 2H), 6.69-7.16 (br s, 2H, interfering with the next listed signal), 

6.91-6.94 (m, 2H), 7.16-7.61 (br s, 2H, interfering with the next two listed signals), 7.35-

7.38 (m, 1H), 7.42-7.53 (m, 3H), 7.61-7.69 (m, 2H), 7.72-8.00 (m, 8H), 8.04-8.13 (m, 1H), 

8.23-8.73 (m, 4H), 8.89-9.38 (m, 2H), 10.57 (br s, 1H). 13C-NMR (151 MHz, DMSO-d6): δ 

24.6, 25.0, 27.7, 28.9, 36.1, 36.1, 38.6, 39.0, 40.1, 40.4, 42.9, 54.0, 54.2, 55.2, 55.6, 66.7, 

68.8, 69.4, 69.6, 115.0 (2 carbon atoms), 116.1 (TFA), 118.1 (TFA), 125.4, 126.0, 127.2, 

127.3, 127.3, 127.4, 127.7 (2 carbon atoms), 130.0 (2 carbon atoms), 131.8, 133.0, 135.6, 

153.6, 153.9, 155.9, 156.8, 158.7 (q, J 32 Hz) (TFA), 169.3, 170.6, 170.7, 171.1, 171.2. 

HRMS: m/z [M+2H]2+ calcd. for [C43H63N13O9]2+ 452.7430, found 452.7436. RP-HPLC 

(220 nm): 99% (tR = 7.0 min, k = 8.2). C43H61N13O9・C6H3F9O6 (904.04 + 342.07). 

cyclo[D-Tyr-Arg-Nω-[(2-aminoethyl)aminocarbonyl]Arg-β-(naphtha-2-yl)Ala-Gly] 

tris(hydrotrifluoroacetate) (5.18). The side chain-protected linear precursor peptide D-

Tyr(tBu)-Arg(Pbf)-Nω-[(2-tert-butoxycarbonylaminoethyl)aminocarbonyl]-Nω‘-tert-

butoxycarbonyl-Arg-β-(naphtha-2-yl)Ala-Gly (5.14) was synthesized according to the 

general procedure for SPPS using a H-Gly-2-ClTrt resin (loading 0.54 mmol/g) (175 mg, 

0.095 mmol; yield of crude 5.14: 97.3 mg, 77%, RP-HPLC (220 nm) ca. 86%). Crude 5.14 

(51.4 mg, 38.3 μmol) was cyclized according to the general procedure. Isolation of the 

protected intermediate by preparative HPLC: column: Kinetex XB-C18, gradient: 0-

30 min: A1/B1 62:38-9:91, tR = 19 min. Purification of the product by preparative HPLC 

(column: Kinetex XB-C18, gradient: 0-35 min: A2/B1 92:8-62:38, tR = 21 min) afforded 5.18 

as white fluffy solid (24.3 mg, 55%). 1H-NMR (600 MHz, DMSO-d6): δ 1.26-1.47 (m, 5H), 

1.49-1.59 (m, 1H), 1.59-1.78 (m, 2H), 2.67-2.84 (m, 2H), 2.88-2.97 (m, 2H), 2.98-3.05 (m, 

2H), 3.09-3.21 (m, 4H), 3.34-3.38 (m, 2H), 3.54-3.56 (m, 1H), 3.72-3.76 (m, 1H), 3.88-3.93 

(m, 1H), 4.08-4.15 (m, 1H), 4.19-4.30 (m, 1H), 4.30-4.41 (m, 1H), 6.58-6.70 (m, 2H), 6.70-

7.17 (br s, 2H, interfering with the next listed signal), 6.91-6.94 (m, 2H), 7.17-7.53 (br s, 

2H, interfering with the next two listed signals), 7.35-7.38 (m, 1H), 7.43-7.48 (m, 2H), 7.53-

7.71 (m, 3H), 7.71-8.03 (m, 8H), 8.03-8.15 (m, 1H), 8.20-8.82 (m, 4H), 8.90-9.44 (m, 2H), 

10.83 (br s, 1H). 13C-NMR (151 MHz, DMSO-d6): δ 24.6, 25.0, 27.7, 28.9, 36.2 (2 carbon 

atoms), 37.1, 38.4, 40.1, 40.4, 42.9, 54.1, 54.1, 55.2, 55.7, 115.0 (2 carbon atoms), 116.0 

(TFA), 118.0 (TFA), 125.5, 126.0, 127.2, 127.3 (2 carbon atoms), 127.4, 127.7, 127.7, 130.0 

(2 carbon atoms), 131.8, 133.0, 135.5, 153.7, 154.3, 155.9, 156.8, 158.8 (q, J 32 Hz) (TFA), 

169.3, 170.6, 170.7, 171.1, 171.2. HRMS: m/z [M+2H]2+ calcd. for [C39H55N13O7]2+ 

408.7168, found 408.7175. RP-HPLC (220 nm): 98% (tR = 6.5 min, k = 7.6). C39H53N13O7・

C6H3F9O6 (815.94 + 342.07). 

cyclo[D-Tyr-Nω-[N-(8-pent-4-ynoylamino-3-6-dioxaoctyl)aminocarbonyl]Arg-Arg-

β-(naphtha-2-yl)Ala-Gly] bis(hydrotrifluoroacetate) (5.19). Compound 5.19 was 

prepared from 5.15 (10.1 mg, 8.1 µmol) and 3.17 (2.1 mg, 10.5 µmol) according to the 

general procedure for alkynylation. Purification by preparative RP-HPLC (column: 

Kinetex-XB C18, gradient: 0-35 min: A2/B1 92:8-55:45, tR = 24 min) yielded 5.19 as white 

fluffy solid (6.7 mg, 68%). 1H-NMR (600 MHz, DMSO-d6): δ 1.23-1.46 (m, 5H), 1.49-1.59 

(m, 1H), 1.59-1.73 (m, 2H), 2.24-2.30 (m, 2H), 2.32-2.36 (m, 2H), 2.72-2.81 (m, 3H), 3.00-

3.05 (m, 2H), 3.11-3.17 (m, 3H), 3.19-3.22 (m, 3H), 3.26-3.28 (m, 2H), 3.40-3.40 (m, 2H), 

3.47-3.48 (m, 2H), 3.51-3.54 (m, 5H), 3.73-3.77 (m, 1H), 3.90-3.96 (m, 1H), 4.07-4.13 (m, 
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1H), 4.21-4.28 (m, 1H), 4.28-4.38 (m, 1H), 6.62-6.65 (m, 2H), 6.65-7.08 (br s, 2H, interfering 

with the next listed signal), 6.92-6.95 (m, 2H), 7.08-7.64 (br s, 2H, interfering with the 

next two listed signals), 7.35-7.38 (m, 1H), 7.45-7.55 (m, 4H), 7.67 (s, 1H), 7.77-7.91 (m, 

4H), 7.92-8.01 (m, 2H), 8.03-8.11 (m, 1H), 8.25-8.32 (m, 1H), 8.37-8.45 (m, 2H), 8.91 (br s, 

1H), 9.15 (s, 1H), 9.76 (br s, 1H). 1 exchangeable proton (NH) of the presumably 2-fold 

protonated molecule could not be identified. HRMS: m/z [M+2H]2+ calcd. for 

[C48H67N13O10]2+ 492.7561, found 492.7571. RP-HPLC (220 nm): 99% (tR = 10.1 min, k = 

12.3). C48H65N13O10・C4H2F6O4 (984.13 + 228.05). 

cyclo[D-Tyr-Nω-[(2-pent-4-ynoylaminoethyl)aminocarbonyl]Arg-Arg-β-(naphtha-

2-yl)Ala-Gly] bis(hydrotrifluoroacetate) (5.20). Compound 5.20 was prepared from 

5.16 (9.4 mg, 8.1 µmol) and 3.17 (2.1 mg, 10.5 µmol) according to the general procedure for 

alkynylation. Purification by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 

0-35 min: A2/B1 92:8-55:45, tR = 23 min) yielded 5.20 as white fluffy solid (6.5 mg, 71%). 
1H-NMR (600 MHz, DMSO-d6): δ 1.25-1.45 (m, 5H), 1.50-1.58 (m, 1H), 1.59-1.73 (m, 2H), 

2.26-2.29 (m, 2H), 2.32-2.37 (m, 2H), 2.70-2.81 (m, 3H), 3.01-3.05 (m, 2H), 3.12-3.21 (m, 

8H), 3.54-3.56 (m, 1H), 3.73-3.77 (m, 1H), 3.91-3.95 (m, 1H), 4.05-4.14 (m, 1H), 4.19-4.28 

(m, 1H), 4.30-4.38 (m, 1H), 6.61-6.66 (m, 2H), 6.66-7.08 (br s, 2H, interfering with the next 

listed signal), 6.92-6.95 (m, 2H), 7.08-7.80 (br s, 2H, interfering with the next three listed 

signals), 7.34-7.38 (m, 1H), 7.44-7.52 (m, 4H), 7.65-7.68 (m, 1H), 7.80-7.91 (m, 4H), 7.94-

8.10 (m, 3H), 8.23-8.54 (m, 4H), 8.87 (br s, 1H), 9.16 (s, 1H), 9.81 (br s, 1H). HRMS: m/z 

[M+2H]2+ calcd. for [C44H59N13O8]2+ 448.7299, found 448.7307. RP-HPLC (220 nm): 99% 

(tR = 9.5 min, k = 11.5). C44H57N13O8・C4H2F6O4 (896.02 + 228.05). 

cyclo[D-Tyr-Arg-Nω-[N-(8-pent-4-ynoylamino-3-6-dioxaoctyl)aminocarbonyl]Arg-

β-(naphtha-2-yl)Ala-Gly] bis(hydrotrifluoroacetate) (5.21). Compound 5.21 was 

prepared from 5.17 (10.0 mg, 8.0 µmol) and 3.17 (2.0 mg, 10.4 µmol) according to the 

general procedure for alkynylation. Purification by preparative RP-HPLC (column: 

Kinetex-XB C18, gradient: 0-35 min: A2/B1 92:8-55:45, tR = 24 min) yielded 5.21 as white 

fluffy solid (6.6 mg, 68%). 1H-NMR (600 MHz, DMSO-d6): δ 1.24-1.34 (m, 4H), 1.38-1.44 

(m, 1H), 1.50-1.57 (m, 1H), 1.62-1.70 (m, 2H), 2.25-2.28 (m, 2H), 2.32-2.36 (m, 2H), 2.71-

2.81 (m, 3H), 2.98-3.05 (m, 2H), 3.11-3.21 (m, 6H), 3.26-3.29 (m, 2H), 3.38-3.40 (m, 2H), 

3.47-3.56 (m, 7H), 3.73-3.79 (m, 1H), 3.88-3.95 (m, 1H), 4.06-4.14 (m, 1H), 4.20-4.27 (m, 

1H), 4.31-4.39 (m, 1H), 6.63-6.65 (m, 2H), 6.65-7.04 (br s, 2H, interfering with the next 

listed signal), 6.92-6.95 (m, 2H), 7.04-7.51 (br s, 2H, interfering with the next two listed 

signals), 7.36-7.38 (m, 1H), 7.41-7.47 (m, 3H), 7.51-7.57 (m, 1H), 7.66 (s, 1H), 7.79-7.85 (m, 

4H), 7.93-7.98 (m, 2H), 8.05-8.09 (m, 1H), 8.22-8.50 (m, 4H), 8.92 (br s, 1H), 9.17 (s, 1H), 

9.75 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. for [C48H67N13O10]2+ 492.7561, found 492.7569. 

RP-HPLC (220 nm): 99% (tR = 10.3 min, k = 12.6). C48H65N13O10・C4H2F6O4 (984.13 + 

228.05). 

cyclo[D-Tyr-Arg-Nω-[(2-pent-4-ynoylaminoethyl)aminocarbonyl]Arg-β-(naphtha-

2-yl)Ala-Gly] bis(hydrotrifluoroacetate) (5.22). Compound 5.22 was prepared from 

5.18 (9.7 mg, 8.4 µmol) and 3.17 (2.1 mg, 10.9 µmol) according to the general procedure for 

alkynylation. Purification by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 

0-35 min: A2/B1 92:8-55:45, tR = 23 min) yielded 5.22 as white fluffy solid (6.9 mg, 73%). 
1H-NMR (600 MHz, DMSO-d6): δ 1.25-1.43 (m, 5H), 1.50-1.57 (m, 1H), 1.59-1.71 (m, 2H), 

2.25-2.29 (m, 2H), 2.34-2.37 (m, 2H), 2.71-2.81 (m, 3H), 2.99-3.04 (m, 2H), 3.11-3.19 (m, 
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8H), 3.53-3.56 (m, 1H), 3.74-3.79 (m, 1H), 3.90-3.94 (m, 1H), 4.06-4.16 (m, 1H), 4.20-4.27 

(m, 1H), 4.32-4.39 (m, 1H), 6.63-6.66 (m, 2H), 6.66-7.06 (br s, 2H, interfering with the next 

listed signal), 6.92-6.95 (m, 2H), 7.06-7.78 (br s, 2H, interfering with the next three listed 

signals), 7.35-7.41 (m, 1H), 7.41-7.54 (m, 4H), 7.65-7.68 (m, 1H), 7.78-7.87 (m, 4H), 7.94-

8.03 (m, 2H), 8.06-8.11 (m, 1H), 8.19-8.48 (m, 4H), 8.88 (br s, 1H), 9.17 (s, 1H), 9.85 (br s, 

1H). HRMS: m/z [M+2H]2+ calcd. for [C44H59N13O8]2+ 448.7299, found 448.7307. RP-HPLC 

(220 nm): 99% (tR = 9.6 min, k = 11.6). C44H57N13O8・C4H2F6O4 (896.02 + 228.05). 

cyclo[D-Tyr-Nω-{N-[8-(3-{1-[1,6-bisdeoxy-6-fluoro-β-D-glucopyranos-1-yl]-1H-1,2,3-

triazol-4yl}propanoyl)amino-3-6-dioxaoctyl]aminocarbonyl}Arg-Arg-β-

(naphtha-2-yl)Ala-Gly] bis(hydrotrifluoroacetate) (5.23). Compound 5.23 was 

prepared from 5.19 (2.3 mg, 1.91 μmol) and 3.10 (1.0 mg, 4.96 µmol) according to the 

general procedure for ‘click’ reactions (modification: shaking of the mixture for 60 min 

instead of 30 min). Purification by preparative RP-HPLC (column: Gemini-NX C18, 

gradient: 0-35 min: A2/B1 81:19-62:38, tR = 15 min) yielded 5.23 as white fluffy solid 

(0.9 mg, 33%). HRMS: m/z [M+2H]2+ calcd. for [C54H77FN16O14]2+ 596.2889, found 

596.2900. RP-HPLC (220 nm): > 99% (tR = 9.1 min, k = 11.0). C54H75FN16O14・C4H2F6O4 

(1191.29 + 228.05).  

cyclo[D-Tyr-Nω-{[2-(3-{1-[1,6-bisdeoxy-6-fluoro-β-D-glucopyranos-1-yl]-1H-1,2,3-

triazol-4yl}propanoyl)aminoethyl]aminocarbonyl}Arg-Arg-β-(naphtha-2-yl)Ala-

Gly] bis(hydrotrifluoroacetate) (5.24). Compound 5.24 was prepared from 5.20 

(3.2 mg, 2.80 μmol) and 3.10 (1.5 mg, 7.29 µmol) according to the general procedure for 

‘click’ reactions. Purification by preparative RP-HPLC (column: Gemini-NX C18, gradient: 

0-35 min: A2/B1 81:19-62:38, tR = 13 min) yielded 5.24 as white fluffy solid (2.2 mg, 58%). 

HRMS: m/z [M+2H]2+ calcd. for [C50H69FN16O12]2+ 552.2627, found 552.2639. RP-HPLC 

(220 nm): > 99% (tR = 8.7 min, k = 10.4). C50H67FN16O12・C4H2F6O4 (1103.18 + 228.05). 

cyclo[D-Tyr-Arg-Nω-{N-[8-(3-{1-[1,6-bisdeoxy-6-fluoro-β-D-glucopyranos-1-yl]-1H-

1,2,3-triazol-4yl}propanoyl)amino-3-6-dioxaoctyl]aminocarbonyl}Arg-β-

(naphtha-2-yl)Ala-Gly] bis(hydrotrifluoroacetate) (5.25). Compound 5.25 was 

prepared from 5.21 (3.2 mg, 2.61 μmol) and 3.10 (1.4 mg, 6.78 µmol) according to the 

general procedure for ‘click’ reactions. Purification by preparative RP-HPLC (column: 

Gemini-NX C18, gradient: 0-35 min: A2/B1 81:19-62:38, tR = 14 min) yielded 5.25 as white 

fluffy solid (2.4 mg, 63%). HRMS: m/z [M+2H]2+ calcd. for [C54H77FN16O14]2+ 596.2889, 

found 596.2899. RP-HPLC (220 nm): 99% (tR = 9.1 min, k = 11.0). C54H75FN16O14・

C4H2F6O4 (1191.29 + 228.05). 

cyclo[D-Tyr-Arg-Nω-{[2-(3-{1-[1,6-bisdeoxy-6-fluoro-β-D-glucopyranos-1-yl]-1H-

1,2,3-triazol-4yl}propanoyl)aminoethyl]aminocarbonyl}Arg-β-(naphtha-2-yl)Ala-

Gly] bis(hydrotrifluoroacetate) (5.26). Compound 5.26 was prepared from 5.22 

(1.5 mg, 1.29 μmol) and 3.10 (0.70 mg, 3.36 µmol) according to the general procedure for 

‘click’ reactions. Purification by preparative RP-HPLC (column: Gemini-NX C18, gradient: 

0-35 min: A2/B1 81:19-62:38, tR = 13 min) yielded 5.26 as white fluffy solid (0.7 mg, 38%). 

HRMS: m/z [M+2H]2+ calcd. for [C50H69FN16O12]2+ 552.2627, found 552.2634. RP-HPLC 

(220 nm): 99% (tR = 8.5 min, k = 10.2). C50H67FN16O12・C4H2F6O4 (1103.18 + 228.05). 
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5.4.7 Investigation of the stability of 5.23-5.26 in human plasma 

The stabilities of 5.23-5.26 against proteolytic degradation were investigated in human 

blood plasma/PBS pH 7.4 (1:2, v/v) in analogy to a described procedure[62] with the 

following modifications: 5 mM stock solutions in MeCN/0.04% aq TFA (30:70 v/v) were 

used throughout for the addition of the peptides to plasma/PBS (1:2 v/v). As the RP-HPLC 

purity of 1-methyl-D-Trp, used as internal standard (IS) was < 95% (data not shown), the 

compound was purified by preparative HPLC to give a purity of > 99%. The concentration 

of the peptides in plasma/PBS (1:2 v/v) was 80 µM and 4 µM (recovery determination) or 

100 µM (stability tests). Data analysis was based on UV detection at 220 nm. Reference 

samples, representing 100% recovery, were prepared in duplicate (5.23, 5.24) or 

quadruplicate (5.25, 5.26). Recovery ratios were obtained by dividing the recovery of the 

peptide by the recovery of IS for each individual sample (n = 4-5). The obtained recoveries 

and the recovery ratios are summarized in Table 5.3.  

Table 5.3. Recoveries of peptides 5.23-5.26 from human plasma/PBS (1:2 v/v) and ratios of peptide-

recovery over recovery of IS. 

Compd. 

Peptide concentration 80 µM Peptide concentration 4 µM 

recovery 

peptide (%)a 

recovery  

IS (%)a 
ratiob 

recovery 

peptide (%)a 

recovery  

IS (%)a 
ratiob 

5.23 92 

91 

94 

94 

96 

101 

100 

103 

101 

102 

0.91 

0.92 

0.92 

0.93 

0.94  

(0.92 ± 0.01) 

110 

110 

106 

109 

106 

106 

109 

100 

106 

104 

1.04 

1.01 

1.06 

1.03 

1.01 

(1.03 ± 0.01) 

5.24 98 

99 

100 

101 

95 

104 

108 

104 

106 

102 

0.94 

0.91 

0.96 

0.95 

0.93 

(0.94 ± 0.01) 

104 

104 

103 

108 

 

101 

102 

102 

103 

 

1.04 

1.02 

1.01 

1.05 

 

(1.03 ± 0.01) 

5.25 82 

76 

77 

84 

94 

87 

88 

94 

0.88 

0.88 

0.87 

0.89 

  

(0.88 ± 0.01) 

106 

104 

98 

105 

105 

100 

98 

97 

98 

103 

1.07 

1.06 

1.01 

1.07 

1.02 

(1.05 ± 0.01) 

5.26 

 

 

 

 

 

82 

87 

86 

86 

88 

98 

102 

98 

97 

100 

0.84 

0.85 

0.87 

0.88 

0.88  

(0.87 ± 0.01) 

100 

96 

94 

97 

 

102 

101 

95 

103 

 

0.98 

0.96 

0.99 

0.94  

 

(0.97 ± 0.01) 
aRecoveries of the peptides and of IS from human plasma/PBS (1:2 v/v) using a peptide 

concentration of 80 µM or 4 µM and an IS concentration of 10 µM (four or five independent 

experiments). bRatios of peptide recovery over recovery of IS calculated for individual experiments, 

as well as mean recovery ratios ± SEM (given in parenthesis). Note: As the remaining intact peptide 

concentration in plasma was throughout > 20 µM, recovery ratios based on the 80 µM peptide 

concentrations were used to calculate peptide recoveries of the plasma stability samples. Recovery 

ratios based on the 4 µM peptide concentrations were intended to be used for the calculation of 

peptide recoveries of plasma stability samples with < 20 µM remaining intact peptide (not applied). 
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5.4.8 CXCR4 mini-G protein recruitment assay 

The CXCR4 antagonistic activities of the cyclic peptides 5.15-5.26 and the reference 

compounds 5.03 and 5.04 were assessed in a mini-G protein recruitment assay (performed 

in antagonist mode) according to a described procedure[71] (note: functional 

characterization of the described ligands 5.01 and 5.02 was performed elsewhere[71]; due 

to reasons of consistency raw data for 5.01 and 5.02 were re-analyzed in the present study 

as described below) using HEK293T cells stably co-expressing NlucN-mGsi and CXCR4-

NlucC fusion proteins[71]. In brief, cells were seeded on a white 96-well plate with white 

bottom (Brand, Wertheim, Germany) in Leibovitz’ L-15 medium (Fisher Scientific, 

Nidderau, Germany) supplemented with 10 mM HEPES (Serva, Heidelberg, Germany), 

5% fetal calf serum (FCS; Merck Biochrom, Darmstadt, Germany) and Penicillin-

Streptomycin (100 IU/mL and 0.1 mg/mL, respectively) (Sigma-Aldrich, Taufkirchen, 

Germany) at a density of 1 × 105 cells/well (70 µL medium per well) one day before the 

experiment. L-15 medium with 10 mM HEPES, 5% FCS, 0.1% BSA and 100 µg/mL 

bacitracin served as assay buffer and was also used for the preparation of 10-fold 

concentrated serial dilutions of the test compounds. On the day of the experiment, the 

substrate furimazine (Promega, Mannheim, Germany; 10 µL, diluted in assay buffer, final 

dilution = 1:1000) and the antagonist dilutions (10 µL) were added to the cells for 

preincubation for 15 min, during which the basal luminescence was recorded using an 

EnSpire plate reader (Perkin Elmer, Rodgau, Germany). The luminescence signal, as a 

result of split-NanoLuc complementation, was measured for 45 min after the addition of 

CXCR4 agonist 5.01 (10 µL of a 10-fold concentrated solution in assay buffer) to the cells 

(final concentration = 33 nM, which corresponds approximately to EC80). Maximal 

response (100%) values were determined in the absence of antagonist, and L-15 controls 

(0%) were performed in the absence of both agonist and antagonist. Fluctuations in cell 

density and substrate concentrations were compensated by dividing the raw relative 

luminescence units (RLU) for each well after addition of the agonist by the RLU of the 

same well at the end of the 15 min-basal recording (inter-well correction). Baseline drifts 

were corrected by dividing the RLU of sample wells by the mean RLU of the L-15 controls. 

Maximum luminescence values of each sample concentration (determined in triplicate) 

were normalized by dividing them by the mean maximum luminescence value of the 100% 

controls. Data analysis was performed by plotting the averaged normalized luminescence 

intensities over log(concentration of the antagonist) followed by a four-parameter logistic 

fit (SigmaPlot 12.5, Systat Software). For calculation of the functional parameters of the 

agonist 5.01, the maximum intensity values of each agonist sample concentration 

(performed in triplicate; raw data taken from the Doctoral Thesis of Carina Höring[71]) 

were normalized by dividing them by the mean maximum intensity value elicited by 

3000 nM 5.01. Data analysis was performed as described for the antagonists. pIC50 values 

of antagonists were converted to IC50 values and Kb values were calculated from the IC50 

values according to the Cheng-Prusoff equation[72] using an EC50 value of 5.01 of 6.62 nM. 

Kb values from individual experiments were transformed to pKb values, followed by the 

calculation of mean pKb values ± SEM. 
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5.6 Appendix 

5.6.1 RP-HPLC chromatograms of compounds 5.03, 5.04 and 5.15-5.26 

 
RP-HPLC analysis (purity control) of compound 5.03 

 

 
RP-HPLC analysis (purity control) of compound 5.04 

 

 
RP-HPLC analysis (purity control) of compound 5.15 
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RP-HPLC analysis (purity control) of compound 5.16 

 

 
RP-HPLC analysis (purity control) of compound 5.17 

 

 
RP-HPLC analysis (purity control) of compound 5.18 
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RP-HPLC analysis (purity control) of compound 5.19 

 

 
RP-HPLC analysis (purity control) of compound 5.20 

 

 
RP-HPLC analysis (purity control) of compound 5.21 
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RP-HPLC analysis (purity control) of compound 5.22 

 

 
RP-HPLC analysis (purity control) of compound 5.23 

 

 
RP-HPLC analysis (purity control) of compound 5.24 
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RP-HPLC analysis (purity control) of compound 5.25 

 

 
RP-HPLC analysis (purity control) of compound 5.26 
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5.6.2 1H-NMR spectra of compounds 5.03, 5.04 and 5.15-5.22, and 13C-NMR 

spectra of compounds 5.15-5.18 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 5.03 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 5.04 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 5.15 

 

 
13C-NMR spectrum (151 MHz, DMSO-d6) of compound 5.15 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 5.16 

 

 
13C-NMR spectrum (151 MHz, DMSO-d6) of compound 5.16 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 5.17 

 

 
13C-NMR spectrum (151 MHz, DMSO-d6) of compound 5.17 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 5.18 

 

 
13C-NMR spectrum (151 MHz, DMSO-d6) of compound 5.18 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 5.19 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 5.20 



Fluoroglycosylated derivatives of the cyclic pentapeptide FC131: synthesis and 

characterization of potential CXCR4 PET ligands 

- 283 - 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 5.21 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 5.22 

 



 

 

 

 

 

  

 



 

 

 

 

 

 

 

 

 

Chapter 6 

6 Miscellaneous peptidic NTS1R ligands with 

hydrophobic spacers or various metal ion 

chelators, and investigations on the insertion  

                          of AlF2+ into the NOTA chelator 

 

  



 

Chapter 6 

- 286 - 

6.1 Introduction 

Principles of stabilizing peptidic NTS1R ligands alongside with the preservation of their 

receptor affinity were described in Chapter 2, Chapter 3 and Chapter 4. The subsequent 

development of stabilized DOTA-conjugated NTS1R ligands as precursors for labeling with 
68Ga3+ was subject of Chapter 4. This chapter comprises compounds which were prepared 

within the context of these investigations, but proved to be disadvantageous with respect 

to their syntheses, plasma stability or receptor affinity, and were therefore only 

incompletely characterized. 

Furthermore, this chapter states different approaches towards the synthesis of peptidic 

NTS1R ligands conjugated to metal ion chelators other than DOTA. In general, attachment 

of a chelator to a receptor ligand of choice enables the simple and fast preparation of its 

radiolabeled analog by complex formation of the chelator with a radionuclide metal ion. 

Depending on the kind of nuclide (e.g., oxidation state, ionic radius, preferred geometric 

nature of the coordination complex (i.e., tetrahedral, octahedral etc.)) and the site for 

conjugation at the ligand core structure, a suitable chelator has to be chosen in order to 

achieve high radiochemical yields for the labeling reaction. Concerning the requirements 

on a radionuclide for its applicability in positron emission tomography (PET) imaging, 18F, 

a non-metal, exhibits almost ideal properties like a convenient half-life of 110 min and a 

low positron energy, resulting in higher spatial resolution in PET diagnostics compared 

to, e.g., PET tracers labeled with 68Ga, emitting high-energy positrons[1,2]. The intention to 

combine the advantages of 18F as positron-emitting radionuclide with the timesaving, 

often one-step labeling procedure via metal ion chelation led to an attempt to insert a 

complex of 18F− with aluminum into a peptide-bound chelator[3]. Among sixty other metal 

ion species, Al3+ binds F− most strongly[4-7], its complex with F− is stronger than with any 

other halide[5] and the aluminum-fluoride bond was reported to be stable in vivo[6,8,9]. After 

the initially applied diethylenetriaminepentaacetic acid (DTPA, for structure see Figure 

6.1) chelator, comprising an acyclic heptadentate structure, showed a release of the 

inserted [18F]AlF2+ in human serum in vitro[3], other multifunctional chelating agents were 

investigated with respect to a stable complexation of [18F]AlF2+ [3,10,11]. The macrocyclic 

chelator 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA, for structure see Figure 6.1) 

and pentadentate analogs thereof turned out as the most promising candidates with 

respect to labeling yields and stability in serum[3,10-13]. In order to increase the 

radiochemical yield for the complexation, the labeling procedures have additionally been 

optimized regarding solvent composition and pH, incubation time and temperature as well 

as stoichiometry of the reactants[10-15]. The NOTA chelator has successfully been used for 

the preparation of a variety of [18F]AlF2+-labeled PET ligands evaluated in pre-clinical 

studies with respect to imaging of prostate cancer[16,17], somatostatin receptor type 2 

(SSTR2)-positive neuroendocrine tumors[10,18], B-cell lymphoma[19] or integrin-expressing 

glioblastomas[20]. The first in human application of a NOTA-conjugated [18F]AlF2+-labeled 

peptidic tracer was reported in 2013, where PET imaging of integrin was successfully 

performed in patients suffering from lung cancer[21]. To date, several [18F]AlF2+-labeled 

PET tracers are under investigation in clinical trials targeting a range of biomarkers, e.g., 

the somatostatin receptor, integrins, prostate specific membrane antigen (PSMA) or the 

chemokine receptor CXCR4[22]. 
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Figure 6.1. Structures of the multidentate chelating agents DTPA, NOTA, NODA-GA and HBED-

CC, capable of forming complexes with ions that are relevant for clinical applications, e.g., 68Ga3+, 
64Cu2+ and [18F]AlF2+ [3,10,11,23-26].  

[18F]AlF2+-PET imaging of patients diagnosed with prostate cancer has lately been 

conducted using the PSMA ligand [18F]AlF-PSMA-11[27-30] which was prepared using the 

identical labeling precursor as for the 68Ga-labeled tracer [68Ga]Ga-PSMA-11[31], a 

radioligand approved by the Food and Drug Administration (FDA) for PET imaging of 

PSMA-positive prostate cancer in 2020[32]. Notably, the targeting structure in PSMA-11, a 

peptidomimetic Glu-NH-CO-NH-Lys(Ahx) motif, is conjugated to the N,N′-bis[2-hydroxy-

5(carboxyethyl)benzyl]ethylenediamine-N,N′-diacetic acid (HBED-CC, see Figure 6.1) 

chelator[27,28]. This acyclic hexadentate chelator was described to form strong complexes 

with Ga3+-ions[23,31,33], but is technically assumed to be unfavorable for the chelation of 

AlF2+ considering reports on the preferred octahedral geometry of Al3+-complexes which 

are best implemented by a pentadentate ligand, leaving one available binding site for the 

interaction of Al3+ with F− [3,11,15,22]. Indeed, the stability of [18F]AlF-PSMA-11 strongly 

depends on the formulation composition[28,34-36]; e.g., the radiochemical purity of a solution 

of [18F]AlF-PSMA-11 in 1% EtOH in phosphate-buffered saline amounted to > 98% after 

4 h, while the solution of [18F]AlF-PSMA-11 in 1% EtOH in acetate buffer showed a 

radiochemical purity of 37% after 4 h[34]. The tracer proved to be stable in human plasma 

for only 1 h[35] and defluorination was observed in small animal PET studies[28,36] as well 

as during clinical tracer evaluation in prostate cancer patients[29,30]. Release of 18F− from 

the complex can lead to unspecific accumulation of activity in bones as previously observed 

for [18F]AlF-PSMA-11[28,30,36,37], which could potentially hamper the visualization of bone 

lesions or result in false-positive metastasis identification. However, as comparative pre-

clinical and clinical studies of [68Ga]Ga-PSMA-11 and [18F]AlF-PSMA-11 revealed an 

equal performance of the two tracers with respect to tumor uptake and visualization, 

cellular internalization, organ uptake and blood clearance, their diagnostic value and 

clinical relevance are considered to be similar[36,38,39]. Very recently, [18F]AlF-PSMA-11 has 

been subject to a pre-clinical comparison with a different established 18F-labeled PSMA 

PET tracer, again resulting in comparable performance regarding tumor uptake and 

tumor-to-organ ratios[40]. 

Labeling by chelation of [18F]AlF2+ was also described for a NODA-GA (1,4,7-

triazacyclononane-1-glutaric acid-4,7-acetic acid)-conjugated compound (for structure of 

NODA-GA see Figure 6.1) despite the rather unfavorable configuration of NODA-GA for 

the complex formation[17,22]. This cyclic chelator is structurally closely related to NOTA and 

was initially reported to form stable complexes with Ga3+ and Cu2+ [24,41]. The more frequent 

and successful preparation of 68Ga-labeled NODA-GA-conjugated PET tracers and their 

subsequent evaluation in small animal PET studies[42-44] indicates the more promising 

interaction of this chelator with Ga3+ (preferring octahedral complex geometry, i.e., 
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hexadentate ligands[45,46]) compared to AlF2+ (preferring pentadentate ligands as 

mentioned above).  

In this chapter, the use of NOTA, HBED-CC and NODA-GA as alternative chelating 

agents to DOTA for conjugation to peptidic NTS1R ligands is addressed. As these 

conjugation reactions turned out to be challenging, different synthetic approaches are 

discussed and possible explanations for insufficient compound conversions are given as 

well as suggestions for improvement in future studies. 
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6.2 Results and discussion 

6.2.1 Stabilized and less polar NTS1R ligands for DOTA-conjugation 

The hexapeptides 6.01, 6.02 and 6.03 (cf. Scheme 6.1) were synthesized by manual solid-

phase peptide synthesis (SPPS) within the context of investigations on modifications to 

NT(8-13) leading to enhanced proteolytic stability. Thus, in peptides 6.01 and 6.03 Ile in 

position 12 was exchanged by α-tert-butyl-Gly (Tle), and the α-nitrogen of Arg9 (6.01, 6.02) 

or Arg8 (6.03) was additionally methylated, using a described procedure[47] in the case of 

6.03. To enable the conjugation of the peptides to the DOTA chelator, the lately reported 

approach of a bioisosteric exchange of arginine by an amino-functionalized Nω-

carbamoylated arginine was applied to all three compounds (position 8), using the Fmoc- 

and Boc-protected Nω-carbamoylated arginine building blocks 3.06a[47] (6.01, 6.02) or 5.05 

(see Chapter 5) (6.03) in SPPS. Notably, the complete peptide sequences, corresponding to 

6.01 and 6.02, turned out to be hardly accessible. The main product after cleavage of the 

peptide from the solid support represented the C-terminal pentapeptide Me-Arg9-Pro10-

Tyr11-Tle/Ile12-Leu13 as confirmed by mass spectrometry (data not shown), whereas the 

intended hexapeptides 6.01 and 6.02 were obtained in minor amounts. As the coupling of 

an Fmoc-amino acid to an Nα-methylated N-terminal amino acid appeared to be the 

limiting step during these syntheses, the preparation of 6.01 and 6.02 was repeated by 

applying a described coupling procedure[48] for this critical amino acid coupling (synthesis 

not shown): the respective resin-bound side chain-protected pentapeptides were treated 

with a solution of triphosgene, collidine, 3.06a and DIPEA in tetrahydrofuran (THF) at rt 

for 3 h followed by Fmoc-deprotection. However, only a minute fraction of the isolated 

products corresponded to the desired hexapeptides 6.01 and 6.02 (3% and 2%, 

respectively). Interestingly, application of the same procedure for the synthesis of NTS1R 

ligand 4.11 (coupling of Fmoc-Arg(Pbf)-OH to the Nα-methylated N-terminal amino acid, 

cf. Chapter 4), gave the product in a much better yield of 23% (data not shown). 

The amino-functionality of peptide 6.03, which was obtained in good yield (63%), was used 

for the coupling to the DOTA chelator in analogy to the procedure described in Chapter 4 

(cf. Scheme 6.1), giving the labeling precursor 6.04 after tBu-deprotection. Insertion of 
69Ga3+ into the DOTA chelator of 6.04 afforded 6.05, which represents the ‘cold’ analog of 

a NTS1R PET ligand (see Scheme 6.1). 
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Scheme 6.1. Preparation of the amine-functionalized NT(8-13) derivatives 6.01, 6.02 and 6.03, 

labeling precursor 6.04 and the potential PET ligand 6.05. Reagents and conditions: (I) Fmoc 

strategy SPPS using HBTU/HOBt and DIPEA, DMF/NMP (80:20 v/v), 35 °C, 2 × 1 h, 2 × 2 h or 

1 × 16-19 h, Fmoc-deprotection: 20% piperidine in DMF/NMP (80:20 v/v), rt, 2 × 8-10 min; (II) (1) 

HFIP/CH2Cl2 (1:3 v/v), rt, 2 × 20 min, (2) TFA/H2O (95:5 v/v), rt, 3 h; (III) (1) collidine, 2-

nitrobenzenesulfonylchloride, CH2Cl2, rt, 2 h, (2) MTBD, DMF, rt, 30 min, (3) DBU, 2-

mercaptoethanol, DMF, rt, 30 min; overall yields: 3% (6.01), 2% (6.02), 63% (6.03); (IV) (1) DIPEA, 

DMF/NMP 80:20 v/v, rt, 30 min, (2) TFA/H2O 80:20 v/v, 50 °C, overnight, 76%; (V) Ga(NO3)3 × H2O, 

HEPES buffer (0.2 M, pH 4.2) or 10 mM HCl, 100 °C, 10 min, > 99%. 

Alongside with the described less polar compounds 4.25, 4.26, 4.28, 4.29 and 4.31 (cf. 

Chapter 4), additional peptidic NTS1R ligands containing hydrophobic moieties were 

prepared starting from peptide 6.03 (Scheme 6.2). Conjugation of the Nω-carbamoylated 

Arg8 residue in 6.03 to the lipophilic building blocks 4.27 and 4.24 in analogy to a described 

procedure[49] (see Chapter 4) and subsequent Boc-deprotection gave the fluorinated 

compounds 6.06 and 6.07, respectively (Scheme 6.2). The shift of polarity was assessed by 

changes in the RP-HPLC retention times using the HPLC system and conditions described 

for purity controls (see Experimental section). For comparison, stacked chromatograms of 

the RP-HPLC analyses are depicted in Figure A6.2 (Appendix). Compared to the parent 

compound 6.03 (tR = 5.8 min), conjugation of the fluorinated aminomethyl-benzoyl spacer 

4.27 (giving 6.06, tR = 6.5 min) had a much lesser effect on the compound’s polarity than 

attachment of the fluorinated biphenyl-Ala spacer 4.24 (resulting in 6.07, tR = 11.4 min). 

Thus, conjugation to the DOTA chelator was only conducted with peptide 6.07, giving 

compound 6.08 after removal of the tBu-groups (cf. Scheme 6.2). 
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Scheme 6.2. Synthesis of the NTS1R ligands 6.06, 6.07, 6.09 and 6.10 with enhanced lipophilicity, 

and preparation of the DOTA-conjugated peptides 6.08 and 6.11. Reagents and conditions: (I) (1) 

DIPEA, HOBt, HBTU, DMF/NMP 80:20 v/v, rt, 60 min, (2) TFA/H2O 95:5 v/v, rt, 3.5 h, 44% (6.06), 

58% (6.07); (II) (1) DIPEA, DMF/NMP 80:20 v/v or 75:25 v/v, rt, 30 min, (2) TFA/H2O 95:5 v/v, 50 °C, 

overnight, 45% (6.08), 64% (6.11); (III) (1) DIPEA, DMF/NMP 75:25 v/v, rt, 45 min, (2) TFA/H2O 

95:5 v/v, rt, 3.5 h, 82% (6.09), 93% (6.10). 

6.03 was furthermore modified by conjugation to the aminohexanoyl spacer 4.30 via the 

Nω-carbamoylated arginine side chain (cf. Scheme 6.2), giving derivatives 6.09 and 6.10 

after a single and a twofold spacer elongation, respectively. Subsequent attachment of 

DOTA, resulting in compound 6.11 (see Scheme 6.2), was only performed starting from 

6.10, as the RP-HPLC analyses revealed a satisfactory drop of peptide polarity only after 

the second linker elongation step (tR = 6.1 min (6.09) vs. tR = 6.9 min (6.10); 

6.03: tR = 5.8 min) (cf. Figure A6.2, Appendix).  

NTS1R binding of compounds 6.01-6.05 and 6.07-6.11 was determined in competition 

binding assays at intact hNTS1R-expressing HT-29 colon carcinoma cells according to a 

described procedure[50] using the lately reported radioligand [3H]UR-MK300 ([3H]2.13)[50] 

(for structure see Chapter 2, Appendix). The obtained pKi and Ki values are given in Table 

6.1 and the resulting radioligand displacement curves are depicted in Figure A6.1 

(Appendix). The described impairment of the NTS1R affinity of NT(8-13) derivatives by 

the Ile12/Tle12 exchange[49,51-56] was confirmed by the 14-fold decrease in the Ki value of 6.02 

(Ile12, Ki = 0.47 nM) compared to 6.01 (Tle12, Ki = 6.6 nM). Similar to reported NTS1R 

binding data for DOTA-conjugated ligands[49] (see Chapter 4), the presence of the DOTA-

chelator in compounds 6.04, 6.08 and 6.11 led to a slight decrease in receptor affinity 

compared to their amino-functionalized parent peptides 6.03, 6.07 and 6.10, respectively 

(cf. Table 6.1). In the case of 6.05, the inserted Ga3+ ions provoked a shift to a lower Ki 

value compared to its precursor 6.04, being in agreement with former findings on the effect 

of a compound’s chelation state on the receptor affinity[44,49,57]. 
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The stability against proteolytic degradation of compounds 6.01, 6.02, 6.03, 6.04 and 6.05 

was investigated by incubation in human plasma for up to 48 h according to a described 

procedure[56]; the amount of remaining intact peptide after different periods of incubation 

is given in Table 6.1. Comparison of the stability data of compounds 6.01 (Tle12, > 99% 

after 48 h) and 6.02 (Ile12, < 1% after 48 h) confirmed the reported stabilizing effect of the 

Ile12/Tle12 exchange in NT(8-13) derivatives[44,49,51,53-55,57-69]. Interestingly, unlike described 

structurally closely related NT(8-13) analogs[49], insertion of Ga3+ into the DOTA chelator 

of 6.04 (resulting in 6.05) did not cause a decrease in proteolytic stability (cf. Table 6.1). 

Table 6.1. NTS1R affinities of reference peptides 3.16, 4.08 and 4.09 (for structures see Chapter 3 

and Chapter 4) and compounds 6.01-6.05, 6.07-6.11 and 6.13, and in vitro plasma stabilities of 

3.16, 4.08, 4.09, 6.01-6.05 and 6.13, determined at 37 °C. 

cpd. 
pKi ± SEM / Ki [nM] 

NTS1Ra 

% intact peptide in plasma after the given incubation timeb 

1 h 6 h 24 h 48 h 

3.16 8.55 / 2.8c > 99c > 99c > 99c > 99c 

4.08 8.28 / 5.3d > 99d > 99d > 99d > 99d 

4.09 9.16 / 0.69d 99d 57d 3.0d 1.4d 

6.01 8.18 ± 0.03 / 6.6 > 99 > 99 > 99 > 99 

6.02 9.33 ± 0.02 / 0.47 78 ± 1 6.3 ± 0.2 < 1 < 1 

6.03 8.73 ± 0.06 / 1.9 > 99 > 99 > 99 > 99 

6.04 7.48 ± 0.03 / 34 98 ± 1 97 ± 1 92 ± 1 87 ± 1 

6.05 8.12 ± 0.03 / 7.6 > 99 > 99 > 99 > 99 

6.07 8.35 ± 0.11 / 4.7 n.d. n.d. n.d. n.d. 

6.08 7.82 ± 0.03 / 15 n.d. n.d. n.d. n.d. 

6.09 8.88 ± 0.08 / 1.4 n.d. n.d. n.d. n.d. 

6.10 8.57 ± 0.11 / 2.9 n.d. n.d. n.d. n.d. 

6.11 7.71 ± 0.12 / 20 n.d. n.d. n.d. n.d. 

6.13 7.83 ± 0.03 / 15 98 ± 1 96 ± 1 98 ± 1 97 ± 1 

aDetermined by radioligand competition binding with [3H]2.13 at HT-29 cells (Kd = 0.55 nM[56] or 

0.41 nM[49], c = 1 nM); given are mean values ± SEM (pKi) and mean values (Ki) from two (6.01, 

6.11) or three (6.02-6.05, 6.07-6.10, 6.13) independent experiments, each performed in triplicate. 

bThe initial concentration of the peptide in human plasma/PBS (1:2 v/v) was 100 µM. Data 

represent means ± SEM from two or three independent experiments (SEM not given when no 

decomposition was observed). cSchindler et al.[47] dSchindler et al.[49] n.d. = not determined. 

Taking into consideration the overall performance of the NT(8-13) derivatives 6.01-6.11 

(synthetic accessibility, NTS1R affinity, proteolytic stability), they proved to be inferior to 

their analogs described in Chapters 2, 3 and 4. Therefore, they were not considered for 

further in vitro and in vivo investigations. 

6.2.2 NTS1R ligands conjugated to the NOTA chelator for labeling with 

AlF2+ 

In order to investigate the insertion reaction of AlF2+-ions into a chelating moiety and thus 

prepare “cold” analogs of 18F-labeled NTS1R PET tracers, we aimed at the conjugation of 

the NOTA chelator to the amino-functionalized side chain of Arg8 in 3.16[47], resulting in 

compound 6.13 (as indicated in Figure 6.2A). However, as this reaction proved to be 

unsuccessful in the first approaches, additional NT(8-13) analogs were applied as starting 

material in order to optimize the route of synthesis for the NOTA-conjugation. The 
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structures of said hexapeptides 3.16[47], 6.12, 4.08[49] and 4.11[49] and their respective 

intended NOTA-conjugates 6.13, 6.14, 6.15 and 6.16 are depicted in Figure 6.2A, and the 

investigated synthetic routes and conditions A1-B2 are summarized in Table 6.2.  

 
Figure 6.2. (A) Structures of the intended NOTA-conjugated peptides 6.13, 6.14, 6.15 and 6.16 

originating from the amino-functionalized ligands 3.16[47], 6.12, 4.08[49] and 4.11[49], and structures 

of the NOTA derivatives 6.17 and 6.18 used for the conjugation reactions. Reagents and conditions 

A1-B2 examined in the syntheses are given in Table 6.2 and the successfull preparation of 6.13-

6.16 is depicted in Scheme 6.3. (B) Structures of the AlF2+-complexes 6.20 and 6.21 aimed at by the 

insertion of AlF2+ into 6.13 and the dummy compound 6.19, respectively. Reagents and conditions 

C1-C4 examined in the syntheses are given in Table 6.3 and the eventual preparation of 6.20 and 

6.21 is depicted in Scheme 6.3. 

The use of a coupling reagent for the activation of a free carboxylic group as, e.g., in NOTA-

bis(tBu)ester 6.17 (for structure see Figure 6.2A), harbors the risk of an additional 

activation of the peptide C-terminus resulting in undesired side reactions (i.e., peptide 

cyclization instead of conjugation to the chelator). Nevertheless, in order to circumvent a 

possible separation problem of the remaining starting material from the respective 

conjugation product, the bis(tBu)ester of NOTA (6.17) was initially applied for the 

syntheses using either HBTU/HOBt and DIPEA or oxyma and DIC as activation reagents 

(note: the succinimidyl ester of bis(tBu)-protected NOTA was not commercially available 

and efforts to prepare it failed). Unfortunately, due to the emergence of numerous side 

products and no or only low product formation in small-scale reactions, an isolation of the 
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product was mostly unfeasible at first. This difficulty could be overcome by using the non-

protected NOTA succinimidyl ester 6.18 (structure shown in Figure 6.2A), which led to 

the formation of the desired products 6.13-6.16 in good yields via approaches B1 and B2 

using DIPEA as base (cf. Table 6.2).  

Table 6.2. Explored synthetic conditions A1-B2 for the conjugation of the NOTA chelator to the 

peptides 3.16, 6.12, 4.08 and 4.11 affording the labeling precursors 6.13, 6.14, 6.15 and 6.16 (cf. 

Figure 6.2A). 

cond.a 
NOTA 

derivativeb 
activation reagents 

starting  

material 
commentsc 

A1 6.17 (1 equiv.) 

HBTU (5 equiv.) 

HOBt (5 equiv.) 

DIPEA (10 equiv.) 

3.16 (1 equiv.) isolation unfeasible 

4.11 (1 equiv.) isolation unfeasible 

A2 6.17 (1 equiv.) 
oxyma (5 equiv.) 

DIC (5 equiv.) 

3.16 (1 equiv.) isolation unfeasible 

4.11 (1 equiv.) no product formation 

A3 6.17 (1 equiv.) 

HBTU (7.5 equiv.) 

HOBt (7.5 equiv.) 

DIPEA (15 equiv.) 

6.12 (1.5 equiv.) 
isolation unfeasible;  

two fractions with same MW  

4.11 (1.5 equiv.) isolation unfeasible 

B1 6.18 (1 equiv.) DIPEA (12 equiv.) 

3.16 (1 equiv.) two fractions with same MW 

6.12 (1 equiv.) yield: 54% 

4.08 (1 equiv.) yield: 76% 

4.11 (1 equiv.) two fractions with same MW 

B2 6.18 (1 equiv.) DIPEA (24 equiv.) 

3.16 (2 equiv.) yield: 61-63% 

6.12 (2 equiv.) yield: 53% 

4.08 (2 equiv.) yield: 60% 

4.11 (2 equiv.) two fractions with same MW 
aFor intended syntheses see Figure 6.2A; cond. = condition. bFor structures of the NOTA derivatives 

6.17 and 6.18 see Figure 6.2A. cMW = molecular weight. 

However, the preparative work-up after conversion of the amino-functionalized peptides 

3.16[47] and 4.11[49] by treatment with 6.18 each gave two product fractions, both 

corresponding to compounds exhibiting the molecular weight of the expected product (6.13 

and 6.16, respectively) as confirmed by mass spectrometry (data not shown). To further 

investigate this issue, 1H-NMR spectra of the two products corresponding to the correct 

mass of 6.16 were recorded. One possible explanation for the appearance of two 

constitutional isomers is the conjugation of the chelating moiety not only to the amino-

functionality of the Nω-carbamoylated Arg side chain (giving the desired product) but also 

to the N-terminus of the peptide, resulting in the identical chemical formula and molecular 

weight. The formation of this by-product could have been promoted by usage of insufficient 

amounts of base, as the N-terminal α-amino group is less basic than the amino group of 

the artificial Arg side chain and is thus deprotonated first. However, in the case of 

synthetic approaches B1 and B2, comprising the use of 12 and 24 equiv. DIPEA, 

respectively (cf. Table 6.2), a selective deprotonation of the N-terminal α-amino group is 

considered unlikely. The high amount of base applied under conditions B1 and B2 could 

potentially lead to the deprotonation of the phenolic hydroxyl group of the Tyr residue, 

resulting in an (undesired) nucleophilic site for the conjugation to NOTA. However, the 

formation of such a by-product did most likely not take place during the synthesis of 6.16, 

as the NMR spectra of both products displayed the typical singlet signal for the 
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unsubstituted tyrosine hydroxyl group (at ca. 9 ppm). Additionally, conjugation of NOTA 

via the Tyr residue would result in a loss of the compound’s fluorescence emission at 

305 nm, however, both products featured the typical tyrosine fluorescence (fluorescence 

spectra not shown). Deprotonation of only the guanidine moiety of Arg8 in 6.16 and 

subsequent conjugation of the chelator onto the Arg8 side chain is very unlikely due to the 

strong basicity of the monoalkylated guanidine group in this arginine, but the NMR 

spectrum of one of the investigated products did not show the typical two broad singlets 

at approximately 6.7-7.7 ppm for a protonated monoalkylated guanidine group (spectrum 

not shown). Therefore, and after comparison of both spectra with the spectra of the 

starting material 4.11 and the other NOTA-conjugated products (6.13-6.15), the product 

showing the typical two broad singlets at approximately 6.7-7.7 ppm in the 1H-NMR 

spectrum is assumed to correspond to the desired product 6.16 (i.e., conjugation to NOTA 

via the amino-functionality of the Nω-carbamoylated side chain). In future studies, a 

possible hint on the correct constitution could also be obtained by investigating the NTS1R 

affinity of the different isomers, as the conjugation of the bulky chelator to the N-terminus 

is supposed to considerably impair the peptide’s receptor binding properties. 

The incorporation of AlF2+ into the NOTA chelator of 6.13, resulting in the potential PET 

tracer 6.20 (for structure see Figure 6.2B) turned out to be challenging, as mass 

spectrometry revealed no product formation via the initial synthetic approach C1 (cf. 

Figure 6.2B and Table 6.3). Thus, the NOTA-conjugated tripeptide 6.19 (cf. Figure 6.2B) 

served as ‘dummy’ starting material for exploring the synthetic conditions C2-C4 for the 

insertion reaction of AlF2+ (for details on the synthetic pathways see Table 6.3), resulting 

in compound 6.21. Note: dummy ligand 6.19 was prepared after optimization of the 

procedure for NOTA-conjugation, in analogy to compounds 6.13-6.16 (cf. Scheme 6.3). 

AlF2+ ion formation occurred during a pre-incubation of AlCl3 and NaF in sodium acetate 

buffer for 5 min (cf. Table 6.3). Unfortunately, only marginal amounts of the desired 

products 6.20 or 6.21 (for structure see Figure 6.2B) were detected by mass spectrometry, 

which could not be properly isolated by preparative HPLC due to interference with 

impurities (data not shown). Reports on higher product yields using a final reaction 

mixture containing 50% organic solvent[12,28] were confirmed via approaches C3 and C4, 

where the use of a 1:1 (v/v) mixture of sodium acetate buffer and EtOH or MeCN, 

respectively, as solvent enabled the formation of the products 6.20 and 6.21 in isolatable 

amounts (Table 6.3, Scheme 6.3). 
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Table 6.3. Explored synthetic conditions C1-C4 for the insertion of AlF2+ into the NOTA-

conjugated NTS1R ligand 6.13 and dummy compound 6.19, aiming at the respective AlF2+-

containing peptides 6.20 and 6.21 (cf. Figure 6.2B). 

cond.a reagents solvent 
starting 

material 

incubation 

at 100 °C 
commentsb 

C1 
AlCl3 (1.3 equiv.) 

NaF (10 equiv.) 

0.1 M NaOAc pH 4.4/ 

EtOH (1:1 v/v) 
6.13 20 min no product formation 

C2 
AlCl3 (2.5 equiv.) 

NaF (5 equiv.) 
2 mM NaOAc pH 4 6.13 20 min isolation unfeasible 

C3 
AlCl3 (2.5 equiv.) 

NaF (10 equiv.) 

2 mM NaOAc pH 4/ 

EtOH (1:1 v/v) 

6.13 20 min isolation unfeasible 

6.13 10 min 
yield: 12%;  

Zn2+-containing bp 

6.19 60 min isolation unfeasible 

C4 
AlCl3 (2.5 equiv.) 

NaF (10 equiv.) 

2 mM NaOAc pH 4/ 

MeCN (1:1 v/v) 

6.13 30 min 
yield: 2%; 

Zn2+-containing bp 

6.19 60 min isolation unfeasible 

6.19 30 min yield: 48% 
aFor intended syntheses see Figure 6.2B; cond. = condition. bbp = by-product. 

Using the crude reaction mixture of 6.21 (approach C4, 60 min of incubation at 100 °C, cf. 

Table 6.3), the solvents and gradient for product purification by preparative HPLC were 

optimized, enabling the isolation of 6.21 in a yield of 48%. Notably, using the conditions 

C3 and C4, conversion of 6.13 resulted not only in recovery of the starting material and 

the formation of the desired peptide 6.20, but also in the emergence of its Zn2+-containing 

analog as a by-product (cf. Table 6.3), which could be separated by preparative RP-HPLC. 

The spontaneous insertion of Zn2+ into the empty NOTA chelator of a neuropeptide Y Y1R 

ligand had been observed before within the scope of the Master Thesis of Diana Braun 

(Institute of Pharmacy, University of Regensburg, 2019), but did not markedly hamper 

the insertion of AlF2+ into the chelator. The stability constants of the NOTA complex with 

Al3+ and Zn2+ were reported to amount to logK = 17.9[70] and 18.3[71], respectively. As Zn2+-

ions occur as common impurities released from metal or glass materials during 

purification, analytic procedures and storage, the insertion of Zn2+ ions must always be 

considered as a potential side-reaction. 

The eventual successful syntheses of the NOTA conjugated peptides 6.13, 6.14, 6.15 and 

6.16, which were conducted via synthetic pathway B2 (cf. Table 6.2), are depicted in 

Scheme 6.3A. As mentioned above, the same strategy was used for the preparation of 

‘dummy’ compound 6.19 from the described tripeptide 6.22[50] (for structure see Scheme 

6.3B). The successful insertion of AlF2+ into the chelator moiety of 6.13 and 6.19, giving 

6.20 and 6.21, respectively, was eventually achieved via synthetic pathway C4 (cf. Table 

6.3) as depicted in Scheme 6.3C. 
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Scheme 6.3. (A) Successful syntheses of the NOTA-conjugated peptides 6.13-6.16 from the amino-

functionalized compounds 3.16[47], 6.12, 4.08[49] and 4.11[49] by conjugation with 6.18. (B) 

Preparation of the dummy compound 6.19 by conjugation of 6.18 to the described tripeptide 6.22[50]. 

(C) Successful insertion reactions of AlF2+ into the NOTA chelator of 6.13 and 6.19, giving the 

metal-complex compounds 6.20 and 6.21. Reagents and conditions: (I) DIPEA, DMF/NMP 75:25 v/v 

or anhydrous DMF, rt, 60 min, 63% (6.13), 53% (6.14), 60% (6.15), 35% (6.16), 50% (6.19); (II) AlCl3, 

NaF, sodium acetate buffer (2 mM, pH 4) and MeCN, 100 °C, 30 min, 2% (6.20), 48% (6.21). 

Compound 6.13 was characterized with respect to NTS1R affinity and plasma stability (cf. 

Table 6.1, Table A6.1 and Figure A6.1, Appendix), revealing a comparable receptor binding 

(Ki = 15 nM) and enzymatic degradation profile (97% intact peptide after 48 h of 

incubation) as its DOTA-conjugated analog 4.16[49] (cf. Chapter 4, Ki = 33 nM, 84% intact 

peptide after 48 h of incubation). However, 6.13 and its AlF2+-containing analog 6.20 were 

not subject of further in vitro and in vivo studies. 

6.2.3 Other chelator-conjugated peptides intended for insertion of Ga3+ 

The described hexapeptide 3.16[47] (cf. Figure 6.2A) served as starting material for 

attempts to conjugate the acyclic HBED-CC chelator to its amino-functionalized Nω-

carbamoylated arginine side chain, theoretically resulting in compound 6.23 (cf. Figure 

6.3). Furthermore, a conjugation of the cyclic NODA-GA chelator to the amino-

functionality of the artificial arginine moieties in 4.08[49] (cf. Figure 6.2A) and 3.16 was 

envisaged, in principle leading to compounds 6.24 and 6.25, respectively (cf. Figure 6.3). 

The conditions of the synthetic approaches D1 and D2, investigated for conjugation of 

HBED-CC-tris(tBu)ester 6.26 (for structure see Figure 6.3), as well as the approaches E1 

and E2, explored for the conjugation of (R)-NODA-GA-tris(tBu)ester 6.27 (for structure 

see Figure 6.3) are summarized in Table 6.4.  
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Figure 6.3. Structures of the chelator-conjugated compounds 6.23, 6.24 and 6.25 aimed at by 

conjugation of the amino-functionalized ligands 3.16[47] and 4.08[49] to the protected chelators 6.26 

or 6.27. Reagents and conditions D1-E2 used in the investigated syntheses are given in Table 6.4. 

Notably, independent of the choice of activation reagents (HBTU/HOBt and DIPEA vs. 

oxyma and DIC, cf. Table 6.4), no formation of the desired product 6.23 was evident by 

mass spectrometry. Due to the limited commercial availability and high costs connected 

to the use of HBED-CC-tris(tBu)ester this approach was not pursued any further. 

Table 6.4. Synthetic conditions D1-E2 pursued to prepare compounds 6.23, 6.24 and 6.25 by 

conjugation of the HBED-CC- or the NODA-GA-chelator to the peptides 3.16 or 4.08 (cf. Figure 

6.3). 

cond.a 
chelator 

(protected)b 
activation reagents 

starting 

material 
commentsc 

D1 6.26 (1 equiv.) 

HBTU (10 equiv.) 

HOBt (10 equiv.) 

DIPEA (20 equiv.) 

3.16 (2 equiv.) no product formation 

D2 6.26 (1 equiv.) 
oxyma (10 equiv.) 

DIC (10 equiv.) 
3.16 (2 equiv.) no product formation 

E1 6.27 (1 equiv.) 

HBTU (8.3 equiv.) 

HOBt (8.3 equiv.) 

DIPEA (16.7 equiv.) 

4.08 (1.7 equiv.) 
isolation unfeasible;  

several fractions with same MW  

E2 6.27 (1 equiv.) 

oxyma (5 equiv.) 

DIC (5 equiv.) 

DIPEA (1.5 equiv.) 

3.16 (1 equiv.) no product formation 

4.08 (1 equiv.) isolation unfeasible 

aFor intended syntheses see Figure 6.3. bFor structures of the protected chelators 6.26 and 6.27 see 

Figure 6.3. cMW = molecular weight. 

Similar to the findings for the syntheses of 6.13 and 6.16, the attempt to prepare and 

purify peptide 6.24 (via conditions E1, using HBTU/HOBt and DIPEA as activation 

reagents, cf. Table 6.4) resulted in several compounds displaying the same molecular 

weight, but only in non-isolatable amounts. Application of oxyma, DIC and DIPEA as 

activation reagents (approach E2, cf. Table 6.4) resulted in no conversion of 3.16 to 6.25 

and gave only a marginal amount of 6.24 (starting from 4.08), which could not be purified 
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due to a massive content of interfering impurities (chromatograms not shown). Therefore, 

the preparation of NODA-GA-conjugated NTS1R ligands was not further attempted. 

6.2.4 Chemical stability of the NOTA-AlF2+-complex in 6.21 in aqueous 

solution 

Similar to the results reported for [18F]AlF-PSMA-11[28-30,36], a release of F− from the AlF2+-

containing NOTA-chelator in a neuropeptide Y Y1R ligand was observed within the Master 

Thesis of Diana Braun (Institute of Pharmacy, University of Regensburg, 2019), leading 

to the formation of increasing amounts of the Al3+-NOTA complex immediately upon 

isolation by preparative HPLC. Stabilization of the intact complex could be achieved by 

the addition of NaF immediately after elution of the AlF2+-containing product from the 

preparative HPLC column, indicating that the loss of F− from the complex underlies an 

equilibrium. Therefore, the chemical stability of 6.21, with regard to both a release of AlF2+ 

and a loss of F−, was investigated. In a first approach, 400 µM, 200 µM, 100 µM and 50 µM 

dilutions of the crude product in 0.1% aq HCOOH immediately after synthesis were 

analyzed by analytical RP-HPLC, promptly and after incubation at rt overnight. For each 

concentration, the corresponding chromatograms are depicted as pairs (instant analysis 

vs. incubation overnight) in Figure 6.4A, revealing no noticeable change in the respective 

peak heights and retention times. LC-HRMS analysis of the 400 µM sample of 6.21 

confirmed the identity of the species corresponding to the two main peaks in the 

chromatograms: the first peak (tR = 4.2-4.6 min) arises from the intact AlF2+-containing 

product 6.21, while the second peak (tR = 5.2-5.5 min) arises from the remaining starting 

material 6.19 (cf. Figure 6.4A). The marked difference in the retention times of 6.19 and 

6.21 should enable the detection of a change of the compound ratio in case of a potential 

release of AlF2+ from the NOTA chelator (i.e., re-conversion to the starting material 6.19). 

It should be noted that analytical studies required to assess a potential release of F− from 

6.21, which includes the identification of the retention time of the corresponding 

decomposition product (Al3+-complex), were not performed. 

In a second approach, the stability of the AlF2+-complex in 6.21 was assessed by comparing 

the RP-HPLC analyses of 100 µM eluate samples of purified 6.21 supplemented and not 

supplemented with NaF. Stackplots of the chromatograms of the analyses after incubation 

at rt for 0 min, 50 min and 100 min are given in Figure 6.4B. Comparable to the results 

from the analysis of the crude peptide samples, the chromatograms from the analyses of 

purified 6.21 revealed no changes in the peak pattern or height during the time of 

incubation. HRMS analysis of the solutions of purified 6.21 with and without additional 

NaF, notably more than two years after the above-mentioned investigations (during which 

the solutions had been stored at −80 °C), revealed that in both samples, the only detected 

peptide species was the intact, AlF2+-containing product (m/z [M+H]+ calcd. for 

[C40H67AlFN12O12]+ 953.4795, found 953.4798 (with additional NaF) or 953.4800 (without 

additional NaF)). Thus, 6.21 proved to be stable in aqueous solution with respect to both 

defluorination and de-chelation (i.e., loss of the complete AlF2+-ion). For future studies of 

AlF2+-containing compounds, the additional preparation of the fluoride-free Al3+-complex 

as a reference compound should support the investigation of the stability under various 

conditions. 
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Figure 6.4. (A) Chromatograms (relevant region) of the RP-HPLC analyses of the crude reaction 

mixture after the synthesis of 6.21, diluted with 0.1% aq HCOOH to a final sample concentration 

of 400 µM, 200 µM, 100 µM and 50 µM. The black line represents the analysis directly after the 

synthesis, the blue line represents the analysis after incubation of the diluted samples at rt 

overnight. (B) Chromatograms (relevant region) of the RP-HPLC analyses of the diluted stock 

solution of 6.21, with or without additional NaF, after the given incubation times. 
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6.3 Conclusion 

Aiming at radiolabeled receptor ligands suitable for tumor diagnosis by PET imaging, 

insertion of [18F]AlF2+ into a chelator-conjugated ligand represents a reasonable 

alternative to the use of 68Ga for tracer labeling[2,9,72]. Nevertheless, the application of 

[18F]AlF2+ in complex with a chelating moiety for clinical PET imaging can be considered 

controversial: on the one hand, clinical investigations with a HBED-CC-conjugated PSMA 

ligand were pursued despite reports on its in vitro and in vivo instability[28-30,35,36,39]; on the 

other hand, the NOTA-conjugated [18F]AlF2+-labeled SSTR2 ligand [18F]AlF-NOTA-

octreotide, which showed no in vitro and in vivo decomposition[10,18], is currently subject to 

clinical studies and reveals comparable performance as the standard SSTR2 PET tracer 

[68Ga]Ga-DOTA-TATE[73-76]. These contradictory observations emphasize that (aside from 

the structure of the PET ligand) the choice of an appropriate type of chelator is crucial in 

order to avoid defluorination or loss of the complete AlF2+-ion under physiologic conditions. 

Following the objective of developing [18F]AlF2+-labeled NTS1R PET ligands, this aspect 

has to be considered in future studies. 
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6.4 Experimental section 

6.4.1 General experimental conditions 

Solvents and buffer components, purchased from commercial suppliers, were of analytical 

grade. Gradient grade MeOH for HPLC was obtained from Merck Chemicals (Darmstadt, 

Germany) and gradient grade MeCN for HPLC was from Sigma-Aldrich (Taufkirchen, 

Germany) or Merck. N,N-Diisopropylethylamine (DIPEA, 99%) and (R)-2-(Boc-amino)-3-

(4'-fluoro-[1,1'-biphenyl]-4-yl)propanoic acid (4.24) were obtained from ABCR (Karlsruhe, 

Germany). HCOOH and K2CO3 were from Roth (Karlsruhe, Germany) and 1 M HCl was 

from VWR Chemicals (Fontenay-sous-Bois, France). Anhydrous N,N-dimethylformamide 

(DMF) (99.8%), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), Ga(NO3)3 hydrate, 7-methyl-

1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD), methyl-4-nitrobenzenesulfonate (3.15), 2-

mercaptoethanol and 1-methyl-D-Trp were purchased from Sigma-Aldrich. Sodium 

acetate was from Merck Chemicals. DMF (for peptide synthesis, packed under nitrogen, 

code D/3848/PB17), 1-methylpyrrolidin-2-one (NMP) (for peptide synthesis, nitrogen 

flushed), anhydrous NMP (99.5%), CH2Cl2 and 1-hydroxy-1H-benzotriazole (HOBt) 

hydrate were obtained from Acros Organics/Fisher Scientific (Nidderau, Germany). When 

used for the coupling of non-standard Fmoc-amino acids (SPPS), HOBt hydrate, 

containing up to 3% water, was dried using a lyophilizer. Anhydrous AlCl3 (98%) was from 

Merck (Hohenbrunn, Germany), and NaF was from Fluka/Sigma Aldrich (Steinheim, 

Germany). 4-[(Boc-amino)methyl]-3-fluoro-benzoic acid (> 95%) (4.27) was purchased from 

Activate Scientific (Prien am Chiemsee, Germany) and Boc-ε-aminocaproic acid 

succinimidyl ester (4.30) was purchased from Bachem (Bubendorf, Switzerland). DOTA-

tris(tBu)ester succinimidyl ester (4.13), NOTA-bis(tBu)ester (6.17), NOTA succinimidyl 

ester (6.18) and (R)-NODA-GA-tris(tBu)ester (6.27) were from CheMatech (Dijon, France), 

and HBED-CC-tris(tBu)ester (6.26) was from ABX (Radeberg, Germany). Trifluoroacetic 

acid (TFA) and absolute EtOH were obtained from Honeywell (Seelze, Germany). 

Collidine, 2-nitrobenzenesulfonylchloride and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) 

were from Alfa Aesar/ThermoFisher (Heysham, UK). Piperidine and N,N,N′,N′-

tetramethyl-O-(1H-benzotriazole-1-yl)-uronium hexafluorophosphate (HBTU) were 

purchased from Iris Biotech (Marktredwitz, Germany). Deuterated solvents were obtained 

from Deutero (Kastellaun, Germany). Bovine serum albumin (BSA) was purchased from 

Serva (Heidelberg, Germany). Oxyma pure, N,N’-diisopropylcarbodiimide (DIC), H-Leu-2-

ClTrt resin (loading: 0.79 mmol/g), Fmoc-N-Me-Arg(Pbf)-OH, Fmoc-Pro-OH, Fmoc-Ile-OH 

and Fmoc-Tle-OH (Fmoc-L-α-tert-butylglycine) were from Merck Biosciences (Schwalbach 

am Taunus, Germany). Fmoc-Arg(Pbf)-OH and Fmoc-Tyr(tBu)-OH were from Iris Biotech 

or Carbolution (St. Ingbert, Germany). Ultrapure 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) was from Gerbu (Heidelberg, Germany). The 

syntheses of the arginine building block 3.06a[50], peptide 6.22[50] and radioligand [3H]UR-

MK300 ([3H]2.13)[50] were described elsewhere. The synthesis of arginine building block 

5.05 was performed in analogy to building block 3.06a[50] and will be described elsewhere. 

6.12 was synthesized within the scope of the Master Thesis of Lisa Schindler (Institute of 

Pharmacy, University of Regensburg, 2016). Millipore water was used throughout for the 

preparation of buffers, stock solutions and HPLC eluents. 1.5- and 2-mL polypropylene 

reaction vessels with screw cap (in the following referred to as “reaction vessel with screw 

cap”) from Süd-Laborbedarf (Gauting, Germany) were used for the preparation and 
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storage of stock solutions, and for small-scale reactions. 1.5- or 2-mL polypropylene 

reaction vessels (in the following referred to as “reaction vessel”) from Sarstedt 

(Nümbrecht, Germany) were used for the preparation of serial dilutions and for the 

determination of stabilities in plasma. For the evaporation of solvents in 1.5- or 2-mL 

reaction vessels, a Savant Speed-Vac Plus SC110A vacuum concentrator (Thermo Fisher 

Scientific, Waltham, MA) was used. NMR spectra were recorded on a Bruker Avance 600 

instrument (1H: 600 MHz) (Bruker, Karlsruhe, Germany) at 300 K. The spectra were 

calibrated based on the solvent residual peaks (1H-NMR: DMSO-d6: δ = 2.50 ppm). 1H-

NMR data are reported as follows: chemical shift δ in ppm (multiplicity (s = singlet, d = 

doublet, t = triplet, m = multiplet, br s = broad singlet), integral, coupling constant J in 

Hz). High resolution mass spectra (HRMS) were acquired with an Agilent 6540 UHD 

Accurate-Mass Q-TOF LC/MS system coupled to an Agilent 1290 HPLC system (Agilent 

Technologies, Santa Clara, CA), using an ESI source. Analyses were performed using the 

following LC method: column: Luna Omega C18, 1.6 μm, 50 × 2.1 mm (Phenomenex, 

Aschaffenburg, Germany), column temperature: 40 °C, flow: 0.6 mL/min, solvent/linear 

gradient: 0-4 min: 0.1% aqueous HCOOH/0.1% HCOOH in MeCN 95:5-2:98, 4-5 min: 2:98. 

Preparative HPLC was performed with a system from Knauer (Berlin, Germany) 

consisting of two K-1800 pumps and a K-2001 detector. A Kinetex-XB C18, 5 μm, 250 mm 

× 21 mm (Phenomenex) or a Gemini-NX C18, 5 μm, 250 mm × 21 mm (Phenomenex) served 

as RP-columns at a flow rate of 20 mL/min. Mixtures of 0.2% aqueous TFA (A1) and MeCN 

(B1), 0.1% aq TFA (A2) and B1 or 0.1% aq HCOOH (A3) and 0.1% HCOOH in MeCN (B2) 

were used as mobile phase. A detection wavelength of 220 nm was used throughout. 

Collected fractions were lyophilized using an Alpha 2-4 LD apparatus (Martin Christ, 

Osterode am Harz, Germany) or a Scanvac CoolSafe 100-9 freeze-dryer (Labogene, 

Allerød, Denmark) both equipped with a vacuubrand RZ 6 rotary vane vacuum pump. 

Analytical HPLC analysis of compounds 6.01-6.11, 6.13-6.16 and 6.19-6.21 was performed 

with a system from Agilent Technologies consisting of a 1290 Infinity binary pump 

equipped with a degasser, a 1290 Infinity Autosampler, a 1290 Infinity Thermostated 

Column Compartment, a 1260 Infinity Diode Array Detector and a 1260 Infinity 

Fluorescence Detector. A Kinetex-XB C18, 2.6 μm, 100 × 3 mm (Phenomenex) or a Gemini-

NX C18, 3 µm, 150 × 3 mm (Phenomenex) served as stationary phase at a flow rate of 

0.5 mL/min, 0.6 mL/min or 0.8 mL/min. The oven temperature was set to 25 °C. UV 

detection was performed at 220 nm and fluorescence detection at 275/305 nm. The 

injection volume was 20 μL. Mixtures of A3, 0.04% aq TFA (A4) or 0.05% aq HCOOH (A5) 

and B1, B2 or MeOH (B3) were used as mobile phase. The following linear gradients were 

applied for purity controls: compounds 6.01-6.04, 6.06-6.11, 6.13-6.16, 6.19 and 6.20 

(column: Kinetex-XB C18, flow rate: 0.6 mL/min): 0-12 min: A4/B1 90:10-70:30, 12-16 min: 

70:30-5:95, 16-20 min: 5:95; compound 6.05 (column: Kinetex-XB C18, flow rate: 

0.5 mL/min): 0-12 min: A5/B3 95:5-70:30, 12-16 min: 70:30-5:95, 16-20 min: 5:95. The 

following linear gradient was used for investigating the purity and the chemical stability 

of 6.21 (column: Gemini-NX C18, flow rate: 0.8 mL/min): 0-12 min: A3/B2 93:7-88:12, 12-

16 min: 88:12-5:95, 16-20 min: 5:95. The following linear gradient was used for the 

analysis of plasma stability samples (column: Kinetex-XB C18, flow rate: 0.6 mL/min): 0-

12 min: A4/B1 90:10-73:27, 12-16 min: 73:27-5:95, 16-20 min: 5:95. Retention (capacity) 

factors k were calculated from the retention times tR according to k = (tR – t0)/t0 (t0 = dead 

time). Peptides were characterized by HRMS and RP-HPLC analysis. Additionally, 1H- 

and 1H-COSY NMR spectra were acquired of 6.01-6.05, 6.13-6.16 and 6.19.  
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Annotation concerning the 1H-NMR spectra (solvent: DMSO-d6): in order to allow an 

integration of the signals interfering with the broad water signal at ca 3.5 ppm, 1H-NMR 

spectra were additionally recorded in DMSO-d6/D2O (9:1 v/v (6.01, 6.02) or 5:1 v/v (6.03-

6.05, 6.13-6.16 and 6.19)) (spectra and data not shown). 

Additional analytical data of compounds (HPLC analyses and 1H-NMR spectra) are 

provided in the Appendix. 

6.4.2 General procedure for solid-phase peptide synthesis (SPPS) 

Peptides were synthesized by manual SPPS according to a reported procedure[50] with 

minor modifications. The resin was allowed to swell in the solvent for 45 min before the 

beginning of the synthesis. Protected standard amino acids (Fmoc-Arg(Pbf)-OH, Fmoc-

Pro-OH, Fmoc-Ile-OH, Fmoc-Tyr(tBu)-OH) were used in 5-fold excess, Fmoc-N-Me-

Arg(Pbf)-OH was used in 3.5-fold excess, and Fmoc-Tle-OH was used in 4-fold excess (6.01) 

or 4.4-fold excess (6.03). The arginine building blocks 3.06a and 5.05 were used in 3-fold 

excess. Amino acid coupling was performed with HBTU/HOBt/DIPEA (Fmoc-Arg(Pbf)-

OH, Fmoc-Pro-OH, Fmoc-Ile-OH, Fmoc-Tyr(tBu)-OH: 4.9/5/10 equiv., Fmoc-N-Me-

Arg(Pbf)-OH: 3.45/3.5/7 equiv., Fmoc-Tle-OH: 3.95/4/8 (6.01) or 4.35/4.4/8.8 (6.03) equiv., 

3.06a, 5.05: 3/3/6 equiv.). For the coupling of Fmoc-N-Me-Arg(Pbf)-OH and the arginine 

building blocks 3.06a and 5.05, anhydrous solvents (DMF, NMP) were used. Except for 

the arginine building blocks 3.06a and 5.05, “double coupling” was performed (2 × 60 min 

or 2 × 120 min at 35 °C). In the case of the arginine derivatives 3.06a and 5.05, “single 

coupling” was performed with a longer reaction time (16-19 h at 35 °C).  

6.4.3 General procedure for the conjugation of the DOTA chelator to 

peptides 

The reaction was performed in a 2-mL reaction vessel with screw cap, equipped with a 

magnetic micro stirrer. DIPEA (17 equiv. (6.08) or 13 equiv. (6.04, 6.11)) was added to a 

solution of the peptide (1.4 equiv. (6.08) or 1.1 equiv. (6.04, 6.11)) in DMF/NMP (75:25 v/v) 

or DMF/NMP (80:20 v/v) (20-65 μL), followed by the addition of DOTA tris(tert-butyl) 

succinimidyl ester 4.13 (1 equiv.) dissolved in DMF/NMP (75:25 v/v) or DMF/NMP 

(80:20 v/v) (10-18 μL). After stirring at rt for 30 min, 10% aq TFA (corresponding to 

11.5 equiv. TFA (6.08) or 9 equiv. TFA (6.04, 6.11)) was added. The protected intermediate 

was isolated by preparative HPLC. After lyophilization of the eluate, TFA/H2O (80:20 v/v) 

(2 mL, 6.04) or TFA/H2O (95:5 v/v) (1.2-1.5 mL, 6.08, 6.11) was added, and the mixture 

was stirred at 50 °C overnight. H2O (25-60 mL) was added and the mixture was subjected 

to lyophilization. The DOTA-conjugated peptide was purified by preparative HPLC.  

6.4.4 General procedure for the conjugation of the NOTA chelator to 

peptides 

The reaction was performed in a 2-mL reaction vessel with screw cap, equipped with a 

magnetic micro stirrer. DIPEA (24 equiv. (6.13-6.16) or 12 equiv. (6.19)) was added to a 

solution of the peptide (2 equiv. (6.13-6.16) or 1 equiv. (6.19)) in DMF/NMP (75:25 v/v) 

(125-320 μL), followed by the addition of NOTA succinimidyl ester 6.18 (1 equiv.) dissolved 

in anhydrous DMF (30-235 μL). After shaking at rt for 60 min, 10% aq TFA (corresponding 
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to 24 equiv. TFA (6.13-6.16) or 12 equiv. TFA (6.19)) was added. The NOTA-conjugated 

peptide was purified by preparative HPLC. 

6.4.5 Synthesis protocols and analytical data of compounds 6.01-6.11, 6.13-

6.16 and 6.19-6.21 

Nα-{Nω-[(4-Aminobutyl)aminocarbonyl]arginyl}-Nα-methyl-Arg-Pro-Tyr-2-tert-

butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (6.01). Peptide 6.01 was synthesized 

according to the general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 

0.79 mmol/g) (202 mg, 0.16 mmol). Purification by preparative RP-HPLC (column: 

Kinetex-XB C18, gradient: 0-35 min: A1/B1 92:8-57:43, tR = 18 min) afforded 6.01 as white 

fluffy solid (7.1 mg, 3%). 1H-NMR (600 MHz, DMSO-d6): δ 0.82-0.92 (m, 15H), 1.39-1.55 

(m, 8H), 1.55-1.78 (m, 10H), 1.93-2.01 (m, 1H), 2.64-2.76 (m, 1H), 2.76-2.81 (m, 2H), 2.84-

2.99 (m, 4H), 3.06-3.15 (m, 4H), 3.22-3.29 (m, 3H), 3.42-3.55 (m, 1H), 4.17-4.24 (m, 1H), 

4.24-4.33 (m, 2H), 4.33-4.41 (m, 1H), 4.41-4.48 (m, 1H), 5.06-5.20 (m, 1H), 6.58-6.66 (m, 

2H), 6.66-7.11 (br s, 2H, interfering with the next listed signal), 6.99-7.03 (m, 2H), 7.11-

7.48 (br s, 2H), 7.48-7.86 (m, 6H), 7.97 (d, 1H, J 7.8 Hz), 8.00-8.32 (m, 4H), 8.32-8.70 (m, 

2H), 8.89-9.28 (m, 2H), 10.54 (br s, 1H), 12.46 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. for 

[C44H78N14O9]2+ 473.3033, found 473.3044. RP-HPLC (220 nm): 96% (tR = 5.9 min, k = 6.8). 

C44H76N14O9・C8H4F12O8 (945.18 + 456.09). 

Nα-{Nω-[(4-Aminobutyl)aminocarbonyl]arginyl}-Nα-methyl-Arg-Pro-Tyr-Ile-Leu 

tetrakis(hydrotrifluoroacetate) (6.02). Peptide 6.02 was synthesized according to the 

general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 0.79 mmol/g) (120 mg, 

0.095 mmol). Purification by preparative RP-HPLC (column: Kinetex-XB C18, gradient: 0-

35 min: A1/B1 92:8-57:43, tR = 19 min) afforded 6.02 as white fluffy solid (2.5 mg, 2%). 1H-

NMR (600 MHz, DMSO-d6): δ 0.78-0.86 (m, 9H), 0.88-0.92 (m, 3H), 1.02-1.10 (m, 1H), 1.38-

1.67 (m, 14H), 1.67-1.80 (m, 6H), 1.93-2.01 (m, 1H), 2.63-2.72 (m, 1H), 2.72-2.82 (m, 2H), 

2.82-2.99 (m, 4H), 3.05-3.16 (m, 4H), 3.25-3.30 (m, 3H), 3.45-3.56 (m, 1H), 4.12-4.24 (m, 

2H), 4.24-4.33 (m, 1H), 4.33-4.54 (m, 2H), 5.08-5.19 (m, 1H), 6.58-6.65 (m, 2H), 6.65-7.10 

(br s, 2H, interfering with the next listed signal), 6.99-7.02 (m, 2H), 7.10-7.45 (br s, 2H), 

7.45-7.87 (m, 6H), 7.90 (d, 1H, J 7.9 Hz), 7.94-8.35 (m, 4H), 8.35-8.84 (m, 2H), 8.96-9.28 

(m, 2H), 10.50 (br s, 1H), 12.48 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. for [C44H78N14O9]2+ 

473.3033, found 473.3044. RP-HPLC (220 nm): 95% (tR = 6.2 min, k = 7.2). C44H76N14O9・

C8H4F12O8 (945.18 + 456.09).  

Nα-Methyl-Nω-[(2-aminoethyl)aminocarbonyl]Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-

Leu tetrakis(hydrotrifluoroacetate) (6.03). Peptide 6.03 was synthesized according to 

the general procedure for SPPS using a H-Leu-2-ClTrt resin (loading 0.79 mmol/g) 

(100 mg, 0.079 mmol) with the following modification: after coupling of arginine building 

block 5.05 and Fmoc-deprotection, the resin was washed with CH2Cl2 (5 ×), a solution of 

2-nitrobenzenesulfonylchloride (52.5 mg, 0.237 mmol) and collidine (52.4 µL, 0.395 mmol) 

in CH2Cl2 (1.5 mL) was added and the mixture was shaken at rt for 2 h. The resin was 

washed with DMF (5 ×), and a solution of MTBD (45.4 µL, 0.316 mmol) and 3.15 (85.8 mg, 

0.395 mmol) in DMF (1.8 mL) was added. After shaking at rt for 30 min, the resin was 

washed with DMF (3 ×) followed by the addition of a solution of DBU (59.0 µL, 0.395 mmol) 

and 2-mercaptoethanol (55.1 µL, 0.790 mmol) in DMF (1.5 mL) and shaking at rt for 

30 min. The resin was washed with DMF (5 ×) followed by cleavage from the resin as 
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described in the general procedure for SPPS. Purification by preparative RP-HPLC 

(column: Gemini-NX C18, gradient: 0-30 min: A1/B1 92:8-60:40, tR = 14 min) afforded 6.03 

as white fluffy solid (68.3 mg, 63%). 1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.96 (m, 15H), 

1.44-1.88 (m, 14H), 1.91-2.05 (m, 1H), 2.45-2.48 (m, 3H), 2.64-2.71 (m, 1H), 2.82-2.96 (m, 

3H), 3.05-3.14 (m, 2H), 3.23-3.31 (m, 4H), 3.52-3.64 (m, 2H), 3.74-3.88 (m, 1H), 4.16-4.25 

(m, 1H), 4.26-4.30 (m, 1H), 4.31-4.39 (m, 1H), 4.42-4.61 (m, 2H), 6.58-6.63 (m, 2H), 6.63-

7.09 (br s, 2H, interfering with the next listed signal), 6.97-7.00 (m, 2H), 7.09-7.51 (br s, 

2H), 7.51-7.71 (m, 3H), 7.71-7.91 (m, 3H), 7.96 (d, 1H, J 7.9 Hz), 8.22 (d, 1H, J 7.5 Hz), 

8.36-8.73 (m, 2H), 8.73-9.29 (m, 5H), 10.54-10.83 (m, 1H), 12.49 (br s, 1H). HRMS: m/z 

[M+3H]3+ calcd. for [C42H75N14O9]3+ 306.5275, found 306.5283. RP-HPLC (220 nm): 91% 

(tR = 5.8 min, k = 6.6). C42H72N14O9・C8H4F12O8 (917.13 + 456.09). 

Nα-Methyl-Nω-{[2-(N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminoethyl]aminocarbonyl}Arg-Arg-Pro-Tyr-

2-tert-butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (6.04). Compound 6.04 was 

prepared from 6.03 (9.7 mg, 7.06 μmol) and 4.13 (5.19 mg, 6.36 μmol) according to the 

general procedure for DOTA-conjugation. Isolation of the protected intermediate: column: 

Gemini-NX C18, gradient: 0-6 min: A1/B1 85:15-79:21, 6-28 min: 79:21-40:60, tR = 18 min. 

Purification of the product by preparative RP-HPLC (column: Gemini-NX C18, gradient: 

0-35 min: A1/B1 97:3-60:40, tR = 21 min) afforded 6.04 as white fluffy solid (8.5 mg, 76%). 
1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.95 (m, 15H), 1.46-1.87 (m, 14H), 1.95-2.05 (m, 1H), 

2.45-2.48 (m, 3H), 2.65-2.71 (m, 1H), 2.87-2.91 (m, 1H), 3.05-3.36 (m, 28H), 3.61-3.69 (m, 

4H), 3.76-3.87 (m, 3H), 4.19-4.24 (m, 1H), 4.26-4.30 (m, 1H), 4.34-4.39 (m, 1H), 4.43-4.58 

(m, 2H), 6.58-6.62 (m, 2H), 6.62-7.14 (br s, 2H, interfering with the next listed signal), 

6.97-7.00 (m, 2H), 7.14-7.54 (br s, 2H), 7.54-7.68 (m, 2H), 7.68-8.00 (m, 2H), 8.00-8.65 (br s, 

3H, interfering with the next listed signal), 8.21-8.24 (m, 1H), 8.65-9.57 (m, 5H), 11.78-

12.98 (m, 2H). 4 exchangeable protons (NH, OH) of the presumably 4-fold protonated 

molecule could not be identified. HRMS: m/z [M+2H]2+ calcd. for [C58H100N18O16]2+ 

652.3777, found 652.3785. RP-HPLC (220 nm): 99% (tR = 6.0 min, k = 6.9). C58H98N18O16・

C8H4F12O8 (1303.53 + 456.09). 

Nα-Methyl-Nω-{[2-(N-{2-[gallium(III)-4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminoethyl]aminocarbonyl}Arg-Arg-Pro-Tyr-

2-tert-butyl-Gly-Leu tris(hydrotrifluoroacetate) (6.05). The incorporation reaction 

was performed in a 2-mL reaction vessel with screw cap. A solution of Ga(NO3)3 × H2O 

(1.35 mg, 4.94 µmol, 0.4 M) in aqueous HCl (10 mM) was added to a solution of 6.04 

(2.9 mg, 1.65 μmol, 4 mM) in HEPES buffer (0.2 M, pH 4.2) and the mixture was shaken 

at 100 °C for 10 min using a Thermocell mixing block from Bioer (Hangzhou, China). 

Purification by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-35 min: A2/B1 

97:3-60:40, tR = 21 min) yielded 6.05 as white fluffy solid (3.0 mg, > 99%). 1H-NMR (600 

MHz, DMSO-d6): δ 0.80-0.95 (m, 15H), 1.37-1.90 (m, 14H), 1.93-2.04 (m, 1H), 2.47-2.49 (m, 

3H), 2.63-2.74 (m, 1H), 2.84-2.92 (m, 1H), 3.07-3.31 (m, 20H), 3.45-3.49 (m, 2H), 3.49-3.92 

(m, 13H), 4.18-4.25 (m, 1H), 4.25-4.31 (m, 1H), 4.31-4.41 (m, 1H), 4.42-4.60 (m, 2H), 6.58-

6.63 (m, 2H), 6.63-7.14 (br s, 2H, interfering with the next listed signal), 6.98-7.01 (m, 2H), 

7.14-7.54 (br s, 2H), 7.54-7.80 (m, 3H), 7.98 (d, 1H, J 7.7 Hz), 8.14-8.64 (m, 4H), 8.78-9.21 

(m, 4H), 10.10-10.45 (m, 1H), 12.48 (br s, 1H), 13.29 (br s, 1H). HRMS: m/z [M+3H]3+ 
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calcd. for [C58H98GaN18O16]3+ 457.2216, found 457.2223. RP-HPLC (220 nm): > 99% (tR = 

8.6 min, k = 10.3). C58H95GaN18O16・C6H3F9O6 (1370.23 + 342.07).  

Nα-Methyl-Nω-{[2-N-(3-fluoro-4-aminomethyl-

benzoyl)aminoethyl]aminocarbonyl}Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (6.06). HBTU (1.6 mg, 4.2 µmol) and DIPEA (1.5 µL, 

8.4 µmol) were added to a solution of HOBt (0.6 mg, 4.2 µmol) and 4.27 (1.6 mg, 6.0 μmol) 

in DMF/NMP (80:20 v/v) (10 µL) in a 2-mL reaction vessel. The mixture was vortexed, 

incubated for 5 min at rt and added to a solution of 6.03 (11.7 mg, 8.5 µmol) and DIPEA 

(5.9 µL, 34.1 µmol) in DMF/NMP (80:20 v/v) (10 µL) in a 2-mL reaction vessel with screw 

cap equipped with a magnetic micro stirrer. After stirring at rt for 60 min, 10% aq TFA 

(42.4 µL, 42.4 µmol) was added. The protected intermediate was isolated by preparative 

HPLC (column: Gemini-NX C18, gradient: 0-6 min: A1/B1 85:15-82:18, 6-15 min: 82:18-

70:30, 15-25 min: 70:30-60:40, tR = 22 min). After lyophilization of the eluate, TFA/H2O 

(95:5 v/v) (1 mL) was added, and the mixture was stirred at rt for 2.5 h. Additional TFA 

(300 µL) was added and stirring was continued for 1 h. H2O (30 mL) was added and the 

mixture was subjected to lyophilization. Purification of the product by preparative RP-

HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 85:15-80:20, 5-15 min: 80:20-

60:40, tR = 11 min) afforded 6.06 as white fluffy solid (2.8 mg, 44%). 1H-NMR (600 MHz, 

DMSO-d6): δ 0.80-0.93 (m, 15H), 1.46-1.87 (m, 14H), 1.94-2.05 (m, 1H), 2.46-2.48 (m, 3H), 

2.64-2.71 (m, 1H), 2.85-2.92 (m, 1H), 3.07-3.14 (m, 2H), 3.29-3.37 (m, 6H), 3.56-3.61 (m, 

2H), 3.76-3.83 (m, 1H), 4.11-4.17 (m, 2H), 4.18-4.24 (m, 1H), 4.26-4.30 (m, 1H), 4.31-4.40 

(m, 1H), 4.43-4.59 (m, 2H), 6.55-6.63 (m, 2H), 6.63-7.13 (br s, 2H, interfering with the next 

listed signal), 6.97-7.00 (m, 2H), 7.13-7.59 (br s, 2H), 7.59-7.76 (m, 6H), 7.97 (d, 1H, J 

7.9 Hz), 8.12-8.63 (m, 6H), 8.63-9.31 (m, 6H), 10.23-10.56 (m, 1H), 12.49 (br s, 1H). HRMS: 

m/z [M+H]+ calcd. for [C50H79FN15O10]+ 1068.6113, found 1068.6112. RP-HPLC (220 nm): 

98% (tR = 6.5 min, k = 7.6). C50H78FN15O10・C8H4F12O8 (1068.27 + 456.09). 

Nα-Methyl-Nω-({2-N-[4-(4-fluorophenyl)-

phenylalanyl]aminoethyl}aminocarbonyl)Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (6.07). Compound 6.07 was prepared from 6.03 

(11.6 mg, 8.4 µmol) and 4.24 (2.1 mg, 5.9 μmol) according to the procedure for the 

synthesis of 6.06. Isolation of the protected intermediate: column: Gemini-NX C18, 

gradient: 0-6 min: A1/B1 85:15-82:18, 6-15 min: 82:18-70:30, 15-25 min: 70:30-60:40, 25-

30 min: 60:40-40:60, tR = 28 min. Purification of the product by preparative RP-HPLC 

(column: Gemini-NX C18, gradient: 0-5 min: A1/B1 85:15-70:30, 5-15 min: 70:30-50:50, 

tR = 10 min) afforded 6.07 as white fluffy solid (3.9 mg, 58%). 1H-NMR (600 MHz, DMSO-

d6): δ 0.80-0.94 (m, 15H), 1.44-1.86 (m, 14H), 1.94-2.03 (m, 1H), 2.42-2.47 (m, 3H), 2.64-

2.72 (m, 1H), 2.86-2.92 (m, 1H), 2.96-3.01 (m, 1H), 3.03-3.17 (m, 6H), 3.20-3.28 (m, 3H), 

3.49-3.65 (m, 2H), 3.69-3.88 (m, 1H), 3.90-3.99 (m, 1H), 4.17-4.25 (m, 1H), 4.25-4.31 (m, 

1H), 4.32-4.38 (m, 1H), 4.41-4.60 (m, 2H), 6.57-6.62 (m, 2H), 6.62-7.09 (br s, 2H, interfering 

with the next listed signal), 6.97-7.00 (m, 2H), 7.09-7.51 (br s, 2H, interfering with the 

next listed signal), 7.27-7.33 (m, 4H), 7.51-7.75 (m, 7H), 7.97 (d, 1H, J 7.5 Hz), 8.06-8.73 

(m, 7H), 8.73-9.29 (m, 4H), 10.29-10.72 (m, 1H), 12.49 (br s, 1H). 1 exchangeable proton 

(NH, OH) of the presumably 4-fold protonated molecule could not be identified. HRMS: 

m/z [M+H]+ calcd. for [C57H85FN15O10]+ 1158.6582, found 1158.6578. RP-HPLC (220 nm): 

> 99% (tR = 11.4 min, k = 14.0). C57H84FN15O10・C8H4F12O8 (1158.39 + 456.09). 
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Nα-Methyl-Nω-[(2-N-{Nα-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl-4-(4-fluorophenyl)-

phenylalanyl}aminoethyl)aminocarbonyl]Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (6.08). Compound 6.08 was prepared from 6.07 

(2.8 mg, 1.73 μmol) and 4.13 (0.99 mg, 1.21 μmol) according to the general procedure for 

DOTA-conjugation. Isolation of the protected intermediate: column: Gemini-NX C18, 

gradient: 0-5 min: A1/B1 85:15-70:30, 5-15 min: 70:30-50:50, tR = 13 min. Purification of 

the product by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 

85:15-70:30, 5-15 min: 70:30-50:50, tR = 10 min) afforded 6.08 as white fluffy solid (1.1 mg, 

45%). HRMS: m/z [M+2H]2+ calcd. for [C73H112FN19O17]2+ 772.9228, found 772.9240. RP-

HPLC (220 nm): > 99% (tR = 12.0 min, k = 14.8). C73H110FN19O17・C8H4F12O8 (1544.80 + 

456.09). 

Nα-Methyl-Nω-{[N-(6-aminohexanoyl)-2-aminoethyl]aminocarbonyl}Arg-Arg-Pro-

Tyr-2-tert-butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (6.09). The reaction was 

performed in a 2-mL reaction vessel with screw cap, equipped with a magnetic micro 

stirrer. DIPEA (8.8 µL, 50.7 µmol) and a solution of 4.30 (3.3 mg, 10.1 μmol) in anhydrous 

DMF/NMP (75:25 v/v) (11 μL) were added to a solution of 6.03 (17.4 mg, 12.7 μmol) in 

anhydrous DMF/NMP (75:25 v/v) (116 μL). The mixture was shaken at rt for 45 min 

followed by the addition of 10% aq TFA (50.7 µL, 50.7 µmol). The protected intermediate 

was isolated by preparative HPLC (column: Gemini-NX C18, gradient: 0-5 min: A1/B1 

92:8-90:10, 5-18 min: 90:10-70:30, 18-25 min: 10:90 (isocratic), tR = 22 min) and the eluate 

was subjected to lyophilization. TFA/H2O (95:5 v/v) (2 mL) was added, and the mixture 

was stirred at rt for 3 h. Additional TFA (1 mL) was added and stirring was continued for 

30 min. H2O (40 mL) was added and the mixture was subjected to lyophilization. 

Purification of the product by preparative RP-HPLC (column: Gemini-NX C18, gradient: 

0-5 min: A1/B1 92:8-85:15, 5-20 min: 85:15-70:30, tR = 17 min) afforded 6.09 as white fluffy 

solid (12.4 mg, 82%). 1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.98 (m, 15H), 1.23-1.29 (m, 

2H), 1.45-1.88 (m, 18H), 1.96-2.08 (m, 3H), 2.45-2.49 (m, 3H), 2.64-2.72 (m, 1H), 2.72-2.79 

(m, 2H), 2.84-2.93 (m, 1H), 3.05-3.18 (m, 6H), 3.24-3.28 (m, 2H), 3.50-3.66 (m, 2H), 3.72-

3.89 (m, 1H), 4.18-4.26 (m, 1H), 4.26-4.31 (m, 1H), 4.32-4.40 (m, 1H), 4.42-4.59 (m, 2H), 

6.57-6.62 (m, 2H), 6.62-7.10 (br s, 2H, interfering with the next listed signal), 6.97-7.00 

(m, 2H), 7.10-7.47 (br s, 2H), 7.47-7.83 (m, 6H), 7.83-8.03 (m, 2H), 8.12-8.62 (m, 3H), 8.65-

9.13 (m, 4H), 9.13-9.26 (m, 1H), 10.13-10.46 (m, 1H), 12.48 (br s, 1H). HRMS: m/z 

[M+2H]2+ calcd. for [C48H85N15O10]2+ 515.8296, found 515.8303. RP-HPLC (220 nm): 99% 

(tR = 6.1 min, k = 7.0). C48H83N15O10・C8H4F12O8 (1030.29 + 456.09). 

Nα-Methyl-Nω-({N-[N-(6-aminohexanoyl)-6-aminohexanoyl]-2-

aminoethyl}aminocarbonyl)Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (6.10). Compound 6.10 was prepared from 6.09 

(9.5 mg, 6.4 μmol) and 4.30 (1.7 mg, 5.1 μmol) according to the procedure for the synthesis 

of 6.09. Isolation of the protected intermediate: column: Gemini-NX C18, gradient: 0-

5 min: A1/B1 90:10-82:18, 5-12 min: 82:18-70:30, 12-20 min: 70:30-55:45, tR = 18 min. 

Purification of the product by preparative RP-HPLC (column: Gemini-NX C18, gradient: 

0-5 min: A1/B1 92:8-85:15, 5-20 min: 85:15-70:30, tR = 18 min) afforded 6.10 as white fluffy 

solid (7.6 mg, 93%). 1H-NMR (600 MHz, DMSO-d6): δ 0.80-0.94 (m, 15H), 1.18-1.28 (m, 

4H), 1.33-1.38 (m, 2H), 1.43-1.88 (m, 20H), 1.93-2.07 (m, 5H), 2.45-2.48 (m, 3H), 2.64-2.72 
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(m, 1H), 2.72-2.79 (m, 2H), 2.85-2.92 (m, 1H), 2.97-3.02 (m, 2H), 3.06-3.15 (m, 6H), 3.24-

3.27 (m, 2H), 3.54-3.62 (m, 2H), 3.77-3.87 (m, 1H), 4.18-4.25 (m, 1H), 4.26-4.30 (m, 1H), 

4.32-4.39 (m, 1H), 4.44-4.59 (m, 2H), 6.58-6.62 (m, 2H), 6.62-7.11 (br s, 2H, interfering 

with the next listed signal), 6.98-7.00 (m, 2H), 7.11-7.48 (br s, 2H), 7.48-7.80 (m, 7H), 7.80-

8.03 (m, 2H), 8.23 (d, 1H, J 7.6 Hz), 8.29-8.61 (m, 2H), 8.64-9.30 (m, 5H), 10.06-10.36 (m, 

1H), 12.37 (br s, 1H). HRMS: m/z [M+2H]2+ calcd. for [C54H96N16O11]2+ 572.3717, found 

572.3726. RP-HPLC (220 nm): 99% (tR = 6.9 min, k = 8.1). C54H94N16O11・C8H4F12O8 

(1143.45 + 456.09). 

Nα-Methyl-Nω-[(N-{N-[6-(N-{2-[4,7,10-tris(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl]acetyl})aminohexanoyl]-6-aminohexanoyl}-2-

aminoethyl)aminocarbonyl]Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (6.11). Compound 6.11 was prepared from 6.10 

(6.3 mg, 3.9 μmol) and 4.13 (2.9 mg, 3.5 μmol) according to the general procedure for 

DOTA-conjugation. Isolation of the protected intermediate: column: Gemini-NX C18, 

gradient: 0-6 min: A1/B1 85:15-80:20, 6-20 min: 80:20-30:70, tR = 15 min. Purification of 

the product by preparative RP-HPLC (column: Gemini-NX C18, gradient: 0-6 min: A1/B1 

85:15-75:25, 6-20 min: 75:25-55:45, tR = 9 min) afforded 6.11 as white fluffy solid (4.5 mg, 

64%). HRMS: m/z [M+2H]2+ calcd. for [C70H122N20O18]2+ 765.4618, found 765.4631. RP-

HPLC (220 nm): 98% (tR = 7.2 min, k = 8.5). C70H120N20O18・C8H4F12O8 (1529.85 + 456.09). 

Nα-Methyl-Nω-{[4-(N-{2-[4,7-bis(carboxymethyl)-1,4,7-triazacyclononan-1-

yl]acetyl})aminobutyl]aminocarbonyl}Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (6.13). Compound 6.13 was prepared from 3.16 

(18.4 mg, 13.1 μmol) and 6.18 (4.3 mg, 6.6 μmol) according to the general procedure for 

NOTA-conjugation. Purification of the product by preparative RP-HPLC (column: Gemini-

NX C18, gradient: 0-20 min: A2/B1 85:15-75:25, tR = 13 min) afforded 6.13 as white fluffy 

solid (7.0 mg, 63%). 1H-NMR (600 MHz, DMSO-d6): δ 0.78-0.95 (m, 15H), 1.42-1.88 (m, 

18H), 1.94-2.04 (m, 1H), 2.46-2.48 (m, 3H), 2.62-2.79 (m, 4H), 2.84-3.06 (m, 7H), 3.06-3.23 

(m, 9H), 3.25-3.30 (m, 4H), 3.51-3.72 (m, 6H), 3.74-4.82 (m, 1H), 4.17-4.25 (m, 1H), 4.25-

4.31 (m, 1H), 4.32-4.40 (m, 1H), 4.43-4.59 (m, 2H), 6.58-6.62 (m, 2H), 6.62-7.13 (br s, 2H, 

interfering with the next listed signal), 6.97-7.01 (m, 2H), 7.13-7.45 (br s, 2H), 7.45-7.73 

(m, 3H), 7.81-8.37 (m, 4H), 8.37-8.75 (m, 1H), 8.79-9.08 (m, 3H), 9.09-9.34 (m, 1H), 10.35-

13.26 (m, 2H). 4 exchangeable protons (NH, OH) of the presumably 4-fold protonated 

molecule could not be identified. HRMS: m/z [M+2H]2+ calcd. for [C56H97N17O14]2+ 

615.8695, found 615.8707. RP-HPLC (220 nm): 99% (tR = 7.1 min, k = 8.3). C56H95N17O14・

C8H4F12O8 (1230.48 + 456.09). 

Nω-{[8-(N-{2-[4,7-bis(carboxymethyl)-1,4,7-triazacyclononan-1-yl]acetyl})amino-

3,6-dioxaoctyl]aminocarbonyl}Arg-Arg-Pro-Tyr-2-tert-butyl-Gly-Leu 

tetrakis(hydrotrifluoroacetate) (6.14). Compound 6.14 was prepared from 6.12 

(7.5 mg, 5.2 μmol) and 6.18 (1.7 mg, 2.6 μmol) according to the general procedure for 

NOTA-conjugation. Purification of the product by preparative RP-HPLC (column: Gemini-

NX C18, gradient: 0-20 min: A2/B1 85:15-75:25, tR = 14 min) afforded 6.14 as white fluffy 

solid (2.4 mg, 53%). 1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.95 (m, 15H), 1.45-1.89 (m, 

14H), 1.92-2.03 (m, 1H), 2.64-2.90 (m, 5H), 2.90-3.18 (m, 11H), 3.22-3.28 (m, 6H), 3.39-3.42 

(m, 1H), 3.42-3.65 (m, 15H), 3.78-3.90 (m, 1H), 4.16-4.25 (m, 1H), 4.25-4.31 (m, 1H), 4.31-

4.39 (m, 1H), 4.39-4.59 (m, 2H), 6.52-6.63 (m, 2H), 6.63-7.11 (br s, 2H, interfering with the 
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next listed signal), 6.96-7.01 (m, 2H), 7.11-7.47 (br s, 2H), 7.47-7.73 (m, 3H), 7.73-8.02 (m, 

2H), 8.02-8.95 (m, 7H), 8.95-9.47 (m, 2H), 9.95-13.34 (m, 2H). 3 exchangeable protons (NH, 

OH) of the presumably 4-fold protonated molecule could not be identified. HRMS: m/z 

[M+2H]2+ calcd. for [C57H99N17O16]2+ 638.8722, found 638.8727. RP-HPLC (220 nm): 99% 

(tR = 7.1 min, k = 8.3). C57H97N17O16・C8H4F12O8 (1276.51 + 456.09). 

Nα-(Nα-Methylarginyl)-Nω-{[4-(N-{2-[4,7-bis(carboxymethyl)-1,4,7-

triazacyclononan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Pro-Tyr-2-tert-

butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (6.15). Compound 6.15 was prepared 

from 4.08 (7.5 mg, 5.4 μmol) and 6.18 (1.8 mg, 2.7 μmol) according to the general 

procedure for NOTA-conjugation. Purification of the product by preparative RP-HPLC 

(column: Gemini-NX C18, gradient: 0-20 min: A2/B1 85:15-75:25, tR = 14 min) afforded 

6.15 as white fluffy solid (2.7 mg, 60%). 1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.93 (m, 

15H), 1.42-1.64 (m, 12H), 1.64-1.87 (m, 6H), 1.95-2.04 (m, 1H), 2.47-2.48 (m, 3H), 2.65-2.90 

(m, 5H), 2.93-3.20 (m, 14H), 3.20-3.30 (m, 5H), 3.51-3.72 (m, 6H), 3.74-3.83 (m, 1H), 4.14-

4.25 (m, 1H), 4.25-4.39 (m, 2H), 4.42-4.62 (m, 2H), 6.55-6.62 (m, 2H), 6.62-7.13 (br s, 2H, 

interfering with the next listed signal), 6.97-7.00 (m, 2H), 7.13-7.46 (br s, 2H), 7.46-7.80 

(m, 3H), 7.80-8.68 (m, 5H), 8.68-9.66 (m, 5H), 9.66-13.46 (m, 3H). 2 exchangeable protons 

(NH, OH) of the presumably 4-fold protonated molecule could not be identified. HRMS: 

m/z [M+2H]2+ calcd. for [C56H97N17O14]2+ 615.8695, found 615.8706. RP-HPLC (220 nm): 

99% (tR = 7.3 min, k = 8.6). C56H95N17O14・C8H4F12O8 (1230.48 + 456.09). 

Nα-Arginyl-Nα-methyl-Nω-{[4-(N-{2-[4,7-bis(carboxymethyl)-1,4,7-

triazacyclononan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Pro-Tyr-2-tert-

butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (6.16). Compound 6.16 was prepared 

from 4.11 (17.9 mg, 12.8 μmol) and 6.18 (4.2 mg, 6.4 μmol) according to the general 

procedure for NOTA-conjugation. Purification of the product by preparative RP-HPLC 

(column: Gemini-NX C18, gradient: 0-30 min: A2/B1 85:15-70:30, tR = 13 min) afforded 

6.16 as white fluffy solid (3.8 mg, 35%). 1H-NMR (600 MHz, DMSO-d6): δ 0.79-0.95 (m, 

15H), 1.42-1.80 (m, 18H), 1.93-2.00 (m, 1H), 2.62-2.75 (m, 4H), 2.81-3.07 (m, 10H), 3.07-

3.21 (m, 8H), 3.21-3.30 (m, 6H), 3.48-3.55 (m, 1H), 3.55-3.73 (m, 4H), 4.16-4.25 (m, 1H), 

4.25-4.32 (m, 2H), 4.32-4.39 (m, 1H), 4.42-4.50 (m, 1H), 5.11-5.19 (m, 1H), 6.56-6.69 (m, 

2H), 6.71-7.17 (br s, 2H, interfering with the next listed signal), 6.98-7.03 (m, 2H), 7.17-

7.45 (br s, 2H), 7.45-7.62 (m, 2H), 7.69-7.82 (m, 1H), 7.82-8.38 (m, 7H), 8.38-8.93 (m, 2H), 

9.18 (s, 1H), 10.65-13.38 (m, 3H). 2 exchangeable protons (NH, OH) of the presumably 4-

fold protonated molecule could not be identified. HRMS: m/z [M+2H]2+ calcd. for 

[C56H97N17O14]2+ 615.8695, found 615.8704. RP-HPLC (220 nm): > 99% (tR = 7.2 min, k = 

8.5). C56H95N17O14・C8H4F12O8 (1230.48 + 456.09). 

Tyr-(Nω-{N-[8-(N-{2-[4,7-bis(carboxymethyl)-1,4,7-triazacyclononan-1-

yl]acetyl})amino-3,6-dioxaoctyl]aminocarbonyl})Arg-Leu-amide 

tris(hydrotrifluoroacetate) (6.19). Compound 6.19 was prepared from 6.22 (19.3 mg, 

20.0 μmol) and 6.18 (13.2 mg, 20.0 μmol) according to the general procedure for NOTA-

conjugation. Purification of the product by preparative RP-HPLC (column: Gemini-NX 

C18, gradient: 0-25 min: A1/B1 92:8-71:29, tR = 15 min) afforded 6.19 as white fluffy solid 

(12.4 mg, 50%). 1H-NMR (600 MHz, DMSO-d6): δ 0.80-0.94 (m, 6H), 1.39-1.65 (m, 6H), 

1.65-1.77 (m, 1H), 2.77-3.09 (m, 14H), 3.22-3.29 (m, 6H), 3.43-3.47 (m, 4H), 3.56-3.60 (m, 

6H), 3.66-3.70 (m, 4H), 3.96-4.00 (m, 1H), 4.25-4.31 (m, 1H), 4.36-4.43 (m, 1H), 6.64-6.71 
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(m, 2H), 6.94-7.05 (m, 3H), 7.34-7.60 (m, 2H), 7.86-8.31 (m, 5H), 8.31-8.64 (m, 2H), 8.68 (d, 

1H, J 8.0 Hz), 8.85-9.58 (m, 2H), 10.26 (br s, 1H), 11.81 (br s, 2H). 1 exchangeable proton 

(NH, OH) of the presumably 3-fold protonated molecule could not be identified. HRMS: 

m/z [M+2H]2+ calcd. for [C40H70N12O12]2+ 455.2613, found 455.2621. RP-HPLC (220 nm): 

85% (tR = 4.3 min, k = 4.7). C40H68N12O12・C6H3F9O6 (909.06 + 342.07). 

Nα-Methyl-Nω-{[4-(N-{2-[aluminum (III) fluoride-4,7-bis(carboxymethyl)-1,4,7-

triazacyclononan-1-yl]acetyl})aminobutyl]aminocarbonyl}Arg-Arg-Pro-Tyr-2-

tert-butyl-Gly-Leu tetrakis(hydrotrifluoroacetate) (6.20). Compound 6.20 was 

prepared from 6.13 (6.3 mg, 3.7 μmol) dissolved in 2 mM sodium acetate buffer (pH 4, 

93 µL), AlCl3 (1.2 mg, 9.3 µmol) and NaF (1.6 mg, 37.1 μmol) according to the procedure 

for the synthesis of 6.21. Purification of the product by preparative RP-HPLC (column: 

Gemini-NX C18, gradient: 0-20 min: A3/B2 93:7-88:12, tR = 13 min) afforded 6.20 as white 

fluffy solid (0.12 mg, 2%). The eluate of the preparative work-up was not split up. HRMS: 

m/z [M+2H]2+ calcd. for [C56H95AlFN17O14]2+ 637.8516, found 637.8522. RP-HPLC 

(220 nm): 98% (tR = 6.6 min, k = 7.7). C56H93AlFN17O14・C3H6O6 (1274.44 + 138.08). 

Tyr-(Nω-{N-[8-(N-{2-[aluminum (III) fluoride-4,7-bis(carboxymethyl)-1,4,7-

triazacyclononan-1-yl]acetyl})amino-3,6-dioxaoctyl]aminocarbonyl})Arg-Leu-

amide bis(hydroacetate) (6.21). The reaction was performed in a 2-mL reaction vessel 

with screw cap, equipped with a magnetic micro stirrer. A solution of AlCl3 (0.53 mg, 

4.0 µmol) in 2 mM sodium acetate buffer (pH 4, 10 µL) and a solution of NaF (0.67 mg, 

16.0 µmol) in 2 mM sodium acetate buffer (pH 4, 40 µL) were combined and shaken at rt 

for 5 min. MeCN (450 µL) was added to a solution of peptide 6.19 (2.0 mg, 1.6 µmol) in 

2 mM sodium acetate buffer (pH 4, 400 µL) (final amount of MeCN in the reaction mixture 

= 50%), and the mixture was transferred to the AlCl3/NaF-mixture, followed by shaking 

at 100 °C für 30 min. The reaction was stopped by cooling at −20 °C, and purification of 

the crude product by preparative HPLC (column: Gemini-NX C18, gradient: 0-20 min: 

A3/B2 93:7-88:12, tR = 8 min) afforded 6.21 as white fluffy solid (0.80 mg, 48%). The eluate 

of the preparative work-up was split up in two fractions. A solution of NaF (8 µmol, 

corresponding to an approximately 10-fold excess relative to 6.21) in 2 mM sodium acetate 

buffer pH 4 (2 mL) was added to one fraction. HRMS: m/z [M+2H]2+ calcd. for 

[C40H68AlFN12O12]2+ 477.2434, found 477.2446. RP-HPLC (220 nm): 93% (tR = 3.7 min, k = 

2.6). C40H66AlFN12O12・C2H4O4 (953.02 + 92.05). 

6.4.6 Radiochemical binding assay (NTS1R) 

Radioligand competition binding experiments using [3H]2.13 (specific activity: 

47.0 Ci/mmol[50] or 65.0 Ci/mmol[49], for structure see Chapter 2, Appendix) at hNTS1R-

expressing intact human HT-29 colon carcinoma cells were performed at 23 ± 1 °C 

according to a described procedure[50]. Two different batches of the radioligand [3H]2.13 

were used. The Kd values of [3H]2.13 amounted to 0.55 nM (mean value from two 

independent saturation binding experiments, each performed in triplicate)[56] and 0.41 nM 

(mean value from two independent saturation binding experiments, each performed in 

triplicate)[49]. Specific binding data were obtained by subtracting unspecific binding from 

total binding and were normalized (100% = specifically bound radioligand in the absence 

of competitor) and plotted over log(concentration of competitor) followed by a four-

parameter logistic fit (SigmaPlot 12.5, Systat Software). Resulting pIC50 values were 
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converted to IC50 values and Ki values were calculated from the IC50 values according to 

the Cheng-Prusoff equation[77] using a Kd value of 0.55 nM (6.01, 6.02 and 6.13) or 0.41 nM 

(6.03-6.05 and 6.07-6.11). The Ki values from individual experiments were transformed to 

pKi values, followed by the calculation of mean pKi values ± SEM. The results of 

competition binding experiments are given in Table 6.1 and Figure A6.1 (Appendix). 

6.4.7 Investigation of the stability of 6.01-6.05 and 6.13 in human plasma 

The stabilities of 6.01-6.05 and 6.13 against enzymatic degradation were investigated in 

human blood plasma/PBS (136.9 mM NaCl, 2.68 mM KCl, 5.62 mM Na2HPO4, 1.09 mM 

NaH2PO4 and 1.47 mM KH2PO4) pH 7.4 (1:2 v/v) according to a described procedure[56], but 

using 5 mM stock solutions in MeCN/0.04% aq TFA (30:70 v/v) throughout for the addition 

of the peptides to plasma/PBS (1:2 v/v). As the RP-HPLC purity of 1-methyl-D-Trp (2.14), 

used as internal standard, was < 95% (data not shown), the compound was purified by 

preparative HPLC to give a purity of > 99%. The concentration of the peptides in 

plasma/PBS (1:2 v/v) was 80 µM and 4 µM (recovery determination) or 100 µM (stability 

tests). Data analysis was based on UV detection at 220 nm (6.01, 6.03-6.05 and 6.13) or 

fluorescence detection at 275/305 nm (6.02). Reference samples, representing 100% 

recovery, were prepared in duplicate (6.01, 6.02) or quadruplicate (6.03-6.05 and 6.13). 

Recovery ratios were obtained by dividing the recovery of the peptide by the recovery of 

2.14 for each individual sample (n = 3-5). The obtained recoveries and the recovery ratios 

are summarized in Table A6.1, Appendix. 

6.4.8 Investigation of the chemical stability of 6.21 in aqueous solvent 

The stability of the AlF2+-complex 6.21 was investigated immediately after the 

incorporation reaction of AlF2+ into the NOTA-conjugated dummy compound 6.19. A 

fraction of the reaction mixture (concentration of 6.21 approximately 1.8 mM) was diluted 

with 0.1% aq HCOOH to give sample concentrations of 400 µM, 200 µM, 100 µM and 

50 µM. The samples were filtrated through a 0.2 μm RC-membrane filter (Phenomenex, 

Aschaffenburg, Germany) and analyzed by RP-HPLC using the analytical HPLC system 

and conditions as described under the general experimental conditions. Note: the time 

span between the preparation of the dilutions of the reaction mixture and their injection 

into the RP-HPLC was 20 min throughout. A second set of the above-mentioned samples 

was prepared equally and incubated at rt overnight, followed by filtration and HPLC 

analysis as described above. Stackplots of the RP-HPLC chromatograms (relevant regions) 

of the samples analyzed immediately after the synthesis as well as after incubation 

overnight are given in Figure 6.4A. In order to confirm the identity of the species 

corresponding to the peaks in the HPLC chromatograms of crude 6.21, a HRMS analysis 

was performed with the 400 µM-sample of 6.21 using the HRMS system described in the 

general experimental conditions, but with the following modified settings: column: 

Gemini-NX C18, 3 µm, 150 × 3 mm (Phenomenex), column temperature: 25 °C, flow: 

0.8 mL/min, solvent/linear gradient: 0-12 min: A3/B2 93:7-88:12, 12-16 min: 88:12-5:95, 

16-20 min: 5:95. 

After preparative HPLC, the eluate of 6.21 was split up in two fractions and additional 

NaF was added to one fraction (see synthetic protocol). In order to compare the chemical 

stability of the AlF2+-complex of 6.21 in the presence or absence of NaF in the solvent, 

100 µM dilutions of both fractions in 0.1% aq HCOOH/MeCN (93:7 v/v) were prepared and 
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used as injection solutions (20 µL) for analytical RP-HPLC after incubation at rt for 0 min, 

50 min and 100 min using the same HPLC system and conditions as for the analyses of 

the dilutions of crude 6.21. Stackplots of the RP-HPLC chromatograms (relevant regions) 

of the samples with or without additional NaF after the respective incubation times are 

given in Figure 6.4B. 
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6.6 Appendix 

6.6.1 Figures A6.1 and A6.2 and Table A6.1 

 

 
Figure A6.1. Radioligand displacement curves from competition binding experiments with 

[3H]2.13 (Kd = 0.55 nM or 0.41 nM, c = 1 nM) and reference compounds 3.16[1], 4.08[2], 4.09[2] as well 

as compounds 6.01-6.05, 6.07-6.11 and 6.13, performed at intact hNTS1R-expressing HT-29 cells. 

Amino-functionalized precursor peptides are represented by circles, DOTA- or NOTA-conjugated 

compounds are represented by triangles, and Ga3+-containing peptides are represented by squares. 

Data represent mean values ± SEM from at least two independent experiments (performed in 

triplicate). 
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Figure A6.2. Chromatograms of the RP-HPLC analyses (purity controls) of peptides 6.03, 6.06, 

6.07, 6.09 and 6.10. 
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Table A6.1. Recoveries of peptides 6.01-6.05 and 6.13 from human plasma/PBS (1:2 v/v) and ratios 

of peptide-recovery over recovery of 2.14. 

Compd. 

Peptide concentration 80 µM Peptide concentration 4 µM 

recovery 

peptide (%)a 

recovery  

2.14 (%)a 
ratiob 

recovery 

peptide (%)a 

recovery  

2.14 (%)a 
ratiob 

6.01 78 

76 

76 

78 

100 

99 

97 

100 

0.78 

0.77 

0.78 

0.78 

(0.78 ± 0.01) 

87 

84 

94 

93 

94 

96 

100 

92 

0.92 

0.87 

0.94 

1.01  

(0.94 ± 0.03) 

6.02 95 

93 

93 

94 

91 

118 

111 

119 

117 

112 

0.81 

0.83 

0.79 

0.80 

0.81 

(0.81 ± 0.01) 

93 

95 

103 

 

111 

124 

128 

 

0.83 

0.77 

0.81 

 

 

(0.80 ± 0.02) 

6.03 

 

 

 

 

 

85 

84 

85 

89 

92 

100 

101 

99 

100 

112 

0.85 

0.83 

0.86 

0.89 

0.82 

(0.85 ± 0.01) 

113 

103 

98 

99 

117 

109 

103 

102 

0.97 

0.95 

0.94 

0.97 

 

(0.96 ± 0.21) 

6.04 

 

 

 

 

 

97 

94 

100 

98 

103 

102 

108 

101 

0.94 

0.93 

0.93 

0.97  

 

(0.94 ± 0.01) 

103 

107 

114 

104 

92 

104 

109 

115 

107 

95 

1.00 

0.98 

0.99 

0.98 

0.97  

(0.98 ± 0.01) 

6.05 

 

 

 

 

 

98 

95 

93 

102 

110 

104 

104 

112 

0.89 

0.91 

0.90 

0.91  

 

(0.90 ± 0.01) 

103 

109 

100 

97 

105 

104 

111 

101 

101 

109 

0.99 

0.98 

0.99 

0.96 

0.97 

(0.98 ± 0.01) 

6.13 96 

95 

87 

89 

89 

100 

100 

93 

93 

93 

0.96 

0.95 

0.93 

0.95 

0.96  

(0.95 ± 0.01) 

130 

137 

145 

143 

101 

105 

111 

111 

1.29 

1.30 

1.30 

1.28  

 

(1.30 ± 0.01) 

aRecoveries of the peptides and of 2.14 from human plasma/PBS (1:2 v/v) using a peptide 

concentration of 80 µM or 4 µM and a concentration of 2.14 of 10 µM (three, four or five 

independent experiments). bRatios of peptide recovery over recovery of 2.14 calculated for 

individual experiments, as well as mean recovery ratios ± SEM (given in parenthesis). Note: When 

the remaining intact peptide concentration in plasma was > 20 µM, recovery ratios based on the 

80 µM peptide concentrations were used to calculate peptide recoveries of the plasma stability 

samples. When the remaining intact peptide concentration was < 20 µM, recovery ratios based on 

the 4 µM peptide concentrations were used to calculate peptide recoveries of the plasma stability 

samples. 
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6.6.2 RP-HPLC chromatograms of compounds 6.01-6.11, 6.13-6.16 and 6.19-

6.21 

 
RP-HPLC analysis (purity control) of compound 6.01 

 

 
RP-HPLC analysis (purity control) of compound 6.02 

 

 
RP-HPLC analysis (purity control) of compound 6.03 
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RP-HPLC analysis (purity control) of compound 6.04 

 

 
RP-HPLC analysis (purity control) of compound 6.05 

 

 
RP-HPLC analysis (purity control) of compound 6.06 
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RP-HPLC analysis (purity control) of compound 6.07 

 

 
RP-HPLC analysis (purity control) of compound 6.08 

 

 
RP-HPLC analysis (purity control) of compound 6.09 
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RP-HPLC analysis (purity control) of compound 6.10 

 

 
RP-HPLC analysis (purity control) of compound 6.11 

 

 
RP-HPLC analysis (purity control) of compound 6.13 
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RP-HPLC analysis (purity control) of compound 6.14 

 

 
RP-HPLC analysis (purity control) of compound 6.15 

 

 
RP-HPLC analysis (purity control) of compound 6.16 
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RP-HPLC analysis (purity control) of compound 6.19 

 

 
RP-HPLC analysis (purity control) of compound 6.20 

 

 
RP-HPLC analysis (purity control) of compound 6.21 
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6.6.3 1H-NMR spectra of compounds 6.01-6.07, 6.09, 6.10, 6.13-6.16 and 6.19 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.01 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.02 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.03 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.04 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.05 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.06 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.07 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.09 



 

Chapter 6 

- 334 - 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.10 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.13 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.14 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.15 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.16 

 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound 6.19 
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The neuropeptide neurotensin (NT), mainly expressed in the CNS and the gastrointestinal 

tract, is involved in, e.g., the regulation of feeding, body temperature and nociception. One 

of the NT receptors, the G-protein coupled neurotensin receptor 1 (NTS1R), represents an 

interesting target concerning tumor diagnosis and therapy, as its overexpression was 

reported for a variety of tumors such as breast cancer and pancreatic adenocarcinoma. 

The bioactive fragment of NT, NT(8-13), has served as a lead structure for the preparation 

of molecular tools useful for investigations at the NTS1R. However, the development of 

radiolabeled NTS1R ligands for in vivo applications such as tumor imaging by positron 

emission tomography (PET), is challenging due to proteolytic degradation of the peptidic 

compounds by peptidases. Therefore, appropriate structural modifications of NT(8-13) 

derivatives are necessary to enable an application as PET tracers.  

The aim of this work was the development of stabilized analogs of NT(8-13) with high 

NTS1R affinity including compounds useful for PET imaging, i.e., 18F- or 68Ga-labeled 

derivatives. Therefore, a series of NT(8-13) analogs was prepared by SPPS, applying 

modifications such as Nα-methylation or the replacement of amino acids by non-natural 

amino acids. The synthesized peptides were investigated with respect to in vitro plasma 

stability and NTS1R affinity.  

The incorporation of amino-functionalized Nω-carbamoylated arginines instead of natural 

Arg enabled the conjugation of the respective NT(8-13) congeners to a prosthetic group of 

choice. After acylation of the amino group with 4-pentynoic acid, “cold” analogs of 18F-

labeled PET tracers were prepared by click chemistry-based attachment of a fluorinated 

glycosyl azide onto the modified arginine side chain. Using the corresponding 

[18F]fluorinated azido sugar, the precursor of the most promising candidate (3.21), which 

showed an excellent half-life of > 24 h in vitro in human and mouse plasma and a Ki value 

of 4.3 nM at the NTS1R, was used for 18F-labeling in cooperation with the Department of 

Nuclear Medicine, Molecular Imaging and Radiochemistry at the Friedrich-Alexander-

University Erlangen-Nürnberg. Biodistribution and PET imaging studies with [18F]3.21 

in tumor-bearing mice revealed a high tumor-to-muscle ratio of 30 at 90 min p.i. and a 

specific accumulation of the tracer in subcutaneous NTS1R-expressing HT-29 tumors. 

However, fast in vivo degradation of [18F]3.21 (70% degradation after 10 min p.i.) 

necessitates further improvement of the tracer. 

Likewise, the amino-functionality of the carbamoylated arginines was used for the 

conjugation to chelators such as DOTA, suitable for the insertion of Ga3+. Considering the 

overall performance of the “cold” forms of these NTS1R PET ligands (receptor affinity, 

plasma stability, synthetic accessibility), 68Ga-labeled analogs of the most promising 

candidates were prepared in cooperation with the Department of Nuclear Medicine at the 

University Hospital Regensburg. UR-LS130 (compound 4.56) displayed high NTS1R 

affinity (Ki = 1.2 nM) combined with excellent in vitro stability in human plasma 

(t1/2 > 24 h), and its radiolabeled congener [68Ga]4.56 showed high specific accumulation in 

HT-29 tumors with a tumor-to-muscle ratio of 16 at 45 min p.i. in biodistribution and PET 

imaging studies performed with tumor-bearing mice. Notably, [68Ga]4.56 exhibited high 

in vivo stability, which can be attributed to the replacement of Tyr11 by β,β-dimethyl-

tyrosine. 
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Taken together, two high-affinity NTS1R PET ligands for tumor imaging with promising 

in vivo performance were developed. The identified stabilizing effect of β,β-dimethyl-

tyrosine in position 11 of the peptide core structure, not affecting NTS1R binding, will 

support the future development of NT(8-13)-derived tumor imaging probes. 

A second project of this work aimed at fluorinated potential PET ligands for the CXCR4. 

This G-protein coupled chemokine receptor is overexpressed in different types of cancer, 

such as prostate or breast cancer. The “cold” forms of CXCR4 PET ligands derived from 

the reported peptidic CXCR4 antagonist FC131 were prepared by application of the 

replacement of Arg by an amino-functionalized Nω-carbamoylated arginine, subsequent 

alkyne-functionalization and coupling to the aforementioned fluoroglycosyl azide. 

Investigations regarding their antagonistic activities at the CXCR4 and in vitro plasma 

stabilities revealed that compound 5.24, displaying a pKb value of 7.15 and a half-life of 

> 24h, may serve as a lead structure for the development of optimized fluorinated CXCR4 

PET ligands in future studies. 
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8.1 Abbreviations 

%ID/g percentage of injected dose per gram tissue 

[*I]SIB N-succinimidyl-3-[*I]iodobenzoate  

[18F]SFB N-succinimidyl-4-[18F]fluorobenzoate  

AA = aa amino acid(s) 

Ac acetyl 

ACE angiotensin converting enzyme 

Ahx 6-aminohexanoyl 

allo-Ile 2-((1R)-1-methylpropyl)-glycine 

aq aqueous 

Arg(carb) Nω-carbamoylated arginine 

AsPC-1 human pancreatic adenocarcinoma cell line established from 

ascites 

AU absorbance unit 

AY activity yield 

Boc tert-butyloxycarbonyl 

bp by-product 

Bq Becquerel 

br s broad singlet (to describe the multiplicity of 1H-NMR signals) 

BSA bovine serum albumin 

c concentration, or: speed of light 

ca. circa 

calcd. calculated 

cAMP 3’-5’-cyclic adenosine monophosphate 

CD circular dichroism 

CD4 cluster of differentiation 4 

CDCl3 deuterated chloroform 

cDNA complementary DNA 

cf. confer 

CHO Chinese hamster ovary cells 

Ci Curie 

CNS central nervous system 

compd. (= cpd.) compound 

cond. condition 

COS-7 monkey kidney fibroblast-like cell line 

COSY correlated spectroscopy 

COVID-19 coronavirus disease 2019 

CPCR4-2 Pentixafor; CXCR4 ligand 

cpd. (= compd.) compound 

cpm counts per minute 

cPrGly α-cyclopropyl-glycine 

CuAAC copper(I)-catalyzed azide-alkyne cycloaddition 

CXCL12 (= SDF-1α) stromal cell derived factor 1α 

CXCR4 CXC-motif chemokine receptor 4 

d doublet (to describe the multiplicity of 1H-NMR signals) 

D2O deuterated water 
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DAG diacylglycerol 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCC N,N′-dicyclohexylcarbodiimide 

Deg α,α-diethyl-glycine 

DIC N,N’-diisopropylcarbodiimide 

DIPEA diisopropylethylamine 

DMF N,N-dimethylformamide 

DMSO dimethylsulfoxide 

DMSO-d6 deuterated dimethylsulfoxide 

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid  

DOTA-TATE DOTA-(Tyr3,Thr8)-octreotate 

DOTA-TOC DOTA-(Tyr3)-octreotide 

D-PBS Dulbecco’s phosphate-buffered saline 

DTPA diethylenetriaminepentaacetic acid  

e− electron 

e.g. exempli gratia 

EC electron capture 

EC50 agonist concentration which induces 50% of the maximal effect 

EC80 agonist concentration which induces 80% of the maximal effect 

EDTA ethylenediamine-tetraacetic acid 

EMA European Medicines Agency 

Emax maximum energy 

equiv. equivalent(s) 

ESI electrospray ionisation 

EtOAc ethyl acetate 

EtOH ethanol 

eV electron-volt 

FBS fetal bovine serum 

FCS fetal calf serum 

FDA Food and Drug Administration 

FGlc fluoroglycosyl 

Fmoc 9-fluorenylmethoxycarbonyl 

FoV field of view 

FWHM full width at half maximum 

G418 geneticin 

GPCR G-protein coupled receptor 

HBED-CC N,N′-bis[2-hydroxy-5(carboxyethyl)benzyl]ethylenediamine-N,N′-

diacetic acid  

HBTU O-(1H-benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

hexafluorophosphate 

HEK293 / HEK293T human embryonic kidney cells 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol 

HIV human immunodeficiency virus 

HMBC heteronuclear multiple bond correlation 

hNTS1R human neurotensin receptor 1 
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hNTS2R human neurotensin receptor 2 

HOBt 1-hydroxy-1H-benzotriazole 

HPLC high performance liquid chromatography 

HRMS high resolution mass spectrometry 

HSQC heteronuclear single quantum coherence 

HT-29 human colorectal adenocarcinoma cell line 

i.e. id est 

I.E. (= IU) international unit, refering to an enzyme's catalytic activity 

i.p. intraperitoneal 

i.v. intravenous 

IC50 inhibitor/antagonist concentration which suppresses 50% of an 

agonist induced effect, or displaces 50% of a labelled ligand from 

the binding site 

IP3 inositol trisphosphate 

IS internal standard 

IT isomeric transition 

IU (= I.E.) international unit, refering to an enzyme's catalytic activity 

IVC individually ventilated cage(s) 

J coupling constant 

k retention (capacity) factor 

K association constant  

Kb dissociation constant derived from a functional assay 

Kd dissociation constant derived from a saturation experiment 

Ki dissociation constant derived from a competition binding assay 

L-15 Leibovitz' L-15 medium 

LC liquid chromatography 

lit. literature data 

logD7.4 logarithm of the n-octanol/water distribution coefficient 

m mass, or: multiplet (to describe the multiplicity of 1H-NMR 

signals) 

m/z mass-to-charge ratio 

Me methyl 

MeCN acetonitrile 

MeOH methanol 

mG = mini-G minimalized G-protein 

mini-G = mG minimalized G-protein 

MRI magnetic resonance imaging 

MTBD 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-en 

MW molecular weight 

n neutron 

n.d. not determined 

n.r. not reported 

N4 6-carboxy-1,4,8,11-tetraazaundecane  

Nal 2-naphthylalanine 

NanoLuc = Nluc Nanoluciferase 

n-hex n-hexane 
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NHS N-hydroxy-succinimide 

Nluc = NanoLuc Nanoluciferase 

Nlys peptoid-like lysine 

NMP 1-methylpyrrolidin-2-one 

NMR nuclear magnetic resonance 

NMRI Naval Medical Research Institute 

NODA-GA 1,4,7-triazacyclononane-1-glutaric acid-4,7-acetic acid  

NOTA 1,4,7-triazacyclononane-1,4,7-triacetic acid 

NT Neurotensin 

NTS3R neurotensin receptor 3 

Orn ornithine 

p proton 

p.i. post injection 

Panc-1 human epithelioid carcinoma cell line from the pancreas 

Pbf 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl 

PBS phosphate-buffered saline 

PET-CT positron emission tomography coupled with computed tomography 

PKC protein kinase C 

PLC phospholipase C 

ppm parts per million 

Pra propargylglycin 

Prop propionyl 

PSMA prostate specific membrane antigen  

PyBOP benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate 

q quartet (to describe the multiplicity of 1H-NMR signals) 

rac racemic 

RC regenerated cellulose 

RCY radiochemical yield 

Rf retardation factor 

RLU relative luminescence units  

ROI region of interest 

RP reversed phase 

rt room temperature 

s singlet (to describe the multiplicity of 1H-NMR signals) 

SD standard deviation 

SDF-1α (= CXCL12) stromal cell derived factor 1α 

SEM standard error of the mean 

SGLT sodium-dependent glucose transporter 

SPE solid phase extraction 

SPECT single-photon emission computed tomography 

SPF specified pathogen free 

SPPS solid-phase peptide synthesis 

SSTR2 somatostatin receptor type 2  

SUVmean mean standardized uptake value 

SVD singular-value decomposition 
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t time, or: triplet (to describe the multiplicity of 1H-NMR signals) 

t0 dead time 

t1/2 half-life 

TAC time-activity-curve 

tBu tert-butyl 

TC tissue culture 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

THPTA tris(3-hydroxypropyltriazolyl)methylamine 

TLC thin-layer chromatography 

Tle α-tert-butylglycine, tert-leucine 

TM trans-membrane 

TMS trimethylsilyl 

TOCSY total correlated spectroscopy 

tR retention time 

Trt trityl, triphenylmethyl 

UV ultraviolet 

Vis visible 

vs. versus 

Y1R neuropeptide Y Y1 receptor 

β,β-diMe-Tyr β,β-dimethyl-tyrosine 

β+ positron 

δ chemical shift 

ν neutrino 
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8.2 Overview of bold compound numerals and lab codes 

cpd. lab code cpd. lab code cpd. lab code 

2.02 ls005 4.22 ls052 5.12 ls033 

2.03 ls014 4.23 ls085 5.13 ls034 

2.04 ls015 4.25 ls095 5.14 ls035 

2.05 ls016 4.26 ls103 5.15 ks023 

2.06 ls017 4.28 ls091 5.16 ls036 

2.07 ls043 4.29 ls099 5.17 ls037 

2.08 ls044 4.31 ls106 5.18 ls038 

2.09 ls018 4.32 ls108 5.19 ls039 

2.10 CM041 = MC029 4.33 ls109 5.20 ls040 

2.11 ls019 4.34 ls096 5.21 ls041 

2.12 ls045 4.35 ls104 5.22 ls042 

2.13 mk300 4.36 ls097 5.23 ls053 

3.06a mk134 4.37 ls105 5.24 ls054 

3.06b ks009 4.38 ls114 5.25 ls055 

3.07 ks014 4.39 ls115 5.26 ls056 

3.08 ks033 4.40 ls116 6.01 ls022 

3.09 lvk20b 4.41 ls117 6.02 ls024 

3.11 ks030 4.42 ls118 6.03 ls082 

3.12 ks034 4.43 ls119 6.04 ls084 

3.13 lvk26 4.44 ls120 6.05 ls086 

3.14 ls001 4.45 ls121 6.06 ls107 

3.16 ls047 4.46 ls122 6.07 ls111 

3.17 ks015 4.47 ls123 6.08 ls112 

3.18 ks017 4.48 ls124-I 6.09 ls087 

3.19 ls057 4.49 ls124-II 6.10 ls088 

3.20 ks027 4.50 ls128-I 6.11 ls089 

3.21 ls058 4.51 ls128-II 6.12 ls002 

4.07 mk290 4.52 ls131-I 6.13 ls060 

4.08 ls021 4.53 ls131-II 6.14 ls068 

4.09 ls023 4.54 ls129 6.15 ls069 

4.11 ls048 4.55 ls132 6.16 ls070 

4.12 ls081 4.56 ls130 6.19 ls066 

4.14 ls025 4.57 ls133 6.20 ls064 

4.15 ls027 5.03 ls062 6.21 ls067 

4.16 ls049 5.04 ls063 6.22 mk291 

4.17 ls050 5.05 lvk17 6.23 ls074 

4.18 ls083 5.06 ls062cd-linear 6.24 ls077 

4.19 ls029 5.07 ls062cd-SK-E 6.25 ls078 

4.20 ls031 5.09 ls062cd-AMBS-E   

4.21 ls051 5.11 ks021   
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lab code cpd. lab code cpd. lab code cpd. 

CM041 = MC029 2.10 ls045 2.12 ls097 4.36 

ks009 3.06b ls047 3.16 ls099 4.29 

ks014 3.07 ls048 4.11 ls103 4.26 

ks015 3.17 ls049 4.16 ls104 4.35 

ks017 3.18 ls050 4.17 ls105 4.37 

ks021 5.11 ls051 4.21 ls106 4.31 

ks023 5.15 ls052 4.22 ls107 6.06 

ks027 3.20 ls053 5.23 ls108 4.32 

ks030 3.11 ls054 5.24 ls109 4.33 

ks033 3.08 ls055 5.25 ls111 6.07 

ks034 3.12 ls056 5.26 ls112 6.08 

ls001 3.14 ls057 3.19 ls114 4.38 

ls002 6.12 ls058 3.21 ls115 4.39 

ls005 2.02 ls060 6.13 ls116 4.40 

ls014 2.03 ls062 5.03 ls117 4.41 

ls015 2.04 ls062cd-AMBS-E 5.09 ls118 4.42 

ls016 2.05 ls062cd-linear 5.06 ls119 4.43 

ls017 2.06 ls062cd-SK-E 5.07 ls120 4.44 

ls018 2.09 ls063 5.04 ls121 4.45 

ls019 2.11 ls064 6.20 ls122 4.46 

ls021 4.08 ls066 6.19 ls123 4.47 

ls022 6.01 ls067 6.21 ls124-I 4.48 

ls023 4.09 ls068 6.14 ls124-II 4.49 

ls024 6.02 ls069 6.15 ls128-I 4.50 

ls025 4.14 ls070 6.16 ls128-II 4.51 

ls027 4.15 ls074 6.23 ls129 4.54 

ls029 4.19 ls077 6.24 ls130 4.56 

ls031 4.20 ls078 6.25 ls131-I 4.52 

ls033 5.12 ls081 4.12 ls131-II 4.53 

ls034 5.13 ls082 6.03 ls132 4.55 

ls035 5.14 ls083 4.18 ls133 4.57 

ls036 5.16 ls084 6.04 lvk17 5.05 

ls037 5.17 ls085 4.23 lvk20b 3.09 

ls038 5.18 ls086 6.05 lvk26 3.13 

ls039 5.19 ls087 6.09 mk134 3.06a 

ls040 5.20 ls088 6.10 mk290 4.07 

ls041 5.21 ls089 6.11 mk291 6.22 

ls042 5.22 ls091 4.28 mk300 2.13 

ls043 2.07 ls095 4.25   
ls044 2.08 ls096 4.34   
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