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– ABSTRACT – 

AIMS AND OBJECTIVES: Elevated kidney uptake remains a major limitation of radiometallated 

exendin-derived ligands of the glucagon-like peptide 1 receptor (GLP-1R). In patients with 

insulinomas or other GLP-1R-overexpressing tumors, close local proximity of the tumor(s) to the 

kidneys impairs an exact localization for surgical excision. Moreover, due to potential severe 

nephrotoxicity, GLP-1R-targeted tumor treatment by peptide receptor radionuclide therapy (PRRT) 

has not been envisaged yet. Based on the previously published potent GLP-1R-activating 

undecapeptide A-1, short-chained GLP-1R ligands were developed to investigate whether kidney 

uptake can be reduced by decreasing the overall ligand charge (ligand-based reduced kidney 

uptake) or by means of direct 18F-labeling (nuclide-based decreased renal retention). 

In contrast, elevated salivary gland uptake remains a major limitation during radioligand therapy 

(RLT) of prostate cancer (PCa) patients with radiolabeled inhibitors of the enzyme prostate-specific 

membrane antigen (PSMA). Thus, radiolabeled PSMA inhibitors can cause severe xerostomia. 

Hypothesizing that only dedicated parts of the inhibitor motif are responsible for this high non-target 

tissue accumulation, ligands with modifications at the urea-based inhibitor unit were synthesized 

and evaluated in in vitro and in vivo studies. Structural alterations were introduced based on the 

scaffold of the high-affinity radiohybrid (rh) PSMA ligand, rhPSMA-10 (B-1). 

 

METHODS: 125I-Labeling of glucagon-like peptide 1 (GLP-1) and [Nle14, Tyr(3-I)40]exendin-4 was 

performed via the Iodogen method. Radioligand binding studies were conducted with 

[Nle14, [125I]Tyr(3-I)40]exendin-4 using GLP-1R+ INS-1E and stably transfected HEK293-hGLP-1R 

cells under varying conditions, such as different temperature, incubation period, cell number, 

radioligand concentration and incubation medium. Furthermore, [Nle14, [125I]Tyr(3-I)40]exendin-4 

was used as reference radioligand in HEK293-hGLP-1R cell-based competitive binding assays. 

GLP-1R ligands were prepared via solid-phase peptide synthesis (SPPS) or via fragment coupling 

in solution. 

Assembly of modified binding motifs for PSMA ligands was established on-resin and adjusted in 

individual cases. If not practicable, binding motifs were synthesized in solution. Peptide chain 

elongations were performed according to optimized standard protocols via SPPS. In vitro 

experiments were performed using PSMA+ LNCaP cells. In vivo studies as well as µSPECT/CT 

scans were conducted with male LNCaP tumor xenograft-bearing CB17-SCID mice.  

 

RESULTS: In contrast to [125I]Tyr(3-I)19-GLP-1, that showed high radiolysis already after short-term 

storage, [Nle14, [125I]Tyr(3-I)40]exendin-4 exhibited sufficiently high radiochemical stability over at 

least 16 days (RCP ≥ 92%) and high uptake in transfected HEK293-hGLP-1R cells and hence, was 

used as reference radioligand. Conversely, INS-1E cells provided only low radioligand binding and 

insufficient sigmoidal dose-response. Therefore, all in vitro experiments were conducted with 

HEK293-hGLP-1R cells at optimized conditions. In contrast to the three reference ligands GLP-1 
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(IC50 = 23.2 ± 12.2 nM), [Nle14, Tyr(3-I)40]exendin-4 (IC50 = 7.63 ± 2.78 nM) and 

[Nle14, Tyr40]exendin-4 (IC50 = 9.87 ± 1.82 nM), all GLP-1R-targeting small peptides (9 - 15 amino 

acids), including lead peptide A-1, exhibited only medium to low affinities (> 189 nM). Only 

SiFA-tagged undecapeptide A-5 (IC50 = 189 ± 35 nM) revealed a higher affinity than A-1 

(IC50 = 669 ± 242 nM).  

PSMA inhibitors with a) modifications within the central Zn2+-binding unit, b) proinhibitor motifs and 

c) substituents & bioisosteres of the P1’-γ-carboxylic acid were synthesized and evaluated. 

Modifications within the central Zn2+-binding unit of rhPSMA-10 (L-Glu-urea-L-Glu) provided three 

compounds. Thereof, only carbamate B-13 exhibited high affinity (IC50 = 7.11 ± 0.71 nM), but low 

tumor uptake (5.31 ± 0.94% ID/g, 1 h p.i. and 1.20 ± 0.55% ID/g, 24 h p.i.). All proinhibitor motif-

based ligands (three in total) exhibited low binding affinities (> 1 µM), no notable internalization and 

very low tumor uptake (< 0.50% ID/g). In addition, four compounds with P1’-γ-carboxylate 

substituents were developed and evaluated. Thereof, only tetrazole derivative B-21 revealed high 

affinity (IC50 = 16.4 ± 3.8 nM), but also this inhibitor showed low tumor uptake (3.40 ± 0.63% ID/g, 

1 h p.i. and 0.68 ± 0.16% ID/g, 24 h p.i.). Salivary gland uptake in mice remained at an equally low 

level for all compounds (between 0.02 ± 0.00% ID/g and 0.09 ± 0.03% ID/g), wherefore apparent 

tumor-to-submandibular gland and tumor-to-parotid gland ratios for the modified peptides were 

distinctly lower (factor 8 - 45) than for [177Lu]Lu-rhPSMA-10 at 24 h p.i. By contrast, differences in 

salivary gland uptake were detectable at 1 h p.i. Carbamate [177Lu]Lu-B-13 exhibited a two-fold 

higher tumor-to-submandibular gland ratio than EuE-based inhibitor [177Lu]Lu-rhPSMA-7.3. The 

tumor-to-submandibular gland ratio of tetrazole derivative [177Lu]Lu-B-21 was in the same range 

as for [177Lu]Lu-rhPSMA-7.3. Nevertheless, salivary gland uptake at 1 h p.i. was still at a low level 

(between 0.37 ± 0.08% ID/g and 1.44 ± 0.25% ID/g). 

 

CONCLUSIONS: The novel peptides, including lead peptide A-1, could not compete with favorable 

in vitro characteristics of 30- and 40-residue peptides GLP-1, [Nle14, Tyr(3-I)40]exendin-4 and 

[Nle14, Tyr40]exendin-4. Accordingly, radiolabeling experiments were not conducted. The favorable 

EC50 values of A-1 provided by the literature could not be transferred to competitive binding 

experiments. Due to its poor IC50 values, the use of A-1 as a basic scaffold for the design of further 

GLP-1R-targeting radioligands cannot be recommended. Prospective investigations might include 

the scaffold of A-5, although substantial optimizations concerning affinity and lipophilicity would be 

required. In sum, GLP-1R-targeting radioligands with reduced kidney uptake could not be obtained 

in this work, which emphasizes the need for further ligands addressing this particular issue. 

At 24 h p.i. none of the investigated modified PSMA ligands could compete with the in vivo 

characteristics of the EuE-based inhibitor [177Lu]Lu-rhPSMA-10. Although two derivatives (B-13 

and B-21) were found to exhibit high affinities, tumor uptake at 24 h p.i. was considerably low, while 

uptake in salivary glands remained unaffected. By contrast, at 1 h p.i. clearer distinctions between 

EuE- and non-EuE based inhibitors were possible concerning their salivary gland uptake and 
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revealed one derivative (B-13) with a two-fold higher tumor-to-submandibular gland ratio compared 

to the EuE-based compound [177Lu]Lu-rhPSMA-7.3. However, due to the overall low salivary gland 

uptake also at 1 h p.i., it remains to be proven that early examination time points in this animal 

model will also allow for a clear identification of radiolabeled PSMA inhibitors with reduced salivary 

gland uptake in future studies. 
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– ZUSAMMENFASSUNG – 

ZIELSETZUNGEN: Eine wesentliche Limitation von radiometallierten Exendin-basierten Liganden 

des GLP-1 Rezeptors (GLP-1R) besteht in ihrer erhöhten Nierenaufnahme. Bei Patienten mit 

Insulinomen oder anderen GLP-1R-überexprimierenden Tumoren führt die unmittelbare Nähe des 

Tumors/der Tumore zu den Nieren daher zu Beeinträchtigungen in der genauen Lokalisierung, die 

für eine chirurgische Entfernung aber unabdingbar ist. Darüber hinaus wurde eine GLP-1R-

gerichtete Tumorbehandlung durch Peptidrezeptorradionuklidtherapie (PRRT) auf Grund von 

potenziell schwerer Nephrotoxizität bisher noch nicht angestrebt. Basierend auf dem zuvor 

veröffentlichten potenten GLP-1R-aktivierenden Undecapeptid A-1 wurden kurzkettige GLP-1R-

Liganden entwickelt, um zu untersuchen, ob die Nierenaufnahme durch Reduktion der 

Gesamtladung des Liganden (Ligand-basierte reduzierte Nierenaufnahme) oder durch direkte 

18F-Markierung (Nuklid-basierte verminderte Nierenretention) verringert werden kann.  

Im Gegesatz dazu stellt die erhöhte Aufnahme in Speicheldrüsen eine wesentliche Limitation 

während der Radioligandentherapie (RLT) von Prostatakrebspatienten (PCa) mit radioaktiv 

markierten Inhibitoren des prostataspezifischen Membranantigens (PSMA) dar. Dementsprechend 

können radioaktiv markierte PSMA Inhibitoren schwere Xerostomie verursachen. Unter der 

Hypothese, dass nur bestimmte Teile des Inhibitormotivs für diese hohe Akkumulation im Nicht-

Zielgewebe verantwortlich sind, wurden Liganden mit Modifikationen an der ureabasierten 

Inhibitoreinheit synthetisiert und in in vitro und in vivo Studien evaluiert. Entsprechende strukturelle 

Veränderungen wurden an dem hochaffinen radiohybriden (rh) PSMA Liganden rhPSMA-10 (B-1) 

eingeführt. 

 

METHODEN: Die 125I-Markierungen von Glucagon-like peptide 1 (GLP-1) und 

[Nle14, Tyr(3-I)40]Exendin-4 erfolgten mittels Iodogen. Radioligand-Bindungsstudien wurden mit 

[Nle14, [125I]Tyr(3-I)40]Exendin-4 unter Verwendung von GLP-1R+ INS-1E und stabil transfizierten 

HEK293-hGLP-1R Zellen unter verschiedenen Bedingungen, wie unterschiedlicher Temperatur, 

Inkubationszeit, Zellzahl, Radioligandkonzentration und in unterschiedlichem Inkubationsmedium 

durchgeführt. Darüber hinaus wurde [Nle14, [125I]Tyr(3-I)40]Exendin-4 als Referenzradioligand in 

HEK293-hGLP-1R-zellbasierten kompetitiven Bindungsassays verwendet. GLP-1R Liganden 

wurden über Festphasenpeptidsynthese (SPPS) oder über Fragmentkopplung in Lösung 

hergestellt. 

Der Aufbau modifizierter Bindemotive für PSMA Liganden erfolgte am Harz und wurde individuell 

angepasst. Wenn nicht praktikabel, erfolgte die Synthese der Bindemotive in Lösung. Die 

Verlängerungen der Peptidketten wurden gemäß der optimierten Standardprotokolle mittels SPPS 

durchgeführt. In vitro Experimente erfolgten mit PSMA+ LNCaP Zellen. In vivo Studien sowie 

µSPECT/CT Scans wurden mit männlichen LNCaP-Tumorxenotransplantat-tragendenen 

CB17-SCID Mäusen durchgeführt. 
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ERGEBNISSE: Im Gegensatz zu [125I]Tyr(3-I)19-GLP-1, bei welchem bereits nach kurzer Zeit hohe 

Radiolyse zu beobachten war, zeigte [Nle14, [125I]Tyr(3-I)40]Exendin-4 eine ausreichend hohe 

radiochemische Stabilität (RCP ≥ 92%) über mindestens 16 Tage und eine hohe Aufnahme in 

transfizierte HEK293-hGLP-1R Zellen und wurde daher als Referenzradioligand verwendet. 

INS-1E Zellen hingegen zeigten nur eine geringe Radioligandbindung und eine unzureichende 

sigmoidale Dosisantwort. Daher wurden alle in vitro Experimente mit HEK293-hGLP-1R Zellen 

unter optimierten Bedingungen durchgeführt. Im Gegensatz zu den drei Referenzliganden GLP-1 

(IC50 = 23.2 ± 12.2 nM), [Nle14, Tyr(3-I)40]Exendin-4 (IC50 = 7.63 ± 2.78 nM) und 

[Nle14, Tyr40]Exendin-4 (IC50 = 9.87 ± 1.82 nM), zeigten alle GLP-1R-gerichteten kleinen Peptide 

(9 - 15 Aminosäuren), einschließlich Leitstruktur A-1, nur mittlere bis niedrige Affinitäten 

(> 189 nM). Nur das SiFA-tragende Undecapeptid A-5 (IC50 = 189 ± 35 nM) zeigte eine höhere 

Affinität als A-1 (IC50 = 669 ± 242 nM). 

PSMA Inhibitoren mit a) Modifikationen innerhalb der zentralen Zn2+-Bindeeinheit, 

b) Proinhibitormotiven und c) Substituenten und Bioisosteren der P1'-γ-Carbonsäure wurden 

synthetisiert und evaluiert. Modifikationen innerhalb der zentralen Zn2+-Bindeeinheit von 

rhPSMA-10 (L-Glu-urea-L-Glu) lieferten drei Verbindungen. Davon zeigte nur Carbamat B-13 eine 

hohe Affinität (IC50 = 7.11 ± 0.71 nM), aber eine geringe Tumoraufnahme (5.31 ± 0.94% ID/g, 

1 h p.i. und 1.20 ± 0.55% ID/g, 24 h p.i.). Alle Proinhibitormotiv-basierten Liganden (insgesamt 

drei) zeigten geringe Bindungsaffinitäten (> 1 µM), keine nennenswerte Internalisierung und eine 

sehr geringe Tumoraufnahme (< 0.50% ID/g). Zusätzlich wurden vier Verbindungen mit 

P1‘-γ-Carboxylatsubstituenten entwickelt und evaluiert. Davon zeigte nur Tetrazolderivat B-21 eine 

hohe Affinität (IC50 = 16.4 ± 3.8 nM), aber auch dieser Inhibitor erreichte nur eine geringe 

Tumoraufnahme (3.40 ± 0.63% ID/g, 1 h p.i. und 0.68 ± 0.16% ID/g, 24 h p.i.). Die 

Speicheldrüsenaufnahme in Mäusen blieb für alle Verbindungen auf einem gleich niedrigen Niveau 

(zwischen 0.02 ± 0.00% ID/g und 0.09 ± 0.03% ID/g), weshalb die Tumor-zu-Submandibularis und 

Tumor-zu-Parotis Verhältnisse für die modifizierten Peptide augenscheinlich deutlich niedriger 

(Faktor 8 - 45) ausfielen als für [177Lu]Lu-rhPSMA-10 bei 24 h p.i. Im Gegensatz dazu waren 

Unterschiede in der Speicheldrüsenaufnahme bei 1 h p.i. feststellbar. Carbamat [177Lu]Lu-B-13 

zeigte ein zweifach höheres Tumor-zu-Submandibularis Verhältnis als der EuE-basierte Inhibitor 

[177Lu]Lu-rhPSMA-7.3. Das Tumor-zu-Submandibularis Verhältnis des Tetrazolderivats 

[177Lu]Lu-B-21 lag im gleichen Bereich wie für [177Lu]Lu-rhPSMA-7.3. Nichtsdestotrotz befand sich 

die Speicheldrüsenaufnahme auch bei 1 h p.i. auf einem niedrigen Niveau (zwischen 

0.37 ± 0.08% ID/g and 1.44 ± 0.25% ID/g). 

 

SCHLUSSFOLGERUNGEN: Die neuen Peptide, einschließlich Leitstruktur A-1, zeigten nur 

mittlere bis niedrige Affinitäten und stellen somit keine Konkurrenz zu den 30 und 40 Aminosäuren 

langen Peptiden GLP-1, [Nle14, Tyr(3-I)40]Exendin-4 und [Nle14, Tyr40]Exendin-4 dar. 

Dementsprechend wurden keine Radiomarkierungsexperimente durchgeführt. Die in der Literatur 
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angegebenen vorteilhaften EC50 Werte von A-1 konnten nicht auf kompetitive 

Bindungsexperimente übertragen werden. Auf Grund seiner schlechten IC50 Werte ist die 

Verwendung von A-1 als Grundgerüst für das Design weiterer GLP-1R-gerichteter Radioliganden 

nicht zu empfehlen. Für zukünftige Untersuchungen könnte das Gerüst von A-5 berücksichtigt 

werden, obwohl wesentliche Optimierungen hinsichtlich Affinität und Lipophilie erforderlich wären. 

Insgesamt konnten in dieser Arbeit keine GLP-1R-gerichteten Radioliganden mit verringerter 

Nierenaufnahme erhalten werden, was die Notwendigkeit weiterer Liganden für diese spezielle 

Fragestellung unterstreicht. 

 

Bei 24 h p.i. erreichte keiner der modifizierten PSMA Liganden die in vivo Eigenschaften des EuE-

basierten Inhibitors [177Lu]Lu-rhPSMA-10. Trotz hoher Affinität zweier Derivate (B-13 und B-21), 

wiesen diese nur eine niedrige Tumoraufnahme auf, während die Aufnahme in den Speicheldrüsen 

unverändert blieb. Dagegen waren bei 1 h p.i. deutlichere Unterscheidungen zwischen EuE- und 

nicht-EuE-basierten Inhibitoren bezüglich deren Aufnahme in die Speicheldrüsen möglich und 

zeigten ein Derivat (B-13) mit einem zweifach höheren Tumor-zu-Submandibularis Verhältnis im 

Vergleich zu der EuE-basierten Verbindung [177Lu]Lu-rhPSMA-7.3. Aufgrund der insgesamt 

geringen Speicheldrüsenaufnahme auch bei 1 h p.i. bleibt jedoch zu beweisen, dass frühe 

Untersuchungszeitpunkte in diesem Tiermodell auch in zukünftigen Studien eine eindeutige 

Identifizierung radiomarkierter PSMA Inhibitoren mit reduzierter Speicheldrüsenaufnahme 

ermöglichen. 
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I. INTRODUCTION 

 

In numerous cancers, pathological upregulation of physiological processes allows to differentiate 

a tumor from healthy, non-inflamed tissue and serves as the molecular basis for in vivo imaging 

and targeted radionuclide therapy (TRT).[1-3] Positron emission tomography (PET) and 

single-photon emission computed tomography (SPECT) agents like 2-[18F]fluoro-2-

deoxy-D-glucose [18F]FDG, 3'-deoxy-3'-[18F]fluorothymidine ([18F]FLT), [18F]NaF, [11C]methionine, 

99mTc-methylene diphosphonate ([99mTc]MDP) and 99mTc-pertechnetate [99mTcO4]- enable the 

visualization of altered metabolic or proliferative processes and are thus vastly applied for diagnosis 

in oncology.[4, 5] However, with the aim to expand the radiopharmaceutical tracer repertoire and 

develop even more specific and sensitive tracers, more purposive strategies are mandatory and 

indeed continuously under development. 

Over three decades ago, the concept of addressing overexpressed peptide receptors or enzymes 

has been established and is now emerging to an expedient method for precise imaging and if 

realizable, TRT of certain tumor entities.[1, 2] Thereby, radioactivity is delivered to cancer cells via 

radiolabeled targeting moieties like small molecules, peptides, proteins, nanoparticles, antibodies 

and antibody fragments able to bind specifically to peptide receptors or other unique structural 

features expressed in higher frequency and density on the tumor cells than in non-tumor tissues.[2, 

6] Thereof, particularly radiolabeled peptides have emerged as a valuable tool for monitoring tumor 

or metastasis dimensions via SPECT or PET (Figure 1A and 1B) before and after patient treatment 

with chemotherapeutics, radiation therapy or surgery. Based on the same principle, tumors can be 

treated by TRT if peptides are labeled with therapeutic radionuclides (Figure 1C).[2, 7] As a result, 

several high affinity ligands, labeled either with radionuclides for PET, SPECT or therapeutic 

applications have successfully entered clinical trials, e.g. [18F]PSMA-1007 for PSMA 

(NCT04644822), [68Ga]Ga-RM2 for the gastrin-releasing peptide receptor (NCT02624518), 

[177Lu]Lu-PP-F11N for the cholecystokinin receptor 2 (NCT02088645) and [68Ga]Ga-Pentixafor for 

the C-X-C chemokine receptor type 4 (NCT03436342).[8] However, despite tremendous preclinical 

efforts, only few peptide tracers attained FDA and/or EMA approval to date. Acutect® (99mTc) is 

used for scintigraphic imaging of acute venous thrombosis, as it binds with high affinity to αIIbβ3 

integrins, expressed on activated platelets.[9] OctreoScan® (111In), NETSPOTTM and SomaKit TOC® 

(68Ga) have been approved for imaging, and Lutathera® (177Lu) for targeted radiotherapy of 

somatostatin receptor positive gastroenteropancreatic neuroendocrine tumors (GEP-NETs).[10] 

Most recently, [68Ga]Ga-PSMA-11 attained approval as PET imaging agent of PSMA positive 

prostate cancer lesions.[11] 
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Figure 1: The principles of SPECT (A), PET (B) and TRT (C). (A) SPECT detector systems are based on Anger 

camera(s) mounted on a rotating gantry. These cameras allow the detection of γ-rays in an energy window between 

~ 100 and 360 keV. Respective nuclides emit photons to all directions that can be detected if they traverse a 

collimator hole. Collimators are used to provide positional information for detected photons.[12-14] (B) Although 

optimized for detection of high-energy 511 keV γ-rays, PET detectors are built up similarly, except that collimators 

are not mandatory.[15] Respective nuclides emit positrons that, after traveling a certain range (proportional to the 

β+-energy), annihilate with a surrounding electron resulting in emission of two 511 keV photons at 180° to each 

other. These photons are electronically detected as coincidence event when they strike opposing detectors within 

a specified coincidence timing window, usually 6 - 12 nanoseconds (parts of the detector ring are schematically 

depicted).[15-18] (C) Principle of TRT based on SST2-binding peptides equipped either with a β-- (90Y) or α-emitting 

(213Bi) nuclide. β--particles mainly cause repairable single-strand DNA damage, whereas non-repairable 

double-strand DNA breaks can be attained by α-particles. The tissue range of α-emitters (about 80 μm) is ~ 2 cell 

diameters. The mean tissue range of the β--emitter 90Y (3 mm) is ~ 75 cell diameters. Thus, “cross-fire” radiation to 

surrounding normal tissue is reduced by α-emitters.[19] SST2, somatostatin receptor subtype 2; LET, linear energy 

transfer; DNA, deoxyribonucleic acid. Figure 1A was inspired by references [12, 13], Figure 1B was inspired by 

references [16-18] and Figure 1C was adapted from reference [19] and slightly modified. 

A B 

C 
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Among other potential target structures, glutamate carboxypeptidase II (also named prostate-

specific membrane antigen, PSMA) as a structural feature of prostate cancer (PCa) lesions 

emerged and enabled promising theranostic applications in prostate cancer management.[20, 21] 

Besides, the overexpression of glucagon-like peptide 1 receptor (GLP-1R) was described in 

selected neoplasms like insulinomas (benign and malignant), pheochromocytomas and 

gastrinomas, emphasizing its increasing role for management of neuroendocrine tumors.[22] For 

these reasons, this PhD thesis was focused on the development and preclinical evaluation of 

radiolabeled peptide-based GLP-1 receptor ligands and PSMA inhibitors.  
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1.1. GLP-1 receptor ligand development 

1.1.1. Glucagon-like peptide 1 receptor 

 

The GLP-1 receptor is a class B G protein-coupled receptor (GPCR), mainly located on β-cells of 

the pancreas in humans under normal physiological conditions. It is expressed on Brunner’s glands 

(duodenum) and in the central nervous system (neurohypophysis and leptomeninges). A low 

receptor incidence was found in the gastrointestinal tract, breast, lung and kidneys.[23-25] 

Additionally, mRNA expression of GLP-1R was detected in the heart.[26]  

GPCRs of the class B subfamily are characterized by three conserved disulfide bonds in the 

extracellular N-terminal domain. Their ligands, such as the peptide hormones glucagon-like 

peptide 1 and 2 (GLP-1 and GLP-2), glucagon, glucose-dependent insulinotropic polypeptide 

(GIP), secretin, pituitary adenylate cyclase-activating polypeptide (PACAP), vasoactive intestinal 

polypeptide (VIP), etc. share common structural features especially in the N-terminal region.[27]  

The glucagon receptor family, a further suborder of the class B GPCRs, consists of six members, 

i.e. GLP-1R, the glucagon-like peptide 2 receptor (GLP-2R), the glucagon receptor (GCGR), the 

glucose-dependent insulinotropic polypeptide receptor (GIPR), the growth hormone-releasing 

hormone receptor (GHRHR) and the secretin receptor (SCTR).[28]  

Human GLP-1R is a 463-residue glycoprotein that is arranged in a classical GPCR-like manner. 

The extracellular N-terminus is connected to an α-helical seven-transmembrane  domain (7-TMD) 

that finally ends in a short intracellular C-terminal region.[29] The N-terminal domain (amino 

acids 1 - 128) exhibits an α-helical portion at the N-terminus and two antiparallel β-strands, 

stabilized by three disulfide bonds (Cys46 - Cys71, Cys62 - Cys104, Cys85 - Cys126) and a salt bridge 

(Arg64-Asp74).[27, 30] Moreover, this part of the receptor accommodates six tryptophan residues 

(Trp39, Trp72, Trp87, Trp91, Trp110 and Trp120), conserved in human and rat GLP-1R (91% sequence 

identity). Successive mutations of the tryptophans by alanine residues in rat GLP-1R revealed 

almost all tryptophans to be crucial for receptor ligand interaction, with the exception of Trp87.[31]  

Binding of the endogenous ligand GLP-1 (Figure 2A) to the intact GLP-1 receptor is supposed to 

proceed according to the ‚two-domain‘ model (Figure 2B).[32, 33] Thereby, the C-terminal part of the 

ligand is initially bound by the extracellular N-terminal domain, enabling a second interaction 

between N-terminal residues of the ligand and the 7-TMD of the receptor. Besides, a small portion 

of GLP-1R already exists in the open conformation state to which ligand binding is readily possible 

without further conformational changes of the extracellular receptor part.[33] Peptide binding to the 

juxtamembrane domain occurs by several essential N-terminal residues of GLP-1, with histidine at 

the very N-terminal end being responsible for activating the receptor and stimulating intracellular 

signaling.[34] 

 



INTRODUCTION 

15 

 

 

 

Figure 2: (A) Molecular structure of the endogenous GLP-1R ligand glucagon-like peptide 1(7-36)amide. (B) The 

canonical ‘two-domain’ activation pathway. Without the presence of GLP-1 (left), the receptor is dynamic and the 

extracellular domain (ECD) can adopt multiple conformations (dashed circles) but favors a closed inactive state 

(solid green circle). Subtle dynamics of the ECD allow for binding of GLP-1’s C-terminus to the ECD (upside at the 

middle), which triggers further dissociation of the ECD from the TMD. This enables GLP-1’s N-terminus to enter the 

orthosteric pocket in the TMD and activate the receptor (right). Alternatively, the pre-existing small population with 

open conformation (solid yellow circle) can accommodate GLP-1 smoothly (downside at the middle) and then trigger 

further conformational changes within the TMD that enable intracellular accommodation of the downstream 

G protein (right). The ECD movements are indicated with arrows, and the closed and open conformations are 

colored with green and yellow backgrounds, respectively. The inactive (PDB: 6LN2) and active (PDB: 5VAI) TMDs 

are shown as blue and yellow cartoons, respectively. The G protein from the active structure (PDB: 5VAI) is shown 

as brown cartoon. Cell membranes are shown as grey lipid bilayers.[33] Figure 2B was taken from reference [33]. 

 

Activation of the receptor, intracellular signaling and inactivation of GLP-1R follows the known 

mechanisms for G protein-coupled receptors (Figure 3A).[35, 36] GLP-1R activation enables 

translation of an extracellular surface signal (i.e. GLP-1 binding) to the intracellular receptor side, 

resulting in G protein engagement (primarily the stimulatory G protein Gs) and activation of various 

downstream signaling cascades.[37]  

A 

B 
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Figure 3: (A) Schematic representation of the activation of a class B GPCR by an extracellular peptide agonist via 

the ‘two-domain’ binding mechanism. NTD, N-terminal domain; R, receptor; AH, α-helical domain; GDP, guanosine 

5′-diphosphate. (B) Cryo-electron microscopy (EM) structure of a human GLP-1 - rabbit GLP-1R-Gs complex. Views 

of the GLP-1R-Gs complex cryo-EM density map, coloured by subunit (transmembrane domains in light green, 

N-terminal domain in dark green, GLP-1 peptide in orange, Gαs Ras-like in gold, Gβ in light blue, Gγ in dark blue 

and Nb35 in grey).[37] Gs, heterotrimeric G protein that stimulates cAMP-dependent pathway; Gαs, Gs alpha subunit; 

Ras, Rat sarcoma G protein; Gβ/γ, β/γ subunit of G protein; Nb35, nanobody 35. Figures 3A and 3B were taken from 

reference [37]. 

 

Intracellular signaling pathways have been predominantely investigated in transfected (human or 

murine GLP-1R) recombinant cell lines and human pancreatic β-cells, with the latter representing 

a main object of study. In these organisms, GLP-1R-based activation of G-proteins results in 

elevated 3', 5'-cyclic adenosine monophosphate (cAMP) levels, increased calcium mobilization and 

activation of two downstream effectors, protein kinase A (PKA) and exchange protein activated by 

cAMP (Epac). Apart from G protein-coupled mechanisms, also G protein independent pathways 

like β-arrestin protein recruitment are present. Especially in pancreatic β-cells, these signaling 

pathways lead to glucose-stimulated insulin secretion, insulin synthesis and storage as well as 

β-cell survival, proliferation, and neogenesis (Figure 4).[29] 

Several GLP-1-mediated physiological effects have also been identified for extrapancreatic 

GLP-1R expression sites like in the liver, kidneys, gastrointestinal tract, brain and cardiovascular 

system. However, the mechanistic basis for these effects is less well characterized.[29] 

 

A B 

https://en.wikipedia.org/wiki/Adenosine_monophosphate
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Figure 4: Summary of the main characterized pathways of glucose and GLP-1 signaling in the pancreatic β-cell. 

Increased plasma glucose levels provoke glucose uptake and metabolism by the β-cell.[38] Intracellular glucose 

stimulates mitochondrial adenosine 5’-triphosphate (ATP) synthesis. ATP indirectly promotes Ca2+ influx and in 

combination with GLP-1R-mediated activation of PKA and Epac, stimulates insulin release.[29, 38, 39] Biosynthesis of 

insulin is triggered by increased intracellular Ca2+ levels that activate calcineurin and nuclear factor of activated T 

cells (NFAT), which in turn promote insulin gene transcription. In addition, GLP-1 signaling pathways promote β-cell 

proliferation, neogenesis, and inhibition of apoptosis via reduction of endoplasmic reticulum stress, activation of 

cyclin D and elevated expression of anti-apoptotic proteins B-cell lymphoma-2 and -xL (Bcl-2, Bcl-xL). Further 

upregulation of anti-apoptotic Bcl-2, Bcl-xL and inhibitor of apoptosis protein-2 (Iap2) is mediated by 

phosphatidylinositol-3-kinase (PI3K) activation. Individual biochemical processes are described in more detail by 

Graaf et al.[29] Figure 4 was taken from reference [29].  
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1.1.2. Glucagon-like peptide-1 

 

Glucagon-like peptide-1 is an insulinotropic incretin hormone, postprandially secreted by entero-

endocrine cells (L-cells) of the small intestine and promotes glucose-dependent insulin release by 

interaction with its designated receptor (GLP-1R), located on pancreatic β-cells. The peptide 

hormone is generated by tissue-specific posttranslational processing of proglucacon.[29, 40] 

Transcription of the proglucagon gene, located on human chromosome 2, mainly occurs in the 

pancreas, the small intestine, and the CNS. The resulting mRNA is translated into a single protein 

(proglucagon) and then processed by tissue-specific prohormone convertases (Figure 5).[29, 39] 

 

 

Figure 5: Differential posttranslational processing of proglucagon in the pancreas as well as in the gut and brain. 

In the pancreatic α-cells, the proglucagon protein is processed by prohormone convertase 2 (PC2) into 

glicentin-related polypeptide (GRPP), glucagon, intervening peptide-1 (IP-1) and major proglucagon fragment which 

is not further cleaved. GLP-1 (78 - 107NH2), GLP-2, intervening peptide-2 (IP-2) and glicentin are generated by 

prohormone convertase 1/3 (PC1/3) in the brain and in the L-cells of the small intestine. Subsequent cleavage of 

glicentin finally results in GRPP and oxyntomodulin. The numbers indicate amino acid positions in the 160-residue 

proglucagon sequence. The vertical lines indicate positions of basic amino acid residues, serving as canonical 

cleavage sites for PC2 (pancreas) and PC1/3 (gut/brain).[29, 39] Figure 5 was taken from reference [39]. 

 

Posttranslational processing by PC1/3 results in several forms of GLP-1, comprising different chain 

lengths and occasional amidation. Based on the first cloning experiments (cDNA encoding for 

anglerfish preproglucagon) and a presumed cleavage site after two adjacent basic residues (70 

and 71, Figure 5), the first synthesized GLP-1 peptides supposed to effect plasma glucose and 

insulin levels were termed GLP-1(1-37) and GLP-1(1-36). However, since the expected 

insulinotropic effects could not be observed, a further processing step was assumed for creating 

truncated polypeptides that exhibit a closer sequence alignment with other peptide hormones of 



INTRODUCTION 

19 

 

the glucagon superfamily.[41] Indeed, cleavage of GLP-1(1-37) after position 6 leads to bioactive 

GLP-1(7-37) as well as to the equipotent GLP-1(7-36)amide, which is generated by C-terminal 

glycine removal of GLP-1(7-37) and subsequent amidation. The latter represents the majority of 

circulating GLP-1 in the small intestine (80% GLP-1(7-36)amide vs. 20% GLP-1(7-37)). In addition, 

plasma levels of the amidated form were observed to increase by a factor of six after food intake, 

whereas no significant rise of the acidic form could be observed.[42-44] Therefore, the term ‚GLP-1‘ 

in this study always refers to the amidated form GLP-1(7-36)amide, unless otherwise stated. 

In previous structure-activity studies, especially N-terminal residues of GLP-1 have been identified 

to be crucial for ligand-receptor interaction and stimulation of GLP-1R-based downstream 

processes (Figure 6). Site-directed single-point alanine substitutions revealed His7, Gly10, Phe12, 

Thr13, Asp15, Phe28 and Ile29 to be indispensable for maintaining high affinity towards rat GLP-1R.[40, 

45] For GLP-1R activation, His7, Gly10, Asp15 and Phe28 were found to be of major importance. Phe28 

and Ile29 are not directly involved in receptor activation but rather ensure a distinct conformation of 

GLP-1 recognized by GLP-1R.[45]  

 

 

Figure 6: Sequence of GLP-1 and critical residues for receptor interaction. Important residues for receptor binding 

are colored green, those which are crucial for receptor activation and binding are colored orange. His7 and Asp15 

as critical polar residues are additionally highlighted. Cleavage sites of dipeptidyl peptidase IV (DPP IV), neutral 

endopeptidase 24.11 (NEP 24.11) and further ectopeptidases are depicted in purple, red and yellow dotted lines, 

respectively.[34, 40, 45-51] Figure 6 was inspired by references [46, 48, 49]. 

 

Certain residues, essential for ligand-based selectivity of GLP-1 were explored by Hjorth et al., who 

investigated alterations in binding affinity (IC50) towards GLP-1 (rat) and glucagon (porcine) 

receptors (~ 50% sequence identity) using GLP-1/glucagon chimeras. Substitutions in the 

C-terminal region of GLP-1 with the respective glucagon residues resulted in a much higher loss 

of affinity towards GLP-1R when compared to the analogous glucagon experiments. Even full 

substitution of the C-terminus of glucagon by GLP-1 residues (termed glucagon(N)-GLP-1(C)) still 

gave high affinities towards GCGR (47 ± 11 nM, n = 8) and GLP-1R (1.7 ± 0.8 nM, n = 8), whereas 

the inverted chimera (termed GLP-1(N)-glucagon(C)) showed markedly reduced affinities for both 

receptors (> 1000 nM, n = 5 towards GCGR and 290 ± 60 nM, n = 6 towards GLP-1R).[52]  
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For this reason, it was supposed that receptor selectivity and sensitivity of GLP-1 is not only defined 

by distinct N-terminal residues (His7, Gly10, Phe12, Thr13, Asp15), but also amino acids of the 

C-terminal part are involved. In accordance with the ‘two-domain’ model, these results emphasize 

the importance of the C-terminus for receptor-ligand interaction.[32] Therefore, the development of 

high affinity short-chained peptide-based or low-molecular-weight non-peptide GLP-1R 

a(nta)gonists was presumed to be not realizable, since non-contiguous residues within the N- and 

C-terminus and also in between were essential for high affinity and potency.[53] 

The most studied biological effect of GLP-1 in humans represents its glucose-dependent 

insulinotropic action via GLP-1R activation on pancreatic β-cells (Figure 4).[29] The risk of 

hypoglycemia is thereby notably reduced, as further insulin release below a blood glucose level of 

3.5 mmol/L is almost completely ceased, resulting in a self-limiting process.[54] In this context it is 

important to note, that GLP-1 secretion (and hence insulin production) is not stimulated by elevation 

of plasma glucose via intravenous administration, indicating that the glucose-sensing machinery is 

distributed on the luminal side of the small intestine and triggered by nutrient stimuli.[55] 

Beside the glucose-dependent insulinotropic action, GLP-1 also suppresses glucagon release 

directly via binding to GLP-1R on pancreatic α-cells as well as indirectly via GLP-1-stimulated 

production of insulin (β-cells) and somatostatin (δ-cells). Since only 20% of glucagon positive 

α-cells were found to express GLP-1R (rat endocrine pancreas), the glucagonostatic effect was 

supposed to be mainly caused by insulin and somatostatin rather than by direct GLP-1-R-mediated 

inhibition.[29, 54, 56] Furthermore, via activation of its cognate receptor in the brain GLP-1 induces 

satiety, dose-dependent motility reduction of the gastrointestinal tract and deceleration of gastric 

emptying.[54, 57, 58] An overview of the main GLP-1-induced processes (direct and indirect) is 

depicted in Figure 7. 
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Figure 7: Physiology of GLP-1 secretion and action on GLP-1 receptors in different organs and tissues. GLP-1 acts 

directly via activation of the GLP-1R on pancreatic islets and in the brain. Activation of GLP-1R signaling pathways 

in the brain leads to indirect biological actions in the liver, adipose tissue, muscles and gastrointestinal tract. [58, 59] 

Figure 7 was taken from reference [59]. 

 

All these physiological actions of GLP-1, especially those which have beneficial effects on insulin 

synthesis, secretion and β-cell mass, have been found to be advantageous for the treatment of 

diabetes mellitus (type 1 as well as type 2) in humans.[39, 60] Theoretically, administration of GLP-1 

would indeed normalize high blood glucose levels with simultaneous prevention of hypoglycemia. 

Hence, its application could provide a significant advantage over direct insulin injection. This 

concept is impaired, however, by the short biological half-life of endogenous GLP-1 (< 2 minutes) 

that mainly results from enzymatic inactivation by ectopeptidases like DPP IV and NEP 24.11 

(Figure 6).[29, 47, 48]  

The primary inactivating enzyme DPP IV is a serine protease with ubiquitous expression, removing 

N-terminal dipeptides not only from GLP-1 but also from other peptide hormones with Xaa-Pro and 

Xaa-Ala N-termini. In human plasma (soluble form) and surface-bound on endothelial cells, DPP IV 

catalyzes N-terminal His7-Ala8 removal from GLP-1, which results in a low GLP-1R-binding 

metabolite (GLP-1(9-36)NH2) with almost complete loss of receptor activation, due to absent 

N-terminal His7.[34, 47, 61]  

As a second inactivating enzyme, NEP 24.11 generates a number of short-chained metabolites of 

GLP-1, due to its known cleavage sites between Asp15-Val16, Ser18-Tyr19, Tyr19-Leu20, Glu27-Phe28, 
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Phe28-Ile29 and Trp31-Leu32 (Figure 6). NEP 24.11 is a widespread membrane-bound zinc 

metallopeptidase that cleaves peptides at the N-terminus of hydrophobic residues and metabolizes 

up to 50% of circulating GLP-1.[48, 62]  

Fast enzymatic degradation by DPP IV, NEP 24.11 and further ectopeptidases results in only 

10 - 20% of intact GLP-1 in human plasma 30 minutes after subcutaneous or intravenous injection, 

as determined by specific radioimmunoassays (RIAs) and a sensitive enzyme-linked 

immunosorbent assay (ELISA).[49, 50, 63] The degradation products in general are not able to bind or 

activate GLP-1R, due to loss of substantial fragments. 

Therefore, peptidase-resistant GLP-1 analogs were introduced to enable treatment of type 1 and 

type 2 diabetes.[64, 65] Relevant approaches and results in this field were also of high importance 

for the development of GLP-1R-targeted tumor diagnostics and therapeutics, since the GLP-1R is 

of clinical interest not only due to its potential in diabetes therapy, but also because of its proven 

role in cancer.[22, 66] However, transfer of the GLP-1R-targeting concept indeed requires a 

signal/therapeutic agent, linked to the GLP-1R-binding unit. Noninvasive molecular imaging as well 

as targeted radiotherapy can be pursued by attachment of an appropriate PET/SPECT nuclide or 

an α/β--emitting radioisotope via a connecting linker unit. These GLP-1R-targeting probes can be 

used either for molecular imaging of functional β-cell mass[67-69] or for imaging and PRRT of 

GLP-1R-overexpressing tumors.[22] 
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1.1.3. GLP-1R as target for molecular imaging and radiotherapy 

 

G protein-coupled peptide hormone receptors play an increasing role as specific targets for 

oncological diagnosis and therapy.[2] Historically, somatostatin receptors were the first receptors 

found to be expressed in high frequency and at high levels in gastroenteropancreatic 

neuroendocrine tumors.[70] However, somatostatin receptors and in particular SST2, are 

insufficiently expressed in some types of neuroendocrine tumors, explaining the low rate of 

detection.[71-74] Somatostatin receptor scintigraphy (OctreoScan®) only reaches a sensitivity of 

50 - 60% for insulinomas[75], as the prevalent benign form was found to be characterized by a 

remarkable GLP-1R overexpression accompanied by a low frequency and density of somatostatin 

receptors.[22, 71] 

Insulinomas, a type of neuroendocrine tumor derived from the β-cells of the pancreas, represent 

the most common cause of endogenous hyperinsulinemic hypoglycemia in adults.[22, 74] Although 

rare, insulinomas are the most frequent hormone-active tumors of the pancreas with an incidence 

of 4/1 000 000 per year and a slight female predominance (59%). About 90% of insulinomas are 

benign and occur as small, encapsulated, solitary tumors, whereas ~ 10% of insulinomas progress 

to malignant cancer with the formation of metastases. Insulinomas mainly occur as a single isolated 

tumor or can be a part of the multiple endocrine neoplasia type I (MEN I) syndrome (~ 8%), in which 

the tumors are always multiple, leading to a higher long-term risk of recurrent disease for patients 

after surgery.[76, 77] For benign insulinomas, 10-year survival is ~ 88% after complete surgical 

removal of the tumor. In case of malignant, metastasizing insulinomas, postoperative prognosis is 

poor with a 10-year survival rate of 29%.[77] Benign as well as malignant tumors are characterized 

by an abnormally high insulin production, even at low blood glucose concentrations (1 mmol/L).[78, 

79] This results in hypoglycemia by which diplopia, blurred vision, confusion, deviant behavior or 

amnesia could be induced, and might progress to loss of consciousness, coma, or even permanent 

brain damage. Surgical resection of the tumor lesions yet represents the only curative method, 

traditionally accomplished by enucleation or partial pancreatic resection.[80] This treatment modality 

inevitably requires a precise localization of the tumor, but due to the small size (< 2 cm) of 90% of 

insulinomas, localization remains challenging especially with conventional imaging methods, such 

as magnetic resonance imaging (MRI), computed tomography (CT) as well as endoscopic 

(ultra)sonography.[72, 81]  

Common diagnostic agents, targeting metabolic pathways or surface-exposed receptors were 

either suffering from low sensitivity ([18F]Fluorodopa)[66], low glucose turnover of the 

neuroendocrine tumor ([18F]FDG), short half-life of the radionuclide ([11C]tryptophane) or rather low 

mean receptor densities (vasoactive intestinal polypeptide receptor 1 (VPAC1): 1 780 dpm/mg 

tissue and cholecystokinin receptor 2 (CCK2): 2 207 dpm/mg tissue), impeding a constant high rate 

of detection.[71, 72]  
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GLP-1R-targeting peptides labeled with PET or SPECT radionuclides notably surpass these 

imaging modalities in terms of sensitivity and selectivity. Compared to normal pancreatic islets 

(1 322 dpm/mg tissue), a ~ 6-fold higher receptor density was detected on insulinomas, as 

expressed by a radioligand binding density of 8 133 dpm/mg tissue. Furthermore, GLP-1R 

overexpression occurred with a notably high incidence of 93%.[22, 24] These values indicated for a 

high rate of unambiguously positive scans as the critical binding density value of 

3 500 dpm/mg tissue (based on previous comparative data for SST2) was surpassed by more than 

2-fold.[82] As a result, GLP-1R-based molecular imaging evolved for the diagnosis of insulinomas, 

besides targeting of GLP-1 receptors for treatment of diabetes mellitus and surveillance of β-cell 

mass. In addition, this modality enables a reliable non-invasive detection of small tumor lesions 

and metastases in contrast to angiography, endoscopic procedures and intraarterial calcium 

stimulation with venous sampling.[72, 74, 83] 

For visualization of malignant insulinomas, radiolabeled GLP-1R ligands are only partially suited, 

since this type of tumor is more frequently characterized by elevated SST2 expression 

(> 10 000 dpm/mg tissue, 71% incidence) than by GLP-1R overexpression (8 508 dpm/mg tissue, 

36% incidence).[22, 84] Nevertheless, patients with GLP-1R positive malignant forms of insulinomas 

(10% malignant, thereof 36% GLP-1R positive), gastrinomas (45 - 69% malignant, in total 100% 

GLP-1R positive) and pheochromocytomas (10 - 40% malignant, in total 60% GLP-1R positive) 

might benefit from GLP-1R-based PRRT. Thereby, harmful symptoms (e.g. hypoglycemia) could 

be (temporary) controlled by targeting inoperable primary tumors and metastases.[22, 85-87]  

Exendin-4-derived agents recently attained high relevance for the detection of benign insulinomas 

and other GLP-1R-overexpressing tumors, like pheochromocytomas (3 970 dpm/mg tissue, 

60% incidence) and gastrinomas (2 461 dpm/mg tissue, 100% incidence).[22, 66, 88] 
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1.1.4. GLP-1R-targeting radioligands 

 

Originally developed for the treatment of diabetes mellitus, the DPP IV-resistant GLP-1 analog 

exendin-4 promoted the design of radiotracers for targeting GLP-1R positive insulinomas.[65, 89] 

Exendin-4 shares 53% sequence homology with GLP-1 and possesses a nine-residue C-terminal 

extension, which is absent in the GLP-1 peptide (Figure 8). 

 

 

Figure 8: Amino acid sequences of human GLP-1 and exendin-4. The central α-helical regions of the peptides are 

indicated. Conserved amino acids are shown as open circles. Exendin-4-specific amino acids are indicated in 

gray.[90] Figure 8 was adapted from reference [90]. 

 

Exendin-4 was first isolated by Eng et al. from the saliva of the gila monster (heloderma suspectum) 

in 1992.[91] A glycine residue at position 2 confers resistance towards enzymatic degradation by 

DPP IV. In combination with a low susceptibility to degradation by NEP 24.11, this leads to a 

notably increased biological half-life of up to four hours (t1/2(GLP-1): < 2 minutes).[43, 48, 92] 

Compared to GLP-1, exendin-4 was found to bind with higher affinity to GLP-1R, to exhibit a similar 

insulinotropic potency (EC50) and an even higher efficacy (maximum response) in vivo (rat 

models).[61, 93] Exendin-3, comprising two amino acid substitutions (Ser2-Asp3 in place of Gly2-Glu3) 

but otherwise identical to exendin-4[91], revealed similar characteristics towards the GLP-1R and 

hence, also served as a basic structure for radioligand development.[94, 95] However, its agonistic 

behavior towards VPAC receptors at higher concentrations (greater than 100 nM) might indicate a 

lower receptor specificity.[91, 96, 97] 

In 2002, a proof of principle for GLP-1R-based targeting of insulinomas was performed by 

Gotthardt et al. on the rat insulinoma cell line RINm5F and in a rat insulinoma animal model 

(NEDH rats and RINm5F cells) using [125/123I]I-Tyr19-GLP-1 and [125/123I]I-His1-exendin-3. Despite 

the metabolic instability of radioiodinated GLP-1 and the unfavorable iodination site of exendin-3, 

specific uptake was detected in the cell and animal models.[75] Follow-up experiments were carried 

out with [111In]In-DTPA-exendin-4 in a Rip1tag2 mouse model (transgenic mice that develop tumors 

of the pancreatic β-cells in a reproducible, well-defined multistage tumorigenesis pathway). This 

preclinical study revealed an extremely high GLP-1R density in the murine tumors (17 269 dpm/mg 
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tissue), resulting in a correspondingly high uptake of [111In]In-DTPA-exendin-4 (287 ± 62% IA/g) at 

4 h p.i. and a clear visualization of tumors as small as 1 mm by pinhole SPECT/MRI and 

SPECT/CT. Additionally, tumor-to-background ratios were very high (between 13.6 for 

tumor-to-pancreas and 299 for tumor-to-muscle). Besides the high affinity of the unlabeled ligand 

towards GLP-1R (2.1 ± 1.1 nM), in vitro studies based on murine insulinoma-derived cells 

demonstrated specific internalization of [111In]In-DTPA-exendin-4. Biochemical investigations 

confirmed a high metabolic stability of the radiopeptide in the β-cell tumors as well as in human 

serum.[88] The latter findings substantiated the high potential of this peptide conjugate to specifically 

localize GLP-1R positive lesions within the pancreas an hence, [111In]In-DTPA-exendin-4 was 

further investigated in patients.[98]  

High radioactivity accumulation in small insulinoma lesions enabled radioguided surgery with a 

γ-probe, not only by [111In]In-DTPA-exendin-4 but also in six patients preoperatively scanned with 

[111In]In-DOTA-exendin-4, resulting in intraoperative localization of the insulinomas and successful 

enucleation where possible.[74] In Switzerland, Germany and the UK, 30 adults were recruited 

between 2008 and 2011 during a multicenter study investigating the imaging performance of 

insulinomas by [111In]In-DTPA-exendin-4 SPECT/CT. Thereby, a positive predictive value of 83% 

was reached. Seven patients (23%) were referred to surgery solely on the basis of [111In]In-DTPA-

exendin-4 imaging. For 23 assessable patients, [111In]In-DTPA-exendin-4 SPECT/CT had a higher 

sensitivity (95%) than CT/MRI (47%).[99]  

More details about the previously mentioned patient studies and representative examples of further 

study outcomes in which exendin-4 derivatives have been labeled with SPECT nuclides are listed 

in Table 1. 99mTc as a cost-effective alternative was chosen to reduce the relatively high 

111In-effected radiation burden for the patients. Furthermore, PET nuclides were used for 

radiometallation and -halogenation, since a higher sensitivity, better spatial resolution and a more 

accurate quantification could be achieved with the respective exendin-4 conjugates (Table 2). 

Indirect 18F-labeling via prosthetic groups led to intact peptide conjugates with high affinity but 

resulted in prolonged and more cumbersome synthesis procedures.[89] Therefore, mainly 111In- and 

68Ga-labeled derivatives entered clinical trials so far, with the latter profiting from affordable 

68Ga-generators and no need of an on-site cyclotron.[89, 100]   
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Table 1: Representative clinical SPECT tracers for insulinoma imaging and study outcomes.[89] 

Radio-

isotope 
Tracer Patients 

Peptide 

mass 

[µg] 

Activity 

[MBq] 
Results Ref. 

In-111 

[Lys40(Ahx-DOTA)-

NH2]Exendin-4 
6 30 82 - 97 

All insulinomas 

correctly localized. 
[74] 

[Lys40(Ahx-DTPA)-

NH2]Exendin-4 
11 10 ± 2 108 - 136 

Uptake in 4/11 

patients. 
[84] 

[Lys40(Ahx-DTPA)-

NH2]Exendin-4 
30 8 - 14 80 - 128 

95% sensitivity 

20% specificity 

83% positive 

predictive value 

[99] 

Tc-99m 

[Lys40(Ahx-

HYNIC/EDDA)-

NH2]Exendin-4 

11 - 740 

Uptake in 8/11 

patients. Insulinoma 

confirmed in 6/8 

cases after surgery. 

[101] 

 

 

Table 2: Representative clinical PET tracers for insulinoma imaging and study outcomes.[89] 

Radio-

isotope 
Tracer Patients 

Peptide 

mass 

[µg] 

Activity 

[MBq] 
Results Ref. 

Ga-68 

[Nle14, Lys40(Ahx-

DOTA)-

NH2]Exendin-4 

5 12 - 15.3 76 - 97 

Uptake in 5/5 

patients. Insulinoma 

confirmed in 4/4 

patients after 

surgery. 

[102] 

[Cys40(NOTA-

MAL)-

NH2]Exendin-4 

52 7 - 25 18.5 - 185 

Surgery in 43/52 

patients. Insulinoma 

confirmed in 42/43 

patients (97.7% 

sensitivity) 

[103] 

[Nle14, Lys40(Ahx-

DOTA)-

NH2]Exendin-4 

52 11.6 – 23.8 43 - 106 

94.6% sensitivity 

99.1% positive 

predictive value 

[104] 
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The agonistic behavior of exendin-4 towards GLP-1R decelerated gastric emptying and induced 

an additional release of insulin from functional insulinomas, which led to decreased blood glucose 

levels, nausea and vomiting in patients who unterwent SPECT imaging. These side effects were 

also observed during PET imaging but indeed to a lesser extent, as the higher spatial resolution 

and sensitivity provided by PET nuclides allowed for a lower dose to apply. To reduce 

hypoglycemia, patients received continuous glucose infusions.[89]  

Based on the finding that crucial residues for GLP-1 receptor binding and activation are located 

mainly at the N-terminal nonapeptide (Figure 6), radiolabels were mainly introduced at the 

C-terminal end of exendin-derived imaging agents.[46, 105] Even multichelation at this site was 

tolerated to a certain extent by the receptor.[95] By contrast, repositioning of the radiolabel in general 

provided ambiguous results, though some evidence exists for position 12 to serve as a possible 

conjugation site for chelator attachment.[69, 106, 107] 

 

 

At present, GLP-1R-targeting radioligands that structurally clearly differ from exendin-4 are not 

available. Although low-molecular-weight organic molecules were developed for addressing the 

GLP-1R (orally available antidiabetics)[29, 108], none of them were able to show favorable properties 

comparable or even superior to exendin-4/GLP-1-based polypeptide ligands.[29, 109, 110] 

By contrast, short-chained undecapeptides developed in 2009 by Mapelli et al. were able to induce 

cAMP production in CHO cells, stably overexpressing the human GLP-1 receptor with similar EC50 

values (87 pM) like GLP-1 (34 pM).[111] Indeed, these high potencies were not plausible at first 

sight, since downsizing of GLP-1R ligands was assumed to lead to non-binding and hence, 

non-signaling agonists.[52, 53] However, the bulky hydrophobic residues at the C-terminus 

(position 10 and 11) of these GLP-1 mimetics, obviously compensate for the 21-residue 

GLP-1(16-36)amide fragment to a certain extent. 2-Aminoisobutyric acid (Aib) instead of L-alanine 

was introduced at the second position to confer DPP IV resistance. For stabilization of an α-helical 

structure presumed to be crucial, also for binding of the endogenous ligand GLP-1[112], 

L-phenylalanine at position 12 (GLP-1 counting method) was substituted with L-α-methyl-(2-fluoro)-

phenylalanine (now position 6). Additional screening experiments for alternative residues at 

positions 10 and 11, revealed lead peptide A-1 which was even more potent (EC50 = 31 pM) 

bearing a simple L-homophenylalanine residue at position 11 and a more bulky 

(2‘-Et, 4‘-OMe)4, 4’-L-biphenylalanine ((2‘-Et, 4‘-OMe)BIP) at the penultimate position 

(Figure 9).[113, 114] Unfortunately, affinity data were not presented in these studies. 

 

 



INTRODUCTION 

29 

 

 

Figure 9: Sequence of lead peptide A-1, with His1-Aib2-Glu3-Gly4-Thr5-(α-Me)-(2-F)-Phe6-Thr7-Ser8-Asp9-(2’-Et, 

4’-OMe)BIP10-homoPhe11-NH2.[113] All amino acids are in L-configuration and given in the three-letter code. Et, ethyl; 

Me, methyl; BIP, 4, 4’-L-biphenylalanine. 

 

Follow-up studies, based on these undecapeptides mainly focused on GLP-1 peptidomimetics with 

cyclic constraints or cyclic α-conotoxin-GLP-1 chimeras.[115-117] These modifications led to a clear 

activity decline in cAMP signaling (EC50) in comparison to the respective non-cyclized 11-mer 

peptides.  

Although none of these undecapeptides were converted into an imaging agent for insulinomas so 

far, they might potentially serve as a basis for GLP-1R radioligands with an improved 

pharmacokinetic profile. Despite initial positive results, the use of exendin-4-based radiometallated 

agents for the detection of insulinoma lesions is particularly impaired by high non-target tissue 

uptake in the kidneys.[89] Consequently, radioligands with improved tumor-to-kidney ratios are of 

major interest and might be generated via radiolabeling of a downsized GLP-1R ligand, as 

discussed in more detail in the following section. 
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1.1.5. Current limitations for the diagnosis and PRRT of insulinomas  

 

Whereas radiohalogenated compounds exhibit low kidney uptake and/or fast renal excretion[106, 

118], elevated accumulation and retention in the kidneys (> 140% ID/g, 1 - 4 h p.i.) is always 

observable when residualizing radiometals are used for exendin-4 derivatization.[89] This non-target 

tissue uptake not only impairs the detection of insulinomas but could also affect the localization of 

other GLP-1R positive tumors like pheochromocytomas and gastrinomas, due to the close local 

proximity of the kidneys to the respective target organs (pancreas (insulinoma), adrenal medulla 

(pheochromocytoma), duodenum, pancreas and periduodenal lymph nodes (gastrinoma)).[86, 87, 119] 

Thereby, the instrinsically lower resolution of SPECT revealed an inferior rate of detection 

compared to PET.[105] Moreover, the radiation burden of the kidneys might limit the use of long-lived 

radioisotopes, especially in the context of PRRT approaches.[89]  

Since a low amount of GLP-1R expression was detected in the kidneys and high activity 

accumulation by this organ could not be specifically blocked by an excess of unlabeled analog, a 

non-saturable, GLP-1R independent mechanism was presumed for tubular reabsorption.[94, 120, 121] 

Accordingly, further studies revealed that the megalin transporter system of renal proximal tubules 

is crucial for uptake and retention of 111In-labeled exendin-4 and potential metabolites.[122-124] 

Kidney extracts of mice that received [18F]AlF-NOTA-exendin-4 showed a single very polar 

radioactive metabolite at 1 h p.i. and no detectable parent peptide. The identity of this metabolite 

could not be determined, but the general observation that exendin-4 peptides with C-terminal 

radiometal chelates exhibit very high uptake, suggests that some metabolite from the C-terminal 

end might be responsible for the slow egress from the kidneys.[125] By comparing the renal 

accumulation of the 111In-labeled GPCR ligands octreotide, minigastrin, bombesin and exendin-4, 

Gotthardt et al. observed that the number of charged amino acids in these peptides correlates with 

their kidney uptake. Therefore, beside the radiometal chelate-induced renal retention, the high 

number of charged amino acids of exendin-4-based radioligands was supposed to play a critical 

role for tubular reabsorbtion, although the exact mechanism still remains unknown.[124] 

A conventional method used for lowering the kidney uptake of radiotracers makes use of 

pre-administration of amino acids.[126] Gotthardt  et al. applied this method for 

[111In]In-DTPA-exendin-4 in rats and revealed that both gelofusine (18.7% decrease) and 

poly-L-glutamic acid (29.4% decrease) as well as the combination of both (47.9% decrease) had a 

significant impact on kidney uptake, whereas the administration of L-lysine did not show any 

effect.[124] Besides, coinfusion of albumin-derived peptide fragments reduced the kidney uptake of 

[111In]In-DTPA-exendin-3 by 26% in rats.[127]  

In order to circumvent any co-/pre-administration steps, modifications of the exendin-4 scaffold 

itself were pursued to improve the tumor-to-kidney ratio. Therefore, kidney-cleavable linkers were 

installed within the peptide sequence just before the radiolabeled moiety. This linker should be 
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specifically cleaved at the kidney brush-border membrane, liberating the radioactive moiety as a 

small fragment that can be easily excreted in the urine.[67] Yim et al. adapted this concept for 

exendin-4 by implementing the kidney-cleavable Nε-maleoyl-L-lysyl-glycine (MAL) linker. However, 

the kidney uptake of [64Cu]Cu-NODAGA-MAL-exendin-4 was not improved compared to the 

reference [64Cu]Cu-NODAGA-exendin-4.[128] Likewise, Jodal et al. introduced linker sequences 

specifically cleaved by the metalloprotease meprin β. Although cleavage was attained in vitro, the 

expected accelerated clearance from the kidneys could not be observed in vivo and was assigned 

to a slower cleavage rate of meprin β compared to the rate of peptide uptake.[123] By contrast, the 

insertion of a NEP 24.11-cleavable segment (L-methionyl-L-valyl-L-lysine = MVK) provided a 

significant reduction (~ 40% at 1 h p.i.) of renal activity accumulation in mice without impairing the 

tumor uptake. However, an evaluation of this concept in humans was not performed yet.[129] 

Besides, preclinical studies were pursued with radiohalogenated derivatives. Läppchen et al. 

investigated the radioiodinated derivative (Nle14, [124I]I-Tyr40-NH2)exendin-4 in female Balb/c nude 

mice, bearing rat INS-1E tumor xenografts. The tumor-to-kidney ratio was increased by a factor of 

~ 32 compared to the 68Ga analog [Nle14,Tyr40(Ahx-[68Ga]Ga-DOTA)-NH2]exendin-4. In contrast to 

radiometallated exendin-4 conjugates, the main catabolite 124I-Tyr, is not retained in the lysosomes 

of the proximal tubular cells in the kidneys but instead freely diffuses out of the cells, wherefore 

radioiodine is referred to as a non-residualizing label. Upon deiodination, the released [124I]iodide 

rapidly accumulates in thyroid tissue and stomach via the sodium iodide symporter. Therefore, 

nonspecific accumulation of [124I]iodide in the thyroid and stomach remained, but could be inhibited 

by blocking the sodium iodide symporter with Irenat®.[118] However, residualizing labels are 

generally preferred, as the activity is trapped within the target tissue, resulting in a higher specificity 

and sensitivity in vivo.[120] 

Studies with 18F-labeled exendin-4 revealed high tracer uptake in INS-1 tumor cells and xenograft 

models and a rapid clearance from the kidneys compared to radiometallated analogs.[81, 106, 130, 131] 

Although these results suggested high potential of 18F-labeled exendin-4 analogs, none of the 

investigated compounds were transferred into clinical application.[89, 100] Occasionally, difficulties in 

separating the precursor from the respective radiolabeled agent resulted in low molar activities 

(Am).[131, 132] As a consequence, optimal tumor uptake could not be attained, since a low peptide 

dose (~ 1 µg) and hence, a high molar activity (~ 200 GBq/μmol[133]) is mandatory. Moreover, 

dependent on the labeling methodology, a relatively high nonspecific accumulation in liver and 

intestines occurred in preclinical studies.[81, 106]  

In order to avoid radiosynthesis via prosthetic groups, other strategies such as aluminum 

[18F]fluoride complexation were applied and showed high tracer uptake by the tumor. However, 

chelator attachment and [18F]AlF complexation again led to high kindey uptake.[125, 134]  

Recently, the first direct radiofluorination of a silicon-based fluoride acceptor (SiFA)-modified 

exendin-4 precursor was pursued by Dialer et al.[135] Although kidney accumulation remained low 
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(49 ± 18% ID/g at 1 h p.i.), this approach led to radiochemical yields (RCY) of only 1.0 - 1.5% and 

6% 18F-incorporation for (Nle14, [18F]SiFA-Lys40)exendin-4. Azeotropic drying of [18F]fluoride as a 

more laborious and time-consuming drying method, in combination with harsh peptide labeling 

conditions (110 °C, 15 min), which were presumed to cause for degradation of the 40-residue 

peptide, probably accounted for this poor RCY. 

 

In conclusion, radiolabeled exendin-3/4-based derivatives represent promising agents for 

molecular imaging of GLP-1R-overexpressing lesions. However, the use of the exendin-3/4 

scaffold currently allows for a very limited number of peptide-radionuclide conjugates that can be 

only applied for insulinoma imaging in patients. Radiometallated conjugates are suffering from high 

renal uptake and retention. As a possible strategy to reduce kidney accumulation, radiotracers with 

kidney-cleavable linkers have been introduced, but a general proof-of-concept in humans is still 

pending. For diagnostic purposes, the use of 18F as an alternative label is impaired by tedious 

labeling methodologies and an initial attempt for direct 18F-labeling via a SiFA-modified precursor 

provided only limited success. Moreover, PRRT of GLP-1R-overexpressing tumors has not been 

envisaged yet. The use of radiometallated α- or β--emitting agents potentially leads to nephrotoxicity 

and for 131I-labeled derivatives, an ingenious treatment protocol with Irenat® would be 

indispensable to avoid severe 131I-induced damage of the thyroid.  

Therefore, a pharmacokinetically optimized structure (e.g. undecapeptide A-1, introduced in 

section 1.1.4) was supposed to serve as a valuable alternative by expanding the scope of possible 

peptide-radionuclide conjugates. More precisely, reabsorption by megalin and/or cubilin on the 

tubular cells and secretion of radioactive degradation products into the blood might be decreased 

for peptides structurally different to exendin-3/4, exhibiting fewer charged amino acid residues or 

an altered distribution of charges.[122-124] Accelerated clearance from the blood and kidneys would 

result in earlier adequate tumor-to-background and tumor-to-kidney ratios, particularly 

advantageous for diagnostic and therapeutic applications, which might be also combined in a 

theranostic approach[136], provided that agonist-induced side effects (hypoglycemia, nausea, 

vomiting) are still tolerable or can be reduced by antiemetics[137] and prophylactic glucose 

infusions.[89] 

In addition, if the respective ligands would allow for derivatization with a silicon-based fluoride 

acceptor moiety under improved labeling conditions in combination with the ‘Munich method’[138] 

for 18F-drying, direct radiofluorination with higher RCYs might be possible, exploiting the favorable 

imaging characteristics of 18F (low β+ energy of max. 0.635 MeV, β+ decay ratio of 97%, half-life 

109.8 min) and the possibility of generating GLP-1R-targeting radiohybrid ligands.[139, 140] High 

molar activities together with the 18F-derived low kidney uptake might promote the use for clinical 

application. 
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1.2. PSMA ligand development 

1.2.1. Prostate-specific mebrane antigen 

 

The prostate-specific membrane antigen (PSMA) is a glutamate-preferring, Zn2+-dependent 

metallopeptidase also termed glutamate carboxypeptidase II (GCP II), due to its exopeptidase 

activity towards substrates bearing C-terminal glutamate residues.[141-143] In healthy human tissue, 

physiological GCP II expression was predominantly found on the secretory-acinar epithelium of the 

prostate and on extraprostatic sites like the kidneys (proximal renal tubules), the brush border 

membrane of the small intestine and the central and peripheral nervous system (astrocytes and 

schwann cells).[144-147] 

Depending on its site of expression and enzymatic activity, GCP II was given different names 

(Figure 10). Due to its exopeptidase activity towards the neurotransmitter 

N-acetyl-L-aspartyl-L-glutamic acid (NAAG) in the brain, GCP II was termed N-acetylated α-linked 

acidic dipeptidase I (NAALADase I).[141, 148] Besides, it catalyzes the hydrolytic cleavage of γ-linked 

glutamates from polyglutamylated folate on the brush border membrane of the small intestine, 

where it mediates the intestinal absorption of folate (also known as vitamin B9). Thus, GCP II was 

named folate hydrolase 1 (FOLH1).[141, 149] Moreover, the predominant expression of GCP II on 

prostate epithelium and its upregulation in prostate cancer led to the term prostate-specific 

membrane antigen.[150-152]  

PSMA is a type II transmembrane protein with a short N-terminal cytoplasmic domain (AA 1 - 19), 

a single membrane-spanning segment (AA 20 - 44) and a large C-terminal extracellular domain 

(AA 45 - 750) (Figure 10).[153, 154]  
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Figure 10: Crystal structure of the human PSMA homodimer. Right monomer shows the individual domains of the 

extracellular part: the protease domain, amino acids 57 - 116 and 352 - 590 (green); the apical domain, amino acids 

117 - 351 (blue); and the C-terminal domain, amino acids 591 - 750 (yellow). The second monomer (left) is colored 

gray. N-linked sugar moieties are colored cyan, and the active-site Zn2+ ions are shown as red spheres. Left panel: 

NAAG catabolism in the mammalian nervous system. Right panel: Folate hydrolase activity at the plasma 

membrane of enterocytes.[142] Figure 10 was taken from reference [142]. 

 

The extracellular portion of PSMA, generally responsible for substrate recognition, can be divided 

into three sub-domains: the protease domain, the apical domain and the helical C-terminal domain, 

located at the homodimer interface. Residues of all three domains participate in formation of the 

binding cavity.[142, 143] The whole extracellular part is highly N-glycosylated (20 - 25% of the native 

molecular weight), which is indispensable for correct folding and subsequent secretion of the 

enzymatically active heterodimer.[155-158]  

The active site of PSMA accommodates two catalytic Zn2+ ions, which are bridged by Asp387 

(Figure 11). In addition, Zn(1) is coordinated by His377 and Asp453, whereas Zn(2) is ligated to His553 

and Glu425. In its free state, a single water molecule asymmetrically bridges both zinc ions 

(H2O…Zn(1), 1.79 Å; H2O…Zn(2), 2.26 Å), which in turn leads to a tetrahedral coordination of both 

metal ions within the binding cavity of PSMA. The bridging water molecule is also coordinated by 

Glu424, which further promotes its hydroxide character. Thus, it is poised to attack the peptide bond 

of a bound substrate, leading to a tetrahedral intermediate, hydrolysis of the peptide bond and 

product dissociation.[143, 154] 
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Figure 11: Scheme of the catalytic site of PSMA, indicating the NAAG substrate as bound to the enzyme. The 

binding of the N-acetylaspartyl portion of the substrate to the S1 pocket (left) is modeled, whereas the interactions 

of the glutamate residue to the S1’ pocket (right) are taken from the crystal structure of the PSMA-glutamate 

complex (PDB: 2C6G). Residues Lys699 and Tyr700 of the ‘glutarate sensor’ are boxed. The catalytic reaction is 

supposed to be initiated by activation of the central nucleophile, HO–H, through the catalytic base Glu424. This is 

followed by nucleophilic attack of the generated hydroxyl ion onto the peptidic bond of the substrate. After cleavage, 

Glu424 acts as a proton shuttle, that mediates transfer of the abstracted proton to the amino group of the leaving 

glutamate. Arrows run from nucleophile to electrophile.[154] Figure 11 was taken from reference [154]. 

 

The large binding cavity of PSMA (~ 1 100 Å2) is divided by the binuclear active site into the 

pharmacophore S1’ site and the non-pharmacophore S1 site. The S1’ binding pocket is defined by 

an array of amino acids, including Arg210, Asn257, Glu424, Tyr552 as well as Lys699 and Tyr700 both 

representing important residues of the ‘glutarate sensor’ (Tyr692 - Ser704). All these amino acids 

confer specificity to L-glutamate and L-glutamate-like moieties via a complex network of ionic 

interactions, polar hydrogen bonds and van der Waals interactions.[143, 154, 159] Depending on the 

structure of the bound ligand, also further residues like Ser517, Gly518, Phe209 and Leu428 can be 

involved.[159, 160] The width of this subpocket is restricted by the side chains of Phe209 and Leu428, 

that define a narrow channel with a diameter of approximately 8 Å. However, the β15/β16 hairpin, 

i.e. the ‘glutarate sensor’, represents a flexible loop (positional difference of ~ 4.7 Å) by which a 

substantial increase of the S1’ pocket and also liberation of the cleaved glutamate were supposed 

to be possible.[154, 159] Hence, a certain structural flexibility exists, although to a very limited degree.    

More flexibility is provided by the non-pharmacophore S1 subpocket, which encompasses a ~ 20 Å 

deep funnel expanding from the binuclear active site (approximate diameter of 8 Å) towards the 

entrance lid (approximate diameter of 20 Å). The S1 binding site harbors a strongly positively 

charged region, composed by Arg463, Arg534 and Arg536. This ‘arginine patch’, on the one hand, 

accounts for the strong preference of PSMA for acidic residues in the P1 position of a substrate. 

On the other hand, simultaneous reorientation of Arg536 and Arg463 unveils a ‘S1 accessory 

hydrophobic pocket’, by which bulky hydrophobic residues can be optimally coordinated.[161, 162] 

This ligand-dependent variability provides evidence of a unique structural plasticity, which is also 
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observed for the entrance lid of PSMA (Trp541 - Gly548). Depending on the ligand dimensions, this 

highly flexible segment occupies a closed or open conformation, which enables processing of 

‘longer’ substrates such as folyl-poly-γ-glutamates.[163] Adjacent to this structural motif, parts of the 

entrance lid (Trp541) as well as Arg463 and Arg511 define a remote ‘arene-binding site’.[164, 165] 

Addressing these structural features within the binding cavity of PSMA (Figure 12) proved to be a 

valuable tool for ligand optimization, thus, encouraging the search for further yet unknown 

interaction sites.[163, 166]   

 

       

Figure 12: (A) Schematic representation of the binding cavity of PSMA. Flexible segments (the entrance lid, the 

arginine patch and the glutarate sensor) are depicted in two conformations by solid and dashed lines, respectively. 

Selected residues are shown in one-letter code. The position of the glutarate sensor for an empty S1’ pocket is 

indicated in yellow. Polar hydrogen bonds between residues of the S1’ pocket and a bound substrate are depicted 

in gray. Interactions in the vicinity of the active site are colored green. Formation of the arginine patch and the 

S1 accessory hydrophobic pocket by distinct arginine residues is indicated in blue, whereas the arene-binding site 

is colored in red. Zn2+ ions are depicted as circles.[163] (B) Glu-ureido-based ligands within the binding cavity of 

PSMA for illustration of different orientations and interaction sites, depending on the ligand size. Although there is 

complete structural overlap of pharmacophore modules (cyan), positioning of the flexible proximal linker (magenta), 

functional spacer (yellow), and effector moiety (blue) is divergent within and outside the amphipathic entrance 

funnel. Zn2+ ions are shown as orange spheres. X-ray structures of PSMA were used in complex with DCIBzL (PDB: 

3D7H), ARM-P4 (PDB: 2XEG), carborane (PDB: 4OME) and PSMA-617 (unpublished data).[167] Figure 12A was 

adapted from reference [163] and Figure 12B was taken from reference [167].  

 

Although PSMA was found to exhibit both NAALADase and folate hydrolase activity[168, 169], the 

biological function of these enzymatic activities in normal prostate tissue remains unknown. 

Besides, also the impact on tumor progression and metastasis of prostate carcinomas and 

neovascularization in other solid tumors has not been elucidated yet.[141, 153, 170] 

Rajasekaran et al. proposed PSMA to be a multi-functional enzyme, which could be involved in 

signal transduction, nutrient uptake and cell migration.[153, 171] Furthermore, PSMA is supposed to 

be a receptor for a yet unidentified endogenous ligand.[141, 153] Recent investigations by Barwe et al. 

A B 
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resulted in a direct correlation between PSMA expression on prostate cancer cells and their 

accumulation in human bone marrow matrix, independent of the enzymatic activity.[172] This finding 

has led to the assumption that PSMA expression on malignant prostate tissue could be crucial for 

metastasis into the bone.[172] Besides, the enzymatic activity of PSMA provides glutamate as a 

substrate for metabotropic glutamate receptor I (mGluR I). Upon activation, mGluR I initiates 

downstream pathways, critical for the pathogenesis of prostate cancer.[173] 

Irrespective of the presence of a substrate and its hydrolysis, PSMA undergoes constitutive 

endocytosis via clathrin-coated pits in LNCaP cells. Internalization was found to be mainly mediated 

by the very N-terminal cytoplasmic pentapetide MWNLL, whereby especially Met1 and Leu5 play 

critical roles.[171, 174, 175] Investigations on transfected PC-3 cells suggested that association of the 

intracellular N-terminus (AA 1 - 19) of PSMA with the actin-crosslinking protein filamin A is involved 

in its localization to the recycling endosomal compartment (REC). However, these findings remain 

ambiguous, since in LNCaP cells (endogenous PSMA expression) no co-immunoprecipitation of 

PSMA with filamin could be detected and PSMA could not be localized in the REC.[176] Nonetheless, 

internalization could be increased up to 3-fold upon antibody binding to the extracellular domain in 

a dose-dependent manner.[174] Hence, apart from its glutamate carboxypeptidase activity, PSMA 

was supposed to act as a receptor mediating the internalization of a putative endogenous 

ligand.[171, 174]   

Intracellular signaling pathways have been predominantely investigated in human prostate cancer 

cells (primary tissue or LNCaP cells), transfected cells (human or non-human primate origin) and 

human astrocytes, with the latter representing a main object of study for neurological disorders.[170] 

Notably, androgens downregulate PSMA gene expression, reduce transcription of PSMA mRNA 

and consequently, inhibit PSMA expression. As a result, androgen deprivation as a therapy for 

advanced prostate cancer leads to an upregulated PSMA expression (Figure 13). This represents 

an important physiological process, which has to be considered for interpretation of PSMA-targeted 

PET as well as for defining the best time point and sequencing of diagnosis and therapy.[177-179] 
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Figure 13: CRPC can be managed with second generation inhibitors of the androgen receptor (AR), such as 

enzalutamide and bicalutamide as well as with cytochrome P450 17α‐hydroxylase‐17,20‐lyase (CYP17) inhibitor 

abiraterone. AR antagonists competitively inhibit androgen binding to AR, inducing activation of the PSMA enhancer 

region. Increased PSMA gene transcription provides a higher number of the mature protein at the surface of PCa 

cells, which can be targeted by PSMA ligands equipped with chemotherapeutics, imaging probes or diagnostic and 

therapeutic radioisotopes.[180] Figure 13 was adapted from reference [180] and slightly modified.   
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1.2.2. PSMA as target for molecular imaging and radiotherapy 

 

Contrary to the GLP-1 receptor, PSMA does not belong to the superfamily of G protein-coupled 

receptors, but yet serves as a valuable target structure for molecular imaging and radiotherapy, 

due to its elevated expression in prostate cancer at the early and late (castration-resistant) stage  

of the disease as well as in metastatic lesions.[181] 

The term ‘prostate cancer’ mainly refers to adenocarcinomas, which arise from prostatic epithelial 

cells and account for over 95% of all prostate cancers.[182] In 2018, this type of cancer represented 

the second most common cancer worldwide in men, according to data published by the 

International Agency of Research on Cancer. Since 2012, the number of deaths rose from a global 

estimated number of 307 000 to 359 000 in 2018. Thus, prostate carcinomas now represent the 

fourth leading cause of cancer-related death in men.[183, 184] 

With prostate cancer being a global health issue, its detection and treatment was focused by many 

research groups in the past decades.[185] The identification of prostatic acid phosphatase (PAP) in 

1938 and prostate-specific antigen (PSA) in 1980 revealed two viable serum biomarkers for 

prostate carcinomas.[186, 187] In 1987, PSMA was first identified by Horoszewicz et al. and since 

then evolved to a very potent biomarker for prostate cancer cells.[188-190] Despite its unsuitability as 

a serum-based marker, its favorable expression pattern led to intense investigations for its use as 

a target for imaging and treatment of PCa.[191]   

Treatment options are mainly defined by the Gleason score, which still remains one of the best 

prognostic markers for PCa. It gives a first indication of the differentiation and invasiveness of the 

tumor by histopathological analysis of the glandular architecture.[192] Resultant therapeutic methods 

for prostate cancer range from watchful waiting to aggressive multimodal therapies depending on 

age, disease stage, potential side effects and other medical conditions of the patient.[189, 193] In 

order to determine appropriate treatment options tailored to the patient, imaging techniques should 

be able to accurately localize tumor lesions and determine the extent of the disease, monitor tumors 

over time and their response to therapy.  

Conventional imaging studies of primary prostate cancer include transrectal ultrasound, CT and 

magnetic resonance (MR) imaging as well as bone scintigraphy ([99mTc]Tc-MDP), which is used for 

the detection of metastatic skeletal lesions.[194] Both CT and bone scintigraphy have limitations 

concerning sensitivity and specificity for the detection of early/subtle recurrence or metastasis, e.g. 

disease-involved lymph nodes and sclerotic bone metastases with a sub-centimeter diameter. 

Occasionally, also MR imaging exhibits low specificity, with benign prostatic hyperplasia at times 

having similar imaging characteristics to malignant tissue.[195] Positron emission tomography with 

11C- or 18F-labeled choline has shown encouraging results for the detection of recurrent prostate 

cancer[196], but has a low diagnostic accuracy for the detection of primary prostate cancer, since 
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benign pathologies in the prostate (e.g. benign prostatic hyperplasia and prostatitis) are also 

characterized by an increased choline uptake.[197] PET imaging with the most commonly used 

tracer [18F]FDG exhibits limited positivity and sensitivity for this type of malignancy, due to low 

glycolysis in prostate cancer cells and hence, low uptake of this diagnostic agent.[198] 

High affinity radiotracers targeting PSMA were supposed to potentially address those limitations 

presented for diagnostic purposes.[195] Furthermore, replacement of the diagnostic nuclide with a 

therapeutic α/β--emitter was presumed to allow for the delivery of high cytotoxic radiation doses to 

specific tumor sites. This concept of imaging and therapy already proved its potential as an effective 

modality for the management of prostate cancer.[199]    

The expression of PSMA is highly upregulated in malignant prostate tissue and directly correlates 

with tumor grade and aggressiveness as well as with the pathological stage.[191, 200] Hence, highly 

elevated PSMA levels can be found in castration-resistant prostate cancer as well as in metastatic 

lesions located in the lymph nodes, bone, soft tissue and lungs.[153, 172] Moreover, an increased 

expression of PSMA was found in the neovasculature of most solid tumors, but not in normal 

vascular endothelium. Thus, PSMA emerged as an ideal biomarker not only for the diagnosis and 

treatment of prostate cancer, but also for many other forms of solid tumors.[144, 145, 201]  

This involvement of PSMA in a variety of oncological diseases and especially in PCa, promoted 

the development of PSMA-targeted agents in recent years. 
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1.2.3. PSMA-targeting radioligands 

 

Since the 1990’s many efforts have been made to promote the development of PSMA-addressing 

ligands, applicable either for the treatment of neurological disorders or imaging and therapy of 

prostate tumors and metastases.[170, 202] Highly specific PSMA-avid monoclonal antibodies (mAb) 

were already available at initial studies characterizing PSMA as a target for prostate tumor cells.[148] 

Early promising results for the diagnosis and treatment of prostate cancer were obtained with 131I, 

111In, 90Y and 177Lu-labeled antibodies mAb 7E11-C5 and mAb J591.[144, 188, 203, 204] The 7E11-C5 

antibody was obtained after immunization of mice with LNCaP cells and recognizes an epitope 

located at the intracellular cytoplasmic domain of PSMA, with a minimal reactive peptide consisting 

of the first six N-terminal amino acids (MWNLLH).[152] As a consequence, 7E11-C5 is only able to 

bind to PSMA after prostate cancer cell apoptosis or necrosis.[144, 152, 204] After a decade, further 

efforts revealed mAb J591 that binds to viable cells by targeting an epitope located at the 

extracellular domain of PSMA.[205] Both antibodies have entered clinical trials and 111In-labeled mAb 

7E11-C5 attained FDA-approval already in 1996 and is now used for several years as diagnostic 

agent (ProstaScint®) in localized and metastatic prostate cancer.[206, 207] 

In contrast, small molecule GCP II inhibitors were primarily synthesized for the treatment of 

NAALADase I-based neurological disorders and drug addiction, since antibodies are too large to 

pass the blood-brain barrier.[202, 208] Adaption of this approach for targeting PSMA positive 

peripheral tumor lesions attained more interest in recent years, since small molecules exhibit a 

faster rate of tumor uptake and blood clearance than antibodies as well as an increased tumor 

permeability.[209, 210] This leads to improved pharmacokinetics for imaging and therapy, with 

reduced background activity at early time points, less radiation burden on the liver and decreased 

myelosuppression in patients.[189, 210, 211] Moreover, SPECT imaging via radiolabeled antibodies 

represents a more cumbersome procedure for the patient and attending physician, as the optimal 

imaging time is only reached at 48 - 72 hours after injection, due to the rather slow in vivo 

pharmacokinetics of the antibodies.[189] Hence, small molecule-based imaging agents with their fast 

clearance from non-target tissues represent the more practicable choice, since imaging can be 

performed shortly after tracer administration (1 - 4 h p.i.).[189, 209, 212, 213] 

Dependent on the purpose, currently existing small molecule-based inhibitors of PSMA have been 

tested either in enzyme-based NAALADase assays or in live, PSMA-expressing prostate cancer 

cell lines. Obviously, those which are able to inhibit the NAALADase activity at very low 

concentrations act as promising candidates not only for the treatment of neurological disorders, but 

could also serve as basic structures for the diagnosis and treatment of prostate cancer.[170, 202] 

According to their central Zn2+-binding motif, small molecule-based PSMA inhibitors can be roughly 

separated into six different classes.[160, 202] The first class is constituted by phosphorous-based 

compounds, including phosphonic and phosphinic acid derivatives as well as phosphoramidate 
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peptidomimetics, with racemic 2-(phosphonomethyl)pentanedioic acid (2-PMPA) as the prototype 

PSMA inhibitor (Ki = 0.3 nM[214]) developed in 1996 by Jackson et al.[160, 215] However, clinical 

application of initial phosphorous-based compounds was impaired by their highly polar character 

resulting in unsuitable pharmacokinetics for the treatment of neurological disorders (low blood-brain 

barrier (BBB) permeability).[216] Therefore, further small molecules which were known to act as 

metallopeptidase inhibitors were investigated. Examples for these classes of molecules are 

thiol-based derivatives and hydroxamic acids.[160, 214] In 2003, the thiol-based inhibitor 

2-(3-mercaptopropyl)pentanedioic acid (2-MPPA, also known as GPI5693) was described by 

Majer et al. as the first orally bioavailable PSMA inhibitor with an IC50 value of 90 nM.[217] However, 

the relatively high oral doses required for therapy also increased the risk of thiol-induced immune 

reactions.[218] Despite further optimizations of the 2-MPPA scaffold[218], this class of compounds 

could not reach clinical application, due to metabolic instability and insufficient selectivity.[216] 

Hydroxamic acid derivatives possess only moderate to low inhibitory activity against PSMA 

(≥ 220 nM), which in consequence emphasizes the need for further optimizations.[160, 219] Another 

group of PSMA inhibitors is constituted by conformationally restricted dipeptide mimetics, but, 

comparable to hydroxamic acids, their inhibitory potency towards PSMA is only moderate 

(100 - 900 nM).[202] Sulfonamide-based inhibitors were found to exhibit even lower affinities towards 

PSMA, with IC50 values ranging from 5 µM to > 100 µM.[160, 220] By contrast, urea-based compounds 

showed high inhibitory activity in enzyme-based NAALADase assays as well as in 

LNCaP cell-based competitive binding assays.[221-224]  

Since high lipophilicity as for the treatment of neurological disorders represents no prerequisite for 

addressing peripheral tumor lesions and metastases, hydrophilic high-affinity compounds 

(e.g. urea-based PSMA inhibitors) have prevailed for PCa management. Early ([11C]DCMC, 

[125I]DCIT, [18F]DCFBC, [125I]DCIBzL, [123/124/131I]MIP-1095, [99mTc]Tc-MIP-1404), recently 

([68Ga/177Lu/111In]Ga/Lu/In-PSMA-I&T, [68Ga]Ga-PSMA-11, [18F]PSMA-1007, [18F]rhPSMA-7.3,  

[68Ga/177Lu/225Ac]Ga/Lu/Ac-PSMA-617) and currently developed PSMA radioligands were/are 

primarily based on the Glu-urea-X motif.[136, 210, 225-232] Besides, also Glu-phosphoramidate-X-based 

ligands ([18F]CTT1056 or [18F]CTT1057) have been consistently investigated over the years, mainly 

due to their (pseudo-)irreversible binding to PSMA and favorable pharmacokinetics in PCa 

patients.[165, 233-236] Adjacent to the central Zn2+-chelating group, both substance classes share a 

common C-terminal glutamate, addressing the pharmacophore S1’ site and the inherent ‘glutarate 

sensor’ (as described in section 1.2.1). High variability of these ligands at the P1 site again 

corroborates the structural flexibility of the non-pharmacophore S1 pocket (Figure 14). Moreover, 

L-configuration of the binding motif was found to be indispensable for efficient binding to the active 

site of PSMA.[160, 237, 238] 
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Figure 14: Structural formulas of PSMA-targeting ligands for imaging and therapy of prostate cancer. This selection 

assembles Glu-urea-X and Glu-phosphoramidate-X derivatives currently investigated in clinical trials. Fragments 

that can be radiohalogenated (18F, 123/131I) (directly or indirectly) are attached to the inhibitor motif via specifically 

optimized peptide linkers which were introduced for improved pharmacokinetics (yellow) and for targeting distinct 

sites within the non-pharmacophore S1 pocket (arginine patch: gray, S1 accessory hydrophobic pocket: blue, 

arene-binding site: red). Alternatively, functionalization of the linker unit with a chelator enables complexation of 

diagnostic (68Ga, 99mTc, 111In) or therapeutic radiometals (177Lu, 225Ac). Both concepts can be realized with 

radiohybrid ligands, such as rhPSMA-7.3, although only its radiofluorinated variant has entered clinical trials so 

far.[136, 165, 167, 209, 232, 239, 240] 

 

For imaging of prostate cancer lesions, a multitude of small molecule-based PSMA ligands have 

been or are currently investigated in clinical trials (Figure 14).[190, 239, 240] Labeled with 18F, 68Ga, 

99mTc, 123I or 111In these  compounds  show  high  potential  for  visualization  of  tumor  lesions  and 
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enable radioguided surgical excision (99mTc and 111In).[209, 213, 241-244] Additionally, 64Cu- or 

44Sc-labeled PSMA ligands have proved their usefulness for prolonged acquisition periods, as 

required for pre-therapeutic dosimetry or intraoperative applications as well as for images with 

higher spatial resolution.[245, 246] Thereof, [68Ga]Ga-PSMA-11 recently attained FDA- and 

EMA-approval and thus, represents the first small molecule-based PSMA imaging agent launched 

on the market.[11] Since auspicious results in PCa patients were obtained with diagnostic 

compounds, also endoradiotherapeutic approaches were envisaged quickly (Figure 14).[189, 247] The 

use of α- or β--emitting radioligands has been introduced as a salvage therapy for the incurable 

form of the disease, i.e. metastatic castration-resistant prostate cancer (mCRPC).[248] Due to their 

favorable in vitro and preclinical in vivo characteristics, several therapeutic agents advanced into 

the clinic and some of them already entered late-phase clinical trials (Table 3). 

 

Table 3: In vitro and in vivo data of selected PSMA-targeting ligands, suitable for RLT of mCRPC.  

Compound 
Affinity (Ki) 

[nM]a 

Internali-

zationb 
Log D 

Tumor uptake  

[% ID/g]c  

Clinical 

study 

phase[8] 

Ref. 

[131I]MIP-1095d 0.24 ± 0.14 ~ 50% 0.81e 
1 h: 20.7 ± 5.8 

24 h: 29.1 ± 15.1 

II 

(NCT039

39689) 

[223, 

224]  

[177Lu]Lu-PSMA-I&Tf 
7.9 ± 2.4 

(IC50) 
114 ± 8% -4.12 

1 h: 7.96 ± 1.76 

24 h: n.d. 

III 

(NCT046

47526) 

[136, 

249]  

[177Lu]Lu-PSMA-617 6.91 ± 1.32 
17.51 ± 

3.99%g 
-2.00h 

1 h: 11.20 ± 4.17 

24 h: 10.58 ± 4.50 

III 

(NCT035

11664) 

[250]  

[225Ac]Ac-PSMA-617 2.34 ± 2.94h n.d. -2.00h n.d. 

I 

(NCT045

97411) 

[250] 

aValues determined with the respective non-radiolabeled compound, i.e. cold standard. Since no Ki value was 

available for natLu-PSMA-I&T, the corresponding IC50 value is given; bData represent specific internalization at 37 °C 

at 1 h for [123I]MIP-1095 and [177Lu]Lu-PSMA-I&T and at 45 min for [177Lu]Lu-PSMA-617; cTumor uptake in LNCaP 

tumor xenograft-bearing mice. For each time point: n = 5 for [123I]MIP-1095, n = 4 for [177Lu]Lu-PSMA-I&T and n = 3 

for [177Lu]Lu-PSMA-617; dInternalization and biodistribution studies were performed with [123I]MIP-1095; ecalculated 

log P; fIn vitro data were aquired analogously to the procedures described within this work; g% applied 

activity/106 LNCaP cells (n = 3); hValues determined with the compound in its free chelator form. Data for binding 

(Ki/IC50), internalization and tumor uptake are expressed as mean ± SD. n.d., not determined; SD, standard 

deviation. 
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Hitherto, PSMA ligands with alternative residues at the P1’ position, clearly differing from glutamate 

could not advance into the clinic. Essential experiments were conducted by Wang et al., 

Kozikowski et al. and Plechanovová et al. who examined different substituents on their potential to 

irreversibly mask carboxylic acid moieties (Figure 15). However, in most cases the affinity values 

of the investigated compounds were found to be inferior to those obtained for their glutamate-based 

counterparts. Therefore, further experiments were often abandoned at an early stage and only few 

in vivo experiments in mice were conducted.[222, 251, 252]  

 

 

Figure 15: Analysis of different carboxylic acid substituents based on known high-affinity PSMA ligands. 

Modifications restricted to the P1’-γ-carboxylate were evaluated by Plechanovová et al.[252] and Wang et al.[251] 

Thereof, derivatives 32e and 32n showed a remarkable low Ki value, although still 7-fold and 530-fold higher than 

those obtained for reference compounds ZJ-43 and DCIBzL (B-5), respectively. Further positions suitable for 

introducing a carboxylic acid bioisostere were investigated by Kozikowski et al.[222] Symmetrical derivative 6d 

revealed a certain tolerance of the S1’ pocket towards tetrazole as a P1’-γ-carboxylic acid bioisostere, although the 

Ki increased by a factor of ~ 17 when compared to its glutamate-bearing counterpart 7d. By contrast, modifications 

at both α-carboxylates (6b) resulted in a clear loss of affinity, even for compound 7b in which the crucial 

P1’ glutamate was preserved. 
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Again, these structural modifications were introduced to attain improved pharmacokinetics 

(i.e. higher lipophilicity resulting in a higher BBB permeability) for the treatment of neurological 

disorders.[222, 251] For this purpose, also alternative substrates for PSMA were examined. Variations 

from the original substrate NAAG were published by Barinka et al. and Plechanovová et al. which 

revealed compounds bearing methionine or nonpolar aliphatic side chains at the C-terminal P1’ 

position as potential candidates for enzymatic cleavage.[252, 253]  

N-acetyl-L-glutamyl-L-methionine (NAGM) was cleaved by PSMA almost as fast as NAAG with a 

turnover number of 0.29 ± 0.01 [s-1] (vs. 0.59 ± 0.16 [s-1] of NAAG). However, cleavage efficiency 

of the enzyme was still notably higher for the original substrate NAAG 

(kcat/Km = 1361 [L·s-1·mmol-1]) than for NAGM (kcat/Km = 5.5 [L·s-1·mmol-1]), as 

methionine-containing peptides displayed lower Km values (two to three orders of magnitude). 

Nonetheless, hydrolysis of NAGM after 15 h at 37 °C reached a similar extent as observed for 

NAAG.[253] An even more potent substrate could be identified by Plechanovová et al. upon 

investigation of substrate analogs with nonpolar aliphatic substituents at the P1’ position. Among 

those, N-acetyl-L-aspartyl-L-2-aminooctanoic acid exhibited the highest turnover number 

(kcat = 0.60 ± 0.03 [s-1]) and cleavage efficiency (kcat/Km = 75.0 [L·s-1·mmol-1]), closest to the value 

for NAAG (930 [L·s-1·mmol-1]).[252] 

Apart from that, the glutamate carboxypeptidase activity of PSMA itself has been used for the 

development of poly-glutamylated prodrugs for PCa treatment either based on the methotrexate or 

thapsigargin scaffold.[254, 255] In both attempts, the conjugate is inactive until the PSMA-specific 

poly-glutamyl peptide is cleaved, thereby liberating the cytotoxic drug (methotrexate or 

thapsigargin) by enzymatic cleavage via PSMA. Thus, healthy tissue is spared as mainly 

PSMA-overexpressing tumor lesions and metastases are affected by the drug’s cytotoxicity.[256] 

Auspicious preclinical results for poly-glutamylated thapsigargin led to further evaluation in an open 

label dose-escalation trial (NCT01056029).[255] 

 

 

In sum, the presented options for masking the P1’ glutamate, the immanent enzymatic activity of 

PSMA as well as its tolerance towards different Zn2+-binding groups offer the possibility to evaluate 

modifications of currently existing PSMA-targeting peptidomimetics with the aim to optimize their 

pharmacokinetic profile and to reduce their unspecific uptake. 
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1.2.4. Current limitations for radioligand therapy of prostate cancer  

 

Conventional therapeutic modalities such as surgery, external beam radiation therapy and 

brachytherapy are applied for treatment of early-stage prostate cancer. Second-line treatment after 

failed primary surgery and radiotherapy includes androgen deprivation therapy (ADT), which can 

be also used in combination with chemotherapy and radiation therapy to treat the metastatic 

disease.[257] Progression of tumor growth can be decelerated by ADT, but only for a limited 

period.[258, 259] Due to loss of hormone sensitivity, castration-resistant prostate cancer (CRPC) 

inevitably evolves. In 10 - 20% of all PCa patients, CRPC arises within a follow-up period of 

approximately five years, with bone metastases already present in over 84% of these patients (i.e. 

metastatic CRPC). In this advanced form, containment of tumor growth by ADT is no longer 

possible, resulting in poor prognosis for patients, with a median survival of only 9 to 13 months.[260] 

Although mCRPC is incurable, it is not untreatable wherefore innovative therapeutic options 

available to patients have to be considered. 

In particular, radioligand therapy using radiolabeled small molecule-based agents emerged as a 

valuable tool for the treatment of PCa lesions. Thereby, cytotoxic radiation is not only delivered to 

bone metastases, as for radionuclide therapy with [223Ra]RaCl2[261], but also lymph node and 

visceral metastases as well as recurring primary tumors are affected.[262, 263] Auspicious results 

obtained with highly sensitive and selective diagnostic PSMA-addressing agents paved the way for 

transfer of this targeted concept to RLT of mCRPC by means of α- or β--emitting PSMA ligands.[209] 

Developed by Molecular Insight Pharmaceuticals Inc., [131I]MIP-1095 as the first small 

molecule-based endoradiotherapeutic agent, exhibited an intriguing therapy response already after 

a single cycle and superior dosimetric values when compared to a 90Y-labeled antibody. A PSA 

decline of > 50% in 60.7% of patients was accompanied by a complete or moderate reduction of 

bone pain in 84.6% of patients.[227] However, co-emission of high-energy photons by 131I requires 

a more elaborate radiation protection, wherefore 177Lu as a more pure β--particle emitter was 

preferred for labeling of PSMA-targeting conjugates.[263-265] Thereof, [177Lu]Lu-PSMA-I&T[136] and 

[177Lu]Lu-PSMA-617[250] provided encouraging data from first clinical trials[263, 266] and ongoing 

phase III studies ([177Lu]Lu-PSMA-617, NCT03511664 and [177Lu]Lu-PSMA-I&T, NCT04647526)[8], 

presuming a higher efficacy of 177Lu-based RLT compared to other third-line therapies of mCRPC. 

For short- or non-responders (~ 30%), targeted α-therapy (TAT) has been shown to be a valuable 

alternative treatment strategy.[267] A high linear energy transfer of α-particles causes irreversible 

double-strand DNA breaks (Figure 1C), resulting in biological effects three to seven times greater 

than the damage produced by β--radiation. Moreover, less “cross-fire” radiation to surrounding 

normal tissue reduces hematotoxicity in patients with bone marrow involvement.[19, 268, 269] 

Therefore, PSMA-targeted α-therapy was introduced as a further salvage therapy of end-stage 

mCRPC, superior to RLT with β--emitting ligands.[267] The first application of α-emitting, 
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225Ac-labeled PSMA-617 in humans was reported in 2016 by Kratochwil et al. and showed 

complete remission in both patients.[231] Excellent treatment response could be attributed to the 

favorable properties of the peptide (fast tumor uptake, high internalization rate, extended tumor 

retention and rapid clearance of unbound ligand) and to the use of 225Ac, that emits four α-particles 

during radioactive decay.[268]  

Beside kidneys (proximal tubules), the lacrimal and salivary glands have been identified as critical, 

dose-limiting organs.[227, 270-273] In this context it has become apparent, that 177Lu-labeled PSMA 

inhibitors can cause xerostomia[265], which was found to be partially irreversible when 

α-emitter-labeled (225Ac) compounds were administered. Chronic xerostomia severely affected 

patients’ quality of life and also led to premature termination of the therapy in some cases.[274-276]  

Hence, for a broader application of PSMA-targeted RLT and TAT in particular, the design of 

small molecule-based PSMA ligands with reduced salivary gland uptake is of high priority.  

This working hypothesis presupposes a specific uptake of the aforementioned PSMA inhibitors into 

salivary glands, although not necessarily PSMA-specific. Whereas PSMA protein and mRNA 

expression in salivary glands was confirmed by Western blot and genetic analyses[150, 151, 277], the 

high accumulation of radiolabeled small molecule-based ligands (e.g. [177Lu]Lu-PSMA-617 and 

[68Ga]Ga-PSMA-11) does not correlate with the rather low PSMA expression density detected by 

immunohistochemistry and low uptake of radiolabeled antibody [177Lu]Lu-J591 in patients.[188, 211, 

275, 278] Indeed, unwanted non-target tissue uptake in salivary glands is markedly reduced using 

radiolabeled antibodies. Anyhow, therapeutic concepts using PSMA targeting antibodies are 

affected by slow diffusion into solid lesions and myelotoxicity due to longer blood circulation.[211, 279, 

280]  

Based on the fact that administration of monosodium glutamate in mice prior to [68Ga]Ga-PSMA-11 

markedly reduced activity uptake in salivary glands whilst maintaining high tumor uptake, 

non-PSMA-specific interactions such as small molecule/anion/glutamate transporter mechanisms 

may be conceivable.[281] Moreover, the absorbed dose in salivary glands of PCa patients could be 

decreased by a factor of ~ 4 via administering a phosphoramidate-based PET agent compared to 

the urea-based radiotracer [68Ga]Ga-PSMA-I&T.[233] Thus, leading to the assumption that also 

fragments of the central Zn2+-binding ureate might serve as potential recognition sites for these 

transporter systems or other transporter-independent uptake mechanisms. However, the detailed 

mechanism of uptake into salivary and lacrimal glands and the respective target structure has not 

been elucidated so far.[275, 281]  

This lack of knowledge led to various different approaches towards the reduction of radioactivity 

uptake into the salivary glands and thus corresponding unwanted side effects during radioligand 

therapy. After reduction of stimulus conduction by injection of botulinum toxin, a significant 

decrease of the SUVmean (up to 64%) in the right parotid gland compared to the left (control) was 
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observed.[282] In contrast, external cooling with ice packs to decrease the overall blood perfusion 

showed no effect on ligand uptake and xerostomia when 177Lu-labeled peptides were used.[283-285] 

Furthermore, excretion stimulus via vitamin C was investigated, but did not lead to any measurable 

uptake reduction of [68Ga]Ga-PSMA-11.[242] Sialendoscopy with dilatation, saline irrigation and 

steroid injection (prednisolone) after targeted α-therapy ([225Ac]Ac-PSMA-617) showed beneficial 

effects on salivary gland function preservation and for patients’ quality of life. However, not all 

radiation induced damages on the parenchyma could be avoided, as macroscopic findings during 

sialendoscopy revealed endothelial avascularity with the presence of stenosis.[284] All in all, those 

efforts did not show the desired efficacy. 

In conclusion, small molecule-based PSMA radioligands represent promising agents for molecular 

imgaging of prostate cancer or other tumors characterized by a PSMA-overexpressing 

neovasculature. However, high non-target tissue uptake in salivary glands affects the use of 

α-emitter-labeled compounds for RLT. As a possible strategy to reduce activity accumulation in 

these organs and to allow for a more routine application of TAT, pharmacokinetically optimized 

peptides were supposed to serve as valuable alternative structures. Based on the findings stated 

above, especially those with modifications at the inhibitor part were assumed to provide suitable 

characterisitcs for targeting PSMA positive lesions with a higher tumor-to-salivary gland ratio. 
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II. OBJECTIVES 

2.1. Design of GLP-1R ligands with improved pharmacokinetics - 

objective I 

 

The first aim of this thesis was to establish high-affinity GLP-1R-targeting ligands with improved 

pharmacokinetics. More precisely, lead peptide A-1 (Figure 9) should be examined on its potential 

to act as high-affinity GLP-1R ligand and to potentially reduce non-GLP-1R-mediated uptake and 

retention of GLP-1R-binding radioligands in the kidneys, either by providing a peptide scaffold with 

a reduced overall ligand charge (ligand-based reduced kidney uptake) or by direct 18F-labeling 

(nuclide-based decreased renal retention) (Figure 16).  

 

 

GLP-1:  

His7-Ala-Glu-Gly10-Thr-Phe-Thr-Ser-Asp15-Val-Ser-Ser-Tyr-Leu20-Glu-Gly-Gln-Ala-Ala25-Lys-Glu-Phe-Ile-Ala30-

Trp-Leu-Val-Lys-Gly-Arg36-NH2  

Figure 16: Planned modified versions of lead peptide A-1 (above), suitable for direct radiohalogenation 

and/or -metallation. The sequence of reference ligand GLP-1 (A-2), which should serve as a reference for all 

obtained in vitro data, is given below. AA, amino acid. 
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Rationales for the intended ligand modifications 

A-1 as basic scaffold. Beside its overall short chain length (11 amino acids) and 

concomitant less amount of charged amino acids, the use of undecapeptide A-1  was envisaged, 

due to its favorable GLP-1R-activating properties (EC50 (A-1) = 31 pM vs. EC50 (GLP-1) = 34 pM[111, 

113]). 

Positioning of the radiolabel. Since A-1 and related undecapeptides have not been 

converted into an imaging agent for insulinomas so far, an adequate position for the radiolabel 

could only be roughly estimated in advance but not clearly pre-defined. As discussed in section 

1.1.4, established exendin-3/4-based radiotracers are characterized by C-terminal modifications 

for radiolabeling, based on the finding that crucial residues for GLP-1 receptor binding and 

activation are located mainly at the N-terminal nonapeptide (Figure 6). Therefore, modifications at 

the C-terminus were also supposed to be preferred for A-1. However, for the attachment of a 

radiolabel to the downsized structure of A-1, that clearly differs from 39-residue exendin-4, previous 

structure-activity relationship (SAR) studies on related undecapeptides as well as on endogenous 

GLP-1 must be considered. For GLP-1, amino acid residues 10 to 21 (16 to 27 in GLP-1 counting 

method) were found to play a subordinate role in receptor binding and activation (Figure 6).[40, 45, 

52] Accordingly, the well-tolerated bulky aromatic residues at position 10 and 11 in undecapeptide 

A-1 confirm flexibility of GLP-1R towards structural modifications after position 9 and 

simultaneously indicate a certain preference for sterically demanding hydrophobic residues at 

these sites.[113, 114] Based on these SAR, placement of a bulky hydrophobic SiFA moiety at position 

10 or 11 was supposed to result in a well tolerated GLP-1R ligand, suitable at the same time for 

direct radiofluorination. Nonetheless, a successful implementation after position 11 also remains 

conceivable (Figure 16). 

In order to determine whether A-1 possesses the ability to reduce kidney uptake also when linked 

to a radiometal chelate, synthesis and evaluation of the respective conjugates was planned to be 

conducted afterwards. Depending on the results obtained for SiFA-tagged compounds, radiohybrid 

concepts[140] would be envisaged or abandoned. In the latter case, lead peptide A-1 was intended 

to be used as the basic scaffold for chelator attachment. The optimal position for installation of a 

chelator (e.g. DOTA, DOTAGA or NOTA) was more difficult to assess in advance, due to the lack 

of comparative data. However, it was expected to be identified via evaluation of structures with 

varying linker units between the known GLP-1R-binding peptide and the chelator (Figure 16).  

Sites for ligand optimization. Since position 6 represents a distinct site for ligand 

optimization[111], two different residues (Figure 16) should be re-evaluated in order to clarify the 

value of this site in ligand optimization. 
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Derivatives of A-1 suitable for direct radiolabeling (SiFA compounds) or insertion of other 

modifications (e.g. attachment of a chelator) were planned to be preselected by affinity 

determinations. As a result, the main objective of this study was to generate precursor molecules 

with low nanomolar IC50 values that preferably lie in the range of endogenous GLP-1. For this 

purpose, a novel cell-based assay for screening of GLP-1R-targeting compounds should be 

developed and implemented. 
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2.2. Design of PSMA ligands with improved pharmacokinetics - 

objective II 

 

The second aim of this thesis was to establish high-affinity PSMA-targeting ligands with improved 

pharmacokinetics. More precisely, modifications at the urea-based inhibitor unit should be 

examined on their potential to reduce the non-PSMA-specific or perhaps ‘transporter-mediated’ 

uptake[271, 281] of PSMA-binding radioligands into salivary glands. Therefore, three different 

concepts for structural alterations were planned to be investigated (Figure 17). 

 

 

Figure 17: Schematic representation of planned PSMA inhibitors containing (A) modifications within the central 

Zn2+-binding unit (B) proinhibitor motifs (expected cleavage sites are indicated as red dotted lines) and 

(C) substituents & bioisosteres of the P1’-γ-carboxylic acid. All compounds were planned to be derived from the 

EuE-based ligand rhPSMA-10 (B-1) (D) which should serve as a reference for all obtained in vitro and in vivo data. 

 

Rationales for the intended inhibitor modifications 

Modifications within the central Zn2+-binding unit. The C-terminal glutamate represents a 

common feature of both phosphoramidate- and urea based PSMA ligands. However, as stated in 

section 1.2.4, the absorbed dose in salivary glands of PCa patients could be decreased by a factor 

of ~ 4 via administering a phosphoramidate-based PET agent compared to the urea based 

radiotracer [68Ga]Ga-PSMA-I&T.[212, 233] Therefore, inhibitors containing modifications within the 

Zn2+-binding unit (i.e. thioureates and carbamates) should be synthesized, assuming that 
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fragments of the Zn2+-binding group might serve as potential recognition sites for 

small molecule/anion/glutamate transporter systems or other transporter-independent uptake 

mechanisms. 

Apart from this theory, the C-terminal glutamate of PSMA ligands was presumed to cause for 

unwanted uptake into salivary glands, based on the results of Rousseau et al.[281] In currently used 

EuE- and KuE-based PSMA inhibitors, this structural feature is set as an essential part for proper 

ligand binding. However, at the same time it represents the fragment which is most similar to 

monosodium glutamate, by which activity accumulation could be markedly reduced in salivary 

glands in mice if administered 15 min prior to [68Ga]Ga-PSMA-11. Therefore, masking of this 

ligand-inherent glutamate was tried to be realized by proinhibitors (reversible masking) and PSMA 

ligands with substituents & bioisosteres of the P1’-γ-carboxylic acid (irreversible masking).  

Proinhibitors. Prodrug approaches for targeted delivery of cytotoxic agents to PCa lesions 

have been recently published and were further evaluated in an open label dose-escalation trial 

(NCT01056029).[255, 256] Hence, this prodrug principle was considered as a reasonable option for 

reducing non-target tissue uptake of PSMA ligands. Thereby, PSMA as hydrolytical active enzyme 

could act as instrument for on-site liberation of the respective inhibitor and yet serve as the target 

for RLT of PCa. Non-target tissue accumulation would thus be reduced to a remarkably low level, 

as binding of the masked inhibitor is only possible to enzymatically active sites. Variations from the 

original PSMA substrate N-acetyl-L-aspartyl-L-glutamate (NAAG), were recently published by 

Barinka et al. and Plechanovová et al.[252, 253] Thereof, Ac-L-Glu-L-Met and Ac-L-Asp-L-2-Aoc 

showed turnover numbers (kcat) and cleavage efficiencies (kcat/Km) closest to the respective values 

indicated for NAAG (section 1.2.3). For this reason, both glutamate surrogates, L-Met as well as 

L-2-Aoc should be implemented into the existing structure of rhPSMA-10 (B-1). They should be 

linked to the α- or γ-carboxylate of the C-terminal glutamate, as the preferred cleavage site could 

not be clearly specified upfront. Hydrolysis might occur between α-linkages (NAALADase activity 

of GCP II in the central and peripheral nervous system) or between γ-linkages (FOLH1 activity in 

the gastrointestinal tract).[142] In addition, prodrug approaches focusing just on γ-linkages were 

adversely affected by metabolic instability in human plasma.[254] 

PSMA binding motifs with substituents & bioisosteres of the P1’-γ-carboxylic acid. 

Modifications at the P1’-γ-carboxylic acid moiety were preferred, as previous studies conducted by 

Kozikowski et al. revealed substitutions at the P1’ glutamate to be more tolerated at the 

γ-carboxylate than at the α-carboxylate.[222] Moreover, the P1’-γ-carboxylic acid possibly acts as the 

relevant recognition site for small molecule/anion/glutamate transporter systems.[281] Besides 

Kozikowski et al., Wang et al. and Plechanovová et al. investigated the effect of carboxylic acid 

bioisosteres and aliphatic substituents on the affinity of urea-based inhibitors towards PSMA 

(Figure 15, section 1.2.3).[251, 252] On the basis of these essential studies, incorporation of the most 
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auspicious carboxylic acid substituents (i.e. L-2-aminoheptanoic acid as well as furyl, alkyne and 

tetrazole moieties) was pursued.  

It has to be mentioned that a single atom, a group or even a whole molecule can act as a 

bioisostere, if it possesses a comparable volume, shape and/or physicochemical properties to the 

replaced structure.[286] Therefore, a similar biological effect can be assumed but is not assured. 

In consequence, loss of affinity was expected to a certain extent for all masking modifications but 

considered to be acceptable as long as tumor-to-salivary gland ratios were improving.  

All these modifications were planned to be investigated based on one of our recently 

developed PSMA ligands, rhPSMA-10 (B-1).[140] Thereby, a clear distinction between the salivary 

gland uptake values of EuE- and non-EuE-based radioligands and higher tumor-to-salivary gland 

ratios at 24 h p.i. in comparison to EuE-based rhPSMA-10 (B-1) were of primary interest. The latter 

might indicate for a possible transferability to humans, despite certain species-dependent 

differences, i.e. a general lower uptake in mouse salivary glands.[287, 288] Preliminary studies on 

isolated PSMA inhibitor motifs and substrate mimetics should give a first indication, whether 

incorporation of the respective modifications into mature rhPSMA ligands would result in high- or 

low-affinity compounds.   
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III. MATERIALS AND METHODS 

3.1. Materials 

3.1.1. Chemicals 

 

All reagents were purchased from abcr GmbH (Karlsruhe, Germany), Carbolution (St. Ingbert, 

Germany), Fluorochem (Hadfield, United Kingdom), Iris Biotech (Marktredwitz, Germany), 

Merck KGaA (Darmstadt, Germany), Sigma-Aldrich Chemie GmbH (Steinheim, Germany), TCI 

(Eschborn, Germany) and VWR International GmbH (Darmstadt, Germany) in the quality grade 

“for synthesis”. (Nle14, Tyr40)Exendin-4 and (Nle14, 3-iodo-Tyr40)exendin-4 were purchased from 

Biotrend Chemikalien GmbH (Cologne, Germany). Racemic 2-PMPA was purchased from 

Bio-Techne GmbH (Wiesbaden-Nordenstadt, Germany). Chematech (Dijon, France) delivered the 

chelator DOTA and derivatives thereof. Cell culture media and buffer solutions were purchased 

from Merck KGaA (Darmstadt, Germany) and Sigma Aldrich Chemie GmbH (Steinheim, Germany). 

[125I]NaI was purchased from Hartmann Analytic (Braunschweig, Germany) and n.c.a. [177Lu]LuCl3 

was delivered by ITG (Garching, Germany). Solvents were purchased from VWR International 

GmbH (Darmstadt, Germany) in the quality grade “HPLC grade” and used for analytical, 

preparative HPLC as well as column chromatography or liquid-liquid extraction. Unless otherwise 

stated, H2O was taken from a Barnstead™ MicroPure™ System (Thermo Fisher Scientific, 

Darmstadt, Germany) connected to an upstream DI 1500 ion exchange cartridge (Thermo Fisher 

Scientific, Darmstadt, Germany). Dry solvents were purchased from Alfa Aesar (Karlsruhe, 

Germany), Sigma-Aldrich Chemie GmbH (Steinheim, Germany) and VWR International GmbH 

(Darmstadt, Germany). Silica gel (high purity grade, 60 Å, 0.040 - 0.063 particle size) used for 

column chromatography was purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). 

 

For SPPS on Rink amide ChemMatrix® or 2-CT resin the following N-terminal and side chain 

protection strategy was employed for standard amino acid residues (alphabetical order): 

Fmoc-Aib-OH, Fmoc-Ala-OH Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Asp(OtBu)-OH, 

Fmoc-D/L-Dap(Dde)-OH, Fmoc-L-Gln(Trt)-OH, Fmoc-L-Glu-OtBu, Fmoc-L-Glu(OtBu)-OH*H2O, 

Fmoc-Gly-OH, Boc-L-His(Boc)-OH*DCHA, Fmoc-L-His(Trt)-OH, Fmoc-L-homoPhe-OH, 

Fmoc-L-Ile-OH, Fmoc-L-Leu-OH, Fmoc-D-Lys-OtBu, Fmoc-L-Lys(Boc)-OH, Fmoc-D-Orn(Dde)-OH, 

Fmoc-L-(α-Me)Phe-OH, Fmoc-L-(α-Me)-(2-F)-Phe-OH Fmoc-L-Phe-OH, Boc-L-Phe(4-I)-OH, 

Fmoc-L-Phe(4-I)-OH, Fmoc-L-Ser(tBu)-OH, Fmoc-L-Thr(tBu)-OH, Fmoc-L-Trp(Boc)-OH, 

Fmoc-L-Tyr(OtBu)-OH, Fmoc-L-Tyr(3-I)-OH, Fmoc-L-Val-OH.  
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3.1.2. Equipment 

 

Analytical and preparative RP-HPLC were performed using Shimadzu gradient systems (Shimadzu 

Deutschland GmbH, Neufahrn, Germany), each equipped with a SPD-20A UV/Vis detector 

(220 nm, 254 nm). Occasionally, a Sykam gradient HPLC system (Sykam GmbH, Eresing, 

Germany) equipped with a S3245 UV/Vis-Detektor (220 nm) was used for preparative RP-HPLC. 

All systems were operated by the LabSolutions software. Prior to quality control acquisitions, a 

control run was performed, in which only water/acetonitrile (1/1) was injected. Thereby, the system 

was checked for impurities in the injection port or on the column. 

As different eluents and flow rates have been used for several compounds, the used methods are 

cited in the text and described as follows: 

Method A: solvent A = water + 0.1% TFA, solvent B = acetonitrile + 2% water + 0.1% TFA 

Method B: solvent A = water + 0.1% TFA, solvent B = acetonitrile + 5% water + 0.1% TFA 

Method C: solvent A = water, solvent B = acetonitrile + 5% water 

Method D: solvent A = water, solvent B = acetonitrile 

Analytical RP-HPLC was performed on a Nucleosil 100 RP C18 (5 μm, 125 mm × 4.6 mm) column 

(CS GmbH, Langerwehe, Germany) applying different linear solvent gradients (Method A) and a 

constant flow rate of 1 mL/min. Specific gradients, corresponding retention times tR and capacity 

factors k are cited in the text. The capacity factor was calculated from the experimentally 

determined dead time (t0 = 1.5 min) of the HPLC system and the respective retention time tR: 

𝑘 =
t𝑅 − t0

t0
 

Preparative RP-HPLC was performed either on a MultoKrom 100 RP C18 (5 µm, 

125 mm × 20 mm) or a Multospher 100 RP C18 (5 μm, 250 × 20 mm) column (CS GmbH, 

Langerwehe, Germany) applying different linear solvent gradients (Method B or C) and different 

constant flow rates. 

Radio-RP-HPLC for radiolabeling experiments of GLP-1 was performed on a Nucleosil 100 RP C18 

(5 μm, 125 mm × 4.6 mm) column (CS GmbH, Langerwehe, Germany) using a Sykam gradient 

system (Sykam GmbH, Eresing, Germany) with a linear solvent gradient (Method A or E) and a 

constant flow rate of 1 mL/min. For radioactivity detection, the outlet of the 206 PHD UV-Vis 

detector (Linear™Instruments Corporation, Reno, USA) was connected to a NaI(Tl) well-type 

scintillation counter from EG&G Ortec (Munich, Germany).   

Further acquisitions of radio-RP-HPLC chromatograms were performed on a Multospher 100 RP 

C18 (5 μm, 125 mm × 4.6 mm) column (CS GmbH, Langerwehe, Germany) using a Shimadzu 

gradient system (Shimadzu Deutschland GmbH, Neufahrn, Germany) with a linear solvent gradient 

(Method A) and a constant flow rate of 1 mL/min. For radioactivity detection, the outlet of the UV 
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detector was connected to a HERM LB 500 NaI detector (Berthold Technologies, Bad Wildbad, 

Germany). For metabolite analysis a FlowStar2 LB 514 detector (Berthold Technologies, 

Bad Wildbad, Germany) was additionally connected to the HERM detector. 

Flash chromatography was performed on a Biotage flash purification system (Biotage, Uppsala, 

Sweden) using Biotage SNAP catridges (KP-C18-HS, 12 g). The compounds were eluted applying 

different solvent gradients (Method D) and a constant flow rate of 12 mL/min. 

Mass spectra were acquired with an Advion expressionL compact mass spectrometer (Advion Ltd., 

Harlow, UK) with electrospray ionization (positive ion mode) and an orthogonal ion sampling from 

the heated capillary. The system was operated by the Mass Express software and spectra were 

processed using the Data Express software.  

Occasionally, compounds were analyzed by a LC-MS system with a Thermo Scientific LCQ Fleet 

ion trap ESI mass spectrometer (Thermo Fisher Scientific, Waltham, USA) coupled to a Dionex 

UltiMate 3000 U-HPLC system (Thermo Fisher Scientific, Waltham, USA). For pre-analytical 

separation a Thermo Scientific Hypersil LCQ GOLD aQ C18 (3 μm, 150 mm × 2.1 mm) column 

was used with a gradient of 10 - 90% MeCN in H2O (0.1% formic acid added to each solvent) over 

20 min and a constant flow rate of 0.7 mL/min. Products were detected at 220 nm and 280 nm. 

All 1H- and 13C-NMR spectra were measured at room temperature in either DMSO-d6 or CDCl3 on 

Bruker (Rheinstetten, Germany) instruments (AHV HD-300, AHV HD-400). Chemical shifts (δ) are 

reported in parts per million (ppm) and calibrated on the residual solvent signal (DMSO-d6: 

2.50 ppm for 1H and 39.5 ppm for 13C, CDCl3: 7.26 ppm for 1H and 77.0 ppm for 13C). Multiplicities 

are described as follows: s = singlet, d = doublet, t = triplet, q = quartet, br = broad singlet, 

m = multiplet. 

Analytical thin layer chromatography (TLC) was conducted with silica gel on aluminium support 

from Merck KGaA (Darmstadt, Germany) (Silica gel 60 RP-18 F254s). Substance spots were 

visualized either via UV illumination at 254 nm or with a 0.75% (m/v) potassium permanganate 

stain solution. 

Radio-thin layer chromatography (radio-TLC) was conducted via a Scan-RAM detector (LabLogic 

Systems, Sheffield, United Kingdom). Cellulose strips were used for citrate-buffer (0.1 M disodium 

citrate sesquihydrate in H2O). Normal-phase TLC plates (Silica gel 60 F254) were used for analyses 

in NH4OAc buffer (1.0 M aq. NH4OAc/DMF (1/1)). 

Activity measurements of the respective probes obtained from competitive binding assays, 

internalization assays, log D7.4 determinations, biodistributions or metabolite analyses were 

measured by a 2480 WIZARD2 automatic γ-counter (PerkinElmer, Waltham, USA) and evaluated 

with GraphPad PRISM. 
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3.2. Methods 

 

General remarks on peptide synthesis 

The used equivalents of the reactants for the solid phase synthesis refer to the calculated load after 

attaching the first amino acid onto the resin. The specific loads are cited in the text. Syntheses 

were carried out at room temperature in a 10 mL syringe for peptide synthesis (Carl Roth, 

GmbH & Co. KG, Karlsruhe, Germany) equipped with plunger and frit (25 µm pore size). Prior to 

any reaction, dry resin was swelled in NMP for at least 30 min and then filtered. Unless otherwise 

indicated, the resin was washed with DMF (6×) after each reaction step. For storage, the resin was 

washed with DMF (3×) and DCM (3×) and dried in a desiccator. Solid phase synthesis of the 

peptides was carried out by manual operation using an Intelli-Mixer syringe shaker (Neolab, 

Heidelberg, Germany). 

 

General procedure for loading the first amino acid onto Rink amide ChemMatrix® resin and 

on-resin peptide bond formation (GP1) 

Rink amide ChemMatrix® resin (average load: 0.50 mmol/g) was obtained as the free N-terminal 

form and hence, loading of the first amino acid and further elongation steps were performed by the 

same standard procedure. The (first) amino acid/SiFA-BA (1.50 eq.), TBTU (1.50 eq.) and HOBt or 

HOAt (1.50 eq.) were dissolved in DMF (~ 10 mL/g resin) and preactivated by addition of DIPEA 

(4.50 eq.) for five minutes, prior to incubation with the resin. Unless otherwise noted, the solution 

was added to the resin and shaken for 2 h at room temperature. Occasionally, the pH value had to 

be adjusted to 9 - 10 by addition of further DIPEA. In case of A-11 and A-12, sym-collidine 

(9.00 eq.) was used as base for coupling of Fmoc-L-Dap(Dde)-OH.  

Independent of the resin (2-CT or RACM), coupling to resin-bound bulky α-quaternary amino acids 

like H-L-(α-Me)Phe and H-L-(α-Me)-(2-F)-Phe was performed with increased incubation periods (at 

least 24 h if bound to RACM or 2 × 17 - 26 h in total if bound to 2-CT resin). Moreover, HATU 

instead of TBTU was used as coupling reagent. Equivalents were scaled up to 3.00 eq. for the 

following amino acid (i.e. Fmoc-L-Thr(tBu)-OH) and coupling reagents (HATU, HOBt or HOAt) as 

well as to 5.00 - 9.00 eq. for DIPEA (for a pH value of 9 - 10). Coupling to resin-bound H-Aib was 

performed also with increased incubation periods (at least 5 h if bound to RACM or 24 h if bound 

to 2-CT resin). Additionally, equivalents of the respective amino acid (i.e. 

Fmoc/Boc-L-His(Trt/Boc)-OH), TBTU, HOBt or HOAt (3.00 eq.) as well as for DIPEA 

(5.00 - 9.00 eq.) were scaled up.  

 

General procedure for loading the first amino acid onto 2-CTC resin (GP2) 

The first amino acid (1.50 eq.) and DIPEA (1.33 eq.) were dissolved in DCM (5.00 mL) and stirred 

for 5 min at r.t. prior to addition of the dry resin (1.00 eq.). After 15 min further DIPEA (2.67 eq.) 



MATERIALS AND METHODS 

60 

 

was added and the reaction mixture was stirred for 75 min. Afterwards, MeOH (2 mL) was added 

and stirred for 15 min. The resin was washed successively with MeOH (4×), DMF (4×) and DCM 

(4×) and dried at least two hours or overnight in a desiccator. The load was calculated using the 

following formula:  

load =
(m2 − m1) ∙ 1000

(MW − MHCl)  ∙  m2
                   [

mmol

g
] 

 

MW = molecular weight of the amino acid [g/mol] 

MHCl = molecular weight of HCl [g/mol] 

m1 = mass of dry 2-CTC resin before coupling [g] 

m2 = mass of dried resin after coupling [g] 

 

General procedure for on-resin peptide bond formation on 2-CT resin (GP3) 

To a solution of TBTU (2.00 eq.), HOAt (2.00 eq.) and the amino acid/SiFA-BA (2.00 eq.) in DMF 

(~ 10 mL/g resin), DIPEA (6.00 - 9.00 eq.) was added to adjust the pH value to 9 - 10 and the 

mixture was allowed to preactivate for five minutes. Unless otherwise noted, the solution was added 

to the resin and shaken for at least 2 h at room temperature (maximum 24 h). For coupling of 

Fmoc-D-Dap(Dde)-OH, sym-collidine (6.00 - 8.00 eq.) was added instead of DIPEA. Succinic 

anhydride (7.00 eq.) was coupled only using DIPEA (7.00 eq.) and no further coupling reagents. 

For coupling of a compound with free amine (e.g. Fmoc-D-Lys-OtBu*HCl, 2.00 eq.), the 

resin-bound acid was preactivated for five minutes using TBTU (2.00 eq.), HOAt (2.00 eq.) and 

DIPEA (6.00 eq.). The compound was dissolved in DMF and added to the preactivated resin.  

 

General procedure for the on-resin Fmoc-removal (GP4) 

The resin was shaken 2 × 15 min (Rink amide ChemMatrix® resin) or 5 × 5 min (2-CT resin) in 20% 

piperidine in DMF (v/v) to remove the Fmoc-protective group and afterwards washed with DMF 

(7×). If Ornithin was the first amino acid bound to the 2-CT resin, Fmoc-removal was performed 

12 × 5 min in 20% piperidine. 

 

General procedures for the on-resin Dde-removal (GP5 & GP6)  

GP5: If no Fmoc-group was present in the resin-bound peptide, the resin was suspended in a 

solution of 2% hydrazine monohydrate in DMF (10 mL), agitated for 20 min and then washed 

with DMF (7×). 

GP6: If an Fmoc-group was present in the resin-bound peptide, the resin was suspended in a 

solution of imidazole (0.46 g/g resin) and hydroxylamine hydrochloride (0.63 g/g resin) in 

NMP (5.0 mL/g resin) and DMF (1.0 mL/g resin) and agitated for 2 × 3 h. Afterwards, the 

resin was washed with DMF (7×). 
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General procedures for monitoring the reaction progress (GP7 & GP8) 

For a test cleavage with TFA (GP7) a small aliquot of the resin was taken and treated with 100 μL 

of TFA for 15 min at r.t. in an Eppendorf tube.  

To avoid cleavage of tert-butyl groups or formation of other unidentifiable by-products, test 

cleavage was performed with HFIP/DCM (GP8). The resin aliquot was treated with 100 μL of 

HFIP/DCM (1/4, v/v) for 30 min at r.t.  

For both procedures, the respective solution (without beads!) was transferred into another 

Eppendorf tube and the solvent was evaporated under a stream of nitrogen. The residue was 

dissolved in a mixture of H2O and MeCN (1/1, v/v), now ready for RP-HPLC/MS analysis. 

 

Peptide cleavage from the resin with simultaneous removal of all acid-labile protective 

groups (GP9) 

The resin was treated either with TFA/TIPS/H2O or TFA/TIPS/DCM (95/2.5/2.5, 10.0 mL) twice for 

30 min at r.t. and washed with DCM afterwards (3×). The solvent was evaporated under N2 flow 

and after lyophilization the crude product was obtained. 

 

Peptide cleavage from the resin with preservation of all acid-labile protective groups (GP10 

& GP 11) 

GP10: The resin was treated with DCM/TFE/AcOH (6/3/1, 10 - 12 mL) for 30 min at r.t and washed 

with DCM afterwards (6×). Solvents were removed under reduced pressure and AcOH was 

removed by azeotropic distillation (addition of small portions of toluene, 4×). After removal 

of residual toluene and lyophilization the crude product was obtained. 

GP11: The resin was treated with HFIP/DCM (1/4, 10 mL) for 4 h (4 × 30 min, 2 × 1 h) at r.t. and 

washed with DCM afterwards (6×). Solvents were evaporated under N2 flow and after 

lyophilization the crude product was obtained. 

 

General procedure for reactions under air- and moisture free conditions (GP12) 

The used Schlenk flask, further glassware as well as the agitator were heated properly three times 

under vacuum (2.0 × 10-3 - 8.0 × 10-3 mbar) prior to the reaction. The apparatus was flushed with 

argon after each heating cycle. Only dry solvents and dry reagents were used for the reactions. 

The addition of reagents or reactants to the reaction mixture was performed only under argon 

counterflow. Probes for HPLC control were also taken only under argon counterflow. If the reaction 

mixture was heated or evolution of gas was expected, the stop cock at the top of the apparatus 

was replaced by a balloon. 
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The following compounds are numbered consecutively, with GLP-1R ligands evaluated in in vitro 

experiments indicated by a prefixed ‘A-‘ and PSMA ligands evaluated in in vitro and in vivo 

experiments indicated by a prefixed ‘B-‘.
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3.2.1. Synthesis of GLP-1 receptor ligands 

 

Glucagon-like peptide 1 (A-2) 

 

GLP-1 (A-2) was synthesized according to standard Fmoc-SPPS on Rink amide ChemMatrix® 

resin (0.20 mmol, 1.00 eq.), applying the above-mentioned methods (GP1 and GP4). The reaction 

progress was monitored (GP7) after coupling of Fmoc-L-Leu32-OH, Fmoc-L-Glu27(OtBu)-OH, 

Fmoc-L-Gln23(Trt)-OH, Fmoc-L-Leu20-OH, Fmoc-L-Tyr19(OtBu)-OH, Fmoc-L-Ser14(tBu)-OH, 

Fmoc-Gly10-OH and Fmoc-L-His7(Trt)-OH. Formation of the expected products was confirmed by 

RP-HPLC/MS and after removal of the Fmoc protective group from N-terminal histidine, the peptide 

was cleaved off the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly modified to GP9). The 

solvent was reduced in a stream of nitrogen, the peptide was precipitated in Et2O and centrifuged 

(3 000 rpm, ca. 1 000 g, 3 min). Purification by preparative RP-HPLC (35 - 50% B in 20 min, 

Method B, 5 mL/min) was performed with a small portion of the precipitate and afforded 11.7 mg 

of pure product A-2*5TFA as a colorless powder after lyophilization. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 9.2 min; k = 5.1. Calculated 

monoisotopic mass (C149H226N40O45): 3295.66, found: m/z = 1649.0 [M(A-2)+2H]2+, 1099.7 

[M(A-2)+3H]3+, 825.1 [M(A-2)+4H]4+. 

 

Tyr(3-I)19-Glucagon-like peptide 1 (A-3) 

 

Tyr(3-I)19-GLP-1 (A-3) was synthesized according to standard Fmoc-SPPS on Rink amide 

ChemMatrix® resin (0.10 mmol, 1.00 eq.), applying the above-mentioned methods (GP1 and GP4). 

For coupling of Fmoc-L-Tyr-(3-I)19-OH and all following on-resin synthesis steps, 2.50 eq. were 

used for amino acids, TBTU and HOBt. The reaction progress was monitored (GP7) after coupling 

of Fmoc-L-Leu32-OH, Fmoc-L-Glu27(OtBu)-OH, Fmoc-L-Gln23(Trt)-OH, Fmoc-L-Leu20-OH, 

Fmoc-L-Tyr(3-I)19-OH, Fmoc-L-Ser18(tBu)-OH, Fmoc-L-Ser14(tBu)-OH, Fmoc-Gly10-OH and 

Fmoc-L-His7(Trt)-OH. Formation of the expected products was confirmed by RP-HPLC/MS and 

after removal of the Fmoc protective group from N-terminal histidine, the peptide was cleaved off 

the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly modified to GP9). The solvent was 
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reduced in a stream of nitrogen, the peptide was precipitated in Et2O and centrifuged (3 000 rpm, 

ca. 1 000 g, 3 min). Purification by preparative RP-HPLC (35 - 50% B in 20 min, Method B, 

5 mL/min) was performed with a small portion of the precipitate and afforded 8.80 mg of pure 

product A-3*5TFA as a colorless powder after lyophilization. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 9.5 min; k = 5.3. Calculated 

monoisotopic mass (C149H225IN40O45): 3421.56, found: m/z = 1712.1 [M(A-3)+2H]2+, 1141.6 

[M(A-3)+3H]3+, 856.4 [M(A-3)+4H]4+. 

 

Fmoc-L-His(Trt)-Aib-L-Glu(OtBu)-Gly-L-Thr(tBu)-L-(α-Me)Phe-L-Thr(tBu)-L-Ser(tBu)-

L-Asp(OtBu)-OH (1) 

Nonapeptide 1 was synthesized on 

2-CT resin according to GP2, GP3 

and GP4 (load: 1.02 mmol/g, 

0.31 mmol, 1.00 eq.). The peptide 

was cleaved off the resin according 

to GP10. Thereby, 545 mg of crude 

product 1 were obtained and used in 

subsequent steps without further purification. 

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 17.6 min; k = 11. Calculated 

monoisotopic mass (C96H125N11O19): 1735.92, found: m/z = 868.9 [M(1)+2H]2+, 1495.4 

[M(1)-Trt+H]+, 1737.3 [M(1)+H]+. 

 

 Fmoc-L-Dap(SiFA)-L-homoPhe-RACM (2) 

Dipeptide 2 was synthesized on Rink amide ChemMatrix® resin 

according to GP1, GP4 and GP6 (load: 0.50 mmol/g, 0.15 mmol, 

1.00 eq.). A test cleavage (GP7) was performed after coupling of 

SiFA-BA, which revealed nearly complete conversion to product 2. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 19.5 min; 

k = 12. Calculated monoisotopic mass (C43H51FN4O5Si): 750.36, found: 

m/z = 751.4 [M(2)+H]+, 1501.9 [M2(2)+H]+. 
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H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)Phe-L-Thr-L-Ser-L-Asp-L-Dap(SiFA)-L-homoPhe-NH2 (A-4) 

Synthesis of peptide A-4 

was conducted via 

fragment coupling 

according to GP1 and GP4. 

First, the Fmoc protective 

group was removed from 2 

(37.5 µmol, 1.00 eq.) 

(GP4). Afterwards, a 

solution containing 1 (97.2 mg, 56.3 µmol, 1.50 eq.), TBTU (24.1 mg, 75.0 μmol, 2.00 eq.), HOBt 

(10.1 mg, 75.0 μmol, 2.00 eq.) and DIPEA (28.7 μL, 169 μmol, 4.50 eq.) in DMF was added and 

incubated for 15 h at room temperature. Examination of the reaction progress (GP7) revealed 

successful coupling of 1. Removal of the N-terminal Fmoc protective group (GP4), followed by 

cleavage of the peptide from the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly modified 

to GP9) resulted in 2.70 mg (4.16%) of product A-4*2 TFA as a colorless powder after RP-HPLC 

purification (35 - 50% B in 20 min, Method B, 5 mL/min) and lyophilization.   

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 10.6 min; k = 6.1. Calculated 

monoisotopic mass (C70H100FN15O19Si): 1501.71, found: m/z = 751.9 [M(A-4)+2H]2+, 1502.6 

[M(A-4)+H]+. 

 

Fmoc-L-His(Trt)-Aib-L-Glu(OtBu)-Gly-L-Thr(tBu)-L-(α-Me)-(2-F)-Phe-L-Thr(tBu)-L-Ser(tBu)- 

L-Asp(OtBu)-OH (3) 

Nonapeptide 3 was synthesized on 

2-CT resin according to GP2, GP3 

and GP4 (load: 1.38 mmol/g, 

0.21 mmol, 1.00 eq.). The peptide 

was cleaved off the resin according 

to GP10. Thereby, 162 mg of crude 

product 3 were obtained and used in 

subsequent steps without further purification. 

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 17.5 min; k = 11. Calculated 

monoisotopic mass (C96H124FN11O19): 1753.91, found: m/z = 878.0 [M(3)+2H]2+, 1513.7 

[M(3)-Trt+H]+, 1754.6 [M(3)+H]+. 
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H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)-(2-F)-Phe-L-Thr-L-Ser-L-Asp-L-Dap(SiFA)-L-homoPhe-NH2 

(A-5) 

Synthesis of peptide A-5 

was conducted via 

fragment coupling 

according to GP1 and GP4. 

First, the Fmoc protective 

group was removed from 2 

(37.5 µmol, 1.00 eq.) 

(GP4). Afterwards, a 

solution containing 3 (98.2 mg, 64.6 µmol, 1.72 eq.), TBTU (24.1 mg, 75.0 μmol, 2.00 eq.), HOBt 

(10.1 mg, 75.0 μmol, 2.00 eq.) and DIPEA (28.7 μL, 169 μmol, 4.50 eq.) in DMF was added and 

incubated for 15 h at room temperature. Examination of the reaction progress (GP7) revealed 

successful coupling of 3. Removal of the N-terminal Fmoc protective group (GP4), followed by 

cleavage of the peptide from the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly modified 

to GP9) resulted in 5.40 mg (8.24%) of product A-5*2 TFA as a colorless powder after RP-HPLC 

purification (35 - 50% B in 20 min, Method B, 5 mL/min) and lyophilization.   

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 10.6 min; k = 6.1. Calculated 

monoisotopic mass (C70H99F2N15O19Si): 1519.70, found: m/z = 761.4 [M(A-5)+2H]2+, 1520.9 

[M(A-5)+H]+. 

 

H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)Phe-L-Thr-L-Ser-L-Asp-OH (A-6) 

A small portion of hydrophobic 

nonapeptide 1 (not weighed) was 

partitioned by salt-induced 

precipitation in H2O and the 

lyophilized crude product was 

incubated with 1.10 mL TFA/TIPS 

(91/9) for 30 min. TFA was removed 

under a stream of nitrogen prior to addition of 3.00 mL 20% piperidine in DMF (v/v). After an 

incubation period of 20 min, crude product A-6 was precipitated in Et2O and centrifuged (5300 rpm, 

ca. 3100 × g, 4 min, 20 °C). Purification by RP-HPLC (10 - 20% B in 20 min, Method B, 5 mL/min) 

afforded 7.60 mg of product A-6*2 TFA as a colorless powder.   

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 4.25 min; k = 1.8. Calculated 

monoisotopic mass (C42H61N11O17): 991.42, found: m/z = 496.9 [M(A-6)+2H]2+, 992.4 [M(A-6)+H]+. 
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Boc-L-His(Boc)-Aib-L-Glu(OtBu)-Gly-L-Thr(tBu)-L-(α-Me)-(2-F)-Phe-L-Thr(tBu)-L-Ser(tBu)-

L-Asp(OtBu)-OH (4) 

Nonapeptide 4 was synthesized on 

2-CT resin according to GP2, GP3 

and GP4 (load: 1.05 mmol/g, 

1.73 mmol, 1.00 eq.). The peptide 

was cleaved off the resin according to 

GP10. This afforded 2.72 g of crude 

product 4 as a slightly yellow solid, 

which was used in subsequent steps without further purification.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 19.7 min; k = 12. Calculated 

monoisotopic mass (C72H116FN11O21): 1489.83, found: m/z = 1391.0 [M(4)-Boc+H]+, 1491.1 

[M(4)+H]+. 

 

H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)-(2-F)-Phe-L-Thr-L-Ser-L-Asp-NH2 (A-7) 

Crude product 4 (10.0 mg, ~ 6.71 µmol, 

1.00 eq.) was coupled to Rink amide 

ChemMatrix® resin according to GP1. 

After incubation for 2 h at room 

temperature, formation of the expected 

product was confirmed by RP-HPLC/MS 

(GP7) and hence, the now amidated peptide was cleaved off by TFA/TIPS/H2O (GP9). TFA was 

removed under a stream of nitrogen, H2O was added to the crude product, frozen (-80 °C) and 

lyophilized. Purification by RP-HPLC (10 - 60% B in 15 min, Method B, 1 mL/min) afforded 0.40 mg 

(4.82%) of product A-7*2 TFA as a colorless powder.      

RP-HPLC (10 - 60% B in 15 min, Method A, 1 mL/min): tR = 8.38 min; k = 4.6. Calculated 

monoisotopic mass (C42H61FN12O16): 1008.43, found: m/z = 505.5 [M(A-7)+2H]2+.  

 

H-L-Phe(4-I)-L-homoPhe-RACM (5) 

Dipeptide 5 was synthesized on Rink amide ChemMatrix® resin 

according to GP1 and GP4 (load: 0.50 mmol/g, 0.30 mmol, 1.00 eq.). 

After coupling of Fmoc-L-Phe(4-I)-OH (GP1) and removal of the 

N-terminal Fmoc protective group, formation of the expected product 

was confirmed by RP-HPLC/MS analysis (GP7), which revealed nearly 

complete conversion to product 5. 

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 4.76 min; 

k = 2.2. Calculated monoisotopic mass (C19H22IN3O2): 451.08, found: m/z = 452.4 [M(5)+H]+. 
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H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)Phe-L-Thr-L-Ser-L-Asp-L-Phe(4-I)-L-homoPhe-NH2 (A-8) 

Synthesis of peptide A-8 

was conducted via 

fragment coupling 

according to GP1. 

A solution containing 1 

(617 mg, 0.35 mmol, 

1.18 eq.), TBTU (193 mg, 

0.60 mmol, 2.00 eq.), HOBt (81.1 mg, 0.60 mmol, 2.00 eq.) and DIPEA (230 μL, 1.35 mmol, 

4.50 eq.) in DMF was added to C-terminal dipeptide 5 (0.30 mmol, 1.00 eq.) and incubated for 22 h 

at room temperature. Examination of the reaction progress (GP7) revealed successful coupling 

of 1. Removal of the N-terminal Fmoc protective group (GP4), followed by cleavage of the peptide 

from the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly modified to GP9) resulted in 

4.47 mg (0.90%) of product A-8*2 TFA as a colorless powder after RP-HPLC purification 

(35 - 38% B in 20 min, Method B, 5 mL/min) and lyophilization.   

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.25 min; k = 4.5. Calculated 

monoisotopic mass (C61H81IN14O18): 1424.49, found: m/z = 713.5 [M(A-8)+2H]2+, 1425.8 

[M(A-8)+H]+. 

 

Fmoc-L-Val-L-Dap(SiFA)-RACM (6) 

Dipeptide 6 was synthesized on Rink amide ChemMatrix® resin 

according to GP1, GP4 and GP6 (load: 0.50 mmol/g, 51.0 µmol, 

1.00 eq.). After coupling of Fmoc-L-Val-OH, formation of the 

expected product was confirmed by RP-HPLC/MS analysis (GP7), 

which revealed nearly complete conversion to product 6. 

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): 

tR = 16.7 min; k = 10. Calculated monoisotopic 

mass (C38H49FN4O5Si): 688.35, found: m/z = 689.3 [M(6)+H]+. 
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H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)-(2-F)-Phe-L-Thr-L-Ser-L-Asp-L-Val-L-Dap(SiFA)-NH2 (A-9) 

Synthesis of peptide A-9 

was conducted via 

fragment coupling 

according to GP1 and 

GP4. First, the Fmoc 

protective group was 

removed from 6 (25.5 µmol, 1.00 eq.) (GP4). Afterwards, a solution containing 3 (40.3 mg, 

23.0 µmol, 0.90 eq.), TBTU (16.4 mg, 51.0 μmol, 2.00 eq.), HOBt (6.89 mg, 51.0 μmol, 2.00 eq.) 

and DIPEA (19.6 μL, 115 μmol, 4.50 eq.) in DMF was added and incubated for 24 h at room 

temperature. Examination of the reaction progress (GP7) revealed successful coupling of 3. 

Removal of the N-terminal Fmoc protective group (GP4), followed by cleavage of the peptide from 

the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly modified to GP9) resulted in 8.40 mg 

(21.7%) of product A-9*2 TFA as a colorless powder after RP-HPLC purification (30 - 80% B in 

20 min, Method B, 5 mL/min) and lyophilization.   

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 9.59 min; k = 5.4. Calculated 

monoisotopic mass (C65H97F2N15O19Si): 1457.68, found: m/z = 730.2 [M(A-9)+2H]2+, 1458.9 

[M(A-9)+H]+. 

 

Boc-L-His(Boc)-Aib-L-Glu(OtBu)-Gly-L-Thr(tBu)-L-(α-Me)-(2-F)-Phe-L-Thr(tBu)-L-Ser(tBu)-OH (7) 

Octapeptide 7 was synthesized on 2-CT 

resin according to GP2, GP3 and GP4 

(load: 1.31 mmol/g, 0.99 mmol, 1.00 eq.). 

The peptide was cleaved off the resin 

according to GP10. This afforded 531 mg 

of crude product 7 as a slightly yellow 

solid, which was used in subsequent 

steps without further purification.  

RP-HPLC (20 - 80% B in 15 min, Method A, 1 mL/min): tR = 18.6 min; k = 11. Calculated 

monoisotopic mass (C64H103FN10O18): 1318.74, found: m/z = 1219.3 [M(7)-Boc+H]+, 1319.5 

[M(7)+H]+. 
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Fmoc-L-Asp(OtBu)-L-Val-L-Ser(tBu)-L-Dap(SiFA)-RACM (8) 

Tetrapeptide 8 was synthesized on Rink amide 

ChemMatrix® resin according to GP1, GP4 and GP6 (load: 

0.50 mmol/g, 24.7 µmol, 1.00 eq.). After coupling of 

Fmoc-L-Asp(OtBu)-OH, formation of the expected product 

was confirmed by RP-HPLC/MS analysis (GP7), which 

revealed nearly complete conversion to product 8 and an 

unidentifiable by-product at 12.2 min (m/z = 323.1). 

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min) for 

8(-2tBu): tR = 12.7 min; k = 7.5. Calculated monoisotopic mass for 8(-2tBu) (C45H59FN6O10Si): 

890.40, found: m/z = 891.0 [M(8)-2tBu+H]+. 

 

H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)-(2-F)-Phe-L-Thr-L-Ser-L-Asp-L-Val-L-Ser-L-Dap(SiFA)-NH2 

(A-10) 

Synthesis of peptide 

A-10 was conducted 

via fragment coupling 

according to GP1 and 

GP4. First, the Fmoc 

protective group was 

removed from 8 

(24.7 µmol, 1.00 eq.) (GP4). Afterwards, a solution containing 7 (97.7 mg, 74.0 µmol, 3.00 eq.), 

TBTU (34.4 mg, 107 μmol, 4.34 eq.), HOBt (15.0 mg, 111 μmol, 4.49 eq.) and DIPEA (56.6 μL, 

333 μmol, 13.5 eq.) in DMF was added and incubated for 18.5 h at room temperature. Examination 

of the reaction progress (GP7) revealed successful coupling of 7. Cleavage of the peptide from the 

resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly modified to GP9) resulted in 4.40 mg 

(10.7%) of product A-10*2 TFA as a colorless powder after RP-HPLC purification (42 - 45% B in 

20 min, Method B, 5 mL/min) and lyophilization. Chemical purity only reached 68% for this peptide, 

due to an unidentifiable and hardly separable by-product (m/z = 277.4, 352.0 & 392.7) at 7.99 min 

which covered ~ 30% of the total peak area. Since only one major by-product occurred, affinity 

studies were performed yet for a first assessment of the IC50 and to determine whether a second 

purification step would be reasonable.   

RP-HPLC (30 - 70% B in 15 min, Method A, 1 mL/min): tR = 7.71 min; k = 4.1. Calculated 

monoisotopic mass (C68H102F2N16O21Si): 1544.71, found: m/z = 773.9 [M(A-10)+2H]2+. 
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H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)-(2-F)-Phe-L-Thr-L-Ser-L-Asp-L-Val-L-Ser-L-Ser-

L-Dap(SiFA)-L-Leu-L-Glu-NH2 (A-11) 

 

Preparation of pentadecapeptide A-11 was conducted via linear synthesis on Rink amide 

ChemMatrix® resin according to GP1, GP4 and GP6 (load: 0.50 mmol/g, 0.13 mmol, 1.00 eq.). 

After coupling of Boc-L-His(Boc)-OH, formation of the expected product was confirmed by 

RP-HPLC/MS analysis (GP7). Cleavage of the peptide from the resin with TFA/TIPS/DCM (GP9) 

resulted in 22.2 mg (8.12%) of pure product A-11*2 TFA as a colorless powder after RP-HPLC 

purification (40 - 70% B in 20 min, Method B, 5 mL/min) and lyophilization.   

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 10.2 min; k = 5.8. Calculated 

monoisotopic mass (C82H125F2N19O27Si): 1873.87, found: m/z = 937.8 [M(A-11)+2H]2+, 1250.4 

[M2(A-11)+3H]3+, 1875.2 [M(A-11)+H]+. 

 

H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)-(2-F)-Phe-L-Thr-L-Ser-L-Asp-L-Val-L-homoPhe-L-Ser-

L-Dap(SiFA)-L-Leu-L-Glu-NH2 (A-12) 

 

Preparation of pentadecapeptide A-12 was conducted via linear synthesis on Rink amide 

ChemMatrix® resin according to GP1, GP4 and GP6 (load: 0.50 mmol/g, 0.13 mmol, 1.00 eq.). 

After coupling of Boc-L-His(Boc)-OH, formation of the expected product was confirmed by 

RP-HPLC/MS analysis (GP7). Cleavage of the peptide from the resin with TFA/TIPS/DCM (GP9) 

resulted in 17.2 mg (6.08%) of pure product A-12*2 TFA as a colorless powder after RP-HPLC 

purification (40 - 70% B in 20 min, Method B, 5 mL/min) and lyophilization.    

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 11.9 min; k = 6.9. Calculated 

monoisotopic mass (C89H131F2N19O26Si): 1947.92, found: m/z = 974.7 [M(A-12)+2H]2+, 1299.6 

[M2(A-12)+3H]3+, 1949.1 [M(A-12)+H]+. 
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H-O2Oc-L/D-Dap(SiFA)-L-Leu-L-Glu(OtBu)-RACM (9) 

Peptide 9 was synthesized on Rink amide ChemMatrix® 

resin according to GP1, GP4 and GP6 (load: 

0.50 mmol/g, 0.13 mmol, 1.00 eq.). After coupling of 

8-(9-Fmoc)amino-3,6-dioxaoctanoic acid and removal of 

the N-terminal Fmoc protective group, the expected 

product was confirmed by RP-HPLC/MS analysis (GP7), 

which revealed nearly complete conversion to product 9.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min) for 9(-tBu): tR = 15.5 min; k = 9.3. 

Calculated monoisotopic mass for 9(-tBu) (C35H59FN6O9Si): 754.41, found: m/z = 797.6 

[M(9)-tBu+MeCN+H]+, 1595.4 [M2(9-tBu+MeCN)+H]+. 

 

H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)-(2-F)-Phe-L-Thr-L-Ser-L-Asp-O2Oc-L/D-Dap(SiFA)-L-Leu-

L-Glu-NH2 (A-13/A-14) 

 

 

Synthesis of peptides A-13 and A-14 was conducted via fragment coupling of the N-terminal 

fragment 4 with the resin-bound C-terminal peptide 9 according to GP1. A solution containing 4 

(99.3 mg, 66.7 µmol, 1.00 eq.), TBTU (32.1 mg, 66.7 µmol, 1.00 eq.), HOAt (13.6 mg, 66.7 µmol, 

1.00 eq.) and DIPEA (51.0 μL, 300 μmol, 4.50 eq.) in DMF was added and incubated for 3 h at 

room temperature. Examination of the reaction progress (GP7) revealed only very low conversion, 

hence 4 and all further reagents were again weighed, added and coupling was conducted for 29 h. 

After this period RP-HPLC/MS analysis (GP7) revealed sufficient conversion. Cleavage of the 

peptide from one half of the resin was conducted with pure TFA (1 × 30 min, slightly modified to 

GP9). Purification by RP-HPLC (40 - 90% B in 30 min, Method B, 5 mL/min and 80 - 100% B in 

15 min, Method B, 1 mL/min) and lyophilization resulted in 1.41 mg (2.14%) of pure product 

A-13*2 TFA and 2.38 mg (3.62%) of pure product A-14*2 TFA, both as colorless powder.  
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Racemization occurred during the coupling of Fmoc-L-Dap(Dde)-OH for synthesis of 9 and led to 

an enantiomeric ratio (er) of ~ 3/7 for A-13/A-14. The identity of the respective enantiomers was 

determined retrospectively by IC50 studies of A-13 and A-14. 

A-13: RP-HPLC (80 - 100% B in 15 min, Method B, 1 mL/min): tR = 6.81 min; k = 3.5. Calculated 

monoisotopic mass (C77H117F2N17O25Si): 1745.81, found: m/z = 875.1 [M(A-13)+2H]2+, 1747.8 

[M(A-13)+H]+. 

A-14: RP-HPLC (80 - 100% B in 15 min, Method B, 1 mL/min): tR = 9.39 min; k = 5.3. Calculated 

monoisotopic mass (C77H117F2N17O25Si): 1745.81, found: m/z = 874.6 [M(A-14)+2H]2+, 1748.7 

[M(A-14)+H]+. 

 

H-O2Oc-L-Tyr(tBu)-L-Leu-L-Glu(OtBu)-RACM (10) 

Peptide 10 was synthesized on Rink amide ChemMatrix® 

resin according to GP1 and GP4, starting from 

Fmoc-L-Glu(OtBu)-RACM (load: 0.50 mmol/g, 

0.27 mmol, 1.00 eq.). After coupling of 8-(9-Fmoc)amino-

3,6-dioxaoctanoic acid and removal removal of the N-

terminal Fmoc protective group, formation of the expected 

product was confirmed by RP-HPLC/MS analysis (GP7), 

which revealed nearly complete conversion to product 10.  

RP-HPLC (20 - 80% B in 15 min, Method A, 1 mL/min) for 10(-2tBu): tR = 7.05 min; k = 3.7. 

Calculated monoisotopic mass for 10(-2tBu) (C26H41N5O9): 567.29, found: m/z = 568.3 

[M(10)-2tBu+H]+. 

 

H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)-(2-F)-Phe-L-Thr-L-Ser-L-Asp-O2Oc-L-Tyr-L-Leu-L-Glu-NH2 

(A-15) 

 

Synthesis of peptide A-15 was conducted via fragment coupling of the N-terminal fragment 4 with 

the resin-bound C-terminal tetrapeptide according to GP1. A solution containing 4 (10.0 mg, 

6.71 µmol, 1.00 eq.), TBTU (4.30 mg, 13.4 μmol, 2.00 eq.), HOAt (1.82 mg, 13.4 μmol, 2.00 eq.) 

and DIPEA (41.1 μL, 242 μmol, 36.0 eq.) in DMF was added to 10 (6.71 µmol, 1.00 eq.) and 

incubated for 18 h at room temperature. Examination of the reaction progress (GP7) revealed 

successful coupling of 4. Cleavage of the peptide from the resin with TFA/TIPS/H2O (95/2.5/2.5, 
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1 × 30 min, slightly modified to GP9) resulted in 0.44 mg (3.92%) of product A-15*2 TFA as a 

colorless powder after RP-HPLC purification (20 - 60% B in 15 min, Method B, 1 mL/min) and 

lyophilization. Chemical purity only reached 75.0% for this peptide, due to several unidentifiable 

by-products at 7.52, 9.02 and 9.94 min which covered ~ 25% of the total integrated area. In 

addition, two product peaks (identical m/z-ratio at 8.62 min (38%) and 8.76 min (62%)) occurred. 

Since no Fmoc-L-Dap(Dde)-OH was coupled for synthesis of 10, it was assumed that no 

racemization but rather different protonation states or conformations of the peptide caused peak 

splitting. Hence, affinity studies were performed yet for a first assessment of the IC50 and to 

determine whether a second purification step would be reasonable.   

RP-HPLC (20 - 60% B in 15 min, Method B, 1 mL/min): tR = 8.76 min; k = 4.8. Calculated 

monoisotopic mass (C68H99FN16O25): 1558.70, found: m/z = 780.6 [M(A-15)+2H]2+, 1040.4 

[M2(A-15)+3H]3+, 1559.8 [M(A-15)+H]+.  

 

Acetyl-Gly-L-Gln-L-Ala-L-Ala-L-Lys-L-Glu-L-Phe-L-Ile-L-Ala-L-Trp-L-Leu-L-Val-L-Lys-Gly-L-Arg-NH2 

(A-16) 

 

Preparation of pentadecapeptide A-16 was conducted via linear synthesis on Rink amide 

ChemMatrix® resin according to GP1 and GP4 (load: 0.50 mmol/g, 93.3 µmol, 1.00 eq.). After 

coupling of Ac-Gly-OH, formation of the expected product was confirmed by RP-HPLC/MS analysis 

(GP7). Cleavage of the peptide from the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly 

modified to GP9) resulted in 10.2 mg (5.32%) of pure product A-16*3 TFA as a colorless powder 

after RP-HPLC purification (40 - 55% B in 20 min, Method B, 10 mL/min) and lyophilization.   

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 11.2 min; k = 6.5. Calculated 

monoisotopic mass (C80H127N23O19): 1713.97, found: m/z = 573.1 [M3(A-16)+9H]9+, 858.6 

[M(A-16)+2H]2+, 1144.0 [M2(A-16)+3H]3+, 1716.0 [M(A-16)+H]+. 
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Boc-L-(2’-Et, 4’-OMe)BIP-L-homoPhe-NH2 (13) 

 

Compound 13 was synthesized in analogy to a previously published procedure by Haque et al.[114] 

with some minor modifications. Resin-bound Boc-L-Phe(4-I)-2-CT (11) (load: 0.92 mmol/g, 

0.56 mmol, 1.00 eq.) was transferred to a round-bottom flask. Boronic acid 12 (400 mg, 2.22 mmol, 

4.00 eq.) dissolved in 4.77 mL DMA, Pd(PPh3)4 (64.7 mg, 56.0 µmol, 0.10 eq.) dissolved in 

1.60 mL DMA (6.37 mL DMA in total) and 2.24 mL of an aqueous 2 M K3PO4 solution (4.48 mmol, 

8.00 eq.) were added to the resin. The yellow-orange solution was heated to 80 °C and stirred 

under argon for 22 h. Afterwards, the resin was transferred to a syringe equipped with a frit, pore 

size 25 µm) and washed once with DMF. This fraction was kept together with the reaction solution. 

The resin was washed alternating with 10 mL of 0.5% (w/v) DDTC in DMF (3×) and 10 mL of 0.5% 

(v/v) DIPEA in DMF (3×) to remove palladium catalyst and other cross-coupling reagents from the 

resin. After final washing steps with DMF (3×) and DCM (3×) formation of product 13 could be 

confirmed on the resin by RP-HPLC/MS analysis (GP7). Besides, the major part of product 13 was 

found in the reaction solution. Therefore, it was either directly purified by flash chromatography 

(20 - 80% B in 10 min, Method D, 12 mL/min) or by preparative RP-HPLC (20 - 80% B in 20 min, 

Method B, 5 mL/min) after incubation of the resin with HFIP/DCM (GP11). In this case, the latter 

yielded 1.36 mg (0.61%) of purified product 13 as a brown-orange viscous oil. 

RP-HPLC (20 - 80% B in 15 min, Method A, 1 mL/min): tR = 17.7 min; k = 11. Calculated 

monoisotopic mass (C23H29NO5): 399.20, found: m/z = 300.2 [M(13)-Boc+H]+, 341.2 

[M(13)-Boc+MeCN+H]+, 344.2 [M(13)-tBu+H]+, 385.2 [M(13)-tBu+MeCN]+. 

 

H-L-(2’-Et, 4’-OMe)BIP-L-homoPhe-NH2 (14) 

Compound 14 was synthesized in analogy to a previously published 

procedure by Haque et al.[113] with some minor modifications. 

Resin-bound H-L-homoPhe-RACM (load: 0.39 mmol/g, 56.4 µmol, 

1.00 eq.) was swelled in NMP for 15 min. Meanwhile, 13 (28.9 mg, 

73.3 µmol, 1.30 eq.) was dissolved in 3 mL DMF/DCM (2/1) and added 

to PyBOP (38.1 mg, 73.3 µmol, 1.30 eq.) and HOAt (10.0 mg, 73.3 µmol 

1.30 eq.). DIPEA (72.3 µL, 0.43 mmol, 7.54 eq.) was added and the 

reaction mixture was incubated with H-L-homoPhe-RACM for 24 h. 

Examination of the reaction progress (GP7) revealed successful 
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conversion to product 14, which led to cleavage of the dipeptide from the resin with TFA/TIPS/H2O 

(95/2.5/2.5, 1 × 30 min, slightly modified to GP9). After removal of TFA under a stream of nitrogen, 

H2O was added to the crude product, frozen (-80 °C) and lyophilized. Purification by RP-HPLC 

(30 - 90% B in 20 min, Method B, 5 mL/min) afforded 2.94 mg (9.09%) of product 14*TFA as a 

colorless powder.   

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 8.27 min; k = 4.5. Calculated 

monoisotopic mass (C28H33N3O3): 459.25, found: m/z = 460.4 [M(14)+H]+, 482.4 [M(14)+Na]+, 

498.4 [M(14)+K]+. 

 

Boc-L-His(Boc)-Aib-L-Glu(OtBu)-Gly-L-Thr(tBu)-L-(α-Me)-(2-F)-Phe-L-Thr(tBu)-L-Ser(tBu)-

L-Asp(OtBu)-L-(2’-Et, 4’-OMe)BIP-L-homoPhe-NH2 (15) 

Compound 15 was 

synthesized in analogy to 

a previously published 

procedure by 

Haque et al.[113] with some 

minor modifications. First, 

the counterion TFA was 

removed from 14 

(1.42 mg, 2.48 µmol, 1.00 eq.) by tetraalkylammonium carbonate (macroporous, polymer-bound, 

18 - 50 mesh, average load = 3.00 mmol/g). Therefore, 14*TFA was dissolved in 300 µL THF 

(supplemented with 0.5% DIPEA (v/v)), the anion exchange resin (2.48 mg, 7.43 µmol, 3.00 eq.) 

was added and the mixture was stirred in a sealed glass vial for 2 h at room temperature. The 

reaction solution was separated from the resin and the solvent was removed in vacuo. 

Nonapeptide 4 (3.69 mg, 2.48 µmol, 1.00 eq.), HOAt (0.67 mg, 4.95 µmol, 2.00 eq.) and DIC 

(3.07 µL, 19.7 µmol, 8.00 eq.) were dissolved in 510 µL DCM/DMF (9/1) and added to 14. If 

necessary, DIPEA was added to adjust the pH to 9 - 10 and the mixture was stirred for 16 h at 

room temperature. Purification by RP-HPLC (40 -100% B in 20 min, Method B, 5 mL/min) afforded 

pure product 15. MeCN was removed in vacuo, residual solvents (H2O) were reduced but not 

completely removed for the next step.     

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 28.7 min; k = 18. Calculated 

monoisotopic mass (C100H147FN14O23): 1931.07, found: m/z = 967.0 [M(15)+2H]2+, 1932.2 

[M(15)+H]+, 1954.2 [M(15)+Na]+, 1970.4 [M(15)+K]+. 
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H-L-His-Aib-L-Glu-Gly-L-Thr-L-(α-Me)-(2-F)-Phe-L-Thr-L-Ser-L-Asp-L-(2’-Et, 4’-OMe)BIP-

L-homoPhe-NH2 (A-1) 

Peptide 15 in residual H2O 

was dissolved in 500 µL 

TFA/TIPS/H2O (95/2.5/2.5) 

and stirred for 1 h at room 

temperature. TFA was 

removed under a stream of 

nitrogen, the crude product 

was frozen (-80 °C) and 

lyophilized. Purification by preparative RP-HPLC (40 - 55% B in 20 min, Method B, 5 mL/min) 

afforded 2.05 mg (16.1% referred to 14) of pure product A-1*2TFA as colorless powder. 

RP-HPLC (20 - 80% B in 15 min, Method A, 1 mL/min): tR = 11.6 min; k = 6.7. Calculated 

monoisotopic mass (C70H91FN14O19): 1450.66, found: m/z = 726.7 [M(A-1)+2H]2+, 1452.1 

[M(A-1)+H]+. 

 

H-L-(2’-Et, 4’-OMe)BIP-L-homoPhe-RACM (16) 

 

Compound 16 was synthesized in analogy to a previously published procedure by Haque et al.[114] 

with some minor modifications. Resin-bound Fmoc-L-Phe(4-I)-homoPhe-RACM (Fmoc-5) 

(load: 0.50 mmol/g, 14.0 µmol, 1.00 eq.) was transferred to a round-bottom flask. Boronic acid 12 

(10.1 mg, 56.0 µmol, 4.00 eq.) dissolved in 120 µL DMA, Pd(PPh3)4 (1.62 mg, 1.40 µmol, 0.10 eq.) 

dissolved in 40 µL DMA (160 µL DMA in total) and 56.0 µL of an aqueous 2 M K3PO4 solution 

(112 µmol, 8.00 eq.) were added to the resin. The yellow-orange suspension was heated to 80 °C 

and stirred under argon for 16 h. Afterwards, the resin was transferred to a syringe equipped with 

a frit, pore size 25 µm) and washed DMF (3×) and DCM (3×). Formation of product 16 on the resin 

could be confirmed by RP-HPLC/MS analysis (GP7). 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 13.6 min; k = 8.1. Calculated 

monoisotopic mass (C28H33N3O3): 459.25, found: m/z = 460.3 [M(16)+H]+. 
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H-L-(2’-Et, 4’-OMe)BIP-2-CT (18) 

 

Compound 18 was synthesized in analogy to a previously published procedure by Haque et al.[114] 

with some minor modifications. Resin-bound Fmoc-L-Phe(4-I)-2-CT (17) (load: 0.50 mmol/g, 

19.0 µmol, 1.00 eq.) was transferred to a round-bottom flask. Boronic acid 12 (13.7 mg, 76.5 µmol, 

4.00 eq.) dissolved in 162 µL DMA, Pd(PPh3)4 (2.20 mg, 1.90 µmol, 0.10 eq.) dissolved in 54 µL 

DMA (217 µL DMA in total) and 76.5 µL of an aqueous 2 M K3PO4 solution (153 µmol, 8.00 eq.) 

were added to the resin. The yellow-orange suspension was heated to 80 °C and stirred under 

argon for 23 h. Afterwards, the resin was transferred to a syringe equipped with a frit, pore size 25 

µm) and washed alternating with 10 mL of 0.5% (w/v) DDTC in DMF (3×) and 10 mL of 0.5% (v/v) 

DIPEA in DMF (3×) to remove palladium catalyst and other cross-coupling reagents from the resin. 

After final washing steps with DMF (3×) and DCM (3×) formation of product 18 could be confirmed 

on the resin by RP-HPLC/MS analysis (GP7).  

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 6.16 min; k = 3.1. Calculated 

monoisotopic mass (C18H21NO3): 299.15, found: m/z = 300.1 [M(18)+H]+, 341.1 

[M(18)+MeCN+H]+. 

 

Fmoc-L-Asp(OtBu)-L-(2’-Et, 4’-OMe)BIP-2-CT (20) 

 

Dipeptide 20 was synthesized on 2-CT resin according to GP3, starting from 

H-L-(2’-Et, 4’-OMe)BIP-2-CT (18) (load: 0.50 mmol/g, 19.0 µmol, 1.00 eq.). In brief, 

Fmoc-L-Asp(OtBu)-OH  (19) (15.7 mg, 38.0 µmol, 2.00 eq.), TBTU (12.3 mg, 38.0 µmol, 2.00 eq.) 

and HOBt (5.17 mg, 38.0 µmol, 2.00 eq.) were dissolved in DMF and DIPEA (14.6 µL, 86.0 µmol, 

4.50 eq.) was added as base. Incubation with 18 at room temperature for 2 h revealed formation 

of product 20 to a proportion of 27% (59% conversion based on 18) confirmed by RP-HPLC/MS 
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analysis (GP7). As described in section 4.1.3, this conversion was not further improvable and also 

not reproducible on a higher molar scale of 42.0 µmol. 

RP-HPLC (20 - 80% B in 15 min, Method A, 1 mL/min) for 20(-tBu): tR = 17.1 min; k = 10. 

Calculated monoisotopic mass for 20(-tBu) (C37H36N2O8): 636.25, found: m/z = 637.4 

[M(20)-tBu+H]+, 1273.7 [M2(20-tBu)+H]+. 

 

Fmoc-L-Ser(tBu)-L-Asp(OtBu)-L-Phe(4-I)-2-CT (21) 

Tripeptide 21 was synthesized on 2-CT resin according to GP2, GP3 

and GP4 (load: 0.84 mmol/g, 0.42 mmol, 1.00 eq.). After coupling of 

Fmoc-L-Ser(tBu)-OH, the expected product was confirmed by 

RP-HPLC/MS analysis (GP8), which revealed nearly complete 

conversion to product 21.  

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 16.8 min; 

k = 10. Calculated monoisotopic mass (C39H46IN3O9): 827.23, found: m/z = 828.5 [M(21)+H]+, 

772.1 [M(21)-tBu+H]+, 716.0 [M(21)-2tBu+H]+. 

 

Fmoc-L-Ser(tBu)-L-Asp-L-(2’-Et, 4’-OMe)BIP-2-CT (22) 

 

Compound 22 was synthesized in analogy to a previously published procedure by Haque et al.[114] 

with some minor modifications. Resin-bound tripeptide 21 (load: 0.84 mmol/g, 0.14 mmol, 1.00 eq.) 

was transferred to a round-bottom flask. Boronic acid 12 (100 mg, 0.56 mmol, 4.00 eq.) dissolved 

in 1.20 mL DMA, Pd(PPh3)4 (16.2 mg, 14.0 µmol, 0.10 eq.) dissolved in 398 µL DMA (1.60 mL 

DMA in total) and 555 µL of an aqueous 2 M K3PO4 solution (1.11 mmol, 8.00 eq.) were added to 

the resin. The yellow-orange suspension was heated to 90 °C and stirred under argon for 24 h. 

Afterwards, the resin was transferred to a syringe equipped with a frit, pore size 25 µm) and washed 

alternating with 10 mL of 0.5% (w/v) DDTC in DMF (3×) and 10 mL of 0.5% (v/v) DIPEA in DMF 

(3×) to remove palladium catalyst and other cross-coupling reagents from the resin. After final 

washing steps with DMF (3×) and DCM (3×) formation of product 22 on the resin could be confirmed 

by RP-HPLC/MS analysis (GP8).  

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 8.16 min; k = 4.4. Calculated 

monoisotopic mass (C29H39N3O8): 557.27, found: m/z = 558.0 [M(22)+H]+, 502.0 [M(22)-tBu+H]+. 
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3.2.2. Synthesis of PSMA ligands 

 

Reference compounds rhPSMA-10 (B-1) and rhPSMA-7.3 in their free chelator forms were 

synthesized according to previously published protocols.[140, 232] Preparation of natLu-B-1 and 

[177Lu]Lu-B-1 followed similar procedures to those conducted within this study.[289] Hence, their 

analytical data can be found elsewhere and are not again listed. IC50 data of natLu-B-1 as well as 

internalization, log D, biodistribution and µSPECT/CT data of [177Lu]Lu-B-1 were not adopted from 

previously published studies. Instead, they were again determined to ensure a valid comparability 

of the obtained results and to investigate salivary gland uptake of the reference [177Lu]Lu-B-1 at 

24 h p.i. Likewise, also IC50 and internalization data of [nat/177Lu]Lu-rhPSMA-7.3 were again 

determined. Log D data were kindly provided by Dr. Alexander Wurzer. Biodistribution data of 

[177Lu]Lu-rhPSMA-7.3 were taken from Yusufi et al.[290] and original data for calculation of tumor-

to-tissue ratios at 1 h were kindly provided by Dr. Nahid Yusufi.  

 

Di-tert-butyl (1H-imidazole-1-carbonyl)-L-glutamate (25) 

 

Compound 25 was synthesized in analogy to a previously published procedure, with slight 

modifications.[223] Reactant 23 (3.00 g, 10.1 mmol, 1.00 eq.) was dissolved in dry DCM (29.7 mL) 

and cooled to 0 °C. Triethylamine (3.57 mL, 25.6 mmol, 2.53 eq.) and DMAP on polystyrene (load: 

1.6 mmol/g, 250 mg resin, 0.40 mmol, 0.04 eq.) were added and stirred for five minutes. 

Afterwards, 1,1’-carbonyldiimidazole (24) (2.47 g, 15.2 mmol, 1.50 eq.) was added, the solution 

was allowed to warm to room temperature and stirred overnight. Afterwards, DMAP on polystyrene 

was filtered off, the mixture was dissolved with ~ 10 mL DCM and washed with NaHCO3 (1×), H2O 

(1×) and brine (1×). The organic layer was dried over Na2SO4, filtered and the solvent removed 

under reduced pressure. This afforded 4.86 g of crude product 25 as a yellow viscous oil, which 

was used without further purification in the next step. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 11.5 min; k = 6.7. Calculated 

monoisotopic mass (C17H27N3O5): 353.20, found: m/z = 354.2 [M(25)+H]+, 395.2 

[M(25)+MeCN+H]+. 
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1H-NMR (300 MHz, CDCl3) δ(ppm): 8.25 (s, 1H, H(1)), 7.63 (d, 3J = 6.7 Hz, 

1H, H(2)), 7.43 (virt. t, 1H, H(3)), 7.08 (d, 3J = 1.2 Hz, 1H, H(4)), 4.44 (ddd, 

3J = 7.8, 6.7, 4.4 Hz, 1H, H(5)), 2.44 (dt, 3J = 6.8, 5.6 Hz, 2H, H(6)), 2.23 – 

2.02 (m, 2H, H(7)), 1.48 (s, 9H, H(8, 8‘, 8‘‘)), 1.44 (s, 9H, H(9, 9‘, 9‘‘)). 

 

 

 

(2S,2'S)-2,2'-(carbonylbis(azanediyl))diglutaric acid (B-2) 

For preparation of compound B-2, tert-butyl protective groups were 

removed from already existing L-Glu-OtBu-carbonyl-L-Glu(OtBu)-OtBu 

by incubation with TFA. L-Glu-OtBu-carbonyl-L-Glu(OtBu)-OtBu 

(91 mg, 0.19 mmol, 1.00 Äq.) was dissolved in 100 µL DCM, TFA 

(0.10 mL, 1.31 mmol, 6.89 Äq.) was added and the reaction mixture 

was stirred for 22 h at room temperature. TFA was removed under a 

stream of nitrogen and further purification by preparative RP-HPLC (5 - 50% B in 20 min, 

Method B, 5 mL/min and 2 - 10% B in 20 min, Method A, 1 mL/min) afforded 3.9 mg (6.4%) of pure 

product B-2 as colorless solid.  

RP-HPLC (2 - 10% B in 15 min, Method A, 1 mL/min): tR = 2.40 min; k = 0.6. Calculated 

monoisotopic mass (C11H16N2O9): 320.09, found: m/z = 321.4 [M(B-2)+H]+. 

 

1H-NMR (300 MHz, DMSO-d6) δ(ppm): 6.32 (s, 2H, H(1, 2)), 4.20 (virt. 

t, 2H, H(3, 4)), 2.26 (virt. dq, 4H, H(5, 6)), 2.00 (virt. tt, 1H, H(7)), 1.77 

(virt. dp, 1H, H(8)). 

 

 

 

Di-tert-butyl (1H-imidazole-1-carbonothioyl)-L-glutamate (27) 

 

Compound 27 was synthesized in analogy to a previously published procedure, with slight 

modifications.[223] Reactant 23 was dissolved in dry DCM (14.9 mL) and cooled to 0 °C. 

Triethylamine (1.79 mL, 12.8 mmol, 2.53 eq.) and DMAP (24.8 mg, 0.20 mmol, 0.04 eq.) were 

added and stirred for five minutes. Afterwards, 1,1’-thiocarbonyldiimidazole (26) (1.36 g, 
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7.61 mmol, 1.50 eq.) was added, the solution was allowed to warm to room temperature and stirred 

overnight. The mixture was dissolved with ~ 15 mL DCM and washed with NaHCO3 (1×), H2O (1×) 

and brine (1×). The organic layer was dried over Na2SO4, filtered and the solvent removed under 

reduced pressure. This afforded 1.67 g of crude product 27 as a orange-yellow oil, which was used 

without further purification in the next step. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 13.0 min; k = 6.2. Calculated 

monoisotopic mass (C17H27N3O4S): 369.17, found: m/z = 370.2 [M(27)+H]+, 411.2 

[M(27)+MeCN+H]+; 

 

1H-NMR (300 MHz, CDCl3) δ(ppm): 8.45 (virt. d, 1H, H(1)), 7.65 (virt. t 1H, 

H(2)), 7.23 (s, 1H, H(3)), 7.18 – 7.01 (m, 1H, H(4)), 4.83 (t, 3J = 5.7 Hz, 

1H, H(5)), 2.56 – 2.44 (m, 2H, H(6)), 2.30 – 2.20 (m, 2H, H(7)), 1.48 (s, 

9H, H(8, 8‘, 8‘‘)), 1.45 (s, 9H, H(9, 9‘, 9‘‘)). 

 

 

 

(2S,2'S)-2,2'-(thiocarbonylbis(azanediyl))diglutaric acid (B-3) 

Compound B-3 was synthesized in analogy to a previously published 

procedure by Weineisen et al.[199] with some minor modifications. 

Di-tert-butyl (1H-imidazole-1-carbonothioyl)-L-glutamate (27) 

(500 mg, 1.35 mmol, 1.00 eq.) was dissolved in 6.43 mL DCE and 

cooled to 0 °C. H-L-Glu(tBu)-OtBu*HCl (23) (599 mg, 2.03 mmol, 

1.50 eq.) and triethylamine (46.9 µL, 3.38 mmol, 2.50 eq.) were 

added and stirred for further five minutes at 0 °C. The reaction mixture was warmed to 40 °C and 

stirred for 45 h under argon atmosphere. DCM was added for dilution of the reaction mixture and 

washed once with H2O (+ 1 mL brine). The aqueous phase was extracted two times with DCM, the 

combined organic layers were dried over Na2SO4, filtered and the solvent was removed under 

reduced pressure. The obtained crude product was purified by column chromatography 

(PE/EtOAc = 3/2, Rf = 1.00), which gave 839 mg (> 99%) of fully tBu-protected compound B-3 

(m/z = 561.3) as a slightly yellowish solid. 100 mg (0.18 mmol, 1.00 eq.) thereof were dissolved in 

100 µL DCM, incubated with TFA (100 µL, 1.31 mmol, 7.34 eq.) and stirred for 34 h at room 

temperature. TFA was removed in a stream of nitrogen and further purification by preparative 

RP-HPLC (10% B isocratic in 20 min, Method B, 5 mL/min and 2 - 10% B in 15 min, Method A, 

1 mL/min) afforded 7.90 mg (13%) of pure product B-3 as colorless solid.  

RP-HPLC (2 - 10% B in 15 min, Method A, 1 mL/min): tR = 9.01 min; k = 5.0. Calculated 

monoisotopic mass (C11H16N2O8S): 336.06, found: m/z = 337.3 [M(B-3)+H]+. 
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Dibenzyl (S)-2-hydroxypentanedioate (30) 

 

Compound 30 was synthesized in analogy to previously published procedures by Clark et al.[291] 

and Ravid et al.[292] with some minor modifications. The used glassware was pretreated as 

described in GP12 (air- and moisture-free conditions) and also handling of reactants proceeded by 

the described methods. (S)-5-Oxotetrahydrofuran-2-carboxylic acid (28) (500 mg, 3.85 mmol, 

1.00 eq.) was dissolved in 3.50 mL dry toluene. Benzyl alcohol (1.60 mL, 15.4 mmol, 4.00 eq.) and 

camphor-10-sulfonic acid (14.0 mg, 60.4 µmol, 15.7 mol%) were added and the slightly yellow 

reaction solution was stirred under reflux (~ 128 °C) for 24 h. Toluene was added for dilution of the 

reaction mixture and washed with H2O, saturated NaHCO3 and again H2O. The combined organic 

layers were dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The 

obtained crude product was purified by preparative RP-HPLC (40 - 80% B in 20 min, Method C, 

5 mL/min), which gave 270 mg (21.3%) pure product 30 as a colorless oil.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 14.5 min; k = 8.7. Calculated 

monoisotopic mass (C19H20O5): 328.13, found: m/z = 329.1 [M(30)+H]+, 351.1 [M(30)+Na]+, 367.1 

[M(30)+K]+, 392.1 [M(30)+MeCN+Na]+. 

 

Dibenzyl (S)-2-((1H-imidazole-1-carbonyl)oxy)pentanedioate (31) 

 

Compound 31 was synthesized in analogy to a previously published procedure by Yang et al.[293] 

with some minor modifications. Dibenzyl (S)-2-hydroxypentanedioate (30) (50.0 mg, 0.15 mmol, 

1.00 eq.) was dissolved in 2.20 mL dry DCM and stirred at room temperature. 

1,1’-Carbonyldiimidazole (24) (47.0 mg, 0.29 mmol, 1.93 eq.) was dissolved in 1 mL dry DCM and 

added to the solution, which was stirred under argon atmosphere for 20.5 h at room temperature. 

The reaction mixture was diluted with DCM and washed once with H2O (+ 1 mL brine). The 

aqueous phase was extracted two times with DCM, the combined organic phases were dried over 
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Na2SO4, filtered and the solvent was evaporated in vacuo. This afforded 61.8 mg (~ 98%) of crude 

product 31 as colorless solid, which was used in the next step without further purification.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 14.1 min; k = 8.4. Calculated 

monoisotopic mass (C23H22N2O6): 422.15, found: m/z = 423.2 [M(31)+H]+. 

 

1H-NMR (300 MHz, CDCl3) δ(ppm): 8.14 (virt. d, 1H, H(1)), 7.41 (s, 1H, 

H(2)), 7.33 (virt. d, 10H, H(3, 4, 4’, 5, 5’ 6, 7, 7’, 8, 8’)), 7.08 (d, 

3J = 1.6 Hz, 1H, H(9)), 5.36 (dd, 3J = 7.6, 4.6 Hz, 1H, H(10)), 5.22 (s, 

2H, H(11)), 5.11 (s, 2H, H(12)), 2.58 – 2.48 (m, 2H, H(13)), 2.47 – 2.28 

(m, 2H, H(14)). 

 

 

Dibenzyl (S)-2-((((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)carbamoyl)oxy)pentanedioate (32) 

 

Compound 32 was synthesized in analogy to a previously published procedure by 

Weineisen et al.[199] with some minor modifications. Dibenzyl (S)-2-((1H-imidazole-1-

carbonyl)oxy)pentanedioate (31) (63.3 mg, 0.15 mmol, 1.00 eq.) was dissolved in 2.00 mL DCE 

and cooled to 0 °C. H-L-Glu(OtBu)-OtBu*HCl (23) (94.7 mg, 0.32 mmol, 2.13 eq.) and triethylamine 

(51.9 µL, 0.38 mmol, 2.50 eq.) were added and stirred for further five minutes at 0 °C. The reaction 

mixture was warmed to 45 °C and stirred for 94 h under argon atmosphere. As RP-HPLC/MS 

analysis revealed low conversion (29% 31, 37% 32), again triethylamine (51.9 µL, 0.38 mmol, 

2.50 eq.) was added. The temperature was decreased to 40 °C, in order to suppress further 

formation of an unidentifiable by-product (m/z = 528.5 & 544.5). Sufficient consumption of educt 31 

(9.7% 31, 86% 32) was observed after another 27 h at 40 °C under argon atmosphere. DCM was 

added for dilution of the reaction mixture and once washed with H2O (+ 1 mL brine). The aqueous 

phase was extracted two times with DCM, the combined organic layers were dried over Na2SO4, 

filtered and the solvent was removed under reduced pressure. The obtained crude product was 

purified by preparative RP-HPLC (70 - 90% B in 20 min, Method C, 5 mL/min), which gave 30.7 mg 

(33.3%) of compound 32 as a colorless oil.  
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RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 15.4 min; k = 8.4. Calculated 

monoisotopic mass (C33H43NO10): 613.29, found: m/z = 502.4 [M(32)-2tBu+H]+, 558.5 

[M(32)-tBu+H]+, 614.7 [M(32)+H]+, 636.6 [M(32)+Na]+. 

 

1H-NMR (300 MHz, CDCl3) δ(ppm): 7.34 (virt. dq, 10H, 

H(1, 1’, 2, 2’, 3, 3’, 4, 4’, 5, 6)), 5.48 (d, 3J = 8.4 Hz, 1H, 

H(7)), 5.17 (virt. d, 2H, H(8)), 5.10 (s, 2H, H(9)), 5.06 (dd, 

3J = 7.9, 4.6 Hz, 1H, H(10)), 4.22 (td, 3J = 8.4, 4.7 Hz, 1H, 

H(11)), 2.54 – 2.01 (m, 8H, H(12, 13, 14, 15)), 1.45 (s, 9H, 

H(16, 16’, 16’’)), 1.43 (s, 9H, H(17, 17’, 17’’)). 

 

(((S)-1,3-dicarboxypropoxy)carbonyl)-L-glutamic acid (B-4) 

 

Compound 32 (30.5 mg, 0.05 mmol, 1.00 eq.) was dissolved in 2.50 mL MeOH/EtOH (4/1) and the 

solution was flushed 5 minutes with argon to remove dissolved oxygen. 5.30 mg of palladium on 

carbon (10% wt) (corresponds to 0.53 mg palladium, 5.00 µmol, 0.10 eq.) were added and the flask 

was sealed with a rubber septum. Remaining air was displaced with argon and subsequently 

replaced by hydrogen gas. The mixture was stirred under hydrogen atmosphere at room 

temperature for 22 h. Palladium on carbon was filtered off, and the solvent was evaporated 

in vacuo. This afforded 22.9 mg of a ~ 1/1 mixture of crude product 32(-2Bn) (m/z = 434.4) and 

32(-2Bn)OMe (m/z = 448.6) as a colorless clear oil, which was used in the next step without further 

purification. The transesterified by-product was not partitioned off, as the methyl ester was 

assumed to be either also cleaved by incubation with TFA or separated by RP-HPLC afterwards. 

Hence, the crude product (22.9 mg, 52.1 mmol, 1.00 eq.) was dissolved in 200 µL DCM, TFA 

(200 µL, 2.61 mmol, 50.1 eq.) was added and the reaction mixture was stirred for 2 h at room 

temperature. TFA and DCM were removed under a stream of nitrogen, H2O was added, the crude 

poduct was freezed at -80 °C and lyophilized. Purification by preparative RP-HPLC (2 - 10% B in 

20 min, Method B, 5 mL/min and 2 - 10% B in 15 min, Method A, 1 mL/min) afforded 0.90 mg 

(5.61%) of pure product B-4 as colorless solid.  

RP-HPLC (2 - 10% B in 15 min, Method A, 1 mL/min): tR = 2.43 min; k = 0.6. Calculated 

monoisotopic mass (C11H15NO10): 321.07, found: m/z = 304.2 [M(B-4)-H2O+H]+, 322.4 

[M(B-4)+H]+, 344.4 [M(B-4)+Na]+, 360.3 [M(B-4)+K]+. 



MATERIALS AND METHODS 

86 

 

(((S)-1-carboxy-5-(4-iodobenzamido)pentyl)carbamoyl)-L-glutamic acid (= (I-BA)KuE) (B-5) 

Compound B-5 was synthesized in analogy to a previously 

published procedure by Weineisen et al.[199] with some minor 

modifications. Already existing L-Lys-OtBu-carbonyl-

L-Glu(OtBu)-OtBu (100 mg, 0.21 mmol, 1.00 eq.) was dissolved in 

13.2 mL DMF and 4-iodobenzoic acid (79.4 mg, 0.32 mmol, 

1.50 eq.), HOAt (43.6 mg, 0.32 mmol, 1.50 eq.), EDC*HCl 

(61.3 mg, 0.32 mmol, 1.50 eq.) and DIPEA (161 µL, 0.95 mmol, 

4.50 eq.) were added. The reaction mixture was stirred at room 

temperature for 24 h. EtOAc was added for dilution of and the solution was once washed with H2O 

(+ 1 mL brine). The aqueous phase was extracted once with EtOAc, the combined organic layers 

were dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The 

obtained crude product B-5(OtBu)3 (m/z = 718.5) was used in the next step without further 

purification. Thereof, 171 mg (~ 0.21 mmol pure product, 1.00 eq.) were incubated with 4.00 mL 

TFA (52.3 mmol, 249 eq.) and stirred for 30 min at room temperature. TFA was removed under a 

stream of nitrogen and further purification by preparative RP-HPLC (20 - 80% B in 20 min, 

Method B, 5 mL/min) afforded 72.6 mg (63%) of pure product B-5 as colorless solid.  

RP-HPLC (20 - 80% B in 15 min, Method A, 1 mL/min): tR = 9.21 min; k = 5.1. Calculated 

monoisotopic mass (C19H24IN3O8): 549.06, found: m/z = 550.1 [M(B-5)+H]+. 

 

(4-(4-iodobenzamido)butanoyl)-L-aspartyl-L-glutamic acid (B-6) 

Preparation of B-6 was conducted via linear synthesis on 

2-CT resin according to GP2, GP3 and GP4 (load: 

1.03 mmol/g, 0.19 mmol, 1.00 eq.). After coupling of 

Fmoc-L-Glu(OtBu)-OH, Fmoc-L-Asp(OtBu)-OH and 

Fmoc-γ-Abu-OH, 4-iodobenzoic acid (91.8 mg, 0.37 mmol, 

2.00 eq.)  was coupled according to GP3. Formation of the 

expected product was confirmed by RP-HPLC/MS analysis (GP7), which revealed successful 

on-resin synthesis of B-6. Cleavage of the peptide from the resin with TFA/TIPS/H2O (95/2.5/2.5, 

1 × 30 min, slightly modified to GP9) resulted in 84.8 mg (77.3%) of pure product B-6 as a colorless 

solid after RP-HPLC purification (20 - 50% B in 20 min, Method B, 5 mL/min) and lyophilization.    

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 6.29 min; k = 3.2. Calculated 

monoisotopic mass (C20H24IN3O9): 577.06, found: m/z = 578.0 [M(B-6)+H]+. 
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(4-iodobenzoyl)glycyl-L-aspartyl-L-glutamic acid (B-7) 

Preparation of B-7 was conducted via linear synthesis on 

2-CT resin according to GP2, GP3 and GP4 (load: 1.03 mmol/g, 

0.19 mmol, 1.00 eq.). After coupling of Fmoc-L-Glu(OtBu)-OH, 

Fmoc-L-Asp(OtBu)-OH and Fmoc-Gly-OH, 4-iodobenzoic acid 

(91.8 mg, 0.37 mmol, 2.00 eq.)  was coupled according to GP3. 

Formation of the expected product was confirmed by 

RP-HPLC/MS analysis (GP7), which revealed successful on-resin 

synthesis of B-7. Cleavage of the peptide from the resin with TFA/TIPS/H2O (95/2.5/2.5, 

1 × 30 min, slightly modified to GP9) resulted in 44.1 mg (42.3%) of pure product B-7 as a colorless 

solid after RP-HPLC purification (30 - 50% B in 20 min, Method B, 5 mL/min) and lyophilization.    

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 5.89 min; k = 2.9. Calculated 

monoisotopic mass (C18H20IN3O9): 549.02, found: m/z = 550.1 [M(B-7)+H]+. 

 

(4-(4-benzylbenzamido)butanoyl-L-aspartyl-L-glutamic acid (B-8) 

Preparation of B-8 started with linear synthesis on 2-CT resin 

according to GP3 and GP4 on 2-CT resin preloaded with 

Fmoc-L-Glu(OBzl) (load: 0.60 mmol/g, 0.09 mmol, 1.00 eq.). 

After coupling of Fmoc-L-Asp(OtBu)-OH and Fmoc-γ-Abu-OH, 

4-iodobenzoic acid (44.6 mg, 0.18 mmol, 2.00 eq.) was 

coupled according to GP3. Formation of the expected 

iodinated product was confirmed by RP-HPLC/MS analysis 

(GP7). Cleavage of the peptide from the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly 

modified to GP9) resulted in the iodinated and still benzyl protected intermediate (m/z = 668.2). 

After removal of TFA under a stream of nitrogen and subsequent lyophilization, this crude product 

(60.0 mg, 0.09 mmol, 1.00 eq.) was dissolved in 5.00 mL MeOH and stirred with 9.60 mg of 

palladium on carbon (10% wt) (corresponds to 0.96 mg palladium, 9.00 µmol, 0.10 eq.) under 

hydrogen atmosphere at room temperature for 26 h. Besides the expected benzyl ester cleavage, 

in situ reaction of the toluene-Pd(II)-H complex with R-[metal(II)]-I, similar to a palladium-catalyzed 

cross-coupling reaction, led to formation of B-8. Palladium on carbon was filtered off and the solvent 

was evaporated in vacuo. Purification by RP-HPLC (30 - 60% B in 20 min, Method B, 5 mL/min) 

afforded 2.70 mg (5.54%) of pure product B-8 as a colorless solid. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.32 min; k = 4.5. Calculated 

monoisotopic mass (C27H31N3O9): 541.21, found: m/z = 542.1 [M(B-8)+H]+. 
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(4-benzylbenzoyl)glycyl-L-aspartyl-L-glutamic acid (B-9) 

Preparation of B-9 started with linear synthesis on 2-CT resin 

according to GP3 and GP4 on 2-CT resin preloaded with 

Fmoc-L-Glu(OBzl) (load: 0.60 mmol/g, 0.09 mmol, 1.00 eq.). After 

coupling of Fmoc-L-Asp(OtBu)-OH and Fmoc-Gly-OH, 

4-iodobenzoic acid (44.6 mg, 0.18 mmol, 2.00 eq.) was coupled 

according to GP3. Formation of the expected iodinated product 

was confirmed by RP-HPLC/MS analysis (GP7). Cleavage of the 

peptide from the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly modified to GP9) 

resulted in the iodinated and still benzyl protected intermediate (m/z = 640.2). After removal of TFA 

under a stream of nitrogen and subsequent lyophilization, this crude product (57.5 mg, 0.09 mmol, 

1.00 eq.) was dissolved in 5.00 mL MeOH and stirred with 9.60 mg of palladium on carbon (10% wt) 

(corresponds to 0.96 mg palladium, 9.00 µmol, 0.10 eq.) under hydrogen atmosphere at room 

temperature for 2 h. Besides the expected benzyl ester cleavage, in situ reaction of the toluene-

Pd(II)-H complex with R-[metal(II)]-I, similar to a palladium-catalyzed cross-coupling reaction, led 

to formation of B-9. Palladium on carbon was filtered off and the solvent was evaporated in vacuo. 

Purification by RP-HPLC (30 - 50% B in 20 min, Method B, 5 mL/min) afforded 10.5 mg (22.7%) of 

pure product B-9 as a colorless solid. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.24 min; k = 4.5. Calculated 

monoisotopic mass (C25H27N3O9): 513.17, found: m/z = 514.0 [M(B-9)+H]+, 536.0 [M(B-9)+Na]+, 

551.9 [M(B-9)+K]+. 

 

1H-NMR (300 MHz, DMSO-d6) δ(ppm): 8.82 (t, 

3J = 5.7 Hz, 1H, H(1)), 8.31 (d, 3J = 8.2 Hz, 1H, H(2)), 

7.96 (d, 3J = 7.9 Hz, 1H, H(3)), 7.91 – 7.81 (m, 2H, 

H(4, 4’)), 7.34 (s, 7H, H(5, 5’, 6, 6’, 7, 7’, 8), 5.07 (s, 2H, 

H(9)), 4.65 (td, 3J = 8.1, 5.0 Hz, 1H, H(10)), 4.23 (td, 

3J = 8.7, 4.8 Hz, 1H, H(11)), 4.00 – 3.75 (m, 2H, H(12)), 

2.81 – 2.37 (m, 4H, H(13, 14)), 2.16 – 1.80 (m, 2H, H(15)). 

 

(4-(4-benzylbenzamido)butanoyl)-L-glutamic acid (B-10) 

Preparation of B-10 started with linear synthesis on 2-CT resin 

according to GP3 and GP4 on 2-CT resin preloaded with 

Fmoc-L-Glu(OBzl) (load: 0.60 mmol/g, 0.09 mmol, 1.00 eq.). 

After coupling of Fmoc-γ-Abu-OH, 4-iodobenzoic acid 

(44.6 mg, 0.18 mmol, 2.00 eq.) was coupled according to GP3. 

Formation of the expected iodinated product was confirmed by RP-HPLC/MS analysis (GP7). 

Cleavage of the peptide from the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly modified 
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to GP9) resulted in the iodinated and still benzyl protected intermediate (m/z = 553.1). After 

removal of TFA under a stream of nitrogen and subsequent lyophilization, this crude product 

(49.7 mg, 0.09 mmol, 1.00 eq.) was dissolved in 5.00 mL MeOH and stirred with 9.60 mg of 

palladium on carbon (10% wt) (corresponds to 0.96 mg palladium, 9.00 µmol, 0.10 eq.) under 

hydrogen atmosphere at room temperature for 26 h. Besides the expected benzyl ester cleavage, 

in situ reaction of the toluene-Pd(II)-H complex with R-[metal(II)]-I, similar to a palladium-catalyzed 

cross-coupling reaction, led to formation of B-10. Palladium on carbon was filtered off and the 

solvent was evaporated in vacuo. Purification by RP-HPLC (30 - 50% B in 20 min, Method B, 

5 mL/min) afforded 2.40 mg (6.26%) of pure product B-10 as a colorless solid. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 9.05 min; k = 5.0. Calculated 

monoisotopic mass (C23H26N2O6): 426.18, found: m/z = 427.0 [M(B-10)+H]+. 

 

(4-benzylbenzoyl)glycyl-L-glutamic acid (B-11) 

Preparation of B-11 started with linear synthesis on 2-CT resin 

according to GP3 and GP4 on 2-CT resin preloaded with 

Fmoc-L-Glu(OBzl) (load: 0.60 mmol/g, 0.09 mmol, 1.00 eq.). After 

coupling of Fmoc-Gly-OH, 4-iodobenzoic acid (44.6 mg, 0.18 mmol, 

2.00 eq.) was coupled according to GP3. Formation of the expected 

iodinated product was confirmed by RP-HPLC/MS analysis (GP7). 

Cleavage of the peptide from the resin with TFA/TIPS/H2O (95/2.5/2.5, 1 × 30 min, slightly modified 

to GP9) resulted in the iodinated and still benzyl protected intermediate (m/z = 525.1). After 

removal of TFA under a stream of nitrogen and subsequent lyophilization, this crude product 

(57.5 mg, 0.09 mmol, 1.00 eq.) was dissolved in 5.00 mL MeOH and stirred with 9.60 mg of 

palladium on carbon (10% wt) (corresponds to 0.96 mg palladium, 9.00 µmol, 0.10 eq.) under 

hydrogen atmosphere at room temperature for 2 h. Besides the expected benzyl ester cleavage, 

in situ reaction of the toluene-Pd(II)-H complex with R-[metal(II)]-I, similar to a palladium-catalyzed 

cross-coupling reaction, led to formation of B-11. Palladium on carbon was filtered off and the 

solvent was evaporated in vacuo. Purification by RP-HPLC (30 - 50% B in 20 min, Method B, 

5 mL/min) afforded 3.59 mg (10.0%) of pure product B-11 as a colorless solid. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.80 min; k = 4.9. Calculated 

monoisotopic mass (C21H22N2O6): 398.15, found: m/z = 399.0 [M(B-11)+H]+. 
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L-Glu-[D-Orn(Dde)-2-CT]-OtBu (35) 

 

Fmoc-D-Orn(Dde)-OH was coupled to 2-CTC resin according to GP2 (load: 0.71 mmol/g, 

0.34 mmol, 1.00 eq.). After removal of the Fmoc protective group (GP4), Fmoc-L-Glu-OtBu (33) 

(294 mg, 0.69 mmol, 2.00 eq.) was coupled to 34 according to GP3. After two hours, the 

Fmoc group of the resin-bound dipeptide was cleaved off, again according to GP4. Some resin 

beads were taken according to GP7 and analyzed via RP-HPLC, which indicated nearly complete 

conversion to 35. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min) for 35(-tBu): tR = 8.47 min; k = 4.6. 

Calculated monoisotopic mass for 35(-tBu) (C20H31N3O7): 425.22, found: m/z = 426.0 

[M(35)-tBu+H]+. 

 

L-Glu(OtBu)2-(thiocarbonyl)-L-Glu-[D-Orn(Dde)-2-CT]-OtBu (36) 

 

Reactant 27 (160 mg of crude product, contain ~ 60% of 27 (RP-HPLC), 0.26 mmol, 1.50 eq.) was 

dissolved in 2 mL DCM and cooled to 0 °C. Triethylamine (59.6 µL, 0.43 mmol, 2.50 eq.) and the 

resin-bound dipeptide 35 (0.17 mmol, 1.00 eq.) were added and stirred for five minutes at 0 °C. 

The reaction mixture was heated to 40 °C and stirred for 18 h under argon atmosphere. The resin 

was transferred to a syringe for peptide synthesis (equipped with a frit, pore size 25 µm) and 

washed with DCM (4×). Some resin beads were taken according to GP8 and analyzed via 

RP-HPLC, which indicated nearly complete conversion to 36. 

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 12.7 min; k = 7.5. Calculated 

monoisotopic mass (C38H62N4O11S): 782.41, found: m/z = 783.2 [M(36)+H]+, 805.4 [M(36)+Na]+, 

822.1 [M(36)+K]+. 
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Thioureate B-12  

Further reactions on resin-bound 

compound 36 (85.0 µmol, 1.20 eq.) 

were performed according to 

standard Fmoc-SPPS on 2-CT resin, 

applying the above-mentioned 

methods (GP3 - GP8). For chelator 

attachment DOTA*6 H2O (43.6 mg, 

85.0 µmol, 1.20 eq.), TBTU (22.8 mg, 71.0 µmol, 1.00 eq.), HOAt (9.66 mg, 71.0 µmol, 1.00 eq.) 

and sym-collidine (66.3 µL, 0.50 mmol, 7.00 eq.) were dissolved in a mixture of DMF/DMSO 

(5/1, v/v) and incubated with the resin-bound amine for 23 h. As RP-HPLC/MS analysis (GP7) 

revealed successful coupling, the peptide was cleaved off the resin with TFA/TIPS/H2O (GP9) and 

purified afterwards by preparative RP-HPLC (30 - 50% B in 20 min, Method B, 5 mL/min). 

Subsequent lyophilization afforded 1.99 mg (1.98%) of pure product B-12 as a colorless powder. 

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 7.82 min; k = 4.2. Calculated 

monoisotopic mass (C60H95FN12O22SSi): 1414.62, found: m/z = 708.6 [M(B-12)+2H]2+, 1415.8 

[M(B-12)+H]+. 

 

Tert-butyl (S)-5-oxotetrahydrofuran-2-carboxylate (37) 

 

According to a previously published procedure by Zhang et al.[294] with slight modifications, 

(S)-5-oxotetrahydrofuran-2-carboxylic acid (28) (1.50 g, 11.5 mmol, 1.00 eq.) was weighed in a 

100 mL round bottom flask and dissolved in 36 mL dry DCM. DMAP on polystyrene (1.60 mmol/g, 

718 mg, 1.15 mmol, 0.10 eq.) and dry tBuOH (1.40 mL, 15.0 mmol, 1.30 eq.) were added and the 

reaction mixture was cooled to 0 °C. EDC*HCl (2.87 g, 15.0 mmol, 1.30 eq.) in 12 mL dry DCM 

was added slowly, the ice bath was removed, the solution was allowed to warm to room 

temperature and stirred under argon atmosphere for 17.3 h. DMAP on polystyrene was filtered off, 

the organic layer was washed once with H2O (spiked with some drops of brine), dried over Na2SO4 

and the solvent was removed under reduced pressure. The crude product was purified by column 

chromatography (toluene/EtOAc = 3/2) to afford 928 mg (43%) of compound 37 as a colorless, 

crystalline solid. 

tR (RP-HPLC): not detectable at 220/254 nm. m/z by MS not determined. Rf-value: 0.58 

(toluene/EtOAc = 3/2). 
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    1H-NMR (300 MHz, CDCl3) δ(ppm): 4.83 – 4.76 (m, 1H, H(1)), 2.68 – 2.39                 

   (m, 3H, H(2, 3, 4)), 2.32 – 2.14 (m, 1H, H(5)), 1.48 (s, 9H, H(6, 6’, 6’’)). 

 

 

13C-NMR (75 MHz, CDCl3) δ(ppm): 176.32 (s, 1C, C(1)), 169.12 ((s, 1C, 

C(2)), 83.23 (s, 1C, C(3)), 76.40 (s, 1C, C(4)), 28.03 (s, 3C, C(5, 5’ 5’’)),     

26.90 (s, 1C, C(6)), 26.00 (s, 1C, C(7)).     

 

 

(S)-5-(tert-butoxy)-4-Hydroxy-5-oxopentanoic acid (38) 

 

According to a previously published procedure by Zhang et al.[294] with slight modifications, 

tert-butyl (S)-5-oxotetrahydrofuran-2-carboxylate (37) (425 mg, 2.28 mmol, 1.00 eq.) was 

dissolved in 2.40 mL THF. At 0 °C, a 1 M aqueous KOH solution (2.64 mL, 2.64 mmol, 1.16 eq.) 

was added dropwise over five minutes. The solution was allowed to warm to room temperature and 

stirred for one hour. As reaction control via TLC revealed almost complete consumption of educt 

37, THF was removed under reduced pressure and the pH value of the remaining aqueous layer 

was adjusted to 3 by adding 2 M HCl. The aqueous residue was extracted with EtOAc (3×), the 

combined organic phases dried over Na2SO4, filtered and the solvent removed under reduced 

pressure. This afforded 381 mg of crude product 38 as a colorless solid, which was used in the 

next step without further purification.  

tR (RP-HPLC): not detectable at 220/254 nm. Calculated monoisotopic mass (C9H16O5): 204.10, 

m/z by MS not determined. Rf-value: 0.0 (toluene/EtOAc = 3/2). 
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Di-tert-butyl (S)-2-hydroxypentanedioate (40) 

 

Compound 40 was synthesized in analogy to previously published procedures by Mathias et al.[295] 

and Bergmeier et al.[296] with some minor modifications. Glassware and reagents were handled 

under air- and moisture-free conditions (GP12). Lyophilized educt 38 (crude product, ~ 100 mg, 

0.49 mmol, 1.00 eq.) was dissolved in 5 mL dry DCM and the first portion of 

O-tert-butyl-N,N’-diisopropylisourea (39) (162 µL, 0.73 mmol, 1.50 eq.) was added. The reaction 

mixture was stirred under reflux (~ 42 °C) and argon atmosphere for 24 h. A second portion of 39 

(162 µL, 0.73 mmol, 1.50 eq.) was added and also DCM, in order to keep the solvent amount 

constantly between 3 and 5 mL. After stirring for further 72 h at reflux temperature and under argon 

atmosphere, the reaction was terminated by diluting the suspension with DCM. Solid by-products 

were removed by filtration and the solvent was removed under reduced pressure. Purification by 

column chromatography (PE/EtOAc = 9/1) provided 24.6 mg (19%) of compound 40 as a colorless 

liquid.    

tR (RP-HPLC): not detectable at 220/254 nm. m/z by MS not determined. Rf-value: 0.65 

(PE/EtOAc = 9/1). 

    

1H-NMR (300 MHz, CDCl3) δ(ppm): 4.07 (dd, 3J = 8.0, 4.1 Hz, 1H, H(1)), 2.88 (s, 

1H, H(2)), 2.53 – 2.24 (m, 2H, H(3)), 2.08 (virt. dddd, 1H, H(4)), 1.93 – 1.73 (m, 

1H, H(5)), 1.49 (s, 9H, H(6, 6’, 6’’)), 1.44 (s, 9H, H(7, 7’ 7’’)). 

 

 

 

13C-NMR (75 MHz, CDCl3) δ(ppm): 174.22 (s, 1C, C(1)), 172.72 (s, 1C, C(2)), 

82.80 (s, 1C, C(3)), 80.59 (s, 1C, C(4)), 69.89 (s, 1C, C(5)), 31.13 (s, 1C, C(6)), 

29.82 (s, 1C, C(7)), 28.25 (s, 3C, C(8, 8’, 8’’)), 28.17 (s, 3C, C(9, 9’, 9’’)). 
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Di-tert-butyl (S)-2-((1H-imidazole-1-carbonyl)oxy)pentanedioate (41) 

 

Compound 41 was synthesized in analogy to a previously published procedure by Yang et al.[293] 

with some minor modifications. Di-tert-butyl (S)-2-hydroxypentanedioate (40) (398 mg, 1.53 mmol, 

1.00 eq.) was dissolved in 25 mL dry DCM and stirred at room temperature. 

1,1’-Carbonyldiimidazole (24) (478 mg, 2.95 mmol, 1.93 eq.) was added to the solution, which was 

then stirred under argon atmosphere for 20 h at room temperature. The reaction mixture was 

diluted with DCM and washed once with H2O. The aqueous layer was extracted two times with 

DCM, the combined organic phases were dried over Na2SO4, filtered and the solvent evaporated 

in vacuo. This afforded 615 mg (> 99%) of crude product as slightly yellow solid. RP-HPLC/MS 

control revealed nearly complete conversion to product 41, which was used in the next step without 

further purification.   

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 10.2 min; k = 5.8. Calculated 

monoisotopic mass (C17H26N2O6): 354.18, found: m/z = 355.2 [M(41)+H]+, 396.2 

[M(41)+MeCN+H]+. 

 

5-Benzyl 1-(tert-butyl) ((((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)oxy)carbonyl)-L-

glutamate (43) 

 

Compound 43 was synthesized in analogy to a previously published procedure by 

Weineisen et al.[199] with some minor modifications. Di-tert-butyl (S)-2-((1H-imidazole-1-

carbonyl)oxy)pentanedioate (41) (542 mg, 1.53 mmol, 1.00 eq.) was dissolved in 7.29 mL DCE and 

cooled to 0 °C. H-L-Glu(OBzl)-OtBu*HCl (42) (1.01 g, 3.06 mmol, 2.00 eq.) and triethylamine 

(531 µL, 3.83 mmol, 2.50 eq.) were added and stirred for further five minutes at 0 °C. The reaction 

mixture was warmed to 45 °C and stirred for 41 h under argon atmosphere. As RP-HPLC/MS 

analysis revealed very low conversion (4.4% 43, 44% 41), again, H-L-Glu(OBzl)-OtBu*HCl (42) 
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(1.01 g, 3.06 mmol, 2.00 eq.) and triethylamine (531 µL, 3.83 mmol, 2.50 eq.) were added and the 

temperature was increased to 55 °C. Complete consumption of educt 41 was observed after 70.5 h 

at 55 °C under argon atmosphere. DCM was added for dilution of the reaction mixture and washed 

once with H2O (+ 1 mL brine). The aqueous phase was extracted two times with DCM, the 

combined organic layers were dried over Na2SO4, filtered and the solvent was removed under 

reduced pressure. The obtained crude product was purified by preparative RP-HPLC (70 - 80% B 

in 20 min, Method B, 5 mL/min), which gave 277 mg (31.3%) of compound 43 as a colorless oil.            

RP-HPLC (40 - 95% B in 15 min, Method A, 1 mL/min): tR = 12.6 min; k = 7.4. Calculated 

monoisotopic mass (C30H45NO10): 579.30, found: m/z = 412.3 [M(43)-3tBu+H]+, 468.3 

[M(43)-2tBu+H]+, 524.4 [M(43)-tBu+H]+, 580.5 [M(43)+H]+, 597.5 [M(43)+H2O+H]+, 602.5 

[M(43)+Na]+, 618.5 [M(43)+K]+. 

 

1H-NMR (300 MHz, CDCl3) δ(ppm): 7.44 – 7.30 (m, 5H, 

H(1, 1’, 1’’, 1’’’, 1’’’’), 5.44 (d, 3J = 8.3 Hz, 1H, H(2)), 5.12 

(s, 2H, H(3)), 4.84 (dd, 3J = 8.1, 4.6 Hz, 1H, H(4)), 4.27 (td, 

3J = 8.2, 4.9 Hz, 1H, H(5)), 2.60 – 2.41 (m, 2H, H(6)), 2.41 

– 2.28 (m, 2H, H(7)), 2.28 – 1.82 (m, 4H, H(8, 9)), 1.46 (s, 

9H, H(10, 10’, 10’’)), 1.44 (s, 9H, H(11, 11’, 11’’)), 1.44 (s, 

9H, H(12, 12’, 12’’)). 

 

13C-NMR (75 MHz, CDCl3) δ(ppm): 172.69 (s, 2C, C(1, 2)), 

171.94 (s, 1C, C(3)), 170.95 (s, 1C, C(4)), 155.22 (s, 1C, 

C(5)), 136.02 (s, 1C, C(6)), 128.67 (s, 2C, C(7, 7’)), 128.34 

(s, 3C, C(8, 9, 9’)), 82.71 (s, 1C, C(10)), 82.31 (s, 2C, 

C(11, 12)), 80.75 (s, 1C, C(13)), 66.57 (s, 1C, C(14)), 

53.82 (s, 1C, C(15)), 31.24 (s, 1C, C(16)), 30.24 (s, 1C, 

C(17)), 28.23 (s, 3C, C(18, 18’, 18’’)), 28.12 (s, 3C, 

C(19, 19’, 19’’)), 28.09 (s, 3C, C(20, 20’, 20’’)), 26.80 (s, 

2C, C(21, 22)). 
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(S)-5-(tert-butoxy)-4-(((((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)oxy)carbonyl)amino)-5-

oxopentanoic acid (44) 

 

Compound 43 (139 mg, 0.24 mmol, 1.00eq.) was dissolved in 12 mL DCM and the solution was 

flushed 5 minutes with argon to remove dissolved oxygen. 25.5 mg of palladium on carbon (10% wt) 

(corresponds to 2.55 mg palladium, 24.0 µmol, 0.10 eq.) were added and the flask was sealed with 

a rubber septum. Remaining air was displaced with argon and subsequently replaced by hydrogen 

gas. The mixture was stirred under hydrogen atmosphere at room temperature for 16 h. Palladium 

on carbon was filtered off, and the solvent was evaporated in vacuo. This afforded 59.2 mg (50.4%) 

of compound 44 as a colorless clear oil, which was used in the next step without further purification. 

RP-HPLC (40 - 95% B in 15 min, Method A, 1 mL/min): tR = 8.80 min; k = 4.9. Calculated 

monoisotopic mass (C23H39NO10): 489.26, found: m/z = 304.2 [M(44)-3tBu-OH]•+, 322.3 

[M(44)-3tBu+H]+, 378.3 [M(44)-2tBu +H]+, 434.3 [M(44)-tBu +H]+, 490.5 [M(44)+H]+, 507.5 

[M(44)+H2O+H]+,   512.5 [M(44)+Na]+, 528.4 [M(44)+K]+. 

 

[S-2-oxopentanedioic acid(OtBu)2]-carbonyl-L-Glu-[D-Orn(Dde)-2-CT]-OtBu (45) 

According to GP3, fragment 44 (59.2 mg, 0.12 mmol, 1.10 eq.) was coupled to resin-bound 

H-D-Orn(Dde) (34) (0.11 mmol 1.00 eq.), with TBTU (70.6 mg, 0.22 mmol, 2.00 eq.) and HOAt 

(29.9 mg, 0.22 mmol, 2.00 eq.) as coupling reagents and sym-collidine (131 µL, 0.99 mmol, 

9.00 eq.) as base. After shaking for 85 h at room temperature, formation of product 45 could be 

confirmed (GP7). Additionally, some resin beads were taken, treated for 20 minutes with 

2% hydrazin/DMF (v/v) and analyzed via RP-HPLC/MS after a test cleavage according to GP8. 

Thus, stability of the carbamate moiety towards Dde-removal conditions was confirmed, as only 

one major peak (besides DMF) with the expected m/z-ratio of 604.6 occurred. 
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RP-HPLC (40 - 95% B in 15 min, Method A, 1 mL/min): tR = 9.21 min; k = 5.1. Calculated 

monoisotopic mass (C38H61N3O13): 767.42, found: m/z = 768.7 [M(45)+H]+, 790.6 [M(45)+Na]+, 

806.6 [M(45)+K]+.  

 

Carbamate B-13 

Further reactions on resin-bound 

compound 45 (0.11 mmol, 1.00 eq.) 

were performed according to 

standard Fmoc-SPPS on 2-CT resin, 

applying the above-mentioned 

methods (GP3 - GP8). For chelator 

attachment, DOTA*6 H2O (56.4 mg, 

0.11 mmol, 1.00 eq.), TBTU (29.3 mg, 91.7 µmol, 0.83 eq.), HOAt (12.4 mg, 91.7 µmol, 0.83 eq.) 

and sym-collidine (102 µL, 0.77 mmol, 7.00 eq.) were dissolved in a mixture of DMF/DMSO 

(5/1, v/v) and incubated with the resin-bound amine for 28.5 h. As RP-HPLC/MS analysis (GP7) 

revealed no sufficient coupling, the resin was divided into two equivalent portions. One portion was 

again incubated with a freshly prepared DOTA-coupling mixture for 20 h. An only low rise in 

turnover led to a further DOTA-coupling step, now with DIPEA (101 µL, 0.59 mmol, 10.7 eq.) 

instead of sym-collidine, in order to monitor and adjust the pH value to 9 - 10. After incubation for 

68 h an adequate conversion was achieved and the peptide was cleaved off the resin with 

TFA/TIPS/H2O (GP9) and purified afterwards by preparative RP-HPLC (20 - 70% B in 20 min, 

Method B, 5 mL/min). Subsequent lyophilization afforded 6.30 mg (8.18%) of pure product B-13 as 

a colorless powder. The second portion was cleaved off the resin with HFIP/DCM (GP11). Thereby, 

all acid-labile protective groups were retained. Crude product (48.0 mg, 39.0 µmol, 1.00 eq.) was 

dissolved in 3.00 mL DMF and DOTA-NHS (32.5 mg, 43.0 µmol, 1.10 eq.) as well as DIPEA 

(39.7 µL, 0.23 mmol, 6.00 eq.) were added. The mixture was stirred at room temperature for 18 h. 

Preparative RP-HPLC (35 - 95% B in 15min, Method B, 1 mL/min) and subsequent lyophilization 

afforded 23.7 mg of the tert-butyl-functionalized peptide. Incubation with TFA/TIPS/DCM at 0 °C 

(slightly modified to GP9) for 1 h in total revealed 11.8 mg (21.5%) of pure product B-13 after 

RP-HPLC purification (30 - 50% B in 15 min, Method B, 1 mL/min) and lyophilization. This resulted 

in an overall yield of 18.1 mg (13.8% yield, chemical purity > 98%) of carbamate B-13. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.58 min; k = 4.7. Calculated 

monoisotopic mass (C60H94FN11O24Si): 1399.62, found: m/z = 701.0 [M(B-13)+2H]2+, 1400.9 

[M(B-13)+H]+, 1868.1 [M4(B-13)+3H]3+. 
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5-Benzyl 1-(tert-butyl) (S)-2-hydroxypentanedioate (46) 

 

According to a previously published procedure by Shin et al.[297] with slight modifications, (S)-5-(tert-

butoxy)-4-hydroxy-5-oxopentanoic acid (38) (crude product, 381 mg, 2.28 mmol, 1.00 eq.) was 

dissolved in 20.7 mL MeOH/H2O (10/1, v/v). The solution was stirred during continuous addition of 

aqueous 10% Na2CO3, which was terminated as soon as a pH value of 7 was reached (1.10 mL of 

10% Na2CO3 in total). All solvents were removed in vacuo, and the remaining residue was further 

dried by lyophilization, which afforded a slightly yellow solid. For the subsequent step, the used 

glassware was pretreated as described in GP12 (air- and moisture-free conditions) and also 

handling of reactants proceeded by the described methods (GP12). Lyophilized reactant 38 was 

dissolved in 11.4 mL dry DMSO and 5.70 mL thereof (1.14 mmol, 1.00 eq.) were transferred into a 

Schlenk flask. Benzyl bromide (203 µL, 1.71 mmol, 1.50 eq.) was added and the reaction mixture 

was stirred at room temperature for 4.5 h under argon atmosphere. Afterwards, the reaction was 

quenched with H2O, the mixture was extracted with Et2O (3×). The organic phase was washed 

once with H2O, dried over Na2SO4, filtered and the solvent removed under reduced pressure. The 

obtained crude product was purified by preparative RP-HPLC (20 - 80% B in 20 min, Method C, 

5 mL/min). Subsequent lyophilization afforded 178 mg (53.2%) of pure product 46 as a colorless 

solid. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 15.7 min; k = 9.5. Calculated 

monoisotopic mass (C16H22O5): 294.15, found: m/z = 239.1 [M(46)-tBu+H]+, 262.2 

[M(46)-tBu+Na]+, 280.2 [M(46)-tBu+MeCN+H]+, 295.2 [M(46)+H]+, 317.2 [M(46)+Na]+, 333.2 

[M(46)+K]+, 358.3 [M(46)+MeCN+Na]+. 
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1H-NMR (300 MHz, CDCl3) δ(ppm): 7.38 – 7.32 (m, 5H, H(1, 1’, 1’’, 1’’’, 1’’’’)), 

5.13 (s, 2H, H(2)), 4.09 (dd, 3J = 7.9, 4.1 Hz, 1H, H(3)), 2.87 (s, 1H, H(4)), 

2.63 – 2.39 (m, 2H, H(5)), 2.16 (virt. dddd, 1H, H(6)), 1.98 – 1.81 (m, 1H, H(7)), 

1.48 (s, 9H, H(8, 8’, 8’’)). 

 

 

 

13C-NMR (75 MHz, CDCl3) δ(ppm): 174.04 (s, 1C, C(1)), 173.16 (s, 1C, C(2)), 

136.06 (s, 1C, C(3)), 128.69 (s, 2C, C(4, 4’)), 128.36 (s, 1C, C(5)), 128.32 (s, 

2C, C(6, 6’)), 82.96 (s, 1C, C(7)), 69.73 (s, 1C, C(8)), 66.49 (s, 1C, C(9)), 29.91 

(s, 1C, C(10)), 29.63 (s, 1C, C(11)), 28.15 (s, 3C, C(12, 12’, 12’’)). 

 

 

 

5-benzyl 1-(tert-butyl) (S)-2-((1H-imidazole-1-carbonyl)oxy)pentanedioate (47) 

 

Compound 47 was synthesized in analogy to a previously published procedure by Yang et al.[293] 

with some minor modifications. 5-benzyl 1-(tert-butyl) (S)-2-hydroxypentanedioate (46) (71.6 mg, 

0.24 mmol, 1.00 eq.) was dissolved in 4 mL dry DCM and stirred at room temperature. 

1,1’-Carbonyldiimidazole (24) (74.5 mg, 0.46 mmol, 1.92 eq.) was dissolved in 1 mL dry DCM and 

added to the solution, which was stirred under argon atmosphere for 21.3 h at room temperature. 

The reaction mixture was diluted with DCM and washed once with H2O (+ 1 mL brine). The 

aqueous phase was extracted two times with DCM, the combined organic phases were dried over 

Na2SO4, filtered and the solvent evaporated in vacuo. This afforded 112 mg (> 99%) of crude 

product as slightly yellowish oil. RP-HPLC/MS control revealed nearly complete conversion to 

product 47, which was used in the next step without further purification. 

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 10.1 min; k = 5.7. Calculated 

monoisotopic mass (C20H24N2O6): 388.16, found: m/z = 389.2 [M(47)+H]+, 839.5 

[M2(47)+MeCN+Na]+. 
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5-benzyl 1-(tert-butyl) (S)-2-((((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)carbamoyl)oxy)pentane-

dioate (48) 

 

Compound 48 was synthesized in analogy to a previously published procedure by 

Weineisen et al.[199] with some minor modifications. 5-benzyl 1-(tert-butyl) (S)-2-((1H-imidazole-1-

carbonyl)oxy)pentanedioate (47) (93.2 mg, 0.24 mmol, 1.00 eq.) was dissolved in 2.50 mL DCE 

and cooled to 0 °C. H-L-Glu(OtBu)-OtBu*HCl (23) (142 mg, 0.48 mmol, 2.00 eq.) and triethylamine 

(83.2 µL, 0.60 mmol, 2.50 eq.) were added and stirred for further five minutes at 0 °C. The reaction 

mixture was warmed to 40 °C and stirred for 27 h under argon atmosphere. As RP-HPLC/MS 

analysis revealed very low conversion (7% 48, 90.7% 47), again, H-L-Glu(OtBu)-OtBu*HCl (23) 

(284 mg, 0.96 mmol, 4.00 eq.) and triethylamine (166 µL, 1.20 mmol, 5.00 eq.) were added and 

the temperature was increased to 45 °C. Complete consumption of educt 47 was observed after 

96 h at 45 °C under argon atmosphere. DCM was added for dilution of the reaction mixture, which 

was once washed with H2O (+ 1 mL brine). The aqueous phase was extracted two times with DCM, 

the combined organic layers were dried over Na2SO4, filtered and the solvent was removed under 

reduced pressure. The obtained crude product was purified by flash chromatography (65 - 98% B 

in 10 min, Method D, 12 mL/min), which gave 84.1 mg (60.5%) of compound 48 as a colorless 

viscous oil.            

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 16.9 min; k = 10. Calculated 

monoisotopic mass (C30H45NO10): 579.30, found: m/z = 602.1 [M(48)+Na]+, 618.2 [M2(48)+K]+. 
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(S)-5-(tert-butoxy)-4-((((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)carbamoyl)oxy)-5-oxo-

pentanoic acid (49) 

 

Compound 48 (84.1 mg, 0.15 mmol, 1.00eq.) was dissolved in 6.20 mL DCM and the solution was 

flushed 5 minutes with argon to remove dissolved oxygen. 16.0 mg of palladium on carbon (10% wt) 

(corresponds to 1.60 mg palladium, 15.0 µmol, 0.10 eq.) were added and the flask was sealed with 

a rubber septum. Remaining air was displaced with argon and subsequently replaced by hydrogen 

gas. The mixture was stirred under hydrogen atmosphere at room temperature for 24 h. Palladium 

on carbon was filtered off, and the solvent was evaporated in vacuo. This afforded 85.5 mg (> 99%) 

of compound 49 as a colorless clear oil, which was used in the next step without further purification. 

RP-HPLC (40 - 100% B in 15 min, Method A, 1 mL/min): tR = 11.6 min; k = 6.7. Calculated 

monoisotopic mass (C23H39NO10): 489.26, found: m/z = 304.1 [M(49)-3tBu-OH]•+, 322.1 

[M(49)-3tBu+H]+, 378.2 [M(49)-2tBu+H]+, 434.2 [M(49)-tBu+H]+, 490.4 [M(49)+H]+, 512.3 

[M(49)+Na]+, 528.4 [M(49)+K]+. 

 

L-Glu(OtBu)2-carbonyl-[(S)-2-oxopentanedioic acid-(D-Orn(Dde)-2-CT)-OtBu] (50) 

 

According to GP3, fragment 49 (73.4 mg, 0.15 mmol, 1.00 eq.) was coupled to resin bound 

H-D-Orn(Dde) (34) with TBTU (110 mg, 0.34 mmol, 2.29 eq.) and HOAt (46.8 mg, 0.34 mmol, 

2.29 eq.) as coupling reagents and DIPEA (264 µL, 1.55 mmol, 10.3 eq.) as base. After shaking 

for 65.3 h at room temperature, formation of product 50 could be confirmed (GP7). Additionally, 

some resin beads were taken, treated for 20 minutes with 2% hydrazin/DMF (v/v) and analyzed via 

RP-HPLC/MS after a test cleavage according to GP7. Thus, stability of the carbamate moiety 

towards Dde-removal conditions was confirmed, as only one major peak (besides DMF) with the 

expected m/z-ratio of 604 occurred. 
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RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min) for 50(-3tBu): tR = 10.1 min; k = 5.7. 

Calculated monoisotopic mass for 50(-3tBu) (C26H37N3O13): 599.23, found: m/z = 600.5 

[M(50)-3tBu+H]+, 662.3 [M(50)-3tBu+MeCN+Na]+. 

 

Carbamate B-14  

Further reactions on resin-bound 

compound 50 (0.15 mmol, 1.00 eq.) 

were performed according to 

standard Fmoc-SPPS on 2-CT resin, 

applying the above-mentioned 

methods (GP3 - GP8). For chelator 

attachment, DOTA*6 H2O (87.1 mg, 

0.17 mmol, 1.13 eq.), TBTU (45.0 mg, 0.15 mmol, 1.00 eq.), HOAt (19.1 mg, 0.15 mmol, 1.00 eq.) 

and sym-collidine (160 µL, 1.20 mmol, 8.00 eq.) were dissolved in a mixture of DMF/DMSO 

(5/1, v/v) and incubated with the resin-bound amine for 19.5 h. As RP-HPLC/MS analysis (GP7) 

revealed successful coupling, the peptide was cleaved off the resin with TFA/TIPS/DCM (GP9) and 

purified afterwards by preparative RP-HPLC (35 - 45% B in 20 min, Method B, 5 mL/min). 

Subsequent lyophilization afforded 8.35 mg (3.98%) of pure product B-14 as a colorless powder. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 13.7 min; k = 8.1. Calculated 

monoisotopic mass (C60H94FN11O24Si): 1399.62, found: m/z = 701.1 [M(B-14)+2H]2+, 1400.6 

[M(B-14)+H]+. 

 

H-L-Glu(L-Met-OtBu)-OtBu (52) 

 

Fmoc-L-Glu-OtBu (33) (3.00 g, 7.05 mmol, 1.10 eq.) was dissolved in 40.1 mL DMF and cooled to 

0 °C. COMU (3.02 g, 7.05 mmol, 1.10 eq) and DIPEA (5.27 mL, 31.0 mmol, 4.84 eq.) were added 

to reach a basic pH of 10. H-L-Met-OtBu*HCl (51) (1.55 g, 6.41 mmol, 1.00 eq.) was added and 

the reaction mixture was stirred for further 2 h at 0 °C. The ice bath was removed and the solution 

was stirred at room temperature for 42 h. The reaction was terminated by addition of H2O and 

diluted with Et2O. The aqueous phase was extracted three times with Et2O and the combined 

organic phases were then washed once with saturated NaHCO3 and brine. The organic layer was 

dried over Na2SO4, filtered and the solvent was removed under reduced pressure. As 

RP-HPLC/MS analysis revealed dipeptide Fmoc-52 to be the main portion of the crude product, 
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5 mL of 20% piperidine (DMF) were added and stirred for 30 min at room temperature. As the 

dibenzofulvene-piperidine by-product could not be removed sufficiently by preparative RP-HPLC 

(35 - 60% B in 20 min, Method B), it was removed by column chromatography 

(n-Hex/EtOAc = 3/2). Afterwards, the solvent was changed (DCM/MeOH/acetone = 5/1/1) by which 

an adequate separation of product 52 from all remaining by-products was possible. This afforded 

287 mg (11.5%) of pure product 52 as a clear, yellow oil. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 9.37 min; k = 5.2. Calculated 

monoisotopic mass (C18H34N2O5S): 390.22, found: m/z = 391.5 [M(52)+H]+, 782.0 [M2(52)+H]+. 

Rf-value: 0.64 (DCM/MeOH/acetone = 5/1/1). 

 

1-Carbonylimidazole-L-Glu[D-Orn(Dde)-2-CT]-OtBu (53) 

 

Compound 35 was transferred into a round bottom flask, where it was dissolved in 3.81 mL DCE. 

At 0 °C triethylamine (146 µL, 1.05 mmol, 2.50 eq.) and 1,1’-carbonyldiimidazole (24) (68.1 mg, 

0.42 mmol, 1.00 eq.) were added and the mixture was stirred for further 5 min at 0 °C. Afterwards, 

it was warmed to 40 °C and stirred for 16 h under argon atmosphere. The resin was washed with 

DCM (4×) and again dried in a desiccator for 30 min. Some resin beads were taken and treated 

with HFIP/DCM (1/4) according to GP8. RP-HPLC/MS analysis revealed nearly complete 

conversion to product 53.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.24 min; k = 4.5. Calculated 

monoisotopic mass (C28H41N5O8): 575.30, found: m/z = 452.4 [M(53)-imidazole-tBu+H]+, 

508.5 [M(53)-imidazole]•+, 576.6 [M(53)+H]+. 
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L-Glu(L-Met-OtBu)-OtBu-carbonyl-L-Glu[D-Orn(Dde)-2-CT]-OtBu (54) 

 

Compound 54 was synthesized in analogy to a previously published procedure by 

Weineisen et al.[199] with some minor modifications. The H-L-Glu(L-Met-OtBu)-OtBu dipeptide 52 

(246 mg, 0.63 mmol, 1.50 eq.) was dissolved in 3.81 mL DCE and added to compound 53 

(0.42 mmol, 1.00 eq.). At 0 °C triethylamine (146 µL, 1.05 mmol, 2.50 eq.) was added and the 

mixture was stirred for further five minutes at 0 °C. The solution was warmed to 40 °C and stirred 

for 16 h under argon atmosphere. The resin was transferred to a syringe for peptide synthesis 

(equipped with a frit, pore size 25 µm) and washed with DCM (4×). Some resin beads were taken 

according to GP8 and analyzed via RP-HPLC/MS, which indicated nearly complete conversion 

to 54.    

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 13.2 min; k = 7.8. Calculated 

monoisotopic mass (C43H71N5O13S): 897.48, found: m/z = 450.2 [M(54)+2H]2+, 470.7 

[M(54)+MeCN+2H]2+, 899.2 [M(54)+H]+. 

 

Proinhibitor B-15  

Further reactions on resin-bound 

compound 54 (0.42 mmol, 1.00 eq.) 

were performed according to 

standard Fmoc-SPPS on 2-CT resin, 

applying the above-mentioned 

methods (GP3 - GP8). Due to 

extensive oxidation and other side 

reactions, some test reactions were performed with a minor part (0.09 mmol) of the resin for 

optimization of SiFA-BA and DOTA coupling. Hence, further reactions were conducted on the 

remaining part (0.33 mmol) and all following equivalents refer to this amount of substance. The 

SiFA-BA moiety was attached via the Pfp-ester, which was generated previously by preactivation 

of SiFA-BA (93.1 mg, 0.33 mmol, 1.00 eq.) with pentafluorophenol (104 µL, 0.99 mmol, 3.00 eq.), 

DIC (153 µL, 0.99 mmol, 3.00 eq.) and pyridine (214 µL, 2.64 mmol, 8.00 eq.) in DMF for 1.5 h. 

The solution was added to the resin-bound peptide and incubated for 22 h prior to Fmoc protective 

group removal (GP4). For chelator attachment, DOTA-NHS (276 mg, 0.36 mmol, 1.10 eq.) and 

DIPEA (437 µL, 2.57 mmol, 7.79 eq.) were each dissolved in DMF. First, DIPEA in DMF was added 

to the resin for preactivation. After five minutes, DOTA-NHS in DMF was added and incubated with 
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the resin-bound amine for 21 h. An adequate conversion (RP-HPLC/MS after GP8) was achieved 

and the peptide was cleaved off the resin under argon atmosphere with 

TFA/TIPS/DCM/dithiothreitol (95/2.5/2.5/0.5% wt, slightly modified to GP9) (3 × 30 min) and 

purified afterwards by preparative RP-HPLC (30 - 60% B in 20 min, Method B and 

33 - 40% B in 15 min, Method A). Subsequent lyophilization afforded 0.39 mg (0.08%) of pure 

product B-15 as a colorless powder. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.62 min; k = 4.7. Calculated 

monoisotopic mass (C65H104FN13O24SSi): 1529.68, found: m/z = 765.8 [M(B-15)+2H]2+, 

1531.5 [M(B-15)+H]+. 

 

1-Carbonylimidazole-L-Glu(L-2-Aoc-2-CT)-OtBu (56) 

 

Fmoc-L-2-Aminooctanoic acid was coupled to 2-CTC resin according to GP2. Further reactions on 

resin-bound compound 55 (load: 0.72 mmol/g, 0.86 mmol, 1.00 eq.) were performed according to 

standard Fmoc-SPPS on 2-CT resin, applying the above-mentioned methods (GP3 & GP4). In 

brief, the Fmoc protective group was removed (GP4) and Fmoc-L-Glu-OtBu (549 mg, 1.29 mmol, 

1.50 eq.) was coupled (GP3) over a period of 16 h using TBTU (552 mg, 1.72 mmol, 2.00 eq.), 

HOAt (234 mg, 1.72 mmol, 2.00 eq.) and DIPEA (658 µL, 3.87 mmol, 4.50 eq.). After removal of 

the Fmoc protective group (GP4), the resin was dried in a desiccator for 30 min and transferred 

into a round bottom flask, where it was dissolved in 7.81 mL DCE. At 0 °C, triethylamine (298 µL, 

2.15 mmol, 2.50 eq.) and 1,1’-carbonyldiimidazole (154 mg, 0.95 mmol, 1.10 eq.) were added and 

the mixture was stirred for further 5 min at 0 °C. Afterwards, it was warmed to 40 °C and stirred for 

14 h under argon atmosphere. The resin was washed with DCM (4×) and again dried in a desiccator 

for 30 min. Some resin beads were taken and treated with TFA according to GP7. RP-HPLC/MS 

revealed nearly complete conversion to product 56.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 9.61 min; k = 5.4. Calculated 

monoisotopic mass (C21H34N4O6): 438.25, found: m/z = 439.3 [M(56)+H]+, 480.4 

[M(56)+MeCN+H]+. 
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(6S,10S,15S)-6,10-bis(tert-butoxycarbonyl)-15-hexyl-3,8,13-trioxo-1-phenyl-2-oxa-7,9,14-

triazahexadecan-16-oic acid (57) 

 

Compound 57 was synthesized in analogy to a previously published procedure by 

Weineisen et al.[199] with some minor modifications. Resin-bound 56 (0.86 mmol, 1.00 eq.) was 

dissolved in 7.81 mL DCE and cooled to 0 °C. H-L-Glu(OBzl)-OtBu*HCl (42) (425 mg, 1.29 mmol, 

1.50 eq.) and triethylamine (298 µL, 2.15 mmol, 2.50 eq.) were added and stirred for further five 

minutes at 0 °C. The reaction mixture was warmed to 40 °C and stirred for 4.3 h under argon 

atmosphere. The resin was transferred to a syringe for peptide synthesis (equipped with a frit, pore 

size 25 µm) and washed with DCM (4×). Some resin beads were taken according to GP8 and 

analyzed via RP-HPLC, which indicated nearly complete conversion to 57. The dried resin was 

treated with a mixture of HFIP/DCM (GP11). The resulting yellow oil was used in the next step 

without further purification (81.8 mg, 14.3%).     

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 15.7 min; k = 9.5. Calculated 

monoisotopic mass (C34H53N3O10): 663.37, found: m/z = 552.4 [M(57)-2tBu+H]+, 608.5 

[M(57)-tBu+H]+, 664.6 [M(57)+H]+. 

 

5-benzyl 1-(tert-butyl) (((S)-1-(tert-butoxy)-5-(((S)-1-(tert-butoxy)-1-oxooctan-2-yl)amino)-1,5-

dioxo-pentan-2-yl)carbamoyl)-L-glutamate (58) 

 

Compound 58 was synthesized in analogy to a previously published procedure by 

Bergmeier et al.[296] with some minor modifications. Glassware and reagents were handled under 

air- and moisture-free conditions (GP12). Lyophilized educt 57 (crude product, ~ 81.8 mg, 

0.12 mmol, 1.00 eq.) was dissolved in 2 mL dry DCM and the first portion of 
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O-tert-butyl-N,N’-diisopropylisourea (39) (40.1 µL, 0.18 mmol, 1.50 eq.) was added. The reaction 

mixture was stirred under reflux (~ 42 °C) and argon atmosphere for 22 h. A second portion of 39 

(200 µL, 0.90 mmol, 7.49 eq.) was added and also DCM, in order to keep the solvent amount 

constantly between 2 and 3 mL. After stirring for further 24 h at reflux temperature and under argon 

atmosphere, the reaction was terminated by diluting the suspension with DCM. Solid by-products 

were removed by filtration and the organic layer was washed once with H2O. The aqueous phase 

was extracted twice with DCM. The combined organic phases were transferred into a round bottom 

flask and the solvent removed under reduced pressure. Purification by preparative RP-HPLC 

(70 - 90% B in 20 min, Method C, 5 mL/min) provided 41.4 mg (48%) of compound 58 as a 

colorless solid.      

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 19.2 min; k = 11.8. Calculated 

monoisotopic mass (C38H61N3O10): 719.44, found: m/z = 720.6 [M(58)+H]+, 742.6 [M(58)+Na]+, 

758.6 [M(58)+K]+. 

 

(5S,10S,14S)-10,14-bis(tert-butoxycarbonyl)-5-hexyl-2,2-dimethyl-4,7,12-trioxo-3-oxa-6,11,13-

triazaheptadecan-17-oic acid (59) 

 

Compound 58 (41.4 mg, 57.5 µmol, 1.00 eq.) was dissolved in 6 mL DCM and the solution was 

flushed five minutes with argon to remove dissolved oxygen. 6.12 mg of palladium on carbon 

(10% wt) (corresponds to 0.61 mg palladium, 5.75 µmol, 0.10 eq.) were added and the flask was 

sealed with a rubber septum. Remaining air was displaced with argon and subsequently replaced 

by hydrogen gas. The mixture was stirred under hydrogen atmosphere at room temperature for 

24 h. Palladium on carbon was filtered off, and the solvent was evaporated in vacuo. This afforded 

35.5 mg (98.1%) of compound 59 as a colorless clear oil, which was used in the next step without 

further purification. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 15.8 min; k = 9.5. Calculated 

monoisotopic mass (C31H55N3O10): 629.39, found: m/z = 630.5 [M(59)+H]+, 652.5 [M(59)+Na]+. 
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L-Glu(L-2-Aoc-OtBu)-OtBu-carbonyl-L-Glu[D-Orn(Dde)-2-CT]-OtBu (60) 

 

According to GP3, fragment 59 (35.5 mg, 56.4 µmol, 1.00 eq.) was coupled to resin-bound 

H-D-Orn(Dde) (34) (81.2 µmol 1.44 eq.), with TBTU (36.2 mg, 0.11 mmol, 2.00 eq.) and HOAt 

(15.0 mg, 0.11 mmol, 2.00 eq.) as coupling reagents and sym-collidine (67.7 µL, 0.51 mmol, 

9.00 eq.) as base. After shaking for 23.5 h at room temperature, formation of product 60 could be 

confirmed (GP8), as only one major peak with the expected m/z-ratio of 908.4 occurred. 

RP-HPLC (40 - 95% B in 15 min, Method A, 1 mL/min): tR = 12.7 min; k = 7.5. Calculated 

monoisotopic mass (C46H77N5O13): 907.55, found: m/z = 454.8 [M(60)+2H]2+, 908.4 [M(60)+H]+. 

 

Proinhibitor B-16 

Further reactions on resin-bound 

compound 60 (81.5 µmol, 1.00 eq.) 

were performed according to 

standard Fmoc-SPPS on 2-CT resin, 

applying the above-mentioned 

methods (GP3 - GP8). For chelator 

attachment, DOTA-NHS (67.8 mg, 

89.6 µmol, 1.10 eq.) and DIPEA (118 µL, 0.69 mmol, 8.47 eq.) were each dissolved in DMF. First, 

DIPEA in DMF was added to the resin for preactivation. After five minutes, DOTA-NHS in DMF was 

added and incubated with the resin-bound amine for 23.2 h. An adequate conversion 

(RP-HPLC/MS analysis after GP7) was achieved and the peptide was cleaved off the resin with 

TFA/TIPS/DCM (GP9) and purified afterwards by preparative RP-HPLC (40 - 70% B in 20 min, 

Method B, 5 mL/min). Subsequent lyophilization afforded 20.0 mg (16.0% yield, chemical purity 

> 99%) of pure product B-16 as a colorless powder. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 9.44 min; k = 5.5. Calculated 

monoisotopic mass (C68H110FN13O24Si): 1539.75, found: m/z = 770.5 [M(B-16)+2H]2+, 1539.9 

[M(B-16)+H]+, 1924.9 [M5(B-16)+4H]4+. 
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(S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-5-(tert-butoxy)-5-oxopentanamido)octanoic acid (61) 

 

Fmoc-L-2-Aminooctanoic acid was coupled to 2-CTC resin according to GP2. Further reactions on 

resin-bound compound 55 (load: 0.59 mmol/g, 0.63 mmol, 1.00 eq., n = 3) were performed 

according to standard Fmoc-SPPS on 2-CT resin, applying the above-mentioned methods 

(GP3 & GP4). In brief, the Fmoc protective group was removed (GP4) and Cbz-L-Glu(OtBu)-OH 

(321 mg, 0.95 mmol, 1.50 eq.) was coupled (GP3) over a period of 2 h, using TBTU (405 mg, 

1.26 mmol, 2.00 eq.), HOAt (171 mg, 1.26 mmol, 2.00 eq.) and DIPEA (582 µL, 3.42 mmol, 

5.43 eq.). Some resin beads were taken and treated with TFA according to GP7. RP-HPLC/MS 

analysis revealed nearly complete conversion to product 61. The protected dipeptide was cleaved 

off the resin by incubation with HFIP/DCM (GP11). Purification of the crude product by flash 

chromatography (40 - 90% B in 10 min, Method D, 12 mL/min) provided 649 mg (72.0%) of 

compound 61 as a colorless, viscous oil.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 14.8 min; k = 8.9. Calculated 

monoisotopic mass (C25H38N2O7): 478.27, found: m/z = 422.8 [M(61)-tBu+H]+, 478.8 [M(61)+H]+, 

500.7 [M(61)+Na]+, 956.8 [M2(61)+H]+, 978.8 [M2(61)+Na]+, 994.7 [M2(61)+K]+. 

 

Tert-butyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-5-(tert-butoxy)-5-oxopentanamido)octanoate 

(62) 

 

Compound 62 was synthesized in analogy to a previously published procedure by 

Bergmeier et al.[296] with some minor modifications. Glassware and reagents were handled under 

air- and moisture-free conditions (GP12). Lyophilized educt 61 (649 mg, 1.36 mmol, 1.00 eq.) was 

dissolved in 2 mL dry DCM and the first portion of O-tert-butyl-N,N’-diisopropylisourea (39) (454 µL, 

2.04 mmol, 1.50 eq.) was added. The reaction mixture was stirred under reflux (~ 42 °C) and argon 

atmosphere for 22 h. A second portion of 39 (454 µL, 2.04 mmol, 1.50 eq.) was added and also 



MATERIALS AND METHODS 

110 

 

DCM, in order to keep the solvent amount constantly between 2 and 3 mL. After stirring for further 

24 h at reflux temperature and under argon atmosphere, the reaction was terminated by diluting 

the suspension with DCM. Solid by-products were removed by filtration and the organic layer once 

washed with H2O. The aqueous phase was extracted twice with DCM. The combined organic 

phases were transferred into a round bottom flask and the solvent removed under reduced 

pressure. Purification by flash chromatography (40 - 90% B in 10 min, Method D, 12 mL/min) 

provided 481 mg (66.2%) of compound 62 as a colorless solid.   

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 16.7 min; k = 10.1. Calculated 

monoisotopic mass (C29H46N2O7): 534.33, found: m/z = 423.0 [M(62)-2tBu+H]+, 479.1 

[M(62)-tBu+H]+, 535.2 [M(62)+H]+, 557.0 [M(62)+Na]+, 579.2 [M(62)+K]+. 

 

Tert-butyl (S)-2-((S)-2-amino-5-(tert-butoxy)-5-oxopentanamido)octanoate (63) 

 

Compound 62 (481 mg, 0.89 mmol, 1.00 eq.) was dissolved in 10 mL DCM and the solution was 

flushed 5 minutes with argon to remove dissolved oxygen. 94.2 mg of palladium on carbon 

(10% wt) (corresponds to 9.42 mg palladium, 89.0 µmol, 0.10 eq.) were added and the flask was 

sealed with a rubber septum. Remaining air was displaced with argon and subsequently replaced 

by hydrogen gas. The mixture was stirred under hydrogen atmosphere at room temperature for 

26 h. Palladium on carbon was filtered off, and the solvent was evaporated in vacuo. This afforded 

162 mg (45.3%) of compound 63 as a slightly brown viscous oil, which was used in the next step 

without further purification. 

RP-HPLC (40 - 95% B in 15 min, Method A, 1 mL/min): tR = 7.07 min; k = 3.7. Calculated 

monoisotopic mass (C21H40N2O5): 400.29, found: m/z = 401.0 [M(63)+H]+, 422.9 [M(63)+Na]+, 

438.9 [M(63)+K]+, 801.0 [M2(63)+H]+, 822.9 [M2(63)+Na]+. 
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5-Benzyl 1-(tert-butyl) (1H-imidazole-1-carbonyl)-L-glutamate (64) 

 

Compound 42 (396 mg, 1.20 mmol, 1.00 eq.) was dissolved in 10 mL DCE and cooled to 0 °C. 

Triethylamine (416 µL, 3.00 mmol, 2.50 eq.), DMAP on polystyrene (3.00 mmol/g, 16.0 mg, 

48.0 µmol, 0.04 eq.) and 1,1’-carbonyldiimidazole (24) (214 mg, 1.32 mmol, 1.10 eq.) were added 

and the mixture was stirred for further 5 min at 0 °C. Afterwards, it was warmed to room 

temperature and stirred for 42 h under argon atmosphere. DMAP was filtered off and the solution 

was washed once with saturated NaHCO3, brine and H2O. The combined organic phases were 

dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The obtained 

crude product (439 mg, 94.5%) was analyzed via RP-HPLC/MS and revealed almost exclusively 

product 64, which was used in the next step without further purification. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 10.1 min; k = 5.7. Calculated 

monoisotopic mass (C20H25N3O5): 387.18, found: m/z = 388.2 [M(64)+H]+. 

 

5-Benzyl 1-(tert-butyl) (((S)-5-(tert-butoxy)-1-(((S)-1-(tert-butoxy)-1-oxooctan-2-yl)amino)-1,5-

dioxopentan-2-yl)carbamoyl)-L-glutamate (65) 

 

Compound 65 was synthesized in analogy to a previously published procedure by 

Weineisen et al.[199] with some minor modifications. The H-L-Glu(OtBu)-L-2-Aoc-OtBu dipeptide 63 

(162 mg, 0.40 mmol, 1.10 eq.) was dissolved in 10 mL DCE and compound 64 (141 mg, 

0.36 mmol, 1.00 eq.) was added. At 0 °C, triethylamine (139 µL, 1.00 mmol, 2.78 eq.) was added 

and the mixture was stirred for further five minutes at 0 °C. The solution was warmed to 40 °C and 

stirred for 21 h under argon atmosphere. The reaction mixture was washed once with H2O and 

brine. The combined aqueous phases were extracted once with DCM. The entire organic layer was 

dried over Na2SO4, filtered and the solvent removed in vacuo. Purification of the crude product by 
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preparative RP-HPLC (45 - 90% B in 20 min, Method B, 5 mL/min) afforded 128 mg (49%) of 

compound 65 as a colorless clear viscous oil.       

RP-HPLC (40 - 95% B in 15 min, Method A, 1 mL/min): tR = 17.5 min; k = 10.7. Calculated 

monoisotopic mass (C38H61N3O10): 719.44, found: m/z = 720.0 [M(65)+H]+, 742.0 

[M(65)+MeCN+H]+. 

    

(5S,8S,12S)-8-(3-(tert-butoxy)-3-oxopropyl)-12-(tert-butoxycarbonyl)-5-hexyl-2,2-dimethyl-4,7,10-

trioxo-3-oxa-6,9,11-triazapentadecan-15-oic acid (66) 

 

Compound 65 (128 mg, 0.18 mmol, 1.00 eq.) was dissolved in 6 mL DCM and the solution was 

flushed 5 minutes with argon to remove dissolved oxygen. 19.2 mg of palladium on carbon 

(10% wt) (corresponds to 1.92 mg palladium, 18.0 µmol, 0.10 eq.) were added and the flask was 

sealed with a rubber septum. Remaining air was displaced with argon and subsequently replaced 

by hydrogen gas. The mixture was stirred under hydrogen atmosphere at room temperature for 

23 h. Palladium on carbon was filtered off, and the solvent was evaporated in vacuo. This afforded 

102 mg (89.9%) of compound 66 as a colorless solid, which was used in the next step without 

further purification. 

RP-HPLC (40 - 95% B in 15 min, Method A, 1 mL/min): tR = 13.1 min; k = 7.7. Calculated 

monoisotopic mass (C31H55N3O10): 629.39, found: m/z = 630.0 [M(66)+H]+, 651.9 [M(66)+Na]+, 

667.9 [M(66)+K]+. 

 

L-Glu(OtBu)-(L-2-Aoc-OtBu)-carbonyl-L-Glu[D-Orn(Dde)-2-CT]-OtBu (67) 

 

According to GP3, fragment 66 (102 mg, 0.16 mmol, 1.00 eq.) was coupled to resin-bound 

H-D-Orn(Dde) (34) (0.23 mmol 1.44 eq.), with TBTU (104 mg, 0.32 mmol, 2.00 eq.) and HOAt 
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(44.0 mg, 0.32 mmol, 2.00 eq.) as coupling reagents and sym-collidine (191 µL, 1.44 mmol, 

9.00 eq.) as base. After shaking for 19 h at room temperature, formation of product 67 could be 

confirmed (GP8), as only one major peak with the expected m/z-ratio of 908.0 occurred. 

RP-HPLC (40 – 95% B in 15 min, Method A, 1 mL/min): tR = 13.7 min; k = 8.1. Calculated 

monoisotopic mass (C46H77N5O13): 907.55, found: m/z = 908.0 [M(67)+H]+, 1814.9 [M2(67)+H]+. 

 

Proinhibitor B-17 

Further reactions on resin-bound 

compound 67 (0.23 mmol, 1.00 eq.) 

were performed according to 

standard Fmoc-SPPS on 2-CT resin, 

applying the above-mentioned 

methods (GP3 - GP8). For chelator 

attachment, DOTA-NHS (175 mg, 

0.23 mmol, 1.00 eq.) and DIPEA 

(324 µL, 1.91 mmol, 8.30 eq.) were each dissolved in DMF. First, DIPEA in DMF was added to the 

resin for preactivation. After five minutes, DOTA-NHS in DMF was added and incubated with the 

resin-bound amine for 16 h. An adequate conversion (RP-HPLC/MS analysis after GP7) was 

reached and the peptide was cleaved off the resin with TFA/TIPS/DCM (GP9) and purified 

afterwards by preparative RP-HPLC (40 - 65% B in 20 min, Method B, 5 mL/min). Subsequent 

lyophilization afforded 16.6 mg (4.68% yield, chemical purity > 99%) of pure product B-17 as a 

colorless powder. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 9.15 min; k = 5.1. Calculated 

monoisotopic mass (C68H110FN13O24Si): 1539.75, found: m/z = 770.5 [M(B-17)+2H]2+, 1539.9 

[M(B-17)+H]+. 

 

Tert-butyl (S)-2-aminoheptanoate (70) 

 

Compound 70 was synthesized in analogy to a previously published procedure by Hyun et al.[298] 

with some minor modifications. (S)-2-Aminoheptanoic acid (68) (300 mg, 2.07 mmol, 1.00 eq.) was 

dissolved in 7.13 mL of tert-butyl acetate (69) and 70% (v/v) perchloric acid (aq.) (384 µL, 

4.74 mmol, 2.29 eq.) was added slowly. The reaction mixture was stirred for 22 h at room 

temperature. H2O and some drops of 0.3 M HCl were added for quenching. The pH value of the 
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aqueous phase was adjusted to 9 with 10% (w/v) Na2CO3 (aq.) and extracted three times with 

DCM. The combined organic phases were dried over Na2SO4, filtered and the solvent was removed 

under reduced pressure. Purification by column chromatography (DCM/MeOH/acetone = 5/1/1) 

yielded 446 mg (> 99%) of pure product 70 as a slightly yellow viscous oil. 

tR (RP-HPLC): not detectable at 220/254 nm. Calculated monoisotopic mass (C11H23NO2): 201.17, 

found: m/z = 202.0 [M(70)+H]+, 243.0 [M(70)+MeCN+H]+. Rf-value: 0.76 

(DCM/MeOH/acetone = 5/1/1). 

 

1H-NMR (300 MHz, CDCl3) δ(ppm): 3.75 (t, 3J = 6.2 Hz, 1H, H(1)), 2.04 (s, 2H, 

H(2)), 1.91 – 1.70 (m, 2H, H(3)), 1.48 (s, 9H, H(4, 4’, 4’’)), 1.31 (virt. td, 6H, H(5, 

6, 7)), 0.93 – 0.78 (m, 3H, H(8)). 

 

 

 

13C-NMR (75 MHz, CDCl3) δ(ppm): 171.02 (s, 1C, C(1)), 83.45 (s, 1C, C(2)), 

54.35 (s, 1C, C(3)), 32.18 (s, 1C, C(4)), 31.41 (s, 1C, C(5)), 28.09 (s, 3C, 

C(6, 6’, 6’’)), 24.56 (s, 1C, C(7)), 22.43 (s, 1C, C(8)), 14.03 (s, 1C, C(9)). 

 

 

L-2-Aha-OtBu-carbonyl-L-Glu[D-Orn(Dde)-2-CT]-OtBu (71) 

 

Compound 53 (0.24 mmol, 1.00 eq.) was transferred into a round bottom flask and suspended in 

2.50 mL DCE. At 0 °C, triethylamine (83.2 µL, 0.60 mmol, 2.50 eq.) and tert-butyl (S)-2-

aminoheptanoate (70) (60.9 mg, 0.30 mmol, 1.25 eq.) were added and the mixture was stirred for 

further 5 min at 0 °C. Afterwards, it was warmed to 40 °C and stirred for 16.3 h under argon 

atmosphere. The resin was washed with DCM (4×), some resin beads were taken and treated with 

HFIP/DCM (1/4) according to GP8. RP-HPLC/MS analysis revealed nearly complete conversion to 

product 71.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 14.2 min; k = 8.5. Calculated 

monoisotopic mass (C36H60N4O10): 708.43, found: m/z = 709.1 [M(71)+H]+, 731.1 [M(71)+Na]+. 
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L-2-Aminoheptanoic acid derivative B-18 

Further reactions on resin-bound 

compound 71 (0.24 mmol, 2.00 eq.) 

were performed according to 

standard Fmoc-SPPS on 2-CT resin, 

applying the above-mentioned 

methods (GP3 - GP8). For chelator 

attachment, DOTA-NHS (91.4 mg, 

0.12 mmol, 1.00 eq.) and DIPEA (286 µL, 1.68 mmol, 14.0 eq.) were each dissolved in DMF. First, 

DIPEA in DMF was added to the resin for preactivation. After five minutes, DOTA-NHS in DMF was 

added and incubated with the resin-bound amine for 70.5 h. An adequate conversion 

(RP-HPLC/MS analysis after GP7) was reached and the peptide was cleaved off the resin with 

TFA/TIPS/DCM (GP9) and purified afterwards by preparative RP-HPLC (30 - 80% B in 20 min, 

Method B, 5 mL/min and 25 - 70% B in 15 min, Method B, 1 mL/min). Subsequent lyophilization 

afforded 3.17 mg (1.89% yield, chemical purity 95.5%) of pure product B-18 as a colorless powder. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 11.8 min; k = 6.9. Calculated 

monoisotopic mass (C62H101FN12O21Si): 1396.70, found: m/z = 699.4 [M(B-18)+2H]2+, 1398.9 

[M(B-18)+H]+. 

 

Tert-butyl (S)-2-amino-3-(furan-2-yl)propanoate (73*TFA) 

 

Compound 73 was synthesized in analogy to a previously published procedure by Hyun et al.[298] 

with some minor modifications. 3-(2-Furyl)-L-alanine (72) (300 mg, 2.93 mmol, 1.00 eq.) was 

dissolved in 6.65 mL of tert-butyl acetate (69) and 70% (v/v) perchloric acid (aq.) (359 µL, 

4.42 mmol, 2.29 eq.) was added slowly. The reaction mixture was stirred for 22 h at room 

temperature. H2O and some drops of 0.3 M HCl were added for quenching. The pH value of the 

aqueous phase was adjusted to 9 with 10% (w/v) Na2CO3 (aq.) and extracted three times with 

DCM. The combined organic phases were dried over Na2SO4, filtered and the solvent was removed 

under reduced pressure. Purification by column chromatography (DCM/MeOH/acetone = 5/1/1) 

and preparative RP-HPLC (30 - 75% B in 20 min, Method B, 9 mL/min) yielded 65.5 mg (10.4%) 

of pure product 73*TFA as a colorless solid. 
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RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min) for 73(w/o TFA): tR = 6.93 min; k = 3.6. 

Calculated monoisotopic mass for 73(w/o TFA) (C11H17NO3): 211.12, found: m/z = 212.1 

[M(73)+H]+, 253.1 [M(73)+MeCN+H]+. Rf-value: 0.69 (DCM/MeOH/acetone = 5/1/1). 

 

3-(2-Furyl)-L-alanine-OtBu-carbonyl-L-Glu[D-Orn(Dde)-2-CT]-OtBu (74) 

 

Compound 53 (0.29 mmol, 1.45 eq.) was transferred into a round bottom flask and dissolved in 

8.00 mL DCE. At 0 °C, triethylamine (69.8 µL, 0.50 mmol, 2.50 eq.) and 73*TFA (65.5 mg, 

0.20 mmol, 1.00 eq.) were added and the mixture was stirred for further 5 min at 0 °C. Afterwards, 

it was warmed to 40 °C and stirred for 17 h under argon atmosphere. The resin was washed with 

DCM (4×), some resin beads were taken and treated with HFIP/DCM (1/4) according to GP8. 

RP-HPLC/MS analysis revealed nearly complete conversion to product 74. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 12.4 min; k = 7.3. Calculated 

monoisotopic mass (C36H54N4O11): 718.38, found: m/z = 718.8 [M(74)+H]+, 740.7 [M(74)+Na]+, 

756.8 [M(74)+K]+. 

 

Furyl derivative B-19 

Further reactions on resin-bound 

compound 74 (0.29 mmol, 2.00 eq.) 

were performed according to 

standard Fmoc-SPPS on 2-CT resin, 

applying the above-mentioned 

methods (GP3 - GP8). For chelator 

attachment, DOTA-NHS (110 mg, 

0.15 mmol, 1.00 eq.) and DIPEA (345 µL, 2.03 mmol, 13.5 eq.) were each dissolved in DMF. First, 

DIPEA in DMF was added to the resin for preactivation. After five minutes, DOTA-NHS in DMF was 

added and incubated with the resin-bound amine for 13 h. An adequate conversion (RP-HPLC/MS 

analysis after GP7) was reached and the peptide was cleaved off the resin with TFA/TIPS/DCM 

(GP9) and purified afterwards by preparative RP-HPLC (35 - 80% B in 20 min, Method B, 

5 mL/min). Subsequent lyophilization afforded 8.72 mg (4.13% yield, chemical purity > 99%) of 

pure product B-19 as a colorless powder. 
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RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 11.3 min; k = 6.5. Calculated 

monoisotopic mass (C62H95FN12O22Si): 1406.64, found: m/z = 703.8 [M(B-19)+2H]2+, 1406.6 

[M(B-19)+H]+. 

 

(2S)-2-Amino-4-pentynoate-OtBu-carbonyl-L-Glu[D-Orn(Dde)-2-CT]-OtBu (76) 

 

Compound 53 (0.24 mmol, 1.00 eq.) was transferred into a round bottom flask and dissolved in 

2.18 mL DCE. At 0 °C, triethylamine (83.2 µL, 0.60 mmol, 2.50 eq.) and tert-butyl (2S)-2-amino-4-

pentynoate (75)*HCl  (59.6 mg, 0.29 mmol, 1.20 eq.) were added and the mixture was stirred for 

further 5 min at 0 °C. Afterwards, it was warmed to 40 °C and stirred for 20 h under argon 

atmosphere. The resin was washed with DCM (4×), some resin beads were taken and treated with 

HFIP/DCM (1/4) according to GP8. RP-HPLC/MS analysis revealed nearly complete conversion to 

product 76.  

RP-HPLC (40 - 95% B in 15 min, Method A, 1 mL/min): tR = 6.05 min; k = 3.0. Calculated 

monoisotopic mass (C34H52N4O10): 676.37, found: m/z = 677.0 [M(76)+H]+, 699.0 [M(76)+Na]+. 

 

Alkyne derivative B-20  

Further reactions on resin-bound 

compound 76 (0.24 mmol, 2.00 eq.) 

were performed according to 

standard Fmoc-SPPS on 2-CT resin, 

applying the above-mentioned 

methods (GP3 - GP8). For chelator 

attachment, DOTA-NHS (91.4 mg, 

0.12 mmol, 1.00 eq.) and DIPEA (286 µL, 1.68 mmol, 14.0 eq.) were each dissolved in DMF. First, 

DIPEA in DMF was added to the resin for preactivation. After five minutes, DOTA-NHS in DMF was 

added and incubated with the resin-bound amine for 71 h. An adequate conversion (RP-HPLC/MS 

analysis after GP7) was reached and the peptide was cleaved off the resin with TFA/TIPS/DCM 

(GP9) and purified afterwards by preparative RP-HPLC (30 - 80% B in 20 min, Method B, 

5 mL/min). Subsequent lyophilization afforded 10.9 mg (6.65% yield, chemical purity 98.5%) of 

pure product B-20 as a colorless powder. 
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RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 11.1 min; k = 6.4. Calculated 

monoisotopic mass (C60H93FN12O21Si): 1364.63, found: m/z = 682.7 [M(B-20)+2H]2+, 1364.4 

[M(B-20)+H]+. 

 

Tert-butyl N5-benzyl-N2-((benzyloxy)carbonyl)-L-glutaminate (79) 

 

Compound 79 was synthesized in analogy to a previously published procedure by 

Kozikowski et al.[222] Benzyl amine (78) (305 μL, 2.80 mmol, 1.40 eq.) and BOP (1.06 g, 2.40 mmol, 

1.20 eq.) were added to a solution of N-Cbz-L-Glu-OtBu (77) (675 mg, 2.00 mmol, 1.00 eq.) in 

18.0 mL DMF. The resulting solution was cooled to 0 °C and triethylamine (638 μL, 4.60 mmol, 

2.30 eq.) was added. After stirring for 66 h at room temperature the reaction mixture was poured 

into ice-cold water (100 mL) and extracted four times with EtOAc. The organic layer was washed 

successively with 1 M HCl, H2O, saturated NaHCO3 and brine. The organic phase was dried over 

Na2SO4, filtered and the solvent was removed in vacuo. Purification by column chromatography 

(EtOAc/n-hexane = 1/1) yielded 876 mg (2.05 mmol, > 99%) of N-Cbz-L-Gln(Bn)-OtBu (79) as a 

colorless solid. 

tR (RP-HPLC): not determined. m/z: not determined. Rf-value: 0.54 (EtOAc/n-hexane = 1/1). 

 

1H-NMR (400 MHz, CDCl3) δ(ppm): 7.38 – 7.26 (m, 10H, 

H(1, 1’, 2, 2’, 3, 4, 4’, 5, 6, 6’), 6.27 (s, 1H, H(7)), 5.56 (d, 

3J = 8.1 Hz, 1H, H(8)), 5.08 (s, 2H, H(9)), 4.42 (virt. t, 2H, H(10)), 

4.23 (td, 3J = 8.8, 3.8 Hz, 1H, H(11)), 2.26 (virt. ddt, 3H, 

H(12, 13)), 2.02 – 1.86 (m, 1H, H(14)), 1.45 (s, 9H, 

H(15, 15’, 15’’)). 

 

13C-NMR (101 MHz, CDCl3) δ(ppm): 171.92 (s, 1C, C(1)), 171.15 

(s, 1C, C(2)), 156.51 (s, 1C, C(3)), 138.37 (s, 1C, C(4)), 136.37 

(s, 1C, C(5)), 128.82 (s, 2C, C(6, 6’)), 128.65 (s, 2C, C(7, 7’)), 

128.33 (s, 1C, C(8)), 128.26 (s, 2C, C(9, 9’)), 127.95 (s, 2C, 

C(10, 10’)), 127.61 (s, 1C, C(11)), 82.68 (s, 1C, C(12)), 67.16 (s, 

1C, C(13)), 54.13 (s, 1C, C(14)), 43.84 (s, 1C, C(15)), 32.72 (s, 

1C, C(16)), 29.42 (s, 1C, C(17)), 28.11 (s, 3C, C(18, 18’, 18’’)). 
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Tert-butyl (S)-4-(1-benzyl-1H-tetrazol-5-yl)-2-(((benzyloxy)carbonyl)amino)butanoate (80) 

 

Compound 80 was synthesized in analogy to a previously published procedure by 

Kozikowski et al.[222] Diisopropyl azodicarboxylate (530 μL, 2.70 mmol, 1.35 eq.) was added to a 

solution of PPh3 (683 mg, 2.60 mmol, 1.30 eq.) and N-Cbz-L-Gln(Bn)-OtBu (79) (853 mg, 

2.00 mmol, 1.00 eq.) in 10 mL ice-cold, anhydrous MeCN over two minutes. Trimethylsilyl azide 

(372 μL, 2.80 mmol, 1.40 eq.) was added over five minutes, and the solution was allowed to stir for 

15 h at room temperature. Afterwards, the solution was cooled to 0 °C and 726 μL of a 3 M NaNO2 

solution (aq.) (152 mg, 2.20 mmol, 1.10 eq.) was added. The mixture was allowed to stir for 30 min 

at room temperature and 3.30 mL of cerium(IV) ammonium nitrate (1.21 g, 2.20 mmol, 1.10 eq.) in 

H2O was added. The solution was stirred for further 20 min and subsequently poured into ice-cold 

H2O. The mixture was extracted three times with DCM and the combined organic phases were 

washed once with water, then dried over Na2SO4, filtered and the solvent removed in vacuo. 

Purification by column chromatography (EtOAc/n-hexane = 1/2) yielded 222 mg (24.6%) of product 

80 as a colorless solid. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 14.5 min; k = 8.7. Calculated 

monoisotopic mass (C24H29N5O4): 451.22, found: m/z = 395.7 [M(80)-tBu+H]+, 451.7 [M(80)+H]+. 

Rf-value: 0.28 (EtOAc/n-hexane = 1/2). 

1H-NMR (400 MHz, CDCl3) δ(ppm): 7.43 – 7.28 (m, 8H, 

H(1, 1’, 2, 2’, 3, 3’, 4, 4’)), 7.14 (virt. dd, 2H, H(5, 6)), 

5.56 – 5.30 (m, 2H, H(7)), 5.24 – 4.99 (m, 2H, H(8)), 4.26 (td, 

3J = 8.2, 4.4 Hz, 1H, H(9)), 2.75 (virt. tq, 2H, H(10)), 2.34 (virt. 

dq, 1H, H(11)), 2.01 (virt. dddd, 1H, H(12)), 1.42 (s, 9H, 

H(13, 13’, 13’’)). 

 

13C-NMR (101 MHz, CDCl3) δ(ppm): 170.51 (s, 1C, C(1)), 

156.19 (s, 1C, C(2)), 154.26 (s, 1C, C(3)), 136.31 (s, 1C, C(4)), 

133.33 (s, 1C, C(5)), 129.40 (s, 2C, C(6, 6’)), 129.11 (s, 1C, 

C(7)), 128.73 (s, 2C, C(8, 8’)), 128.45 (s, 1C, C(9)), 128.30 (s, 

2C, C(10, 10’)), 127.67 (s, 2C, C(11, 11’)), 83.11 (s, 1C, 

C(12)), 67.23 (s, 1C, C(13)), 53.93 (s, 1C, C(14)), 50.90 (s, 

1C, C(15)), 30.29 (s, 1C, C(16)), 28.06 (s, 3C, C(17, 17’, 17’’)), 19.98 (s, 1C, C(18)). 
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Tert-butyl (S)-2-amino-4-(1H-tetrazol-5-yl)butanoate (81) 

 

Compound 80 (120 mg, 0.27 mmol, 1.00 eq.) was dissolved in 15.0 mL MeOH and the solution 

was flushed 5 minutes with argon to remove dissolved oxygen. 12.0 mg of palladium on carbon 

(10% wt) (corresponds to 1.20 mg palladium, 11.3 µmol, 0.04 eq.) were added and the flask was 

sealed with a rubber septum. Remaining air was displaced with argon and subsequently replaced 

by hydrogen gas. The mixture was stirred under hydrogen atmosphere at room temperature for 

23 h. Palladium on carbon was filtered off, and the solvent was evaporated in vacuo. This afforded 

a mixture of product 81 (minor portion) and reactant 80 with free α-amine, still bearing the Bn-

protective group at the tetrazole moiety (major portion). However, as a certain conversion to 

product 81 could be observed by RP-HPLC/MS analysis and the N-Cbz-protective group was 

cleaved off efficiently, the crude product was used in the next step without further purification. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 4.60 min; k = 2.1. Calculated 

monoisotopic mass (C9H17N5O2): 227.14, found: m/z = 228.0 [M(81)+H]+, 268.7 

[M(81)+MeCN+H]+. 

 

5-Benzyl 1-(tert-butyl) (((S)-1-(tert-butoxy)-1-oxo-4-(1H-tetrazol-5-yl)butan-2-yl)carbamoyl)-L-

glutamate (82) 

 

Compound 82 was synthesized in analogy to a previously published procedure by 

Weineisen et al.[199] with some minor modifications. Tert-butyl (S)-2-amino-4-(1H-tetrazol-5-

yl)butanoate (81) (~ 100 mg crude product, ~ 266 µmol, 1.20 eq.) was dissolved in 2.00 mL DCE 

and compound 64 (86.0 mg, 222 µmol, 1.00 eq.) was added. At 0 °C, triethylamine (76.9 µL, 

555 µmol, 2.50 eq.) was added and the mixture was stirred for further five minutes at 0 °C. The 

solution was warmed to 40 °C and stirred for 20 h under argon atmosphere. The solvent was 

removed in vacuo and the crude product was purified via flash chromatography (10 - 90% B in 
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15 min, Method D, 12 mL/min), which afforded 39.6 mg (32.7%) of compound 82 as a colorless 

solid.     

RP-HPLC (30 - 90% B in 15 min, Method A, 1 mL/min): tR = 11.3 min; k = 6.5. Calculated 

monoisotopic mass (C26H38N6O7): 546.28, found: m/z = 490.4 [M(82)-tBu+H]+, 546.7 [M(82)+H]+, 

568.8 [M(82)+Na]+. 

 

(S)-5-(tert-butoxy)-4-(3-((S)-1-(tert-butoxy)-1-oxo-4-(1H-tetrazol-5-yl)butan-2-yl)ureido)-5-

oxopentanoic acid (83) 

 

Compound 82 (17.0 mg, 31.2 µmol, 1.00 eq.) was dissolved in 6.00 mL MeOH and the solution 

was flushed 5 minutes with argon to remove dissolved oxygen. 3.30 mg of palladium on carbon 

(10% wt) (corresponds to 330 µg palladium, 3.12 µmol, 0.10 eq.) were added and the flask was 

sealed with a rubber septum. Remaining air was displaced with argon and subsequently replaced 

by hydrogen gas. The mixture was stirred under hydrogen atmosphere at room temperature for 

69.5 h. Palladium on carbon was filtered off, and the solvent was evaporated in vacuo. This 

afforded 44.0 mg of crude product as a colorless oil, with some minor by-products and remaining 

reactant 82. As the main component could be identified as product 83 by RP-HPLC/MS analysis, 

the crude product was used in the next step without further purification. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.94 min; k = 5.0. Calculated 

monoisotopic mass (C19H32N6O7): 456.23, found: m/z = 345.9 [M(83)-2tBu+H]+, 456.7 [M(83)+H]+, 

478.7 [M(83)+Na]+, 912.5 [M2(83)+H]+, 934.7 [M2(83)+Na]+, 950.3 [M2(83)+K]+. 

 

(S)-2-Amino-4-(1H-tetrazol-5-yl)butanoic acid-OtBu-carbonyl-L-Glu[D-Orn(Dde)-2-CT]-OtBu (84) 

 

According to GP3, fragment 83 (28.5 mg, ~ 62.4 µmol, 1.00 eq.) was coupled to resin-bound 

H-D-Orn(Dde) (34) (89.0 µmol 1.43 eq.) with TBTU (40.1 mg, 125 µmol, 2.00 eq.) and HOAt 
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(17.0 mg, 125 µmol, 2.00 eq.) as coupling reagents and sym-collidine (74.5 µL, 562 µmol, 9.00 eq.) 

as base. After shaking for 14 h at room temperature, formation of product 84 could be confirmed 

(GP8), as only one major peak with the expected m/z-ratio of 734.9 occurred.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 9.91 min; k = 5.6. Calculated 

monoisotopic mass (C34H54N8O10): 734.40, found: m/z = 734.9 [M(84)+H]+. 

 

Tetrazole derivative B-21 

Further reactions on resin-bound 

compound 84 (89.0 µmol, 2.00 eq.) 

were performed according to 

standard Fmoc-SPPS on 2-CT resin, 

applying the above-mentioned 

methods (GP3 - GP8). For chelator 

attachment, DOTA-NHS (33.9 mg, 

44.5 µmol, 1.00 eq.) and DIPEA (106 µL, 0.62 mmol, 14.0 eq.) were each dissolved in DMF. First, 

DIPEA in DMF was added to the resin for preactivation. After five minutes, DOTA-NHS in DMF was 

added and incubated with the resin-bound amine for 15 h. As only low conversion (RP-HPLC/MS 

analysis after GP8) was reached, further DOTA-NHS (33.9 mg, 44.5 µmol, 1.00 eq.) and DIPEA 

(106 µL, 0.62 mmol, 14.0 eq.) was added and again incubated for 71 h. Again, no increased 

conversion could be observed and hence, HOAt (24.2 mg, 0.18 mmol, 2.00 eq.) and DIPEA 

(212 µL, 1.24 mmol, 28.0 eq.) were added to the reaction mixture. RP-HPLC/MS analysis after 20 h 

revealed no further significant increase of product signal and hence, the peptide was cleaved off 

the resin with TFA/TIPS/DCM (GP9) and purified afterwards by preparative RP-HPLC (25 - 80% B 

in 20 min, Method B, 5 mL/min and 25 - 70% B in 15 min, Method B, 1 mL/min). Subsequent 

lyophilization afforded 3.55 mg (5.60% yield, chemical purity > 99%) of pure product B-21 as a 

colorless powder.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 10.8 min; k = 6.2. Calculated 

monoisotopic mass (C60H95FN16O21Si): 1422.66, found: m/z = 711.6 [M(B-21)+2H]2+, 1422.5 

[M(B-21)+H]+. 
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3.2.3. Cold metal complexation 

 

For natGa- and natLu-complexation reactions, previously published procedures were applied with 

minor modifications.[140, 199] 

 

General procedures for natGa-complexation (GP13 & GP14) 

GP13: DOTA-conjugated peptide (4.70 mM in tBuOH, 1.00 eq.) was added to Ga(NO3)3*6 H2O 

(49.2 mM in H2O, 3.50 eq.). The mixture was stirred for 30 min at 75 °C and afterwards 

filtered through single use syringe filters (Sartorius Minisart®) to remove Ga(OH)3 

precipitate.[299-301] The natGa-complexed peptide was obtained after RP-HPLC purification 

and lyophilization.  

GP14: DOTA-conjugated peptide (11.0 mM in HEPES buffer (2.7 M, pH = 3), 1.00 eq.) was added 

to Ga(NO3)3*6 H2O (33.0 mM in HEPES buffer (2.7 M, pH = 3), 3.50 eq.). The mixture was 

stirred for 30 min at 75 °C and afterwards filtered through single use syringe filters 

(Sartorius Minisart®) to remove Ga(OH)3 precipitate. The natGa-complexed peptide was 

obtained after RP-HPLC purification and lyophilization.  

 

General procedure for natLu-complexation (GP15) 

100 µL of the precursor (2.00 mM in DMSO, 0.20 µmol, 1.00 eq.) were added to 60.0 µL of LuCl3 

(20 mM in Tracepur®-H2O, 1.20 µmol, 6.00 eq.) and 40.0 µL Tracepur®-H2O. The reaction mixture 

was heated for 25 to 30 min at 95 °C. Occasionally, reaction temperatures were adjusted (70 °C 

for natLu-B-13 and natLu-B-15) to maintain high chemical purity. The resulting solution, now 1.00 mM 

(0.50 mM for natLu-B-15), was directly used as stock solution for affinity determinations.  

 

natGa-Thioureate B-12  

The natGa-complexed peptide 

(GP13) was purified by RP-HPLC 

(30 - 50% B in 20 min, Method B, 

5 mL/min) and afforded 70.0 µg 

(3.35%) of pure product natGa-B-12 

as a colorless powder after 

lyophilization.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.65 min; k = 4.7. Calculated 

monoisotopic mass (C60H93FGaN12O22SSi): 1481.53, found: m/z = 742.5 [M(natGa-B-12)+2H]2+, 

1483.0 [M(natGa-B-12)+H]+ , 1503.6 [M(natGa-B-12)+Na]+. 
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natGa-Carbamate B-13 

The natGa-complexed peptide 

(GP14) was purified by RP-HPLC 

(25 - 45% B in 15 min, Method A, 

1 mL/min) and afforded 1.64 mg 

(26.5%) of pure product natGa-B-13 

as a colorless powder after 

lyophilization.  

RP-HPLC (25 - 45% B in 15 min, Method A, 1 mL/min): tR = 12.0 min; k = 7.0. Calculated 

monoisotopic mass (C60H92FGaN11O24Si): 1466.53, found: m/z = 734.9 [M(natGa-B-13)+2H]2+, 

1468.0 [M(natGa-B-13)+H]+, 1835.8 [M5(natGa-B-13)+4H]4+, 1957.3 [M4(natGa-B-13)+3H]3+. 

 

natLu-Carbamate B-13  

natLu-B-13 (GP15) was obtained in 

92.3% chemical purity (> 99% yield) 

as determined by RP-HPLC.  

RP-HPLC (10 - 90% B in 15 min, 

Method A, 1 mL/min): tR = 8.48 min; 

k = 4.7. Calculated monoisotopic 

mass (C60H91FLuN11O24Si): 1571.54, found: m/z = 787.1 [M(natLu-B-13)+2H]2+, 

1573.2 [M(natLu-B-13)+H]+, 1598.0 [M(natLu-B-13)+Na]+. 

 

natGa-Carbamate B-14  

The natGa-complexed peptide 

(GP14) was purified by RP-HPLC 

(20 - 60% B in 15 min, Method A, 

1 mL/min) and afforded 0.53 mg 

(15.7%) of pure product natGa-B-14 

as a colorless powder after 

lyophilization.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.46 min; k = 4.6. Calculated 

monoisotopic mass (C60H92FGaN11O24Si): 1466.53, found: m/z = 734.3 [M(natGa-B-14)+2H]2+, 

1468.2 [M(natGa-B-14)+H]+, 1835.5 [M5(natGa-B-14)+4H]4+, 1957.4 [M4(natGa-B-14)+3H]3+. 
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natLu-Proinhibitor B-15  

natLu-B-15 (GP15) was obtained in 

> 99% chemical purity (> 99% yield) 

as determined by RP-HPLC.  

RP-HPLC (10 - 90% B in 15 min, 

Method A, 1 mL/min): tR = 8.62 min; 

k = 4.7. Calculated monoisotopic 

mass (C65H101FLuN13O24SSi): 1701.60, found: m/z = 851.3 [M(natLu-B-15)+2H]2+, 1701.8 

[M(natLu-B-15)+H]+. 

 

natLu-Proinhibitor B-16  

natLu-B-16 (GP15) was obtained in 

> 99% chemical purity (> 99% yield) 

as determined by RP-HPLC. 

RP-HPLC (10 - 90% B in 15 min, 

Method A, 1 mL/min): tR = 9.48 min; 

k = 5.3. Calculated monoisotopic 

mass (C68H107FLuN13O24Si): 1711.67, found: m/z = 856.4 [M(natLu-B-16)+2H]2+, 

1711.6 [M(natLu-B-16)+H]+. 

 

natLu-Proinhibitor B-17  

natLu-B-17 (GP15) was obtained in 

> 99% chemical purity (> 99% yield) 

as determined by RP-HPLC. 

RP-HPLC (10 - 90% B in 15 min, 

Method A, 1 mL/min): tR = 9.29 min; 

k = 5.2. Calculated monoisotopic 

mass (C68H107FLuN13O24Si): 

1711.67, found: m/z = 856.1 [M(natLu-B-17)+2H]2+, 1711.1 [M(natLu-B-17)+H]+. 
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natLu-L-2-Aminoheptanoic acid derivative B-18  

natLu-B-18 (GP15) was obtained in 

94.9% chemical purity (> 99% yield) 

as determined by RP-HPLC. 

RP-HPLC (10 - 90% B in 15 min, 

Method A, 1 mL/min): tR = 11.7 min; 

k = 6.8. Calculated monoisotopic 

mass (C62H98FLuN12O21Si): 1568.61, found: m/z = 784.5 [M(natLu-B-18)+2H]2+, 

1568.0 [M(natLu-B-18)+H]+. 

 

natLu-Furyl derivative B-19  

natLu-B-19 (GP15) was obtained in 

98.1% chemical purity (> 99% yield) 

as determined by RP-HPLC. 

RP-HPLC (10 - 90% B in 15 min, 

Method A, 1 mL/min): tR = 11.2 min; 

k = 6.5. Calculated monoisotopic 

mass (C62H92FLuN12O22Si): 1578.56, found: m/z = 789.7 [M(natLu-B-19)+2H]2+, 

1579.3 [M(natLu-B-19)+H]+. 

 

natLu-Alkyne derivative B-20  

natLu-B-20 (GP15) was obtained in 

99.1% chemical purity (> 99% yield) 

as determined by RP-HPLC.  

RP-HPLC (10 - 90% B in 15 min, 

Method A, 1 mL/min): tR = 10.9 min; 

k = 6.3. Calculated monoisotopic 

mass (C60H90FLuN12O21Si): 1536.55, found: m/z = 769.6 [M(natLu-B-20)+2H]2+, 

1538.4 [M(natLu-B-20)+H]+. 
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natLu-Tetrazole derivative B-21  

natLu-B-21 (GP15) was obtained in 

92.9% chemical purity (> 99% yield) 

as determined by RP-HPLC.  

RP-HPLC (10 - 90% B in 15 min, 

Method A, 1 mL/min): tR = 10.6 min; 

k = 6.1. Calculated monoisotopic 

mass (C60H92FLuN16O21Si): 1594.58, found: m/z = 797.5 [M(natLu-B-21)+2H]2+, 816.6 

[M(natLu-B-21)+K+H]2+, 1595.0 [M(natLu-B-21)+H]+. 

 

Reaction conditions, chemical purities and yields of the natGa- and natLu-rhPSMA ligands described 

above are summarized in Table 4.  

 

Table 4: Reaction conditions, chemical purity and yield of the investigated natGa- and natLu-rhPSMA ligands. 

PSMA (pro)inhibitor 
Reaction 

conditions 
Chemical purity Yielda 

natGa-B-12  75 °C, 30 min 93.0%  3.35% 

natGa-B-13 75 °C. 30 min 97.2% 26.5% 

natLu-B-13 70 °C, 25 min 92.3% > 99% 

natGa-B-14 75 °C, 30 min 97.6% 15.7% 

natLu-B-15 70 °C, 30 min  > 99% > 99% 

natLu-B-16 95 °C, 25 min > 99% > 99% 

natLu-B-17 95 °C, 25 min > 99% > 99% 

natLu-B-18 95 °C, 25 min 94.9% > 99% 

natLu-B-19 95 °C, 25 min 98.1% > 99% 

natLu-B-20  95 °C, 25 min 99.1% > 99% 

natLu-B-21 95 °C, 25 min 92.9% > 99% 

            acalculated relative to the uncomplexed precursor. Number of experiments is n = 1. 
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3.3. Radiolabeling 

3.3.1. 125I-labeling 

 

 [125I]Tyr(3-I)19-Glucagon-like peptide 1 ([125I]A-3) 

 

125I-Labeled GLP-1 was prepared via the Iodogen method[302], with some minor modifications. The 

precursor GLP-1 (~ 0.1 mg, 30.3 nmol, 121 eq.) was dissolved in 20 µL H2O and 280 µL 

TRIS buffer (25 mM TRIS HCl, 0.04 M NaCl, pH = 7.5). The solution was transferred to a vial, which 

has been precoated1 with 150 µg Iodogen (1,3,4,6-tetrachloro-3α,6α-diphenylglycouril, Thermo 

Fisher Scientific, Darmstadt, Germany) (347 nmol, 1388 eq.). Afterwards, 15 ± 5 MBq [125I]NaI 

(74 MBq/nmol, 3.7 GBq/mL in 40 mM NaOH, Hartmann Analytic, Braunschweig, Germany) 

(5.00 µL, 250 pmol, 1.00 eq.) were added, the reaction solution was incubated for 15 min at r.t. and 

purified by radio-RP-HPLC (33 - 40% B in 20 min, Method A, 1 mL/min) to afford 6.26 MBq (34.2% 

RCY, 49% RCP) of product [125I]A-3. Immediately after purification, radiolysis-induced by-products 

occurred to different extents depending on added reagents and radiolysis inhibitors (see section 

4.1.1). 

RP-HPLC (33 - 40% B in 20 min, Method A, 1 mL/min): tR = 8.20 min; k = 4.5; tR (cold 

standard) = 8.10 min (33 - 40% B in 20 min, Method A, 1 mL/min). 

 

 

 

 

 

 

 

 

 

 

 

1 Precoating was perfomed according to the method described by Salacinski et al. and the vials were stored 

at -20 °C.[302]  
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[Nle14, [125I]Tyr(3-I)40]Exendin-4 (A-17) 

 

125I-labeled exendin-4 was prepared via the Iodogen method[302], with some minor modifications. 

The precursor (Nle14, Tyr40)exendin-4 (150 µg, 30.6 nmol, 122 eq.) was dissolved in 20 µL DMSO 

and 280 µL TRIS buffer (25 mM TRIS HCl, 0.04 M NaCl, pH = 7.5). The solution was transferred 

to a vial, which has been precoated1 with 15.0 µg Iodogen (34.7 nmol, 139 eq.). Afterwards, 

15 ± 5 MBq [125I]NaI (74 MBq/nmol, 3.7 GBq/mL in 40 mM NaOH, Hartmann Analytic, 

Braunschweig, Germany) (5.00 µL, 250 pmol, 1.00 eq.) were added, the reaction solution was 

incubated for 15 min at r.t. and 150 µL thereof were purified by radio-RP-HPLC (0% B (2 min) → 

0 - 37.5% B (3 min) → 37.5% B (35 min) → 38% B (10 min), Method A, 1 mL/min) to afford 

3.15 MBq (48.8% RCY, > 99% RCP) of product A-17. The radioligand was stored in the HPLC 

solvent (stock solution) at -80 °C until further use. Prior to the in vitro experiments, the radioligand 

was dissolved in HBSS (with or w/o 1% BSA) to achieve a final concentration of 0.41 nM in the 

respective assays. The radioligand stock solution was used to a maximum of 14 days to ensure a 

RCP of > 92% (Table 5) and replaced by freshly prepared radioligand afterwards. 

 

RP-HPLC (20 - 70% 15 min, Method A, 1 mL/min): tR = 9.00 min; k = 5.0; tR (cold 

standard) = 8.90 min (20 - 70% 15 min, Method A, 1 mL/min). 

 

Table 5: Stability study of reference radioligand [Nle14, [125I]Tyr(3-I)40]Exendin-4 (A-17). 

Days after radioiodination RCP of [Nle14, [125I]Tyr(3-I)40]Exendin-4 (A-17)a 

0 ≥ 95% (n = 4) 

4 95% 

9 95% 

16 92% 

20 82% 

24 82% 

29 78% 

36 78% 

                                        an = 1, unless otherwise stated. 
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(((S)-1-Carboxy-5-(4-(Iodo-125I)benzamido)pentyl)carbamoyl)-L-glutamic acid (([125I]I-BA)KuE) 

(B-22) 

 

The reference ligand for in vitro studies ([125I]I-BA)KuE (B-22) was prepared according to a 

previously published procedure by Weineisen et al.[199] Peracetic acid was prepared by mixing 

130 µL hydrogen peroxide (30%) with 50 µL acetic acid. After an incubation period of two hours, 

20 µL of the peracetic acid solution and [125]NaI (5.00 µL, 250 pmol, 1.00 eq.) were added to a 

solution of approximately 0.10 mg of stannylated precursor 85 (110 nmol, 440 eq.) in 30.0 µL 

MeCN/acetic acid (2/1) and incubated at room temperature for 15 minutes. The reaction mixture 

was diluted with 10 mL water and loaded onto a C18 Sep Pak Plus cartridge (360 mg, 

Waters GmbH, Eschborn, Germany), which was initially preconditioned with 10 mL MeOH and 

washed with 10 mL H2O. The loaded cartridge was washed with 10 mL H2O and the product was 

eluted with 1.50 mL MeOH/EtOH (1/1). The solvent was removed by careful heating to 70 °C and 

under a stream of nitrogen. The tert-butyl protective groups were removed by incubation of product 

86 with 400 µL TFA for 45 minutes. After evaporation of TFA under N2, the residue was diluted in 

400 µL MeCN/H2O (2/8) and product B-22 was isolated by radio-RP-HPLC (20 - 40% B in 20 min, 

Method A, 1 mL/min) to afford 7.97 MBq (38.9% RCY, > 99% RCP). The radioligand was stored in 

the HPLC solvent (stock solution) at 8 °C until further use. Prior to the in vitro experiments, the 

radioligand was dissolved either in HBSS (1% BSA) (affinity) or DMEM-F12 (5% BSA) 

(internalization) to achieve a final concentration of 0.20 nM in the respective assays. The 

radioligand stock solution was used to a maximum of four weeks and replaced by freshly prepared 

radioligand afterwards.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 8.50 min; k = 4.7; tR (cold 

standard) = 8.40 min (10 - 90% B in 15 min, Method A, 1 mL/min). 
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3.3.2. 177Lu-labeling  

 

For 177Lu-labeling, previously published procedures were applied with minor modifications.[136, 303] 

Radiochemical yields (RCY) are given decay corrected (d.c.) to the start of synthesis. 

 

General procedure for 177Lu-complexation (GP16) 

5.00 µL of the precursor (0.20 mM in DMSO, 1.00 nmol, 1.00 eq.) were added to 10.0 µL of 

1 M NaOAc buffer (aq.) (pH = 5.5). Subsequently, 14.0 to 63.5 MBq [177Lu]LuCl3 

(As > 3000 GBq/mg, 740 MBq/mL, 0.04 M HCl, ITG, Garching, Germany) were added and the 

mixture was filled up to 100 µL with 0.04 M HCl (in Tracepur®-H2O). 10.0 µL of 0.1 M sodium 

ascorbate (aq.) (in Tracepur®-H2O) were added and the reaction mixture was heated for 25 min at 

95 °C. Occasionally, reaction temperatures were adjusted (70 °C for natLu-B-13 and 80 °C for 

natLu-B-15) to maintain high chemical purity. In case of incomplete complexation, removal of free 

[177Lu]Lu3+ via HLB cartridge (30 mg) was required. Therefore, the cartridge was preconditioned 

with EtOH (10 mL) and PBS (10 mL), the reaction solution was diluted in 5 - 10 mL PBS and loaded 

onto the cartridge. After washing the cartridge with 5 mL PBS, the radioligand was eluted with 

200 µL EtOH/PBS (1/1). 

 

[177Lu]Lu-Carbamate B-13  

[177Lu]Lu-B-13 (GP16) was 

obtained in 69.7 ± 18.2% (n = 6) 

isolated RCY. The apparent molar 

activities (Am) were 12.5 to 

21.9 GBq/µmol at the end of 

synthesis. RCP as determined by 

radio-RP-HPLC and radio-TLC 

was 96.9 ± 2.1%. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 9.59 min; k = 5.4; tR (cold 

standard) = 9.49 min (10 - 90% B in 15 min, Method A, 1 mL/min). 

 

[177Lu]Lu-Proinhibitor B-15 

[177Lu]Lu-B-15 (GP16) was purified 

by radio-RP-HPLC, which afforded 

the final product in 44.0 ± 7.6% 

(n = 4) isolated RCY. Exact 

apparent Am of products, which 

were purified by radio-RP-HPLC 

could not be determined as the 
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amount of cold precursor within the product fraction could only be estimated. In these cases, the 

amount of substance was roughly calculated by the percentage of product, determined by radio-

RP-HPLC. This afforded apparent Am of approximately 4.64 to 14.5 GBq/µmol. RCP as determined 

by radio-RP-HPLC and radio-TLC was 89.3 ± 1.9%. Higher RCPs could not be achieved, as right 

after purification, quality control revealed up to 13% of oxidized by-product again. 

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 10.1 min; k = 5.7; tR (cold 

standard) = 10.0 min (10 - 90% B in 15 min, Method A, 1 mL/min). 

 

[177Lu]Lu-Proinhibitor B-16 

[177Lu]Lu-B-16 (GP16) was 

obtained in 81.4 ± 6.9% (n = 2) 

isolated RCY. The apparent Am 

were 24.1 and 24.8 GBq/µmol at 

the end of synthesis. RCP as 

determined by radio-RP-HPLC and 

radio-TLC was 98.2 ± 0.1%.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 11.1 min; k = 6.4; tR (cold 

standard) = 11.0 min (10 - 90% B in 15 min, Method A, 1 mL/min). 

 

[177Lu]Lu-Proinhibitor B-17  

[177Lu]Lu-B-17 (GP16) was 

obtained in > 99% (n = 1) 

isolated RCY. The apparent 

Am was 27.4 GBq/µmol at the 

end of synthesis. RCP as 

determined by radio-RP-HPLC 

and radio-TLC was 94.7%. 

RP-HPLC (10 - 90% B in 

15 min, Method A, 1 mL/min): tR = 11.0 min; k = 6.3; tR (cold standard) = 10.9 min (10 - 90% B in 

15 min, Method A, 1 mL/min). 

 



MATERIALS AND METHODS 

133 

 

[177Lu]Lu-Alkyne derivative B-20  

[177Lu]Lu-B-20 (GP16) was 

obtained in 70.3 or > 99% (n = 3) 

isolated RCY. The apparent Am 

were 26.3 to 62.0 GBq/µmol at the 

end of synthesis. RCP as 

determined by radio-RP-HPLC and 

radio-TLC was 93.6 ± 2.5%.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 10.3 min; k = 5.9; tR (cold 

standard) = 10.2 min (10 - 90% B in 15 min, Method A, 1 mL/min). 

 

[177Lu]Lu-Tetrazole derivative B-21  

[177Lu]Lu-B-21 (GP16) was 

obtained in > 99% (n = 4) isolated 

RCY. The apparent Am ranged from 

42.2 to 63.5 GBq/µmol at the end 

of synthesis. RCP as determined 

by radio-RP-HPLC and radio-TLC 

was 97.2 ± 1.2%.  

RP-HPLC (10 - 90% B in 15 min, Method A, 1 mL/min): tR = 10.0 min; k = 5.7; tR (cold 

standard) = 9.90 min (10 - 90% B in 15 min, Method A, 1 mL/min). 

 

Reaction conditions, radiochemical yields, apparent molar activities, used activities and 

radiochemical purities of the [177Lu]Lu-rhPSMA ligands described above are summarized in 

Table 6. 
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Table 6: Reaction conditions, RCY, apparent Am, used activities and RCP of the investigated [177Lu]Lu-rhPSMA 

ligands. 

PSMA 

(pro)inhibitor 

Reaction 

conditions 
RCYa 

apparent Am 

[GBq/µmol] 

used 

activities 

[MBq] 

RCP 

No. of 

experi-

ments 

[177Lu]Lu-B-13 70 °C, 25 min 69.7 ± 18.2% 12.5 - 21.9 22.3 - 62.2 96.9 ± 2.1% 6 

[177Lu]Lu-B-15 80 °C, 25 min 44.0 ± 7.6% 4.64 - 14.5 14.0 - 35.9 89.3 ± 1.9% 4 

[177Lu]Lu-B-16 95 °C, 25 min 81.4 ± 6.9% 24.1 & 24.8 28.0 & 32.5 98.2 ± 0.1% 2 

[177Lu]Lu-B-17 95 °C, 25 min > 99% 27.4 27.4 94.7% 1 

[177Lu]Lu-B-20 95 °C, 25 min 70.3 to > 99% 26.3 - 62.0 37.5 - 62.0 93.6 ± 2.5% 3 

[177Lu]Lu-B-21 95 °C, 25 min > 99% 42.2 - 63.5 42.2 - 63.5 97.2 ± 1.2% 4 

adecay corrected to the start of synthesis. Data for isolated RCY and RCP are expressed as mean ± SD.  
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3.4. In vitro experiments 

3.4.1. Cell culture 

INS-1E cells, expressing the rat GLP-1 receptor[304] were kindly provided by Dr. Günter Päth 

(Universitätsklinikum Freiburg, Freiburg, Germany) and cultivated in RPMI 1640 medium (11.1 mM 

D-glucose, 2.00 mM L-glutamine; REF-number: 21875-034; Fisher Scientific GmbH, Schwerte, 

Germany) supplemented with 10% fetal bovine serum (Merck KgaA, Darmstadt, Germany), 50 µM 

β-mercaptoethanol, 10 mM HEPES (both from Fisher Scientific GmbH, Schwerte, Germany) and 

1 mM sodium pyruvate (Merck KgaA, Darmstadt, Germany). Cells were kept at 37 °C in a 

humidified 5% CO2 atmosphere. 

HEK293 and HEK293-hGLP-1R cells (HEK293 cells stably transfected with the human GLP-1 

receptor)[305] were kindly provided by Prof. Dr. Timothy Kieffer (University of British Columbia, 

Vancouver, Canada). Cells were cultivated in high glucose DMEM (25.0 mM D-glucose, 

3.97 mM GlutaMAX; REF-number: 61965-026; Fisher Scientific GmbH, Schwerte, Germany) 

supplemented with 10% fetal bovine serum and 1 mM sodium pyruvate. Medium for stably 

transfected HEK293-hGLP-1R cells was constantly supplemented with 1 mg/mL Geneticin 

(G-418 Biochrom, Merck KgaA, Darmstadt, Germany) as selection antibiotic. Both cell lines were 

kept at 37 °C in a humidified 5% CO2 atmosphere. 

PSMA positive LNCaP cells (300265; Cell Lines Service, Eppelheim, Germany) were cultivated in 

DMEM/Ham’s F-12 (1/1) (17.5 mM  D-glucose, 2.50 mM GlutaMAX; REF-number: 31331-028; 

Fisher Scientific GmbH, Schwerte, Germany) supplemented with 10% fetal bovine serum and kept 

at 37 °C in a humidified 5% CO2 atmosphere.  

One day (24 ± 2 h) prior to all in vitro experiments, the cultivated cells were harvested using 

a mixture of trypsin/ethylenediaminetetraacetic acid (0.05%/0.02%) in PBS (Merck KgaA, 

Darmstadt, Germany) and centrifuged at 1 300 rpm (ca. 190 × g) for 3 min at room temperature 

(Heraeus Megafuge 16, Thermo Fisher Scientific, Darmstadt, Germany). After centrifugation, the 

supernatant was disposed and the cell pellet was resuspended in culture medium. Cells were 

counted with a Neubauer hemocytometer (Paul Marienfeld GmbH & Co. KG, Lauda-Königshofen, 

Germany) and seeded in 24-well plates.  

Radioligand uptake studies with INS-1E, HEK293 and HEK293-hGLP-1R were performed by 

transferring different amounts of cells (1 × 105 - 2 × 106 cells/mL per well) into 24-well plates 

(Greiner Bio-One, Kremsmünster, Austria). The optimal amount of cell-bound radioligand (% of 

added dose) was determined at different temperatures (4 °C or r.t.), different time points (1 h, 1.5 h, 

2 h, 6 h or 12 h), in different media (HBSS (1% BSA) or culture medium) and with different 

concentrations of the radioligand [Nle14, [125I]Tyr(3-I)40]exendin-4 (0.41 nM, 0.75 nM or 0.82 nM). 
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IC50 values of GLP-1R or PSMA ligands were determined by transferring 1.50 × 105 cells/mL per 

well into 24-well plates, whereas internalization (PSMA ligands only) was assessed by transferring 

1.25 × 105 cells/mL per well into poly-L-lysine (PLL)-coated 24-well plates.   

Chemical purities of peptides evaluated in in vitro studies were > 95% for GLP-1R ligands (except 

for A-10 and A-15) and > 92% for PSMA ligands as determined by RP-HPLC. 

 

 

3.4.2. Affinity determinations (IC50) 

For GLP-1R affinity (IC50) determinations, the culture medium was removed and the cells were 

washed with 500 µL of HBSS (Merck KgaA, Darmstadt, Germany), containing 1% BSA 

(Merck KgaA, Darmstadt, Germany). Afterwards, 200 µL of HBSS (1% BSA) were added to each 

well and equilibrated on ice (4 °C) for 15 min. 25 µL/well of either HBSS (1% BSA) (= control) or of 

solutions, containing the respective unlabeled ligand in increasing concentrations (10-10 - 10-4 M in 

HBSS) were added, followed by the addition of 25 µL of [Nle14, [125I]Tyr(3-I)40]exendin-4 in HBSS 

(1% BSA) to each well. Experiments were carried out in triplicates for each concentration. The final 

concentrations of unlabeled ligand ranged from 10-11 - 10-5 M and the final radioligand 

concentration was 0.41 nM in all binding assays. The cells were incubated for two hours at 4 °C. 

Incubation was terminated by removal of the incubation medium. The cells were washed with 

250 µL of HBSS (1% BSA) and the wash medium was combined with the respective supernatant. 

This fraction represents the amount of free radioligand. The cells were lysed by addition of 250 µL 

of 1 M aqueous NaOH. After 20 min, the lysate of each well was transferred to the respective vial 

as well as 250 µL of 1 M NaOH used for rinsing the well. Quantification of the amount of free and 

bound activity was performed in a γ-counter. The corresponding IC50 values were calculated using 

the GraphPad PRISM7 software. IC50 values of GLP-1 were determined in parallel on the same 

day to ensure assay validity. Only IC50 values of the new compounds, for which the affinity of the 

corresponding GLP-1 control experiment was in a range of 23.2 ± 12.2 nM (n = 11), were 

considered. 

For PSMA affinity (IC50) determinations, the culture medium was removed and the cells were 

washed with 500 µL of HBSS (1% BSA). Afterwards, 200 µL of HBSS (1% BSA) were added to 

each well and equilibrated on ice (4 °C) for 15 min. 25 µL/well of either HBSS (1% BSA) (= control) 

or of solutions, containing the respective unlabeled ligand in increasing concentrations 

(10-10 - 10-4 M in HBSS) were added, followed by the addition of 25 µL of ([125I]I-BA)KuE in HBSS 

(1% BSA) to each well. Experiments were carried out in triplicates for each concentration. The final 

concentrations of unlabeled ligand ranged from 10-11 - 10-5 M and the final radioligand 

concentration was 0.20 nM in all binding assays. The cells were incubated for one hour at 4 °C. 

Incubation was terminated by removal of the incubation medium. The cells were washed with 

250 µL of HBSS (1% BSA) and the wash medium was combined with the respective supernatant. 
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This fraction represents the amount of free radioligand. The cells were lysed by addition of 250 µL 

of 1 M aqueous NaOH. After 20 min, the lysate of each well was transferred to the respective vial 

as well as 250 µL of 1 M NaOH used for rinsing the well. Quantification of the amount of free and 

bound activity was performed in a γ-counter. The corresponding IC50 values were calculated using 

the GraphPad PRISM7 software. IC50 values of (natI-BA)KuE were determined in parallel on the 

same day to ensure assay validity. Only IC50 values, for which the affinity of the corresponding 

(natI-BA)KuE control experiment was in a range of 3.95 ± 1.35 nM (n = 6) were considered, except 

for compounds B-2 to B-11 for which the affinity of (natI-BA)KuE was in a range of 21.7 ± 7.9 nM 

(n = 3).  

 

3.4.3. Stability studies of PSMA substrate mimetics 

Similar to PSMA affinity (IC50) determinations, the culture medium was removed and the cells were 

washed with 500 µL of HBSS. Afterwards, 225 µL of HBSS were added to each well and 

equilibrated on ice (4 °C) for 15 min. 25 µL/well of solutions, containing the respective unlabeled 

ligand in a 10-3 M concentration (B-8 to B-11 dissolved in H2O) were added. Experiments were 

carried out in triplicates for each concentration. The final concentrations of the ligands were 10-4 M. 

The cells were incubated for one hour at 4 °C. Afterwards, the supernatant was transferred to a 

ultra centrifugal filter unit (VWR International GmbH, Darmstadt, Germany) equipped with a 30 kDa 

filter and centrifuged at 12 000 rpm (~ 14 000 × g). The filtrate was frozed, lyophilized and 

dissolved in a mixture of H2O/MeCN (1/1) prior to RP-HPLC analysis. 

 

 

3.4.4. Internalization studies 

The culture medium was removed and the cells were washed with 500 µL of DMEM-F12 containing 

5% BSA. Afterwards, 200 µL of DMEM-F12 (5% BSA) were added to each well and left to 

equilibrate at 37 °C for 15 min. 25 µL of DMEM-F12 (5% BSA) were added to each well, followed 

by the addition of 25 µL of the respective 177Lu-labeled ligand (10.0 nM in DMEM-F12 (5% BSA)). 

For blocking PSMA-specific binding and uptake, 25 µL of 2-PMPA (100 µM in DMEM (5%BSA)) 

instead of DMEM-F12 (5% BSA) were added prior to radiotracer addition. The same procedure 

was conducted with ([125I]I-BA)KuE (2.0 nM in DMEM-F12 (5% BSA)) which served as the 

reference. Each experiment (control and blockade) was performed in triplicate. The final 

concentration of the 177Lu-labeled ligand was 1.0 nM and that of ([125I]I-BA)KuE was 0.2 nM in all 

internalization assays. The cells were incubated for one hour at 37 °C. Incubation was terminated 

by placing the plate on ice (4 °C, 1 min) and removal of the incubation medium. The cells were 

washed with 250 µL of ice-cold PBS and the wash medium was combined with the respective 

supernatant. This fraction represents the amount of free radioligand. 250 µL of ice-cold 2-PMPA 

(10 µM in PBS) were added and the cells were incubated for 10 min at 4 °C. Afterwards, the cells 

were rinsed again with 250 µL of ice-cold PBS and the wash medium was combined with the 



MATERIALS AND METHODS 

138 

 

respective supernatant. This fraction represents the amount of cell surface-bound ligand. In the last 

step, the cells were lysed by addition of 250 µL of 1 M aqueous NaOH. After 20 min, the lysate of 

each well was transferred to the respective vial as well as 250 µL of 1 M NaOH used for rinsing the 

well. This fraction represents the amount of internalized radioligand. Quantification of the amount 

of free, cell surface-bound and internalized activity was performed in a γ-counter. The 

corresponding internalization values were corrected for nonspecific binding and normalized to the 

specific binding observed for the reference ([125I]I-BA)KuE. 

 

 

3.4.5. Lipophilicity 

The log D7.4 values were determined, using the shake-flask method as previously described.[140] 

The radiolabeled tracer (0.5 - 1 MBq, 20 µL) was dissolved in 1 mL of a 1/1 mixture (v/v) of PBS 

(pH 7.4) and n-octanol in a reaction vial (n = 6). After vigorous mixing of the suspension for 3 min 

at r.t., the vial was centrifuged at 9 000 rpm (ca. 7 700 × g) for 5 min at room temperature (Heraeus 

Biofuge 15, Thermo Fisher Scientific, Darmstadt, Germany) and 150 μL aliquots of both layers 

were measured in a γ-counter. 
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3.5. In vivo experiments 

All animal experiments were conducted in accordance with general animal welfare regulations in 

Germany (German animal protection act, as amended on 18.05.2018, Art. 141 G v. 29.3.2017 I 

626, approval no. 55.2-1-54-2532-71-13) and the institutional guidelines for the care and use of 

animals. To establish tumor xenografts, LNCaP cells (approximately 107 cells) were suspended in 

200 μL of a 1/1 mixture (v/v) of DMEM F-12 and Matrigel (BD Biosciences, Heidelberg, Germany) 

and inoculated subcutaneously onto the right shoulder of 6 - 8 weeks old CB17-SCID mice (Charles 

River Laboratories, Sulzfeld, Germany). Mice were used for experiments when tumor size reached 

5 - 10 mm in diameter (3 - 6 weeks after inoculation). Radiochemical purities of 177Lu-labeled 

peptides evaluated in in vivo studies were 96.1 ± 2.8% (n = 9) as determined by radio-RP-HPLC, 

with the exception of [177Lu]Lu-B-15 (87% RCP). 

 

 

3.5.1. Biodistribution studies 

Approximately 2 - 10 MBq (0.20 nmol) of the 177Lu-labeled PSMA inhibitors were injected into the 

tail vein of LNCaP tumor xenograft-bearing male SCID CB17/lcr-Prkdcscid/lcrlcoCrl mice (n = 3 to 

5). They were sacrificed by CO2 asphyxiation and cervical dislocation either 1 h or 24 h post 

injectionem (p.i.) (n = 3 for [177Lu]Lu-B-15, -B-16 & -B-17 (proinhibitor compounds), n = 4 for 

[177Lu]Lu-B-20 (alkyne), n = 5 for [177Lu]Lu-B-13 (carbamate) and n = 5 for [177Lu]Lu-B-21 

(tetrazole)). Selected organs were removed, weighed and organ activities measured in a γ-counter. 

In vivo data of investigated PSMA inhibitors are given in Table 7 to 10. 
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Table 7: Biodistribution of [177Lu]Lu-rhPSMA-10 ([177Lu]Lu-B-1) and related derivatives with modified inhibitor motifs at 24 h p.i. in male LNCaP tumor xenograft-bearing CB17-SCID 

mice. Data are expressed as a percentage of the injected dose per gram (% ID/g), mean ± standard deviation (n = 2 for [177Lu]Lu-B-15*; n = 3 for [177Lu]Lu-B-16 and [177Lu]Lu-B-17; 

n = 4 for [177Lu]Lu-B-20; n = 5 for [177Lu]Lu-B-21, [177Lu]Lu-B-13 and [177Lu]Lu-B-21. *Ingestion of radioactively contaminated animal feed led to putative high activities in stomach 

and intestine, therefore excluding all values of mouse 3). 

Organ 
[177Lu]Lu-B-1 

([177Lu]Lu-rhPSMA-10) 

[177Lu]Lu-B-13 

(carbamate) 

[177Lu]Lu-B-15 

(proinhibitor I) 

[177Lu]Lu-B-16 

(proinhibitor II) 

[177Lu]Lu-B-17 

(proinhibitor III) 

[177Lu]Lu-B-20 

(alkyne) 

[177Lu]Lu-B-21 

(tetrazole) 

Blood 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 

Heart 0.02 ± 0.00 0.02 ± 0.01 0.01 ± 0.00 0.03 ± 0.01 0.03 ± 0.01 0.01 ± 0.00 0.02 ± 0.00 

Lung 0.03 ± 0.00 0.03 ± 0.01 0.33 ± 0.30 0.10 ± 0.08 0.04 ± 0.01 0.03 ± 0.03 0.05 ± 0.02 

Liver 0.18 ± 0.06 0.13 ± 0.05 0.05 ± 0.00 0.14 ± 0.02 0.17 ± 0.05 0.09 ± 0.04 0.18 ± 0.04 

Spleen 0.17 ± 0.03 0.09 ± 0.01 0.05 ± 0.01 0.11 ± 0.03 0.08 ± 0.02 0.04 ± 0.00 0.11 ± 0.03 

Pancreas 0.01 ± 0.00 0.02 ± 0.01 0.01 ± 0.00 0.03 ± 0.01 0.02 ± 0.00 0.01 ± 0.01 0.02 ± 0.00 

Stomach 0.06 ± 0.01 0.06 ± 0.04 0.14 ± 0.07 0.05 ± 0.01 0.04 ± 0.01 0.12 ± 0.11 0.12 ± 0.11 

Intestine 0.11 ± 0.05 0.12 ± 0.06 0.55 ± 0.04 0.18 ± 0.06 0.10 ± 0.05 0.32 ± 0.29 0.52 ± 0.68 

Kidneys 1.97 ± 0.78 0.31 ± 0.05 0.48 ± 0.02 2.36 ± 0.39 2.04 ± 0.75 1.29 ± 0.28 3.23 ± 0.77 

Adrenals 0.06 ± 0.04 0.04 ± 0.01 0.00 ± 0.00 0.04 ± 0.00 0.03 ± 0.01 0.02 ± 0.02 0.17 ± 0.19 

Muscle 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.02 ± 0.01 

Bone 0.02 ± 0.01  0.02 ± 0.01 0.00 ± 0.00  0.02 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.18 ± 0.04 

Tumor 9.82 ± 0.30 1.20 ± 0.55 0.09 ± 0.02 0.33 ± 0.11 0.14 ± 0.05  0.10 ± 0.03 0.68 ± 0.16 

Submandibular gland 0.04 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.07 ± 0.01 0.05 ± 0.02 0.02 ± 0.00 0.04 ± 0.01 

Parotid gland 0.04 ± 0.01 0.04 ± 0.02 0.02 ± 0.00 0.09 ± 0.03 0.06 ± 0.01 0.02 ± 0.00 0.06 ± 0.02 

 



MATERIALS AND METHODS 

141 

 

Table 8: Biodistribution of [177Lu]Lu-rhPSMA-10 ([177Lu]Lu-B-1), [177Lu]Lu-rhPSMA-7.3 and related derivatives with 

modified inhibitor motifs at 1 h p.i. in male LNCaP tumor xenograft-bearing CB17-SCID mice. Data are expressed 

as a percentage of the injected dose per gram (% ID/g), mean ± standard deviation (n = 4 for [177Lu]Lu-rhPSMA-7.3 

and n = 5 for [177Lu]Lu-B-1, [177Lu]Lu-B-13 and [177Lu]Lu-B-21).  

Organ 
[177Lu]Lu-B-1a 

([177Lu]Lu-rhPSMA-10) 

[177Lu]Lu-

rhPSMA-7.3b 

[177Lu]Lu-B-13 

(carbamate) 

[177Lu]Lu-B-21 

(tetrazole) 

Blood 0.48 ± 0.15 0.63 ± 0.21 0.97 ± 0.18 1.09 ± 0.30 

Heart 0.42 ± 0.15 0.78 ± 0.37 0.36 ± 0.04 0.41 ± 0.04 

Lung 0.80 ± 0.16 1.37 ± 0.24 2.88 ± 2.96 1.23 ± 0.27 

Liver 0.40 ± 0.13 0.66 ± 0.09 0.87 ± 0.28 0.74 ± 0.17 

Spleen 10.7 ± 2.9 33.3 ± 8.6 2.51 ± 0.95 1.04 ± 0.15 

Pancreas 0.31 ± 0.12 0.66 ± 0.25 0.25 ± 0.06 0.33 ± 0.11 

Stomach 0.26 ± 0.08 0.55 ± 0.24 0.30 ± 0.09 1.55 ± 1.67 

Intestine 0.28 ± 0.10 0.32 ± 0.09 0.36 ± 0.17 0.67 ± 0.21 

Kidneys 173 ± 56 208 ± 31 61.8 ± 25.9 33.2 ± 3.8 

Adrenals 1.30 ± 0.37 n.d. 1.46 ± 0.70 0.61 ± 0.42 

Muscle 0.36 ± 0.10 0.26 ± 0.08 0.13 ± 0.04 0.15 ± 0.03 

Bone 0.37 ± 0.24 0.45 ± 0.17 0.18 ± 0.02 0.47 ± 0.44 

Tumor 12.2 ± 1.8 12.4 ± 1.4  5.31 ± 0.94 3.40 ± 0.63 

Submandibular gland n.d. 1.44 ± 0.25 0.37 ± 0.08 0.40 ± 0.05 

Parotid gland n.d. n.d. 0.62 ± 0.20 0.56 ± 0.08 

aValues for [177Lu]Lu-rhPSMA-10 ([177Lu]Lu-B-1) at 1 h p.i. were taken from patent WO002019020831A1.[289] 

bValues for [177Lu]Lu-rhPSMA-7.3 (= [177Lu]Lu-B-1 with (S)-DOTAGA chelator instead of DOTA) at 1 h p.i. were 

taken from Yusufi et al.[290]  

 



MATERIALS AND METHODS 

142 

 

Table 9: Tumor-to-tissue ratios of [177Lu]Lu-rhPSMA-10 ([177Lu]Lu-B-1) and related derivatives with modified 

inhibitor motifs at 24 h p.i. in male LNCaP tumor xenograft-bearing CB17-SCID mice. Data are expressed as mean 

ratios ± standard deviation (n = 4 for [177Lu]Lu-B-20; n = 5 for [177Lu]Lu-B-1, [177Lu]Lu-B-13 and [177Lu]Lu-B-21). 

Ratio 

Tumor-to- 

[177Lu]Lu-B-1  

([177Lu]Lu-rhPSMA-10) 

[177Lu]Lu-B-13 

(carbamate) 

[177Lu]Lu-B-20 

(alkyne) 

[177Lu]Lu-B-21 

(tetrazole) 

blood 11498 ± 1953 947 ± 652 26.8 ± 16.9 227 ± 50 

kidney 5.66 ± 1.99 3.80 ± 1.36 0.08 ± 0.01 0.22 ± 0.06 

muscle 2441 ± 373 127 ± 92 27.7 ±10.9 55.9 ± 24.3 

liver 57.5 ± 13.1 8.94 ± 2.94 1.46 ± 0.88 3.74 ± 0.50 

submandibular gland 275 ± 49 34.5 ± 9.2 6.11 ± 1.78 16.9 ± 2.2 

parotid gland 250 ± 64 31.8 ± 9.3 6.38 ± 3.06 12.2 ± 1.7 

 

 

 

Table 10: Tumor-to-tissue ratios of [177Lu]Lu-B-1, [177Lu]Lu-rhPSMA-7.3 and related derivatives with modified 

inhibitor motifs at 1 h p.i. in male LNCaP tumor xenograft-bearing CB17-SCID mice. Data are expressed as mean 

ratios ± standard deviation (n = 3 for [177Lu]Lu-rhPSMA-7.3 and n = 5 for [177Lu]Lu-B-1, [177Lu]Lu-B-13 and 

[177Lu]Lu-B-21). 

Ratio 

Tumor-to- 

[177Lu]Lu-B-1a 

([177Lu]Lu-rhPSMA-10) 

[177Lu]Lu-rhPSMA-7.3b [177Lu]Lu-B-13 

(carbamate) 

[177Lu]Lu-B-21 

(tetrazole) 

blood 25.4 ± 8.8 18.3 ± 2.8 5.57 ± 1.18 3.46 ± 1.62 

kidney 0.07 ± 0.02 0.06 ± 0.01 0.09 ± 0.03 0.10 ± 0.03 

muscle 33.8 ± 10.7 44.3 ± 5.1 44.1 ± 9.0 24.9 ± 10.2 

liver 30.5 ± 10.9 18.7 ± 3.4 6.61 ± 2.19 5.00 ± 2.11 

submandibular gland n.d. 7.91 ± 0.87 14.7 ± 3.5 8.74 ± 2.52 

parotid gland n.d. n.d. 9.09 ± 3.13 6.20 ± 1.74 

aValues for [177Lu]Lu-rhPSMA-10 ([177Lu]Lu-B-1) at 1 h p.i. were taken from patent WO002019020831A1.[289] 

bValues for [177Lu]Lu-rhPSMA-7.3 (= [177Lu]Lu-B-1 with (S)-DOTAGA chelator instead of DOTA) at 1 h p.i. were 

taken from Yusufi et al.[290] 

 

 

 



MATERIALS AND METHODS 

143 

 

3.5.2. Metabolite analysis 

[177Lu]Lu-B-21 (9.64 MBq) was injected into the tail vein of a LNCaP tumor xenograft-bearing SCID 

CB17/lcr-Prkdcscid/lcrlcoCrl mouse. The animal was sacrificed 1 h p.i. and subjected to the standard 

procedure for biodistribution studies. In addition, urine was taken from all mice that were 

investigated in this experiment (8.4 - 9.0 MBq) and pooled (n = 5). Relevant dissected organs 

(tumor, kidneys, liver) and body fluids (blood and urine) were collected, homogenized if necessary 

and subjected to mechanochemical as well as solid phase extraction (SPE). Tissue extracts were 

analyzed by radio-RP-HPLC at a predefined gradient (25 - 40% MeCN (0.1% TFA) in 20 min), for 

which the retention time (18.3 min) of the intact cold standard (natLu-B-21) was previously 

determined and hence, served as a reference (Figure 35). The radioactivity detector was placed 

downstream of the UV-detector causing for a slight time delay of the radioactivity signals. 

 

Mechanochemical extraction of dissected organs (tumor, kidneys, liver) 

Four 2 mL Protein LoBind tubes (Eppendorf AG, Hamburg, Germany) were equipped with steel 

and ceramic beads from Lysis Tubes W (analytikjena, Jena, Germany) for kidneys, tumor and liver 

(bisected). 1 mL of radioimmunoprecipitation assay (RIPA) buffer containing 2.00 µmol of 2-PMPA 

was added to each tube and the organs were homogenized with a MM-400 ball mill (Retsch GmbH, 

Haan, Germany) at 30 Hz for 20 min. Afterwards, the homogenates were transferred to Protein 

LoBind tubes free from steel and ceramic beads and centrifuged (15 200 rpm, 25 830 × g, 10 min, 

21 °C) The first supernatants were stored, and the precipitates were again subjected to 

mechanochemical extraction with 1 mL RIPA buffer (2.00 µmol 2-PMPA) at 30 Hz for 20 min. After 

centrifugation (15 200 rpm, 25 830 × g, 10 min, 21 °C), also the second supernatants were kept for 

SPE.  

 

Work-up procedure for body fluids (blood and urine) 

After cardiac puncture, 1 mL Tracepur®-H2O was directly added to the collected blood sample and 

centrifuged twice (13 000 rpm, ca. 16 000 × g, 5 min) to separate the plasma from the blood cells. 

The precipitate was dissolved in 500 µL Tracepur®-H2O and again centrifuged (13 000 rpm, 

ca. 16 000 × g, 5 min), together with the first supernatant. Both supernatants were kept for SPE. 

Pooled urine samples were centrifuged (13 000 rpm, ca. 16 000 × g, 5 min) and the supernatant 

was directly analyzed via radio-RP-HPLC. 

 

Solid phase extraction of organs and body fluids 

For solid phase extraction, the supernatants were loaded onto Strata-X cartridges (33 μm 

Polymeric Reversed Phase, 200 mg, Phenomenex, Aschaffenburg, Germany), which were initially 

preconditioned with 5 mL MeOH and 5 mL H2O. In total, ten cartridges were loaded with 

supernatants of the respective organs and blood (2× tumor, 2× kidneys, 4× liver, 2× blood). The 

cartridges were washed with 1 mL Tracepur®-H2O and dried prior to elution. For each cartridge, 



MATERIALS AND METHODS 

144 

 

750 µL of MeCN/H2O (6/4, 0.1% TFA) were used for elution and extracts of related organs/blood 

were combined. Further H2O was added to obtain the starting gradient and the extracts were 

analyzed via radio-RP-HPLC (25 - 40% B in 20 min, Method A). The extraction efficiencies were 

calculated before and after SPE and the results are given in Table 11. 

 

Table 11: Extraction efficiencies of [177Lu]Lu-B-21 from liver, tumor, kidneys and blood using a MM-400 ball mill. 

The percentage of activity after sample extraction and after SPE purification was quantified, decay corrected and 

the overall extracted activity was calculated. 

Organs and body fluids efficiency [% extracted radioactivity] 

 sample extraction SPE purification overall 

liver 96.1 67.2 64.5 

tumor 97.3 76.1 74.0 

kidneys 96.0 74.8 71.8 

blood 94.8 78.9 74.8 

 

 

3.5.3. µSPECT/CT imaging 

Imaging experiments were conducted using a MILabs VECTor4 small-animal SPECT/PET/OI/CT. 

The resulting data were analyzed by the associated PMOD (version 4.0) software. SCID 

CB17/lcr-Prkdcscid/lcrlcoCrl mice were anaesthetized with isoflurane and the 177Lu-labeled rhPSMA 

compounds were injected via the tail vein. Mice were euthanized 1 h or 24 h p.i. by CO2 

asphyxiation and cervical dislocation and blood samples for later biodistribution or metabolite 

analysis were taken by cardiac puncture before image acquisition. Static images were acquired 

with 45 min acquisition time using the HE-GP-RM collimator and a step-wise multi-planar bed 

movement. All images were reconstructed using the MILabs-Rec software (version 10.02) and a 

pixel-based Similarity-Regulated Ordered Subsets Expectation Maximization (SROSEM) algorithm 

with a window-based scatter correction (20% below and 20% above the photopeak, respectively). 

Voxel size CT: 80 µm, voxel size SPECT: 0.8 mm, 1.6 mm (FWHM) Gaussian blurring post 

processing filter, with calibration factor in kBq/mL and decay correction, no attenuation correction. 
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IV. RESULTS AND DISCUSSION 

4.1. GLP-1 receptor ligand development 

 

This GLP-1R ligand development focused on the identification of high-affinity small peptide ligands 

(< 30 amino acids[306]) that could serve as basic structures for radiometallation or might be directly 

labeled via 18F-19F isotopic exchange (SiFA approach). Such modifications were supposed to 

reduce non-target tissue uptake in patients, especially in the kidneys. For this purpose, a novel 

cell-based assay for screening of GLP-1R-targeting compounds should be developed and 

implemented. 

 

 

4.1.1. Reference ligand identification and optimization of 125I-labeling 

 

Due to its known high affinity towards its cognate receptor and the use of its radioiodinated form 

([125I]Tyr(3-I)19-GLP-1) in numerous previous studies[40, 45, 52, 106, 307], the natural ligand GLP-1R was 

initially chosen as reference ligand. 

Linear syntheses of GLP-1 and Tyr(3-I)19-GLP-1, which served as cold standard to confirm the 

identity of [125I]Tyr(3-I)19-GLP-1 ([125I]A-3) during radio-RP-HPLC reaction controls, were 

accomplished on Rink amide ChemMatrix® resin. Moreover, the latter one was used as a probe for 

defining gradients suitable for separation of [125I]A-3 and its unlabeled precursor GLP-1 (A-2). 

Radiosynthesis of [125I]A-3 was conducted by the Iodogen method[302], but the resulting product 

was readily decomposed via radiolysis, since by-products (9 - 51%) were already detectable right 

after radio-RP-HPLC purification. Consequently, inhibition of radiolysis was pursued by different 

attempts including addition of radiolysis inhibitors (sodium ascorbate/ gentisic acid/ L-methionine) 

during or after radiosynthesis, or by using a radiolysis inhibitor (ethanol) directly as part of the 

radio-RP-HPLC solvent (solvent A = (
1

3
 EtOH + 

2

3
 H2O) + 0.1% TFA, solvent B = MeCN + 

0.1% TFA).[308] Additionally, different ranges of pH[309] (1-2 up to 9-10) as well as different solvents 

for storage (HPLC solvent or pure EtOH, both with or without radiolysis inhibitors) were investigated 

on their effect to attenuate decomposition of [125I]Tyr(3-I)19-GLP-1. 

Unfortunately, despite dedicated efforts, synthesis of the 125I-labeled GLP-1 derivative resulted in 

only low RCY (always ≤ 34%, n = 4) and exhibited only insufficient stability (≤ 53% RCP at 

20.6 ± 1.8 h). Consequently, the attempts to establish [125I]Tyr(3-I)19-GLP-1 as reference ligand for 

cell-based competitive binding assays were abandoned. 

 

Instead, the use of exendin-4 was pursued as radiolabeled derivatives thereof were proven to 

enable insulinoma imaging with high sensitivity and selectivity, emphasizing its suitability as 

radiolabeled reference ligand. Particularly, the introduction of L-norleucine as a non-oxidizable 
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isosteric surrogate for L-methionine at position 14, that led to metabolic stable radioligands with 

improved binding capabilities and similar biodistribution patterns[105], could also be beneficial for 

the radiolytic stability of the 125I-labeled reference compound.  

 

Radioiodination was performed on the C-terminal tyrosine residue of [Nle14, Tyr40]exendin-4, as 

modifications at this ultimate position did not affect receptor binding significantly in previous 

studies.[95, 105, 118] 

  

 

Figure 18: Molecular structure of the radiolabeled reference ligand [Nle14, [125I]Tyr(3-I)40]exendin-4 (A-17). 

 

In analogy to [125I]Tyr(3-I)19-GLP-1, radiosynthesis was performed by the Iodogen method. Slight 

modifications of this procedure (DMSO instead of H2O to dissolve the peptide and 15.0 µg Iodogen 

instead of 150 µg Iodogen) led to 45.6 ± 15% RCY (n = 4). In addition, the resulting product 

[Nle14, [125I]Tyr(3-I)40]exendin-4 was found to be sufficiently stable for at least 16 days 

(RCP ≥ 92%). As detected by radio-RP-HPLC, several radiolysis-induced contaminations were 

found to be formed over time, resulting in a RCP of ≤ 78% at 29 days after radiosynthesis. 

Consequently, cell-based assays with [Nle14, [125I]Tyr(3-I)40]exendin-4 as radioligand were 

conducted within a time frame of 14 days to ensure a RCP > 92%. Competitive binding experiments 

were only considered if the respective IC50 of GLP-1 laid within the range predefined for affinity 

determinations (23.2 ± 12.2 nM, n = 11). DMSO as a radiolysis inhibitor was not added to the 

radioligand stock solution, since an amount of 10% (v/v) did not lead to a significant increase in 

radiochemical stability over the observed period (36 days). Higher amounts were not tested due to 

the risk of cell toxic effects during in vitro experiments.
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4.1.2. Development and implementation of a cell-based assay for 

screening of GLP-1R-targeting compounds 

 

[Nle14, [125I]Tyr(3-I)40]Exendin-4 (A-17) was first evaluated in 2017 by Läppchen et al. in in vitro and 

in vivo studies, and showed a Kd value of 4.1 ± 1.1 nM in GLP-1R positive INS-1E cells.[118] 

Therefore, the development of a competitive binding assay started with the incubation of A-17 with 

INS-1E and HEK293-hGLP-1R cells under varying conditions as well as with HEK293 cells (original 

cell line used for transfection), which served as a negative control due to absent GLP-1R 

expression.  

With A-17, a high affinity radioligand was produced, that complies also further essential criteria like 

high selectivity and high molar activity (74 MBq/nmol). High affinity allows to study ligand binding 

at a low concentration, which will reduce nonspecific binding and hence, result in a higher ratio of 

specific-to-nonspecific binding. In addition, high affinity ligands generally exhibit slow rates of offset, 

advantageous for the separation of bound from free ligand, where it is important to ensure that the 

washing steps do not cause significant dissociation. Moreover, by its high molar activity, very small 

quantities of bound ligand can be accurately measured.[310]  

Further key factors in the development of reliable competition experiments are the radioligand 

concentration, receptor concentration, incubation time and temperature as well as the assay 

volume, which regulates the amount of radioligand relative to the number of binding sites in the 

assay. Especially, the latter three aspects in combination with the affinity of the radioligand 

represent crucial parameters for the development of a competitive assay under equilibrium 

conditions. Thereby, association of a radioligand to its cognate receptor and dissociation of the 

resulting ligand-receptor complex are reversible processes that occur concomitantly until 

equilibrium has been reached.[310, 311]  

For practical reasons, some parameters were defined in advance. First, the assay volume was kept 

constantly at 250 µL and experiments were conducted with isotonic HBSS (1% BSA) unless 

otherwise noted. Second, the amount of radioligand was initially set to a constant value of 

100 000 cpm/well, which resulted in a final radioligand concentration of 0.41 nM/well unless 

otherwise noted. Third, the amount of bound radioligand should reach a value of 10 - 20% to give 

a satisfying ratio of specific-to-nonspecific binding. Higher values were tried to avoid, since 

radioligand depletion might occur during affinity studies (at 4 °C or r.t.) and interfere with equilibrium 

conditions.[310] In contrast, the receptor concentration (= cells/well), incubation time, incubation 

temperature and occasionally, the incubation medium and radioligand concentration were varied, 

as depicted in Figures 19 to 24. 
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4.1.2.1. Radioligand binding studies on INS-1E cells 

Initially, different amounts of INS-1E cells (100 000, 150 000 or 200 000 cells/well) were incubated 

with [Nle14, [125I]Tyr(3-I)40]exendin-4 at different temperatures (4 °C or r.t., Figure 19). 

Receptor-mediated internalization was suppressed at 4 °C[312] but also no raise of radioligand 

uptake could be detected at room temperature, indicating that either no internalization occurred at 

this temperature or the rate of externalization equals the rate of internalization. Moreover, the slight 

decline of bound activity at room temperature might indicate for a change of the rates of onset and 

offset, that accelerates diffusion of the radioligand from the GLP-1R.[310] Also a change in receptor 

expression might be conceivable, as this effect was observed at both time points 1 h and 2 h. 

 

  

Figure 19:  Incubation of INS-1E cells with [Nle14, [125I]Tyr(3-I)40]exendin-4 (0.41 nM) in 250 µL HBSS (1% BSA) at 

different temperatures (4 °C or r.t.) and different amount of cells (100 000, 150 000 or 200 000 cells/well). In 

addition, experiments (n = 6) were terminated after different time points (1 h, left or 2 h, right).  

 

The maximum value for radioligand binding reached only 4.8% of added dose after 2 h at 4 °C in 

this study (200 000 cells/well), leading to a further experiment in which the incubation medium was 

changed from HBSS (1% BSA) to culture medium (Figure 20). Since different temperatures and 

incubation periods were investigated, the cell amount was kept constant at 150 000 cells/well. This 

value was chosen, as it represents an average of the binding values from the first INS-1E 

experiment, also covering the values obtained for 100 000 and 200 000 cells/well. 
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Figure 20: Incubation of INS-1E cells with [Nle14, [125I]Tyr(3-I)40]exendin-4 (0.41 nM) in 250 µL culture medium 

(RPMI 1640 with 10% fetal bovine serum, 50 µM β-mercaptoethanol, 1 mM sodium pyruvate and 10 mM HEPES) 

at different temperatures (4 °C or r.t.) and a constant number of 150 000 cells/well. Experiments (n = 6) were 

terminated after different time points (1 h, 1.5 h, 2 h or 12 h). 

Additives within the culture medium were suspected to be essential for high receptor expression, 

but an increase in radioligand uptake could not be achieved. Instead, radioligand uptake was further 

decreased to a maximum value of 2.9% of added dose (4 °C, 2 h) by incubation in culture medium. 

Nonspecific binding of the radioligand to fetal bovine serum or other medium components most 

likely resulted in an overall lower amount of free A-17 accessible to the cell surface and the 

receptors.[310] Hence, for further binding experiments the number of cells was increased but the 

incubation medium was again changed back to HBSS (1% BSA). Since the highest overall uptake 

values were obtained after 2 h of incubation in the first and second INS-1E experiment, this period 

was kept constant for the following third experiment. Aside from variation of the cell number, the 

influence of the temperature and also of the radioligand concentration was investigated (Figure 21).  

 

Figure 21: Incubation of INS-1E cells with different amounts of [Nle14, [125I]Tyr(3-I)40]exendin-4 (0.41 nM, 0.75 nM 

or 0.82 nM) in 250 µL (c(radioligand) = 0.41 nM/0.82 nM) or 275 µL (c(radioligand) = 0.75 nM) HBSS (1% BSA) at 

different temperatures (4 °C or r.t.) and different amounts of cells (500 000, 1 000 000 or 2 000 000 cells/well). All 

experiments (n = 6) were terminated after an incubation period of 2 h. 
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Increased amounts of cells (i.e. receptors) indeed led to a higher amount of bound radioligand, with 

a maximum amount of 9.2% of added dose (4 °C, 1 000 000 cells/well). Contrary to the high 

amount of cells used in the assay of Läppchen et al. (1.8 × 106 cells/well)[118], the optimal cell 

number for this INS-1E cell-based assay was found to be ~ 1.0 × 106 cells/well at 4 °C and at room 

temperature. A further increase in cells/well as well as raise of the radioligand concentration to 

0.75 nM or 0.82 nM did not result in any improvement.  

 

4.1.2.2. Radioligand binding studies on HEK293-hGLP-1R and HEK293 cells 

Similar to the binding experiments with INS-1E cells, HEK293-hGLP-1R cells were investigated to 

determine whether comparable or even superior results in radioligand binding could be achieved 

with this cell line. Particularly due to the expression of human GLP-1R (INS-1E: expression of rat 

GLP-1R) and the high receptor density, the transfected cell line was supposed to be advantageous 

over INS-1E for the development of a valid cell-based assay. For negative control, binding 

experiments were also performed with the HEK293 cell line, which was originally used for stable 

GLP-1R transfection. 

In analogy to the first INS-1E experiment, different amounts of HEK293-hGLP-1R cells (100 000, 

150 000 or 200 000 cells/well) were incubated with [Nle14, [125I]Tyr(3-I)40]exendin-4 at different 

temperatures (4 °C or r.t., Figure 22). Receptor-mediated internalization was suppressed at 4 °C 

but elevated radioactivity accumulation at room temperature indicated receptor-mediated 

internalization. From that it was deduced that competitive binding studies should not be conducted 

at room temperature, as the obtained values would lead to misinterpretation of the results, 

particularly when ligands with different internalization propensities are evaluated. 

  

  

Figure 22: Incubation of HEK293-hGLP-1R cells with [Nle14, [125I]Tyr(3-I)40]exendin-4 (0.41 nM) in 250 µL HBSS 

(1% BSA) at different temperatures (4 °C or r.t.) and different amount of cells (100 000, 150 000 or 

200 000 cells/well). Experiments (n = 6) were terminated after different time points (1 h, left or 2 h, right).  

 

The maximum value for radioligand binding by far exceeded the maximum value obtained for 

INS-1E cells (9.2%, 4 °C, 2 h, 1 000 000 cells/well) and reached 31% of added dose with 

200 000 cells/well after 2 h of incubation at room temperature. Beyond that, the binding experiment 
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conducted with 150 000 cells/well at 4 °C and terminated after 2 h provided an expedient binding 

value of 20% of added dose. As a result, no further studies with increasing cells/well as for INS-1E 

cells were conducted, since the resulting values were expected to exceed the 20% threshold, 

leading to an increased risk of radioligand depletion.[310] Instead, further experiments to determine 

the optimal incubation period were pursued (Figure 23). Therefore, an amount of 150 000 cells/well 

was kept constant for maintaining the binding of [Nle14, [125I]Tyr(3-I)40]exendin-4 in a range of 20% 

of added dose. 

 

 

Figure 23: Incubation of HEK293-hGLP-1R cells with [Nle14, [125I]Tyr(3-I)40]exendin-4 (0.41 nM) in 250 µL HBSS 

(1% BSA) at different temperatures (4 °C or r.t.) and a constant number of 150 000 cells/well. Experiments (n = 6) 

were terminated after different time points (1 h, 1.5 h, 2 h or 6 h). 

 

Equilibrium conditions were reached after 2 h when incubated at 4 °C, since a plateau in 

radioligand binding between the 2 h and 6 h time point was attained. Radioligand binding at 

different time points was also investigated at room temperature to verify the increased activity 

accumulation at this temperature in multiple independent experiments, thereby substantiating the 

theory of receptor-mediated internalization. At room temperature, equilibrium was already attained 

after 1.5 h but as mentioned above, competitive binding assays were planned to be conducted at 

4 °C to avoid the generation of misleading results. Hence, an incubation period of 2 h at 4 °C with 

150 000 cells/well was supposed to provide the most reliable results for GLP-1R-targeting ligands. 

An analogous experiment was conducted with HEK293 cells, which served as a negative control 

(Figure 24). This cell line was used for stable transfection with GLP-1R and was supposed to show 

only low radioligand binding, mainly induced by nonspecific and non-GLP-1R-mediated interactions 

of the radioligand with the cell surface. Actually, radioligand binding did not exceed 3.6% of added 

dose (r.t., 24 h, 150 000 cells/well), thus emphasizing that activity accumulation on stably 

transfected HEK293-hGLP-1R cells is primarily GLP-1R-mediated. 
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Figure 24: Incubation of HEK293 cells with [Nle14, [125I]Tyr(3-I)40]exendin-4 (0.41 nM) in 250 µL HBSS (1% BSA) 

at different temperatures (4 °C or r.t.) and a constant number of 150 000 cells/well. Experiments (n = 6) were 

terminated after different time points (1 h, 1.5 h, 2 h or 24 h). 

 

For internalization studies (37 °C) a maximum value of 10% of added dose was set, in order to 

avoid radioligand-induced GLP-1 receptor desensitization (= reduction of membrane-bound 

receptors via agonist binding).[310] However, development of internalization assays using either 

INS-1E or HEK293-hGLP-1R cells should be pursued only if suitable small peptide candidates with 

high affinity were obtained. 

 

4.1.2.3. Competitive binding experiments 

Since all experiments on INS-1E cells revealed values below 20% of added dose with no assay 

condition to be clearly preferred, initial competitive binding studies were conducted with different 

amounts of cells (150 000 cells/well, 500 000 cells/well and 1 000 000 cells/well) and also at 

different temperatures (4 °C, r.t., 37 °C). Only the incubation period was set to 2 h, as the highest 

overall uptake values were obtained at this time point (second and third INS-1E experiment) and 

no further increase in radioligand binding could be observed at 12 h (second INS-1E experiment). 

For initial competitive binding experiments, the natural ligand GLP-1 was used, providing assay 

concentrations of 10-5 - 10-11 M. Cell counts ranging from 150 000 to 500 000 cells/well (4 °C, 2 h) 

revealed no detectable IC50 values. With 1 000 000 cells/well affinity towards INS-1E cells was 

detectable (Figure 25), but with low maximal cell binding (4 - 6% of added dose at 10-11 M GLP-1) 

leading to low specific-to-nonspecific binding ratios.  

By contrast, first competitive binding studies on HEK293-hGLP-1R cells revealed a high 

specific-to-nonspecific binding ratio resulting from a remarkably high level of maximal radioligand 

binding (~ 20% of added dose at 10-11 M). A reliable IC50 value of 12.4 ± 0.5 nM (n = 2) 

(R2 ≥ 95.7%) for GLP-1 was obtained, which confirmed high affinity of the endogenous ligand 

towards human GLP-1R and hence, the validity of the assay (Figure 25). Co-incubation with GLP-1 

for assessment of nonspecific binding (~ 2% of added dose) was favored, since displacing of the 
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radioligand A-17 with the chemically analogous cold standard [Nle14, Tyr(3-I)40]exendin-4 would 

have led to displacement at all binding sites, also at those responsible for nonspecific accumulation 

of A-17.  

 

   

Figure 25: Results after initial competitive binding experiments obtained by co-incubation of GLP-1 (10-5 - 10-11 M) 

with the radioligand [Nle14, [125I]Tyr(3-I)40]exendin-4 (0.41 nM) in 250 µL HBSS (1% BSA) on INS-1E cells (left) or 

HEK293-hGLP-1R cells (right). 

 

From these results it was deduced, that reliable and valid IC50 data could be obtained by incubation 

with HEK293-hGLP-1R cells rather than with INS-1E cells. Hence, the latter were not used for 

further competitive binding assays and only the HEK293-hGLP-1R cell model was implemented. 

Co-incubation of the cold standard with the radioligand [Nle14, [125I]Tyr(3-I)40]exendin-4 revealed an 

IC50 value of 7.63 ± 2.78 nM (n = 6) for  [Nle14, Tyr(3-I)40]exendin-4. Thus, high affinity of the 

radioligand towards HEK293-hGLP-1R cells under these assay conditions was proven and affirmed 

its use in competitive binding experiments (IC50). As no change in radioligand concentration was 

found to be necessary neither for radioligand binding studies nor for IC50 studies, the activity was 

kept constant leading to a final ligand concentration of 0.41 nM/well in all conducted competitive 

binding assays. 
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4.1.3. Synthesis and in vitro evaluation of small peptides targeting the 

GLP-1 receptor 

 

Initially, A-1-similar undecapeptides with a SiFA moiety were prepared, followed by further modified 

and occasionally more GLP-1-similar peptides. Due to limited synthetical access to the 

(2’-Et, 4’-OMe)BIP unit of lead peptide A-1, preparation and in vitro evaluation of derivatives A-4 

to A-16 were conducted prior to A-1, wherefore its IC50 value was considered in retrospect, but 

could not be used as a reference during GLP-1R ligand development. For this reason, all IC50 

values of the following compounds were mainly compared to those obtained for GLP-1 (A-2) 

[Nle14, Tyr(3-I)40]exendin-4 ([natI]A-17) and [Nle14, Tyr40]exendin-4. Anyway, comparison to these 

peptides was supposed to provide a valid assessment of the novel designed GLP-1R-targeting 

peptides, since GLP-1 and exendin-4 both represent high-affinity GLP-1R ligands known from the 

literature. By contrast, the affinity of A-1 has not been determined yet to our knowledge.    

 

4.1.3.1. SiFA-tagged undecapeptides 

Based on the assumption, that bulky hydrophobic residues are tolerated by the GLP-1R at position 

10 and 11 (structure of A-1, section 2.1), (2’-Et, 4’-OMe)-BIP at position 10 was substituted by a 

SiFA moiety with concomitant variation of the α-quaternary amino acid at position 6 (Table 12). 

Both variants were synthesized to evaluate the effect of SiFA at position 10 and hence, their 

suitability as small peptide agents directly usable for 18F-labeling. 

 

Simultaneously, variations at position 6 were investigated to examine whether differences in EC50 

were transferable to the in vitro affinity assay used within the course of this thesis. Initial SAR 

studies conducted by Mapelli et al. revealed a factor of 3.2 between the non-fluorinated and 

fluorinated compounds (named 20 and 21 in Figure 26). It was assumed that literature data of EC50 

determinations cannot be simply adopted for IC50 determination, due to differences in assay 

conditions. Hence, the ratio between the (α-Me)Phe and (α-Me)-(2-F)-Phe peptide might have been 

altered also due to the newly introduced SiFA substituent at position 10. Therefore, it was important 

to specify which α-quaternary amino acid would be preferred at position 6 and should be 

incorporated in future SiFA-bearing GLP-1R ligands.   
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Figure 26: Representative results of SAR studies conducted by Mapelli et al. EC50 values are displayed in the 

rightmost column and indicate favorable properties for the (α-Me)-(2-F)-Phe residue (~ 3.2-fold lower EC50 than for 

(α-Me)Phe). Ligands were developed in an attempt to further induce helical structure by α-methylamino acids in the 

11-mer peptides.[111] Figure 26 was adapted from reference [111] and slightly modified. 

 

In general, a positive trend towards A-5 could be determined (IC50 = 189 ± 35 nM, n = 2) indicating 

more favorable properties for undecapeptides with (α-Me)-(2-F)-Phe instead of (α-Me)Phe as 

α-quaternary amino acid at position 6 (Table 12). A factor of ~ 13 was obtained for the IC50 ratio 

A-4/A-5 and thus confirmed the results obtained by Mapelli et al. to some extent, despite the higher 

factor determined within this study. 

 

Table 12: Structural formulas and IC50 data of peptides A-4 and A-5. Varying α-quaternary amino acids at position 

6 are highlighted in red. 

 

2.40 µM 

(n = 1) 

 

189 ± 35 nM 

(n = 2) 

 

Initial competitive binding experiments with bovine serum albumin (BSA) in the incubation buffer 

gave no detectable affinity neither for A-4 nor for A-5. Due to the presence of the lipophilic SiFA 

moiety[313], experiments were repeated in assay buffer (HBSS) without BSA. Thereby, 

lipophilicity-induced nonspecific adhesion and retention by BSA should be avoided.[314] The curves 
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of displacement indicated IC50 values of 2.40 µM (n = 1) for A-4 and 189 ± 35 nM (n = 2) for A-5, 

though still high unspecific binding could be observed (maximal radioligand displacement 61 - 69% 

of maximal radioligand binding, Figure 27). 

 

   

Figure 27: Sigmoidal dose-response curves for compounds A-4 and A-5 in 250 µL HBSS using HEK293-hGLP-1R 

cells (150 000 cells/well, 4 °C, 2 h) and [Nle14, [125I]Tyr(3-I)40]exendin-4 (0.41 nM) as radioligand. 

 

However, both peptides revealed only low ability to displace radioligand A-17 from 

HEK293-hGLP-1R cells and notably surpassed IC50 values of GLP-1 (23.2 ± 12.2 nM, n = 11) and 

[Nle14, Tyr(3-I)40]exendin-4 (7.63 ± 2.78 nM, n = 6). Hence, further undecapeptides containing a 

sterically demanding C-terminal dipeptide (L-Dap(SiFA)10-L-homoPhe11-NH2) were not 

synthesized. From these initial results it could not be deduced that undecapeptides with bulky 

substituents at the C-terminus would generally provide positive results, i.e. high affinity ligands. 

Therefore, the focus was shifted to examine if bulky substituents are mandatory or even harmful 

for receptor binding.  

 

4.1.3.2. Peptides without C-terminal bulky substituents 

The N-terminal fragments of A-4 and A-5, represented by A-6 and A-7 respectively, were 

investigated but exhibited no detectable affinity (Table 13). Even introduction of an amidated 

C-terminus in A-7 installed for mimicking resemblance to a true peptide bond, did not result in any 

benefit. Likewise, substitution of the L-Dap(SiFA) moiety of A-4 by a simple L-Phe(4-I) residue (A-8) 

eliminated any detectable affinity. Obviously, this hydrophobic residue cannot compensate for the 

sterically demanding SiFA-moiety as in A-4 (IC50 = 2.40 µM). Consequently, the C-terminal 

dipeptide of lead peptide A-1 or at least a hydrophobic bulky substituent at position 10 seems to 

be indispensable for radioligand displacement within the 10-11 to 10-5 M range.   
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Table 13: Structural formulas and IC50 data of N-terminal fragments of peptides A-4 and A-5, represented by A-6 

and A-7, respectively and Phe(4-I)-derivatized A-4. Varying α-quaternary amino acids at position 6 are highlighted 

in red, further structural differences are highlighted in yellow. 

 

no detectable affinity 

(n = 1) 

 

no detectable affinity 

(n = 2) 

 

no detectable affinity 

(n = 2) 

 

Since a certain tolerance, and especially for undecapeptides, a mandatory need for bulky 

substituents emerged, SiFA-bearing A-1-similar peptides were further investigated, however, with 

structures closer related to the endogenous ligand GLP-1. Thereby, an increased affinity should be 

reached since the peptides investigated so far revealed IC50 values not below 189 ± 35 nM (n = 2) 

and therefore were not able to compete with high affinity GLP-1R-targeting peptides like GLP-1 

(23.2 ± 12.2 nM) and [Nle14, Tyr(3-I)40]exendin-4 (7.63 ± 2.78 nM).  

 

4.1.3.3. SiFA-tagged chimeras of A-1 and GLP-1  

Expanding the structural range, peptides with different chain lengths (11 - 15 amino acids) were 

synthesized and GLP-1-inherent amino acids were placed at the appropriate positions. Introduction 

of a SiFA moiety at position 11 was not tolerated, as no affinity was detected for peptide A-9. In 

order to avoid detrimental effects of the SiFA unit on ligand receptor interactions of the crucial 

N-terminal nonapeptide, repositioning towards the C-terminus was pursued. However, shifting the 

SiFA fragment to position 12 (A-10) revealed no positive effect (Table 14).  
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Table 14: Structural formulas and IC50 data of SiFA-bearing small peptides A-9 and A-10. Structural differences 

are highlighted in yellow. 

 

no detectable affinity 

(n = 2) 

 

no detectable affinity 

(n = 1) 

 

By contrast, compounds with SiFA at position 13 like in A-11, A-12 and A-13 displayed affinities in 

the micromolar range (2.95 ± 0.31 µM to 348 ± 117 µM, Table 15). Indeed, an aromatic tyrosine 

residue can be found at this position in endogenous GLP-1, indicating a certain tolerance for this 

structural modification. It is important to note, that further variations from original GLP-1 residues 

between Asp9 and Dap(SiFA)13 seem to be not well tolerated in those peptides, although no crucial 

role for receptor binding and activation could be ascribed by previous SAR studies.[40, 45] 

Substitution of L-Ser11 by a L-homoPhe residue as realized in peptide A-1, resulted in a ~ 2.4-fold 

decline in affinity (2.95 ± 0.31 µM for A-11 vs. 7.12 ± 2.47 µM for A-12). Consequently, L-homoPhe 

at position 11 might be advantageous for receptor-ligand-interactions in undecapeptides like A-1, 

but obstructive if incorporated at the same position in extended peptides like A-12.  

Furthermore, affinity also remarkably decreased by introduction of a short hydrophilic 

poly(ethylene oxide)-similar linker (O2Oc), which was installed in peptides A-13, A-14 and A-15 

(Table 15). First, this linker fragment was supposed to compensate to a certain extent for the overall 

lipophilic character of the SiFA unit and was therefore introduced adjacent to the SiFA moiety in 

A-13 and A-14.[315] Second, the general effect of a higher O2Oc-based flexibility[316] was 

investigated by in vitro evaluation of the SiFA-free analog A-15. Whereas peptide A-13 showed 

low but still detectable affinity (348 ± 117 µM), no radioligand displacement was observed for its 

D-stereoisomer A-14. Also A-15 failed to displace radioligand A-17 within the measured 

concentration range. These results indicate that the natural L-configuration at position 13 might be 

preferred and that a SiFA moiety potentially provides more favorable results in comparison to the 

original tyrosine residue, at least for truncated pentadecapeptides. Moreover, a certain rigidity 

introduced by the original GLP-1 residues Val10, Ser11 and Ser12 seems to be indispensable, since 

pentadecapeptides A-11 and A-12 still showed higher affinities (2.95 ± 0.31 µM and 

7.12 ± 2.47 µM) compared to the more flexible O2Oc-modified analog A-13 (348 ± 117 µM). 
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Pentadecapeptides A-11, A-12, A-13, A-14 and A-15 were synthesized until Glu15 (Glu21 in GLP-1 

counting method) for positioning a hydrophilic, anionic residue in close spatial proximity to the SiFA 

unit for partial compensation of the rather hydrophobic character.  

 

Table 15: Structural formulas and IC50 data of SiFA-bearing small peptides A-11 to A-14 as well as of tyrosine 

derivative A-15. Structural differences between postion 9 and 13 are highlighted in green. The altered 

stereoconfiguration in A-14 is highlighted in blue. 

 

 

 

IC50 = 2.95 ± 0.31 µM 

(n = 2) 

 

IC50 = 7.12 ± 2.47 µM 

(n = 2) 

 

IC50 = 348 ± 117 µM 

(n = 2) 

 

no detectable affinity 

(n = 2) 

 

no detectable affinity 

(n = 2) 
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4.1.3.4. C-terminal pentadecapeptide of GLP-1  

The importance of the C-terminal fragment of GLP-1 for receptor binding and selectivity was 

already proven by several studies (section 1.1.1 and 1.1.2).[32, 33, 52, 112] Based on these findings 

and the rather poor results obtained so far with N-terminal fragments of GLP-1 and derivatives 

thereof, a potential usability of the 15-residue C-terminal fragment of GLP-1 was investigated. 

Interestingly the isolated, acetylated C-terminal half of GLP-1 (A-16) exhibited a low but noticeable 

affinity (2.54 ± 0.70 µM, Table 16). However, expedient optimizations of this pentadecapeptide 

would be necessary to obtain a basic structure that tolerates modifications like chelator or SiFA 

attachment whilst keeping high affinity towards GLP-1R. For now, the IC50 of A-16 exceeds the 

IC50 of GLP-1 by a factor of 109.  

 

Table 16: Structural formula and IC50 data of the C-terminal half of GLP-1 (A-16). 

 

IC50 = 2.54 ± 0.70 µM 

(n = 3) 

 

 

Critical data analysis. In general, DIPEA was used for coupling of Fmoc-L-Dap(Dde)-OH in 

all peptides except for A-11 and A-12 (sym-collidine). During the course of another project, carried 

out in parallel, the synthesis of PSMA inhibitors on 2-CT resin revealed susceptibility of 

Fmoc-D-Dap(Dde)-OH to racemization when DIPEA was used as a base.[232] Hence, it could not 

be excluded that for GLP-1R-addressing SiFA peptides racemization has occurred, despite no 

observable peak splitting. Comparable to the PSMA derivatives (unwanted D- to L-transformation), 

up to 40% might have been converted from L- into the D-enantiomer in extreme cases. However, a 

rough assessment of the peptides by the measured IC50 would have been still possible despite 

such a high percentage of unwanted by-product. Even assuming that D-enantiomers would 

generally exhibit absolutely no binding affinity, these values would have laid at least in the same 

order of magnitude as described below (worst case analysis).      

For peptides A-10 and A-15 chemical purity only reached 68% and 75% respectively, due to 

by-products hardly separable during preparative RP-HPLC. Furthermore, peptide A-15 showed a 

split product peak with identical m/z-ratios at 8.62 min (38% peak area) and 8.76 min (62% peak 

area). Since no Fmoc-L-/D-Dap(Dde)-OH in combination with DIPEA was used in the synthesis of 

A-15, it was assumed that no racemization but rather different protonation states or conformations 

of the peptide caused peak splitting. Hence, affinity studies were performed yet for a first 

assessment of the IC50 of both peptides.  
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A conservative worst case analysis for A-15 revealed an affinity ~ 3.4-fold lower if only 29% 

(38% of 75%) of pure product would have been present in the substance used for dilution series. 

For a theoretical affinity of 100 nM (or 1.00 µM) that would have led to a measured affinity of 

~ 340 nM (or 3.40 µM). However, since both peptides A-10 and A-15 showed no detectable IC50, 

and no radioligand displacement was observable even at a 10-5 M concentration, further purification 

steps were not pursued. 

It has to be noted that during the synthesis of compound A-13, racemization was detected after the 

coupling of Fmoc-L-Dap(Dde)-OH and resulted in an enantiomeric ratio (er) of ~ 3/7 for A-13/A-14. 

Peptides A-13 and A-14 were isolated by collecting the respective fractions separately 

(tR = 6.81 min for A-13 and tR = 9.39 min for A-14, 80 - 100% Method B, 1 mL/min) via 

semi-preparative HPLC. Based on the following affinity determinations, peptide A-13 was assumed 

to represent the stereoisomer comprising L-Dap(SiFA)13, since the natural ligand GLP-1 is 

assembled exclusively of L-amino acids. Further endeavors to determine the exact enantiomeric 

identity of compounds A-13 and A-14 were not undertaken, since even the favored enantiomer had 

a very low affinity (348 ± 117 µM). For all other compounds, no racemization was observed. 

In total, these approaches did not lead to high affinity GLP-1R ligands, wherefore no internalization 

or other in vitro and in vivo experiments were conducted due to the poor IC50 data generated by 

these compounds. Instead, synthesis of lead peptide A-1 was pursued to determine its affinity and 

general usability as basic structure for further radiolabeled A-1-based diagnostics/therapeutics. 

Thereby, the value of (2’-Et, 4’-OMe)BIP at position 10 should be examined and whether it 

represents the crucial residue for the design of high affinity undecapeptides. 

 

4.1.3.5. Lead peptide A-1 

In the following section, the synthesis of lead peptide A-1 will be discussed first and results obtained 

from affinity experiments will be presented afterwards. In particular, the preparation of the 

biphenylalanine residue (2’-Et, 4’-OMe)BIP of the C-terminal dipeptide represents an essential step 

for which additional synthetical efforts in form of Suzuki-Miyaura cross-coupling[317] reactions were 

required. In order to preserve the prescribed L-configuration of the biphenylalanine fragment, only 

cross-coupling conditions were chosen which were described to meet this requirement explicitly. 

Initial attempts for (2’-Et, 4’-OMe)BIP synthesis focused on enabling the linear synthesis of A-1 on 

Rink amide ChemMatrix® resin. However, synthesis of lead peptide A-1 could be only 

accomplished by fragment coupling in solution as depicted in Scheme 5.  

Apart from already published protocols for on-resin synthesis of lead peptide A-1[111, 114], an early 

approach intended the preparation of Fmoc-(2’-Et, 4’-OMe)BIP-OH as an amino acid building block 

potentially usable for Fmoc-based SPPS (Scheme 1). Thus, possible on-resin Suzuki-Miyaura 

reaction-based disadvantages (e.g. degradation of the resin or resin-bound product by high 
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temperature & basic conditions; laborious/incomplete Pd-catalyst removal post reaction from solid 

phase support) should be circumvented. Therefore, reaction conditions close to those published by 

Maity et al.[318] were chosen by which the Fmoc protective group as well as the stereoconfiguration 

should be preserved. According to this procedure, the most effective reagents which provided the 

highest yields were used. Only originally used PdCl2 was replaced by Pd(OAc)2 due to practical 

availability. This modification was considered as well tolerable, since both Pd(II)-catalysts can be 

used interchangeably for Suzuki-Miyaura cross-coupling reactions.[319] 

 

Scheme 1: First attempt for solution phase synthesis of Fmoc-(2’-Et, 4’-OMe)BIP-OH (88), potentially usable  as 

an amino acid building block in Fmoc-based SPPS for preparation of A-1 on Rink amide ChemMatrix® resin.[318] 

 

No product formation (88) (m/z ≈ 521) could be observed after 3 h at 66 °C. Moreover, reactant 

Fmoc-Phe(4-I)-OH (87) was not detectable anymore. Instead, mainly two unidentifiable compounds 

(m/z = 341.1 & 291.8, respectively) remained. Hence, reactions with extended reaction time were 

not conducted and due to this unfruitful attempt in solution, synthesis of A-1 based on reaction 

protocols that include on-resin Suzuki-Miyaura cross-coupling reactions, was further pursued. 

Despite several attempts to realize on-resin synthesis as described by Mapelli et al.[111], A-1 could 

not be obtained by a linear reaction protocol (Scheme 2, first row). Suzuki-Miyaura cross-coupling 

on Fmoc-5 only led to non-identifiable products. Since Fmoc instead of Boc was used as N-terminal 

protective group, the rather harsh conditions (85 - 90°C) might have caused liberation of the free 

amino terminus and even further degradation of the dipeptide, as no product and not even the 

Fmoc-free by-product could be identified after a reaction period of 22 h. In order to avoid 

temperature-induced decomposition, the reaction was conducted at 50 °C but led to no detectable 

conversion after 17.5 h. Instead, only reactant Fmoc-5 remained (Scheme 2, second row). An 

alternative procedure, described by Haque et al.[114] afforded product 16 (m/z = 460.2) but further 

coupling reactions, also with fragment Boc-His1(Boc)---Asp9(OtBu)-OH did not result in any 

detectable conversion (Scheme 2, bottom row). Despite this failure in convergent synthesis of A-1 

on solid-phase support, an effective reaction protocol for synthesis of biphenyl residue 

(2’-Et, 4’-OMe)BIP could be established by this approach (compound 16). Therefore, all following 

Suzuki-Miyaura cross-coupling reactions on resin were performed according to this procedure and 

slightly adjusted in case of insufficient conversion (e.g. 80 °C → 90 °C, Scheme 4) 
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Scheme 2: Attempts for linear (first two rows) and convergent (third row) synthesis of A-1 on Rink amide 

ChemMatrix® resin.  

 

In order to exclude solid support-based unreactivity, (2’-Et, 4’-OMe)BIP was planned to be 

synthesized on 2-CT resin. In case of a positive result, the respective N-terminal decapeptide 

should be finalized on 2-CT resin and coupled to C-terminal H-L-homoPhe-RACM. Indeed, the 

reaction conditions were well tolerated by the resin, and formation of H-(2’-Et, 4’-OMe)BIP (18) 

could be confirmed by RP-HPLC/MS analysis (Scheme 3). However, further coupling reactions on 

the already Fmoc-deprotected amino acid 18 were of minor success or not reproducible when 

scaled up (from 19.0 µmol to 42.0 µmol) (Scheme 3), similar to the unfruitful reactions on Rink 

amide ChemMatrix® resin.  
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Scheme 3: Synthetic route for 18 (above) and first attempt for synthesis of an A-1 fragment (1-10) on 2-CT resin, 

based on compound 18 (below). 

 

In a first approach Fmoc-L-Asp(tBu)-OH was successfully coupled (19.0 µmol scale), as 

determined by RP-HPLC/MS (27% total proportion, 59% conversion, Figure 28). However, several 

attempts to promote further conversion of residual 18 did not lead to any significant change of the 

ratio 18/20 (max. 62% conversion). Neither increasing equivalents of Fmoc-L-Asp(tBu)-OH and 

base (DIPEA) nor changing the coupling reagent combination from TBTU/HOBt to HATU/HOAt, 

COMU/EDC*HCl or PyBOP/HOAt led to any detectable improvement. Besides, also experiments 

that aimed at coupling with the more reactive, in situ formed acid chloride Fmoc-L-Asp(tBu)-Cl failed 

to reach a higher conversion. When scaled up to 42.0 µmol, reactions conducted analogously to 

previous experiments did not lead to any measurable conversion and even the use of the activated 

form Fmoc-L-Asp(OtBu)-Pfp was unsuccessful. 
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Figure 28: HPLC-chromatogram (20 - 80% B in 15 min, Method A, 1 mL/min, GP7) after coupling of 

Fmoc-L-Asp(OtBu)-OH to 2-CT resin with bound 17(-Fmoc) and 18. Conversion of 18 to 20 amounted to 59% and 

the total proportion of 20 (tR [20-tBu] ≈ 17.1 min) was 27%. 

 

Despite a yet improvable conversion, the Fmoc-protective group of 20 (19.0 µmol scale) was 

removed and the protected N-terminal fragment (1-8) Boc-L-His-Aib-L-Glu(OtBu)-Gly-L-Thr(tBu)-

L-(α-Me)-(2-F)-Phe-L-Thr(tBu)-L-Ser(tBu)-OH*TFA was added. However, this approach of 

fragment coupling did not lead to the intended decapeptide Boc-L-His-Aib-L-Glu(OtBu)-Gly-

L-Thr(tBu)-L-(α-Me)-(2-F)-Phe-L-Thr(tBu)-L-Ser(tBu)-L-Asp(OtBu)-(2’-Et, 4’-OMe)BIP-OH. Instead, 

only 17(-Fmoc) and 18 could be identified. Moreover, the Fmoc-free forms of the two dipeptides 

present in Figure 28 (tR ≈ 15.8 and 17.1 min) were now undetectable. Either the m/z-ratios of the 

respective HPLC fractions were misinterpreted (= false identity) or coupling conditions led to 

decomposition of both dipeptides.  

On the 42.0 µmol scale, coupling of Fmoc-Gly-OH was performed in a separate attempt in order to 

check for a potential Fmoc-L-Asp(OtBu)-OH-related non-reactivity. Therefore, the resin was treated 

with 20% piperidine in DMF (v/v) to remove any residual/not detectable N-terminal protective 

groups and then incubated with the amino acid (3.00 eq.), coupling reagents TBTU/HOAt (3.00 eq.) 

and DIPEA (18.0 eq.) (r.t., 46 h). Again, no conversion to the desired Fmoc-Gly-functionalized 

product could be detected by RP-HPLC/MS.       

The non-reactivity of RACM resin-bound dipeptide 16 as well as 2-CT resin-bound 18 and 

Fmoc-free 20 led to the assumptions that:  

1) the bulky (2’-Et, 4’-OMe)-BIP-residue might impair on-resin peptide chain elongation or  

2) Suzuki-Miyaura cross-coupling reaction conditions or reagents might have caused 

deactivation of the (dipeptide’s) N-terminus, not detectable by mass spectrometry. 
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To examine the first theory, the peptide was elongated by two N-terminal residues prior to the 

cross-coupling reaction on 2-CT resin. However, Suzuki-Miyaura reaction conditions mainly yielded 

22 (Scheme 4). The m/z-ratio of product 90 could not be detected and led to the assumption that 

the tBu-ester protective group of aspartate probably was cleaved off under the rather harsh reaction 

conditions (80 °C, aq. K3PO4, pH = 13 at t = 0), whereas the tBu-ether protective group of serine 

still remained intact.[320]  

Restoration of the missing tBu-protective group at the asparatate was not pursued in first place, 

since simultaneous inactivation of the free N-terminus was expected by intramolecular cyclization 

via tBu-ester formation reagents like EDC*HCl and DMAP.[320, 321] Therefore, 22 was incubated with 

Fmoc-Thr(tBu)-OH (5.00 eq.), coupling reagents (5.00 eq. HATU & HOAt) and base (18.0 eq. 

DIPEA) for 14 h at room temperature (Scheme 4). It was speculated that intermolecular peptide 

chain elongation might be preferred over intramolecular heptacyclic ring formation, due to the high 

amount of amino acid equivalents. If successful, tBu-ester restoration on compound 91 was 

planned and would have led to product 92 without the risk of intramolecular cyclization. 

However, no fraction of the acquired HPLC Chromatogram revealed a m/z-ratio of the expected 

product 91. Instead, only intramolecular cyclization occurred and yielded 93 as the main identifiable 

component. Consequently, the strategy was changed now focusing on restoration of L-Asp(OtBu) 

prior to any amino acid coupling.  

Selective alkylation at the asparatate residue was tried to accomplish by tBuOH, EDC*HCl and 

DMAP at a pH value of 5 - 6 to avoid again intramolecular cyclization. Therefore, the pH value of 

the reaction was adjusted by addition of HCl in dioxane to keep the serine N-terminus (pKa = 9 - 10) 

protonated/inactive and the aspartyl side chain carboxylate (pKa = 3.87) in its deprotonated 

form.[322] No formation of product 90 could be detected after this attempt, ascribed either to potential 

inactivation of DMAP or EDC*HCl at this pH or residual H2O in the reaction solution. Selective 

alkylation via tert-butyl acetate and 70% (v/v) perchloric acid (aq.) as performed for the synthesis 

of PSMA ligands B-18 and B-19 (section 4.2.2.1) was not performed. The rather strong acidic 

conditions were presumed to cause cleavage of the tripeptide from the resin and irreversible 

cleavage of the tBu-protective group from serine.  
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Scheme 4: Planned synthetic routes for 90 and 92 based on Suzuki-Miyaura cross-coupling on tripeptide 21 and 

actually obtained synthesis products 22 and 93. 

 

In sum, Suzuki-Miyaura cross-coupling on tripeptide 21 led to formation of the intended 

(2’-Et, 4’-OMe)BIP, however, reaction conditions were not compatible with the adjacent aspartate. 

Consequently, further experiments based on this tripeptide approach were abandoned and the 

focus was switched on a strategy to prevent deactivation of the N-terminus after cross-coupling, as 

stated in the second theory (see above).      

Therefore, synthesis of 13 with a cross-coupling resistant Boc-protective group at the N-terminus 

was initiated (Scheme 5), based on the previously successful on-resin synthesis of 18 (Scheme 3).    
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Scheme 5: Synthetic route for the preparation of lead peptide A-1. a) Pd(PPh3)4, K3PO4 [DMA], 80 °C, 22 h, argon; 

b) H-L-homoPhe-RACM, PyBOP, HOAt, DIPEA [DMF/DCM], r.t., 24 h; c) TFA/TIPS/H2O; d) tetraalkylammonium 

carbonate [THF], r.t., 2 h; e) HOAt, DIC [DMF/DCM], r.t., 19 h; f) TFA/TIPS/H2O. Detailed synthesis procedures are 

given in MATERIALS AND METHODS (chapter III).   

 

On-resin Suzuki-Miyaura cross-coupling using compounds 11 and 12 provided the 

(2’-Et, 4’-OMe)BIP fragment 13 still functionalized with a cross-coupling resistant Boc-protective 

group at the N-terminus. Cleavage of 13 from the resin by HFIP/DCM (1/4) was not mandatory, 

since a major part was already cleaved from the 2-CT resin by the cross-coupling conditions. 

Boc-protected 13 was coupled to RACM resin-bound H-L-homoPhe and subsequent cleavage with 

TFA/TIPS/H2O (95/2.5/2.5) revealed dipeptide 14. Fragment coupling of purified 4 and 14 provided 

lead peptide A-1*2TFA as colorless powder (2.05 mg, 16.1% referred to 14) after removal of all 

acid-labile protective groups and RP-HPLC purification (Scheme 5). This strategy involved three 

RP-HPLC purification steps in total, after synthesis of 13, 14 and A-1. 

In previous studies, GLP-1R binding affinities of A-1 and related derivatives either remained 

undefined, or were not compared  to  established  ligands, such as GLP-1 or exendin-4.[111, 113-116] 
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Therefore, the affinity of this GLP-1 mimetic was determined and revealed a rather unfavorable 

IC50 value of 669 ± 242 nM (n = 5), which was not expected due to the very close EC50 of A-1 to 

endogenous GLP-1 (EC50(A-1) = 31 pM, EC50(GLP-1) = 34 pM), as determined by Mapelli et al. 

and Haque et al.[111, 113] Compared to the IC50 data obtained for the known high affinity ligands 

GLP-1 (23.2 ± 12.2 nM), [Nle14, Tyr(3-I)40]exendin-4 (7.63 ± 2.78 nM) and [Nle14, Tyr40]exendin-4 

(9.87 ± 1.82 nM), A-1 notably exceed those values (~ 29 to 88-fold). 

For direct comparison, IC50 data of all previously analyzed compounds as well as of A-1, GLP-1 

(A-2), [Nle14, Tyr40]exendin-4 and [Nle14, Tyr(3-I)40]exendin-4 ([natI]A-17) are displayed in Table 17. 

Due to different in vitro displacement behaviors initially observed for A-4 and A-5, SiFA-tagged 

peptides were investigated in assays supplemented with (w/) and without (w/o) BSA to determine 

optimum binding conditions.   

 

Table 17: IC50 data of SiFA-tagged undecapeptides (A-4 and A-5), peptides without C-terminal bulky substituents 

(A-6, A-7 and A-8), SiFA-tagged chimeras of A-1 and GLP-1 (A-9 to A-14), tyrosine derivative A-15 as well as the 

C-terminal pentadecapeptide of GLP-1 (A-16) developed for targeting the GLP-1 receptor. IC50 values of reference 

ligands A-1, GLP-1 (A-2), [Nle14, Tyr40]exendin-4 and [Nle14, Tyr(3-I)40]exendin-4 ([natI]-A-17) are also listed. 

Peptide IC50 ± SD 
No. of 

experiments 
Peptide IC50 ± SD 

No. of 

experiments 

A-1 669 ± 242 nM 5 (w/ BSAa) A-11 2.95 ± 0.31 µM 2 (w/ BSA) 

A-2 

(GLP-1) 

23.2 ± 12.2 nM 

65.0 nM 

11 (w/ BSA) 

1 (w/o BSA) 
A-12 7.12 ± 2.47 µM 2 (w/ BSA) 

A-4 2.40 µM 1 (w/o BSA) A-13 348 ± 117 µM 2 (w/ BSA) 

A-5 189 ± 35 nM 2 (w/o BSA) A-14 not detectable 
2 (w/ and 

w/o BSA) 

A-6 not detectable 1 (w/ BSA) A-15 not detectable 
2 (w/ and 

w/o BSA) 

A-7 not detectable 
2 (w/ and 

w/o BSA) 
A-16 2.54 ± 0.70 µM 3 (w/ BSA) 

A-8 not detectable 
2 (w/ and 

w/o BSA) 

[natI]A-17 ([Nle14, 

Tyr(3-I)40]exendin-4) 
7.63 ± 2.78 nM 6 (w/ BSA) 

A-9 not detectable 
2 (w/ and 

w/o BSA) 
[Nle14, Tyr40]exendin-4 9.87 ± 1.82 nM 3 (w/ BSA) 

A-10 not detectable 1 (w/ BSA)    

SD, standard deviation; assay conditions are indicated in brackets after the No. of experiments.  

a‘w/ BSA’ indicates supplementation with 1% BSA, whereas ‘w/o BSA’ indicates no supplementation with BSA. 
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Among all GLP-1R-targeting ligands, only A-5 provided distinctly lower IC50 values (189 ± 35 nM, 

n = 2) than lead peptide A-1 (669 ± 242 nM, n = 5). Although this suggests a higher GLP-1R affinity 

for A-5, nonspecific binding of this SiFA-bearing compound was notably high as displayed by the 

respective dose-response curves (Figure 27). In addition, later competitive binding experiments 

revealed unexpectedly high values for A-5 (1.14 ± 0.08 µM, n = 2) indicating either peptide 

decomposition or SiFA-mediated nonspecific binding of the peptide to storage tubes (increasing 

loss of substance over time by adhesion). Introduction of charged amino acid residues (positive 

and/or negative) or other lipophilicity-reducing auxiliaries in close spatial proximity to the SiFA 

moiety might compensate for lipophilicity-induced unspecific binding of A-5.[313, 314] Accordingly, 

competitive binding studies with these ligands may provide more reliable IC50 values. Nevertheless, 

for the design of GLP-1R-addressing small peptides with affinities in the range of GLP-1 and 

exendin-3/4, substantial optimizations were presumed to be required.  

All in all, the rather poor results obtained for short-chained GLP-1 receptor ligands unveiled a huge 

discrepancy between the high potency of these ligands known from the literature and their actual 

low affinities, determined in HEK293-hGLP-1R cell-based assays. Especially A-1 was supposed to 

possess a high affinity towards GLP-1R positive cells due to its inherent low EC50 of 31 pM 

determined by Haque et al.[113] However, A-1 lost its potential as a basic structure for novel 

promising small peptide GLP-1R agonists, since affinity studies revealed an unfavorable IC50 of 

669 ± 242 nM (n = 5). As no further structures of small peptides were found on the basis of which 

high affinity GLP-1R ligands could be developed, a prompt generation of those ligands suitable for 

radiolabeling was presumed to be unlikely within the time frame of this PhD thesis. It also remains 

questionable if small peptide approaches would generally provide high-affinity ligands, since 

previous SAR studies suggested that non-contiguous residues within the N- and C-terminus of 

GLP-1 and also in between were essential for high affinity and potency (section 1.1.2).[52, 53] As a 

consequence, yet synthesized SiFA-bearing ligands were not subjected to radiofluorination and no 

further GLP-1R ligands (e.g. suitable for chelator attachment) were synthesized and evaluated in 

in vitro or in vivo studies.  
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4.2. PSMA ligand development 

4.2.1. Preliminary studies on isolated PSMA inhibitor motifs and PSMA 

substrate mimetics   

4.2.1.1. Investigations on isolated PSMA inhibitor motifs with modifications 

within the central Zn2+-binding unit 

For this first preliminary study, the established EuE binding motif B-2 as well as the corresponding 

thioureate B-3 and carbamate B-4 were synthesized. Whereas B-2 and B-3 could be readily 

obtained after three steps by previously published and slightly modified procedures[199, 223], a more 

laborious protocol was required for carbamate B-4 (Scheme 6). Due to absent commercial 

availability, the carbamate oxygen-bearing fragment dibenzyl (S)-2-hydroxypentanedioate had to 

be synthesized in advance. Starting from enantiopure (S)-5-oxotetrahydrofuran-2-carboxylic acid 

(28), further synthesis steps focused on conditions to ensure and maintain L-configuration of the 

final PSMA binding motif. Additionally, selective introduction of protective groups at the α- and 

γ-carboxylate of (S)-2-hydroxypentanedioic acid was pursued, with concomitant liberation of the 

secondary alcohol of the benzyl diester.[291, 292] 

 

Scheme 6: Simplified synthetic routes for the preparation of ureate B-2, thioureate B-3 (first row) and 

carbamate B-4 (second and third row). a) H-Glu(OtBu)-OtBu*HCl (23), TEA [DCM], 0 °C  r.t., 19 - 24 h; 

b) TFA/DCM (1/1), r.t., 22 - 34 h; c) Bn-OH, CSA, [toluene], reflux, 24 h, argon; d) CDI [DCM], r.t., 20.5 h, argon; 

e) TEA [DCE], 45 °C, 94 h  40 °C, 27 h, argon; f) H2, Pd/C [MeOH/EtOH], r.t., 22 h; g) TFA/DCM (1/1), r.t. 2 h. 

Detailed synthesis procedures are given in MATERIALS AND METHODS (chapter III). 
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For this class of compounds, HPLC-linked UV/Vis-detection was not easily possible due to lacking 

functional groups able to absorb significantly at 220 nm.[323, 324] Carbonyl groups (together with -OH 

or -NH as auxochromes) representing the only absorbing moieties within B-2, B-3 and B-4 exhibit 

lower extinction coefficients than aromatic ring systems for example, and were therefore only 

detectable by injection of higher amounts of substance. In addition, their presumed ability to occupy 

different protonation states, even in HPLC-solvent supplemented with 0.1% TFA, occasionally 

resulted in broad HPLC signals instead of sharp peaks during RP-HPLC purification. In following 

in vitro LNCaP-cell based assays, purified thioureate B-3 and carbamate B-4 were compared to 

the classical ureate-based PSMA binding motif B-2 (Figure 29).  

 

 

Figure 29: Structures and affinities of isolated PSMA inhibitor EuE (B-2) and modified inhibitor compounds 

thioureate B-3 and carbamate B-4. Possible varying orientations of carbamate B-4 within the PSMA binding pocket 

are depicted on the right. 

 

The IC50 values indicated a clear preference for the established EuE binding motif 

(IC50(B-2) = 62.1 ± 33.7 nM) and revealed a certain intolerance of the binuclear catalytic site of 

PSMA towards thioureate B-3 (IC50(B-3) = 4.17 ± 3.38 µM). Carbamate B-4 was found to exhibit 

moderate affinity towards PSMA (IC50(B-4) = 136 ± 47 nM), suggesting a potential applicability in 

rhPSMA ligands. Since B-4 was built up symmetrically, placement of the carbamate oxygen could 

proceed either towards the pharmacophore S1’ subpocket or towards the non-pharmacophore 

S1 subpocket. Therefore, the moderate affinity detected for B-4 was presumed to result from an 

average value generated by a ‘high affinity orientation’ and a ‘low affinity orientation’ (Figure 29). 

Recently published results on carbamate analogs of DCIBzL (= (I-BA)KuE or B-5) by Yang et al. 

additonally support this theory.[293]  
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It has to be noted, that urea-based PSMA binding motif EuE (B-2) exhibited a lower affinity 

compared to the KuE-based reference (I-BA)KuE (B-5; IC50(B-5) = 21.7 ± 7.9 nM, n = 3). This 

finding can be attributed to missing components able to interact with distinct residues within the 

entrance funnel of the enzyme. Specific aromatic or lipophilic residues in a well-defined distance to 

the central ureate are apparently essential for permanent interaction with important binding sites 

like the S1 accessory hydrophobic pocket or arene-binding site.[167] As a result, all binding motifs 

were planned to be implemented into the structures of mature rhPSMA ligands, regardless of their 

differences in affinities revealed by these preliminary studies (section 4.2.2). Thereby, it should be 

investigated if and to which extent attachment of a linker fragment, SiFA moiety and chelator would 

improve PSMA binding affinity. Furthermore, the ‘preferred’ arrangement of the carbamate should 

be determined by implementation in structures in which orientation towards the S1 or S1’ pocket is 

inherently predefined. In case of identification of one or more high affinity ligands, evaluations 

concerning their ability to reduce unwanted salivary gland uptake in mice should be conducted. 

 

4.2.1.2. Preliminary studies on PSMA substrate mimetics 

Besides the investigation of possible modification sites within the inhibitor motif, a different 

approach for ligand design, based on the natural PSMA substrate NAAG was pursued. Therefore, 

NAAG-similar compounds with bulky hydrophobic residues, attached for addressing the S1 

accessory hydrophobic pocket and pre-defining ligand orientation within the active site, were 

synthesized and evaluated in vitro (Figure 30). Thereby, an optimal orientation of the respective 

ligands was striven by keeping the distances between the C-terminal γ-carboxylate and the 

para-iodophenyl residue, based on the already established (I-BA)KuE scaffold (counting method I, 

B-6 & B-8). Based on the potential interaction of the P1-α-carboxylate with the positively charged 

guanidinium groups of Arg463, Arg543 and Arg536 (arginine patch), an alternative preferred orientation 

of the para-iodophenyl residue might be conceivable (counting method II, B-7 & B-9).[166] In order 

to investigate whether aspartyl residues within the ligands are mandatory, B-10 and B-11 were 

synthesized and evaluated. 
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Figure 30: Synthesized NAAG-similar compounds with bulky hydrophobic residues, attached for addressing the S1 

accessory pocket and pre-defining ligand orientation within the active site. Structures and in vitro results of B-6 and 

B-8, following counting method I, as well as of B-10 are depicted in the left column. Structures and in vitro results 

of B-7 and B-9, following counting method II, as well as of B-11 are depicted in the right column.  

 

The first attempts for synthesis of B-6 and B-7, unintentionally provided diphenylmethane 

derivatives B-8 and B-9 after Pd-catalyzed hydrogenolysis of the benzyl protective group of the 

C-terminal glutamate. The toluene-Pd(II)-H complex, generated by the intended benzyl ester 

cleavage[325] most likely underwent a process similar to a palladium-catalyzed cross-coupling 

reaction together with in situ produced R-[metal(II)]-I, under base- and ligand-free conditions as 

described by Jadhav et al.[326] Pd(II) might represent metal(II), since Pd(0) is able to readily insert 

into the phenyl-iodine bond (oxidative addition)[327], also if immobilized on solid support.[326] 

Alternatively, metal(II) might have been generated from trace metal impurities (Al, Cu, Fe, Zn, etc.) 
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that possibly diffused out of the glassware or were already present within the purified reactant, 

solvent (MeOH) or palladium on carbon.[328] Therefore, only tBu-protected amino acids were now 

used for synthesis of iodinated compounds B-6 and B-7, in order to avoid Pd-catalyzed 

hydrogenation steps and hence, cross-reactivities and product degradation. 

Nevertheless, the performance of B-8 and B-9 in in vitro assays for IC50 determination was also 

investigated, due to an intact PSMA binding moiety and a potential beneficial effect of the 

hydrophobic bisphenyl fragment at this position (enhanced interaction with the arene-binding site 

during ligand accommodation and/or enhanced interaction with residues of the S1 accessory 

hydrophobic pocket). B-10 and B-11 were obtained via omission of the penultimate aspartyl residue 

and the unintended Pd-catalyzed cross-coupling reaction as described above and investigated to 

determine if an aspartyl residue is inevitably needed for effective ligand binding. 

 

In contrast to reference ligand (I-BA)KuE (B-5) (IC50 = 21.6 ± 7.9 nM, n = 3), no PSMA substrate 

mimetic displayed any measureable affinity within the chosen range (10-11 - 10-5 M, extension to 

10-15 - 10-5 M for B-8). Test experiments for B-8, in which BSA as an additive in assay buffer 

(HBSS) was omitted, did not lead to any improvement. Hence, an increased binding propensity of 

B-8 to bovine serum albumin could be excluded as potential reason for non-observable radioligand 

displacement. Likewise, no benefit from BSA-free conditions was expected for all other substrate 

mimetics as well as for B-10 and B-11. Examination of possible substrate degradation under the 

prevalent assay conditions was conducted with a UV/Vis-detectable ligand concentration (10-4 M 

final ligand concentration). RP-HPLC analysis after the experiment revealed no degradation of B-8, 

B-9, B-10 or B-11, which in turn implied, that lacking ability for radioligand displacement indeed 

resulted from absent PSMA affinity of these ligands. Based on these results, a non-PSMA-binding 

character was also ascribed to B-6 and B-7. In order to exclude cross-contamination and cell 

passage number effects (e.g. gene expression, phenotype variation)[329, 330], in vitro experiments of 

B-6 and B-7 were repeated with new, authenticated LNCaP cells, which again revealed no 

detectable affinity. Consequently, syntheses of the iodinated analogs of B-10 and B-11 were not 

pursued. In general, this substrate mimetics approach had to be further adjusted for implementation 

in mature rhPSMA ligands, wherefore proinhibitors were introduced. Synthesis, in vitro and in vivo 

evaluation of these derivatives as well as of other compounds with masked PSMA inhibitor 

fragments is further discussed in the following section. 

 

 

 

 

 

 

 



RESULTS AND DISCUSSION 

176 

 

4.2.2. Synthesis, in vitro and in vivo evaluation of radiohybrid PSMA 

ligands with modifications at the inhibitor part 

 

PSMA ligands with modified binding motifs (Figure 31) were synthesized according to known or 

modified organic chemical synthesis procedures. On-resin synthesis of binding motifs was 

established and adjusted in individual cases (section 4.2.2.1). Elongation steps were performed 

according to standard solid phase peptide synthesis protocols for rhPSMA derivatives and 

optimizations concerning (radio)metal complexation reactions were performed if necessary 

(section 4.2.2.2). The following sections cover the syntheses of compounds B-12 to B-21 

(Figure 31), highlighting special synthetical aspects, improvements to already described 

procedures as well as methods for preservation of the mandatory L-configuration of the PSMA 

binding motif during inhibitor modification.[160, 238] Moreover, routes for optimization of 

DOTA-chelator attachment are described. The results obtained for the final ligands in in vitro and 

in vivo studies are presented afterwards. 

 

 

Figure 31: Detailed structures of the modified PSMA inhibitors investigated within the course of this PhD thesis, 

with (A) thioureate B-12, carbamates B-13 and B-14 (B) proinhibitors B-15, B-16 and B-17 and 

(C) L-2-aminoheptanoic acid (L-aha, B-18), furyl (B-19), alkyne (B-20) and tetrazole (B-21) derivatives. All 

compounds are depicted in their free chelator form and represent PSMA ligands comprising modifications within 

the central Zn2+-binding unit (A), proinhibitor motifs (B) and substituents & bioisosteres of the P1’-γ-carboxylic 

acid (C). 
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4.2.2.1. Synthesis 

Synthesis of PSMA binding motifs comprising modifications within the central Zn2+-binding 

unit: thioureate B-12, carbamate B-13 and carbamate B-14 

Thioureate B-12. Introduction of a thioureate functionality (B-12) was easily achieved via a 

slight modification of the standard procedure for KuE motifs[223], using 1,1'-thiocarbonyldiimidazole 

instead of 1,1’-carbonyldiimidazole (CDI) (Scheme 7). The binding motif was synthesized by 

incubation of 27 with H-Glu[D-Orn(Dde)-2-CT]-OtBu (35). This on-resin assembly was first 

established for thioureate B-12 and simplified the reaction process significantly. In contrast to 

L-Lys-urea-L-Glu binding motifs[331], PSMA inhibitor motifs based on L-Glu-urea-L-Glu were 

synthesized exclusively in solution in previously published approaches.[140, 332-334] This included at 

least one purification step and afterwards, removal of an orthogonal protective group at P1-position, 

in order to liberate a free carboxylic acid, which could be coupled to a resin-bound amine. Both 

time- and substance-consuming steps could be avoided by this on-resin method. Hence, this 

strategy served as a basis for the synthesis of further modified rhPSMA peptides within this PhD 

thesis (proinhibitor B-15, L-2-aminoheptanoic acid derivative B-18, furyl derivative B-19 and alkyne 

derivative B-20). Moreover, it might serve as a general procedure for the preparation of 

L-Glu-urea-L-Glu binding motifs. After purification by RP-HPLC, B-12 was directly complexed with 

natGa3+ and evaluated solely in in vitro studies, wherefore the purity of B-12 in its free chelator form 

was not determined.  
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Scheme 7: Synthetic route for the preparation of thioureate B-12. a) 1,1'-thiocarbonyldiimidazole, TEA, DMAP 

[DCM], 0 °C → r.t., 24 h; b) TEA [DCE], 0 °C → 40 °C, 18 h, argon; c) 2% hydrazine [DMF]; d) succinic anhydride, 

DIPEA [DMF]; e) Fmoc-D-Lys-OtBu*HCl, TBTU, HOAt, DIPEA [DMF]; f) 20% piperidine [DMF]; 

g) Fmoc-D-Dap(Dde)-OH, TBTU, HOAt, sym-collidine [DMF]; h) imidazole, NH2OH*HCl [NMP/DMF]; i) SiFA-BA, 

TBTU, HOAt, sym-collidine [DMF]; j) 20% piperidine [DMF]; k) DOTA*6 H2O, TBTU, HOAt, sym-collidine 

[DMF/DMSO]; l) TFA/TIPS/H2O. Detailed synthesis procedures are given in MATERIALS AND METHODS 

(chapter III). 

 

Carbamates B-13 and B-14. In line with preliminary studies on isolated PSMA inhibitor 

motifs, synthetical accessibility of carbamates B-13 and B-14 was clearly more demanding 

compared to thioureate B-12 (Scheme 8). Syntheses of the PSMA binding moieties of both 

carbamates (44 and 49) were performed completely by a solution phase strategy. All synthesis 

steps towards precursor molecules 41 and 47, starting from enantiopure (S)-5-oxotetrahydrofuran-

2-carboxylic acid, focused on conditions to ensure L-configuration of the entire PSMA binding 

motif.[199, 293-297] Thereby, new strategies for di-tert-butyl-protected derivative 41 as well as for 

orthogonal protected derivative 47 had to be developed as described below (Special aspects of the 

synthesis of carbamates B-13 and B-14). Introduction of different protective groups (tert-butyl or 

benzyl) at the γ-carboxylate of compounds 41 and 47 was of utmost importance. These steps, 

already conducted at an early stage of synthesis, were crucial for determination of carbamate 

orientation. Carbamate B-13 was obtained in a chemical purity of > 98% (13.8% yield) after 

RP-HPLC purification and complexed with natGa3+, natLu3+ and [177Lu]Lu3+ for in vitro and in vivo 

studies. Carbamate B-14 was directly complexed with natGa3+ and evaluated solely in in vitro 

studies, wherefore the purity of B-14 in its free chelator form was not determined.  
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Scheme 8: Synthetic routes for the preparation of carbamate B-13 and B-14. a) tBuOH, EDC*HCl, DMAP (on 

polystyrene), [DCM], 0 °C → r.t., 17 h, argon; b) KOH(aq)  (1 M), 0 °C → r.t., 1 h; c) O-tert-butyl-N,N’-diisopropyl-

isourea [DCM], reflux, 96 h, argon; d) CDI [DCM], r.t., 20 h, argon; e) H-L-Glu(OBzl)-OtBu*HCl, TEA [DCE], 0 °C → 

45 °C, 41 h → 55 °C, 70.5 h, argon; f) H2, Pd/C [DCM], r.t., 18 h; g) TBTU, HOAt, sym-collidine (for B-13)/DIPEA 

(for B-14) [DMF], r.t., 65 - 85 h; h) 2% hydrazine [DMF]; i) succinic anhydride, DIPEA [DMF]; j) Fmoc-D-Lys-

OtBu*HCl, TBTU, HOAt, DIPEA [DMF]; k) 20% piperidine [DMF]; l) Fmoc-D-Dap(Dde)-OH, TBTU, HOAt, sym-

collidine [DMF]; m) imidazole, NH2OH*HCl [NMP/DMF]; n) SiFA-BA, TBTU, HOAt, sym-collidine [DMF]; 

o) 20% piperidine [DMF]; p) DOTA-NHS, DIPEA [DMF] (for B-13)/DOTA*6 H2O, TBTU, HOAt, sym-collidine 

[DMF/DMSO] (for B-14); q) TFA/TIPS/DCM. r) tBuOH, EDC*HCl, DMAP (on polystyrene), [DCM], 0 °C → r.t., 17 h, 

argon; s) KOH(aq) (1 M), 0 °C → r.t., 1 h; t) Na2CO3(aq) (10%), [MeOH/H2O], benzyl bromide [DMSO], r.t., 4.5 h, 

argon; u) CDI [DCM], r.t., 21 h, argon; v) H-L-Glu(OtBu)-OtBu*HCl, TEA [DCE], 0 °C → 45 °C, 96 h → 40 °C, 27 h, 

argon; w) H2, Pd/C [DCM], r.t., 24 h; Detailed synthesis procedures are given in MATERIALS AND METHODS 

(chapter III). 

 

Special aspects of the synthesis of carbamates B-13 and B-14. A well-defined strategy for 

protective group installation had to be set in advance for the binding motifs of carbamate B-13 

and B-14. For B-13, a new strategy for the preparation of di-tert-butyl-protected pentanedioate 

derivative 41 was developed. The dibenzyl-protected carbamate fragment 31, previously 

developed for preliminary studies on isolated PSMA inhibitor motifs (section 4.2.1.1) could not be 

used. By its application, methods for benzyl ester cleavage would have been inevitably needed 

after peptide completion. However, unwanted hydrogenation of the aromatic SiFA unit by 

Pd-catalyzed hydrogenolysis, hardly detectable by RP-HPLC/MS analysis should be avoided. 
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Furthermore, other palladium-induced side reactions as described for the synthesis of PSMA 

peptide mimetics (section 4.2.1.2) could not be excluded. Moreover, the amount of peptide 

degradation possibly caused by Pd-free benzyl ester cleavage (e.g. nucleophilic substitution, 

reduction, basic hydrolysis)[320] was difficult to assess in advance but deemed too risky at this late 

stage of synthesis. Therefore, tert-butyl esters were chosen as protective groups for the P1’-α- 

and -γ-carboxylate as well as for the P1-α-carboxylate. Only the P1-γ-carboxylic acid was planned 

to be functionalized as benzyl ester, since removal of this orthogonal protective group after inhibitor 

motif assembly would then provide one single free carboxylic acid, by which compound 44 could 

be selectively attached to H-D-Orn(Dde)-2-CT (34). 

Also for carbamate B-14 dibenzyl-protected compound 31 couldn’t be used, due to orthogonal 

protective groups, required for placement of the carbamate oxygen at P1 position. Therefore, a 

benzyl protective group was introduced selectively at the γ-carboxylate of (S)-5-(tert-butoxy)-4-

hydroxy-5-oxopentanoic acid (38) (Scheme 9).  

Analogously, tert-butyl bromide (95) was used in a first attempt to synthesize the respective 

P1’ analog 40, planned as a building block for B-13. Since no conversion was observed, a more 

time consuming (~ 96 h) and complex procedure under air- and moisture free conditions was 

introduced, using O-tert-butyl-N,N’-diisopropylisourea (39) as alkylation reagent. Importantly, 

simultaneous alkylation of the free secondary hydroxy group in both attempts was prevented, 

applying these selective alkylation procedures.[295-297] 

 

Scheme 9: Simplified synthetic routes for the preparation of compounds 46 and 40, serving as precursor molecules 

for carbamate B-14 and carbamate B-13, respectively. Starting from (S)-5-(tert-butoxy)-4-hydroxy-5-oxopentanoic 

acid (38), the concept for synthesis of 46 (first row)[297] could not be directly transferred to the synthesis of the 

tert-butyl analog 40 (second row). Instead, O-tert-butyl-N,N’-diisopropylisourea (39) had to be used as alkylation 

reagent (third row).[296] 
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As described more precisely in the following subsection for proinhibitors B-15, B-16 and B-17, 

on-resin assembly of the binding motifs was not always straightforward and led to chemically inert 

dimerization products. Hence, this strategy was avoided for carbamate B-13 and B-14, since 

solution phase synthesis already showed slow reaction rates (45 °C, 41 h → 55 °C, 70.5 h for 

preparation of 44(OBzl) and 45 °C, 96 h → 40 °C, 27 h for preparation of 49(OBzl)).  

Stability of both carbamate-based inhibitor units towards the conditions used for Dde-removal from 

ornithin, was examined by treatment of a small resin portion with 2% hydrazine monohydrate in 

DMF according to GP5. Thereby, only the expected cleavage of Dde from ornithine was observed 

and no degradation of the inhibitor motif by hydrazide formation or reductive side reactions could 

be detected by RP-HPLC/MS.[335, 336] Hence, these carbamate conjugates were proven to be stable 

towards 2% hydrazine monohydrate in DMF and the respective ligands could be finalized on 2-CT 

resin. 
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Synthesis of proinhibitors B-15, B-16 & B-17 

Synthesis procedures for all proinhibitor binding motifs had to be adjusted due to unreactive starting 

material or unwanted dimerization reactions (Scheme 10). Therefore, binding motifs were either 

introduced by on-resin synthesis (B-15) or by separate synthesis of the proinhibitor unit in a mixed 

solid/solution phase approach (B-16 and B-17). 

 

  

Scheme 10: Synthetic routes for the preparation of proinhibitor B-15, B-16 and B-17. a) TEA [DCE], 0 °C → 40 °C, 

16 h, argon; b) 2% hydrazine [DMF]; c) succinic anhydride, DIPEA [DMF]; d) Fmoc-D-Lys-OtBu*HCl, TBTU, HOAt, 

DIPEA; e) 20% piperidine [DMF]; f) Fmoc-D-Dap(Dde)-OH, TBTU, HOAt, sym-collidine [DMF]; g) imidazole, 

NH2OH*HCl [NMP/DMF]; h) SiFA-BA, TBTU, HOAt, sym-collidine [DMF]; i) 20% piperidine [DMF]; j) DOTA-NHS, 

DIPEA [DMF]; k) TFA/TIPS/DCM (+ dithiothreitol for B-15 only); l) 20% piperidine [DMF]; m) Fmoc-L-Glu-OtBu, 

TBTU, HOAt, DIPEA [DMF]; n) 20% piperidine [DMF]; o) CDI, TEA [DCE], 0 °C → 40 °C, 14 h, argon; 

p) H-L-Glu(OBzl)-OtBu*HCl, TEA [DCE], 0 °C → 40 °C, 4.3 h, argon; q) HFIP/DCM (1/4); 

r) O-tert-butyl-N,N’-diisopropyl-isourea [DCM], reflux, 46 h, argon; s) H2, Pd/C [DCM], r.t., 24 h; t) 20% piperidine 

[DMF]; u) Cbz-L-Glu(OtBu)-OH, TBTU, HOAt, DIPEA (GP3); v) HFIP/DCM (1/4); w) O-tert-butyl-N,N’-diisopropyl-

isourea [DCM], reflux, 46 h, argon; x) H2, Pd/C [DCM], r.t., 26 h; y) (1H-imidazole-1-carbonyl)-L-Glu(OBzl)-OtBu, 

TEA [DCE], 0 °C → 40 °C, 21 h, argon; z) H2, Pd/C [DCM], r.t., 23 h; ii) TBTU, HOAt, sym-collidine [DMF], r.t., 

23.5 h; iii) TBTU, HOAt, sym-collidine [DMF], r.t., 19 h; Detailed synthesis procedures are given in MATERIALS 

AND METHODS (chapter III). 

 

Proinhibitor B-15. Dipeptide H-L-Glu(L-Met-OtBu)-OtBu (52) was generated in solution and 

coupling to resin-bound compound 53 provided the tris-tBu-protected binding motif 54, which 

afforded product B-15 after on-resin elongation. Functionalization of 35 

(H-L-Glu[D-Orn(Dde)-2-CT]-OtBu) to yield its carbonylimidazole derivative 53 was required, as 

conversion of dipeptide 52 with CDI was not successful. Dimerization as a competing reaction was 

more favored and hence, only the urea-conjugated dimer of 52 could be isolated after this attempt. 
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Notably, carbonylimidazole functionalization of resin-bound peptide 35 worked properly in this 

approach, as a certain distance to the resin anchor (2-chlorotrityl group) was preserved. By 

contrast, carbonylimidazole attachment did not work at the first 2-CT resin-bound amino acid, 

provided that it was coupled to the resin by its α-carboxylate. After purification by RP-HPLC, B-15 

was obtained in a chemical purity of 98.0% (0.08% yield) and complexed with natLu3+ and [177Lu]Lu3+ 

for in vitro and in vivo studies. Synthesis of proinhibitor B-15 was particularly impeded by oxidation 

of methionine, which resulted in the low overall yield after RP-HPLC purification (0.08%). Moreover, 

oxidation tendency remained at 177Lu-labeling and also during radio-RP-HPLC purification, which 

impaired preparation of products with RCP higher than 90%, even at lower temperatures 

(70 - 80°C). 

Proinhibitor B-16. Synthesis of the binding motif of proinhibitor B-16 (59) was accomplished 

via a mixed solid/solution phase strategy, starting with resin-bound Fmoc-L-2-aminooctanoic acid 

(Fmoc-L-2-Aoc-OH) (55). After multiple steps, compound 59 was prepared, suitable for coupling to 

compound 34. Subsequent on-resin elongation afforded proinhibitor B-16, which was obtained in 

a chemical purity of > 99% (16.0% yield) after RP-HPLC purification. B-16 was complexed with 

natLu3+ and [177Lu]Lu3+ for in vitro and in vivo studies. 

Proinhibitor B-17. Dipeptide H-L-Glu(OtBu)-L-2-Aoc-OtBu (63) was generated by coupling 

of Cbz-L-Glu(OtBu)-OH to resin-bound H-L-2-Aoc, cleavage from the resin and alkylation of the 

C-terminal carboxyl group with O-tert-butyl-N,N’-diisopropyl-isourea (39). In order to avoid 

dimerization of 63, also here on-resin coupling to compound 53 was pursued (according to B-15) 

but could not be realized. As opposed to the procedure for proinhibitor B-15, the starting dipeptide 

63 did not react and only on-resin urea-conjugated dimerization of peptide 53 was detected. 

Therefore, the strategy was changed to solution phase synthesis to obtain tris-tBu-protected 

binding motif 69. Coupling to 34 and subsequent on-resin elongation afforded product B-17 in 

> 99% chemical purity (4.68% yield) after RP-HPLC purification. Proinhibitor B-17 was complexed 

with natLu3+ and [177Lu]Lu3+ for in vitro and in vivo studies. 

 

Synthesis of PSMA binding motifs with substituents & bioisosteres of the P1’-γ-carboxylic 

acid: L-2-aminoheptanoic acid (L-2-aha) (B-18), furyl (B-19), alkyne (B-20) and 

tetrazole (B-21) derivatives 

Introduction of the carboxylic acid substituents 70, 73 and 75 was realized by on-resin coupling to 

compound 53 (Scheme 11). For compound 70 and 73, prior attachment of a tBu protective group 

via tert-butyl acetate was necessary.[298] This strategy was used to assure esterification of the 

carboxylic acid moiety only. O-tert-butyl-N,N’-diisopropylisourea could not be used in this case, as 

its usage would have led to simultaneous alkylation of the free primary amine.[295] Synthesis of the 

tetrazole bioisostere was successfully accomplished following a multi-step procedure described by 

Kozikowski et al.[222] For the tetrazole unit, which is one of the most commonly used carboxylic acid 
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bioisosteres in modern drug design, it is important to highlight its close resemblance to the 

carboxylic acid group concerning the planar geometry and acidity.[337, 338] However, the increased 

lipophilicity of tetrazoles, which has been reported to be almost 10 times higher compared to their 

carboxylic acid counterpart, has to be considered.[338] 

 

 

Scheme 11: Synthetic routes for the preparation of L-2-aminoheptanoic acid (L-2-aha) (B-18), furyl (B-19), alkyne 

(B-20) and tetrazole derivative (B-21). a) TEA [DCE], 0 °C → 40 °C, 16.3 - 20 h, argon; b) 2% hydrazine [DMF]; 

c) succinic anhydride, DIPEA [DMF]; d) Fmoc-D-Lys-OtBu*HCl, TBTU, HOAt, DIPEA [DMF]; e) 20% piperidine 

[DMF]; f) Fmoc-D-Dap(Dde)-OH, TBTU, HOAt, sym-collidine [DMF]; g) imidazole, NH2OH*HCl [NMP/DMF]; 

h) SiFA-BA, TBTU, HOAt, sym-collidine [DMF]; i) 20% piperidine [DMF]; j) DOTA-NHS, DIPEA [DMF]; 

k) TFA/TIPS/DCM; l) benzyl amine, BOP, TEA [DMF], 0 °C → r.t., 66 h; m) PPh3, DIAD, TMSN3 [MeCN], 

0 °C → r.t., 15 h, argon → NaNO2(aq), r.t., 30 min CAN(aq), r.t., 20 min; n) H2, Pd/C [MeOH], r.t., 24 h; 

o) (1H-imidazole-1-carbonyl)-L-Glu(OBzl)-OtBu, TEA [DCE], 0 °C → 40 °C, 20 h, argon; p) H2, Pd/C [MeOH], r.t., 

69.5 h; q) TBTU, HOAt, sym-collidine [DMF], r.t., 14 h; Detailed synthesis procedures are given in MATERIALS 

AND METHODS (chapter III). 

 

L-2-Aminoheptanoic acid derivative B-18. Reactant 70 was generated in solution, using 

(S)-2-aminoheptanoic acid and tert-butyl acetate according to a previously published procedure by 

Hyun et al. with some minor modifications.[298] On-resin coupling of 70 to compound 53 provided 

an alkane-functionalized binding motif, which then afforded product B-18 in 95.5% chemical purity 
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(0.95% yield) after RP-HPLC purification. L-2-Aminoheptanoic acid derivative B-18 was complexed 

with natLu3+ for in vitro studies. 

Furyl derivative B-19. In analogy to reactant 70, tert-butyl (S)-2-amino-3-(furan-2-yl)pro-

panoate (73) was generated in solution using 3-(2-furyl)-alanine and tert-butyl acetate.[298] On-resin 

coupling of 73 to compound 53 provided a furyl-functionalized binding motif, which then afforded 

product B-19 in > 99% chemical purity (2.14% yield) after RP-HPLC purification. Furyl derivative 

B-19 was complexed with natLu3+ for in vitro studies. 

Alkyne derivative B-20. Reactant 75 was commercially available and used directly for 

on-resin coupling to compound 53. Subsequent elongation afforded product B-20 in 98.5% 

chemical purity (3.33% yield) after RP-HPLC purification. Alkyne derivative B-20 was complexed 

with natLu3+ and [177Lu]Lu3+ for in vitro and in vivo studies.  

Tetrazole derivative B-21. Synthesis of tetrazole binding motif 83 was performed completely 

by a solution phase strategy. All synthesis steps, starting from enantiopure Cbz-L-Glu-OtBu (77), 

focused on conditions to ensure and maintain L-configuration of the entire PSMA binding motif.[199, 

222] Tetrazole ring formation was conducted by a Mitsunobu[339]-like reaction using 

triphenylphosphine (PPh3), diisopropyl azodicarboxylate (DIAD) and trimethylsilyl azide (TMSN3) 

as azide anion source. This reaction was originally developed in 1991 by Duncia et al. enabling 

direct conversion of an amide into a tetrazole in one step, involving tautomerization of the 

intermediately generated iminoyl azide (Scheme 12).[340] After coupling of binding motif 83 to 

resin-bound 34 and further elongation, product B-21 was obtained in > 99% chemical purity 

(2.80% yield) after RP-HPLC purification. Tetrazole derivative B-21 was complexed with natLu3+ and 

[177Lu]Lu3+ for in vitro and in vivo studies.  

 

 

Scheme 12: Proposed mechanism for tetrazole formation by one step conversion of an amide with PPh3, DIAD and 

TMSN3 as reagents.[339, 340] 
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Optimization of DOTA chelator attachment 

Apart from individual modifications within the PSMA inhibitor unit, adjustments have been made 

concerning the final step in ligand synthesis, i.e. chelator attachment. Initially, DOTA(tBu)3 was 

used for preparation of B-12, together with TBTU, HOAt and sym-collidine as coupling reagents, 

according to a previously published procedure by Wurzer et al.[140] Incomplete cleavage of the 

tert-butyl protective groups from the chelator by TFA/TIPS/H2O (95/2.5/2.5), even after an 

incubation time of 4 h at r.t., and poor separability of the by-products via RP-HPLC led to the use 

of DOTA*6 H2O instead of DOTA(tBu)3.[341] However, limited solubility of DOTA*6 H2O in DMF 

afforded addition of DMSO, resulting in a solvent mixture of DMF/DMSO = 5/1 (v/v). Thioureate 

B-12 (> 99% conversion) and carbamate B-14 (42.5% conversion) could be readily obtained after 

19.8 ± 0.4 h (n = 2). By contrast, low product formation was observed for carbamate B-13, for 

which an adequate conversion (44.0%) was observed only after repeated coupling cycles (3 in 

total) and an overall reaction time of 116.5 h (28.5 h: 17.2%; +20 h: 20.3%; +68 h: 44.0%). Instead, 

incubation of the fully protected precursor with DOTA-NHS and DIPEA revealed almost complete 

conversion already after 18 h (> 99%). Therefore, the commercially available reagent DOTA-NHS 

was used for subsequent syntheses of proinhibitors B-15 to B-17 as well as for peptides B-18 to 

B-21 (bearing P1’-γ-carboxylate substituents and bioisosteres). This active ester is readily soluble 

in DMF and could be directly applied in combination with a base (DIPEA or sym-collidine) with no 

need of further coupling reagents like TBTU and HOAt. Despite poor reactivity of the tetrazole 

precursor (26.5% conversion after 3 coupling cycles with DOTA-NHS and DIPEA, 106 h in total), 

DOTA-functionalization of all other peptides worked properly with 95.8 ± 7.8% conversion (n = 6) 

within 13 to 71 h. Therefore, DOTA-NHS is recommended for future syntheses of rhPSMA ligands 

and in particular for those, which might have been modified with oxidation-labile moieties (e.g. 

methionine) comparable to proinhibitor B-15. Since coupling reagents were found to remarkably 

promote oxidation-induced peptide degradation, also at short incubation periods of 2 h, their 

omission might enable a higher overall yield of the respective peptide after cleavage from the resin 

and RP-HPLC purification.      

 

4.2.2.2. Cold complexation and radiolabeling 

Cold metal complexation with 3.5-molar excess of Ga(NO3)3*6 H2O (75 °C, 30 min) or 6-fold molar 

excess of LuCl3 (70 - 95 °C, 25 min) led to formation of the respective natGa/natLu-rhPSMA ligands. 

natGa-complexed compounds natGa-B-12, -B-13 and -B-14 were obtained in a chemical purity of 

≥ 93% after purification by RP-HPLC (Table 4). natLu-Complexation mixtures of natLu-B-13 as well 

as natLu-B-15 to natLu-B-21 (0.5 - 1.0 mM in DMSO/H2O = 1/1) were directly used as stock solutions 

for affinity determination, as chemical purity was always > 92% (n = 8).  

Radiolabeling (177Lu) was performed using manual procedures yielding the products 

[177Lu]Lu-B-13, -B-15, -B-16, -B-17, -B-20 and -B-21 in radiochemical purities of 96.4 ± 2.2% 



RESULTS AND DISCUSSION 

187 

 

(n = 16) as determined by radio-RP-HPLC. Proinhibitor [177Lu]Lu-B-15 represented the sole 

exception and was obtained in a decreased RCP of 89.3 ± 1.9% (n = 4). In case of incomplete 

complexation, removal of free [177Lu]Lu3+ via SPE was performed. Moreover, in case of proinhibitor 

B-15, removal of radioactive by-products was conducted by preparative radio-RP-HPLC. Isolated 

radiochemical yields for all 177Lu-labeled compounds ranged from 33.4 to > 99% with apparent 

molar activities between 4.64 and 63.5 GBq/µmol (Table 6). 

In general, all derivatives containing modifications within the Zn2+-binding unit showed enhanced 

formation of intramolecular condensation by-products during complexation. natGa-labeling of 

thioureate B-12 afforded the product (m/z = 1484) in 3.35% yield and two intramolecular 

condensation by-products as the major portion (m/z = 1466). In addition, significant amounts of 

intramolecular condensation by-products (17.9 - 19.3%) were generated during natLu- and 

177Lu-labeling of carbamate B-13 at 95 °C (standard reaction temperature). Therefore, all 

nat/177Lu-complexation reactions of B-13 were performed at 70 °C, as formation of unwanted 

by-products could be almost completely reduced. Since intramolecular condensation was not 

observed for the original L-Glu-urea-L-Glu compound natGa/natLu-B-1[140, 289], modifications within 

the Zn2+-binding moiety might facilitate the formation of cyclic anhydrides or pyroglutamic acid-like 

by-products, with the latter usually only being possible at temperatures > 140 °C.[342, 343] Besides 

carbamate B-13, only proinhibitor B-15 showed a similar thermal instability during natLu- and 

177Lu-labeling, mainly induced by oxidation of methionine. Therefore, the reaction temperatures 

were adjusted to 70 °C for natLu-complexation and to 80 °C for 177Lu-labeling of B-15, respectively. 

Indeed, formation of unwanted by-products could be almost completely reduced for cold metal 

complexation, however, oxidation tendency for proinhibitor B-15 remained during radiolabeling 

even at lower temperatures (70 - 80°C) and also during radio-RP-HPLC purification, which resulted 

in lower RCPs of 89.3 ± 1.9%. A reaction temperature of 80 °C was chosen, as remaining free 

[177Lu]Lu3+ could be reduced (27.8% at 70 °C to 12.9% at 80 °C) and oxidization of precursor B-15 

could be kept within 6.6 to 13%. 

  

4.2.2.3. In vitro evaluation 

Results of affinity, internalization and lipophilicity measurements 

PSMA affinity. Binding to PSMA was determined using LNCaP human prostate cancer cells 

in a competitive binding assay with natGa- or natLu-complexes of compounds B-12 to B-21. For 

comparison, IC50 values of natLu-rhPSMA-10 (natLu-B-1) (2.76 ± 0.51 nM) were determined, and 

also in vitro data of natLu-rhPSMA-7.3 (5.73 ± 2.23 nM) are listed due to its later use in comparative 

biodistribution studies. The results show loss of affinity to a varying extent for all modifications 

except for carbamate natLu-B-13 (Table 18). Surprisingly, this derivative showed an equally high 

affinity (7.11 ± 0.71 nM) as compared to the reference natLu-B-1. Additionally, tetrazole derivative 

natLu-B-21 exhibited high affinity (16.4 ± 3.8 nM) towards PSMA expressing LNCaP cells. 
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Internalization. LNCaP cells were also used to investigate internalization of the 

177Lu-labeled compounds B-1, B-13, B-15, B-16, B-17, B-20 and B-21. No internalization studies 

were performed on thioureate B-12, carbamate B-14, L-2-aminoheptanoic acid derivative B-18 and 

furyl derivative B-19, as these candidates were excluded due to poor IC50 data. Normalized to the 

uptake of ([125I]I-BA)KuE, the results in Table 18 show internalization values of < 10% for almost 

all modified compounds. Only [177Lu]Lu-B-13 exhibited a significant PSMA-mediated internalization 

(67.8 ± 0.5%), although ~ 3-fold lower compared to [177Lu]Lu-B-1 (177 ± 15%).  

Lipophilicity. In analogy to internalization studies, log D values were determined for 

177Lu-labeled compounds B-1, B-13, B-15, B-16, B-17, B-20 and B-21 (Table 18). Within the 

proinhibitor subgroup, methionine-functionalized derivative B-15 displayed the most hydrophilic 

character with a log D value of -2.89 ± 0.18. Moreover, carbamate [177Lu]Lu-B-13 represents the 

most hydrophilic compound of all modified rhPSMA inhibitors (log D = -3.40 ± 0.45), comparable to 

EuE-based derivatives [177Lu]Lu-B-1 (log D = -3.78 ± 0.01) and [177Lu]Lu-rhPSMA-7.3 

(log D = -3.14 ± 0.13). 
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Table 18. PSMA binding affinity (IC50), internalization (%) and lipophilicity (log D) of the investigated compounds.a 

PSMA inhibitor IC50 

%Internalization 

compared to the 

referenceb 

log D 

[nat/177Lu]Lu-rhPSMA-7.3  
 

5.73 ± 2.23 nM 
 

1 h: 184 ± 12 -3.14 ± 0.13c 

[nat/177Lu]Lu-B-1d  
 

2.76 ± 0.51 nM 
 

1 h: 177 ± 15 -3.78 ± 0.01 

natGa-B-12  
> 3 µM 

(n = 2) 
n.d. n.d. 

natGa-B-13 21.3 ± 1.7 nM n.d. n.d. 

[nat/177Lu]Lu-B-13  7.11 ± 0.71 nM 1 h: 67.8 ± 0.5  -3.40 ± 0.45 

natGa-B-14 
> 1 µM 

(n = 2) 
n.d. n.d. 

[nat/177Lu]Lu-B-15 26.5 ± 16.3 µM 
0.5 h, 1 h, 2 h, 4 h: 

≤ 0.17 ± 0.32 
-2.89 ± 0.18 

[nat/177Lu]Lu-B-16 2.52 ± 1.17 µM 
0.5 h, 1 h, 2 h, 4 h: 

≤ 0.03 ± 0.03 
-2.52 ± 0.22 

[nat/177Lu]Lu-B-17 6.30 ± 3.59 µM 
0.5 h, 1 h, 2 h, 4 h: 

0.00 ± 0.00 
-2.37 ± 0.22 

natLu-B-18 
> 2 µM 

(n = 2) 
n.d. n.d. 

natLu-B-19 
> 440 nM 

(n = 2) 
n.d. n.d. 

natLu-B-20 138 ± 53 nM 1 h: 1.17 ± 0.43 -2.83 ± 0.08 

[nat/177Lu]Lu-B-21 

 

16.4 ± 3.8 nM 

 

1 h: 9.86 ± 3.16 -2.91 ± 0.05 

aBinding assays (IC50) were performed using LNCaP cells (150 000 cells/well) and ([125I]I-BA)KuE (c = 0.2 nM) as 

radioligand. Cells were incubated in HBSS (1% BSA) at 4 °C for 1 h. bInternalization values were corrected for 

unspecific binding and normalized to the external reference ([125I]I-BA)KuE (13.0 ± 2.5% internalization at 1 h 

(n = 21), c = 0.2 nM, 1.0 nM for 177Lu-compounds; 37 °C, 1 h, 125 000 cells/well, PLL-coated plates). clog D value 

for [177Lu]Lu-rhPSMA-7.3 was kindly provided by Dr. A. Wurzer. dData from Patent application EP21150122. Data 

for binding (IC50) and internalization are expressed as mean ± SD (n = 3) unless otherwise stated. Data are 

expressed as mean ± SD (n = 6) for log D. 
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Discussion of the in vitro results 

Modifications within the central Zn2+-binding unit. IC50 and lipophilicity data of 

[nat/177Lu]Lu-B-13 were very similar to those obtained for reference ligand [nat/177Lu]Lu-B-1, 

wherefore carbamate B-13 was considered as an auspicious candidate for high tumor 

accumulation in vivo with potential reduction of salivary gland uptake.  

The IC50 data of carbamate B-13 (7.11 ± 0.71 nM) and B-14 (> 1 µM) confirm the presence of a 

‘high affinity’ and ‘low affinity orientation’ as postulated for carbamate B-2 in section 4.2.1.1. and 

were further corroborated by studies from Yang et al. and Barinka et al.[238, 293] Hence, these 

observations emphasize the necessity of a hydrogen bond donor at the (non-pharmacophore) 

P1 position and provide a certain flexibility within the pharmacophore S1’ subpocket. 

Implementation of thioureate B-3 (4.17 ± 3.38 µM) into a mature rhPSMA ligand resulted in no 

benefit (> 3 µM) but revealed a direct transferability of results obtained from isolated PSMA 

inhibitors to mature compounds. Hence, ligand assessment in advance via isolated PSMA inhibitor 

motifs was proven to be possible at least for modifications within the central Zn2+-binding unit. 

Since thioureate derivative B-12 revealed sulfur to be less tolerated inside the binding pocket, it 

was assumed that thiourethane derivatives (= combination of carbamates B-13 or B-14 with 

thioureate) would also lead to poor results. In consequence, their synthesis was not further 

pursued. Interestingly, zinc(II)-sulfur interactions within the catalytic site are quite common for 

metalloprotease inhibitors.[344] For this reason, a different orientation of the thioureate residues 

(anti-conformation) or an altered hydrogen bonding to the C=S moiety possibly causes for a 

low-PSMA-binding character.[345, 346] Alternatively, it remains conceivable that the sulfur atom in 

L-Glu-thiourea-L-Glu derivatives is not optimally coordinated via both Zn2+ ions inside the binuclear 

catalytic center of PSMA, due to its larger atomic and van der Waals radius.[347] 
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Proinhibitors. Competitive binding experiments revealed very low (micromolar) affinities 

towards PSMA for natLu-B-15, -B-16 and -B-17 (26.5 ± 16.3 µM, 2.52 ± 1.17 µM and 

6.30 ± 3.59 µM, respectively). Due to these unfavorable IC50 values at standard conditions 

(incubation at 4 °C for 1 h), internalization studies were conducted, in order to investigate possible 

substrate cleavage kinetics. Barinka et al. observed a substrate conversion of up to 20% after 0.5 h 

using stock solutions of purified recombinant human GCP II.[253] Later time points were considered 

in our LNCaP cell-based experiments for taking potential slower cleavage kinetics into account. 

Therefore, internalization at 37 °C was determined at several time points of 0.5 h, 1 h, 2 h and 4 h. 

Since no internalization could be detected at any time point for [177Lu]Lu-B-15, -B-16 or -B-17, it 

was assumed that no proinhibitor cleavage occurred. Enzymatic activity of PSMA could not be 

assured under these in vitro conditions as they were significantly different to the originally 

conducted assays, which were optimized to reach maximum cleavage efficiency.[252, 253] Hence, 

in vivo studies were conducted, as we suggested that cleavage of the proinhibitor motifs might be 

strongly dependent on the tumor cells’ microenvironment and might only occur under real-life 

conditions. However, poor results (tumor uptake < 0.50% ID/g at 24 h p.i.) were also obtained from 

these experiments (discussed in more detail in section 4.2.2.4). 

Altogether, these findings led to the assumption, that proinhibitor cleavage did not occur in 

significant amounts within the observation times used for the in vitro and in vivo studies, probably 

due to the low affinity of these conjugates. For this reason, synthesis and evaluation of 

proinhibitor IV (= methionine at the α-carboxylate) was abandoned, as no positive results were 

expected. 

 

Substituents & bioisosteres of the P1’-γ-carboxylic acid. As expected for the tetrazole 

moiety[338], in vitro studies confirmed a slightly increased lipophilicity for [177Lu]Lu-B-21 (~ 7.4-fold 

increase compared to [177Lu]Lu-B-1). Apart from a considerably low internalization (9.86 ± 3.16%), 

in vitro data were found to be at least in the same order of magnitude as those of [nat/177Lu]Lu-B-1. 

Consequently, tetrazole derivative B-21 was also proposed to exhibit high tumor accumulation 

in vivo with potential simultaneous reduction of salivary gland uptake. 

For alkyne derivative B-20, weak internalization (1.17 ± 0.43%) could be attributed to the medium 

affinity of natLu-B-20 (138 ± 53 nM). Nevertheless, B-20 was subjected to biodistibution studies, in 

order to investigate whether higher tumor-to-salivary gland ratios could be achieved, although 

accompanied by a certain loss of tumor uptake. Furyl derivative B-19 was expected to provide a 

similar binding affinity to the alkyne-modified ligand B-20, as published by Wang et al.[251] However, 

a more than 3-fold higher IC50 value (> 440 nM) led to cessation of further in vitro and in vivo 

investigations. Also L-2-aminoheptanoic acid derivative B-18 was not further evaluated as its affinity 

(> 2 µM) was considered as too low. 
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In sum, carbamate B-13, proinhibitors B-15, B-16, B-17, alkyne derivative B-20 and tetrazole 

derivative B-21 were subjected to in vivo evaluation. High IC50 values led to cessation of further 

in vitro and in vivo investigations of thioureate B-12, carbamate B-14, L-2-aha derivative B-18 and 

furyl derivative B-19. 

 

4.2.2.4. In vivo evaluation 

For biodistribution studies of PSMA ligands, the animal model established in our group for 

evaluation of therapeutic radioligands (i.e. biodistribution at 24 h p.i. in LNCaP tumor 

xenograft-bearing male CB17-SCID mice (n = 3 to 5)) was chosen. With the aim to improve 

PSMA-targeted RLT via reduction of unwanted activity accumulation in salivary glands, mainly the 

24 h p.i. time point in mice was considered. As a general rule of thumb, activity distribution at 

~ 7 days p.i. in humans (European average weight 70 kg) corresponds to the value obtained at 

24 h p.i. in mice (average weight 20 g), due to their elevated metabolic rate.[348] Thus, at 24 h p.i. in 

mice, the wash-out from not-target organs with simultaneous persistent high tumor uptake should 

assure high tumor doses. Therefore, this experimental setup was also used for identification of 

differences in salivary gland uptake of PSMA-targeting radioligands.  

However, data that confirm capability of this animal model to distinguish compounds with different 

salivary gland uptake at 24 h p.i. were absent at the beginning of the study. Due to certain 

species-dependent differences[287, 288], a generally lower uptake in mouse salivary glands might 

lead to non-detectable differences between EuE- and non-EuE-based inhibitors. Therefore, 

biodistribution at 1 h p.i. should be examined with ligands that provide sufficiently high tumor uptake 

(i.e. B-13 and B-21), in order to determine if tumor-to-salivary gland ratios at this early time point 

allow for a clearer distinction.  
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Results of biodistribution experiments, metabolite studies and µSPECT/CT studies 

Proinhibitors B-15, B-16 and B-17. Biodistribution data at 24 h p.i. revealed low tumor 

uptake for all ligands (< 0.50% ID/g, Figure 32), reflecting the low internalization and unfavorable 

IC50 values observed in in vitro experiments.  

 

 

Figure 32: Biodistribution data (% ID/g) of [177Lu]Lu-PSMA-10 ([177Lu]Lu-B-1), [177Lu]Lu-B-15, [177Lu]Lu-B-16 and 

[177Lu]Lu-B-17 in tumor xenograft-bearing CB17-SCID mice at 24 h p.i. (n = 2 for [177Lu]Lu-B-15†, n = 3 for 

[177Lu]Lu-B-16 and [177Lu]Lu-B-17 and n = 5 for [177Lu]Lu-rhPSMA-10 ([177Lu]Lu-B-1)). Submandibular and parotid 

glands were dissected separately and their values are depicted in the columns ‚GL. SUBMAND.‘ and 

‚GL. PAROTIDEA‘, respectively. Data expressed as percentage of injected dose per gram (% ID/g), mean ± SD. 

The exact values used for this bar diagram are given in MATERIALS AND METHODS (chapter III, section 3.5.1). 

†Ingestion of radioactively contaminated animal feed led to putative high activities in stomach and intestine, 

wherefore values of mouse 3 were excluded.  

 

Carbamate B-13, alkyne B-20 and tetrazole B-21. For further in vivo studies at 24 h p.i., 

derivatives with medium to high affinity were chosen (i.e. [177Lu]Lu-B-13, -B-20 and -B-21). For all 

modified peptides, a more than 8-fold lower tumor accumulation (0.10 to 1.20% ID/g) in comparison 

to the original compound [177Lu]Lu-B-1 (9.82 ± 0.33% ID/g) could be observed with unchanging 

salivary gland uptake (between 0.02 ± 0.00% ID/g and 0.09 ± 0.03% ID/g) (Figure 33).  
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Figure 33: Biodistribution data (% ID/g) of [177Lu]Lu-rhPSMA-10 ([177Lu]Lu-B-1), [177Lu]Lu-B-13, [177Lu]Lu-B-20 and 

[177Lu]Lu-B-21 in tumor xenograft-bearing CB17-SCID mice at 24 h p.i. (n = 4 for [177Lu]Lu-B-20 and n = 5 for all 

other experiments). Submandibular and parotid glands were dissected separately and their values are depicted in 

the columns ‚GL. SUBMAND.‘ and ‚GL. PAROTIDEA‘, respectively. Data expressed as percentage of injected dose 

per gram (% ID/g), mean ± SD. The exact values used for this bar diagram are given in MATERIALS AND 

METHODS (chapter III, section 3.5.1).  

 

Biodistribution of [177Lu]Lu-B-13 (carbamate) and -B-21 (tetrazole) was also analyzed at 1 h p.i. 

and compared to [177Lu]Lu-B-1 and its (S)-DOTAGA-modified analog [177Lu]Lu-rhPSMA-7.3, due 

to absent data for salivary gland uptake of [177Lu]Lu-B-1 at 1 h p.i. (Figure 34). The use of 

[177Lu]Lu-rhPSMA-7.3 as an additional reference ligand was supposed to serve as a reasonable 

option, since rhPSMA-10 and rhPSMA-7.3 only differ in the chelator (Figure 14 and Figure 17), 

wherefore the salivary gland uptake should remain unaffected. Although relative tumor uptake 

ratios were improved compared to the 24 h p.i. time point, tumor accumulation of [177Lu]Lu-B-13 

(5.31 ± 0.94% ID/g) was already only about half of the uptake of [177Lu]Lu-B-1 (12.2 ± 1.8% ID/g). 

[177Lu]Lu-B-21 showed a 3.5-fold lower tumor uptake (3.40 ± 0.63% ID/g). Interestingly, at 1 h p.i. 

a clearer distinction was possible between EuE-based compound rhPSMA-7.3 and modified 

derivatives B-13 and B-21 concerning activity uptake in submandibular glands (parotid glands were 

not dissected for rhPSMA-7.3). [177Lu]Lu-B-13 (0.37 ± 0.08% ID/g) and [177Lu]Lu-B-21 

(0.40 ± 0.05% ID/g) exhibited a ~ 4-fold lower submandibular gland uptake in comparison to 

[177Lu]Lu-rhPSMA-7.3 (1.44 ± 0.25% ID/g). The resulting differences in tumor-to-salivary gland 

values and their relevance are discussed below (Tumor-to-salivary gland ratios). 



RESULTS AND DISCUSSION 

195 

 

 

Figure 34: Biodistribution data (% ID/g) of [177Lu]Lu-rhPSMA-10 ([177Lu]Lu-B-1), [177Lu]Lu-rhPSMA-7.3, 

[177Lu]Lu-B-13 and [177Lu]Lu-B-21 in tumor xenograft-bearing CB17-SCID mice at 1 h p.i. (n = 4 for 

[177Lu]Lu-rhPSMA-7.3 and n = 5 for all other experiments). Submandibular and parotid glands were dissected 

separately and their values are depicted in the columns ‚GL. SUBMAND.‘ and ‚GL. PAROTIDEA‘, respectively. Not 

determined: Adrenal and parotid gland values for [177Lu]Lu-rhPSMA-7.3, submandibular and parotid gland values 

for [177Lu]Lu-B-1. Data expressed as percentage of injected dose per gram (% ID/g), mean ± SD. The exact values 

used for this bar diagram are given in MATERIALS AND METHODS (chapter III, section 3.5.1).
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Metabolite analysis. [177Lu]Lu-B-21 (tetrazole) was analyzed according to its metabolic 

stability at 1 h p.i. As depicted in Figure 35, only one metabolite with higher hydrophilicity was 

detected in tumor, kidney, blood and urine. The maximum proportion of this metabolite did not 

exceed 18.7% (urine). This metabolite was not detectable in liver homogenate, instead a more 

lipophilic metabolite could be observed at tR = 20.5 min (28.0%). 

 

 

Figure 35: Radio-RP-HPLC analyses of extracts from homogenized organs and body fluids of tumor-xenograft 

bearing CB17-SCID mice, 1 h p.i. of [177Lu]Lu-B-21 (9.64 MBq, gradient: 25 - 40% MeCN (0.1% TFA) in 20 min, 

flow rate: 1 mL/min). The radioactivity detector was placed downstream of the UV-detector causing for a slight time 

delay of the radioactivity signals compared to the intact cold standard (natLu-B-21), for which the retention time 

(18.3 min) was determined in advance. Detailed values for extraction efficiencies of homogenates and body fluids 

are given in MATERIALS AND METHODS (chapter III, section 3.5.2). 

 

µSPECT/CT studies. For visualization of the biodistribution data, maximum intensity 

projections (MIPs) of µSPECT/CT scans of LNCaP xenograft-bearing mice, acquired 24 h p.i. of 

[177Lu]Lu-B-13, [177Lu]Lu-B-16, [177Lu]Lu-B-17, [177Lu]Lu-B-20, [177Lu]Lu-B-21 and [177Lu]Lu-B-1 

([177Lu]Lu-rhPSMA-10) are depicted in Figure 36.  
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Figure 36: Maximum intensity projections (MIPs) of µSPECT/CT scans in LNCaP xenograft-bearing mice, acquired 

24 h p.i. of (A) [177Lu]Lu-B-13 (carbamate) (3.2 MBq) (B) [177Lu]Lu-B-16 (proinhibitor II) (5.3 MBq) 

(C) [177Lu]Lu-B-17 (proinhibitor III) (4.5 MBq) (D) [177Lu]Lu-B-20 (alkyne) (9.7 MBq) (E) [177Lu]Lu-B-21 (tetrazole) 

(7.0 MBq) (F) [177Lu]Lu-rhPSMA-10 (B-1) (2.8 MBq). For clear comparison, all images were scaled to the same 

maximum uptake value (2.5% ID/mL). Arrows indicate apparent tumor uptake in (A), (E) and (F). No µSPECT/CT 

image is displayed for [177Lu]Lu-B-15 (proinhibitor I), as ingestion of radioactive animal feed led to putative high 

activities in stomach and intestine. Therefore, all values of this mouse (= mouse 3) from the respective 

biodistribution study and also its µSPECT/CT image were excluded. Static images were acquired post mortem 

(CO2 asphyxiation and cervical dislocation) and after cardiac puncture with an acquisition time of 45 min. Further 

biodistribution studies were performed after the scan and included in the calculation of % ID/g values provided by 

Figure 32 and Figure 33 and Table 7.  



RESULTS AND DISCUSSION 

198 

 

Discussion of the in vivo results 

Proinhibitors B-15, B-16 and B-17. With a maximum tumor accumulation of 

0.33 ± 0.11% ID/g for [177Lu]Lu-B-16 (L-2-aoc at the γ-carboxylate) and a minimum tumor 

accumulation of 0.09 ± 0.02% ID/g for [177Lu]Lu-B-15 (L-methionine at the γ-carboxylate), all 

proinhibitors showed very low affinity to PSMA and thus - not unexpectedly - low tumor uptake 

(Figure 32). Consequently, no additional biodistribution studies at 1 h p.i. were conducted. 

Furthermore, non-target tissue uptake was similar to that of [177Lu]Lu-B-1 or even higher, wherefore 

no tumor-to-tissue ratios were calculated. In summary, proinhibitor cleavage could not be observed 

in in vitro and in vivo experiments within the respective observation periods. 

Carbamate B-13, alkyne B-20 and tetrazole B-21. Though IC50 and lipophilicity data of 

carbamate B-13 were comparable to [177Lu]-rhPSMA-10 ([177Lu]Lu-B-1), internalization was 

~ 3-fold lower, which might explain decreased tumor accumulation at 24 h and 1 h p.i. (Figure 33 

and Figure 34). However, low internalization may not be the only reason for decreased tumor 

uptake. As observed for SST2 antagonists, high tumor uptake can also be reached with a negligible 

capacity to internalize.[349] A two-fold lower tumor accumulation already 1 h p.i. (5.31 ± 0.94% ID/g) 

in combination with a rapid decline to 1.20 ± 0.55% ID/g at 24 h p.i., led to the assumption that 

in vivo decomposition of the inhibitor motif might have generated a non-PSMA-binding ligand, 

resulting in fast renal excretion (0.31 ± 0.05% ID/g for [177Lu]Lu-B-13 vs. 1.97 ± 0.87% ID/g for 

[177Lu]Lu-B-1, 24 h p.i.). Enzymatic bioconversion processes by specific esterases could have led 

to this molecular degradation. Applications of carbamate-based prodrugs, liberating the biologically 

active substance by in vivo hydrolysis support this theory.[350] Metabolite studies at 1 h p.i. may 

confirm this assumption, however, further biodistribution studies of this low tumor-accumulating 

compound did not seem sensible for animal welfare reasons. Based on these findings, metabolite 

studies for tetrazole derivative [177Lu]Lu-B-21 were planned to be conducted with animals already 

subjected to biodistribution studies at 1 h p.i. in order to avoid any additional in vivo experiments. 

Almost negligible accumulation of alkyne derivative [177Lu]Lu-B-20 in tumor tissue 

(0.10 ± 0.03% ID/g, 24 h p.i., Figure 33) as well as weak PSMA-mediated internalization 

(1.17 ± 0.43% compared to the reference) was attributed to the medium affinity of natLu-B-20 

(138 ± 53 nM). Consequently, no additional biodistribution studies at 1 h p.i. were conducted. 

PSMA-ligands with IC50 values > 20 nM and very low internalization (< 5%) should be not 

considered for future in vivo studies, since no improvements for tumor-to-tissue ratios can be 

expected. 

Similar to carbamate B-13, in vivo biokinetics of tetrazole derivative [177Lu]Lu-B-21 did not benefit 

from its favorable IC50 value (16.4 ± 3.8 nM). Compared to [177Lu]Lu-B-13, even lower tumor uptake 

values were reached at 24 h p.i. (0.68 ± 0.16% ID/g, Figure 33) and 1 h p.i. (3.40 ± 0.63% ID/g, 

Figure 34). In order to determine if low tumor accumulation of [177Lu]Lu-B-21 results from 

radioligand decomposition, metabolite studies were performed at 1 h p.i. (Figure 35). Since the 
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metabolite proportion was rather low in tumor tissue (7.1%) and circulating blood (8.5%), low 

retention of [177Lu]Lu-B-21 within the LNCaP tumor xenograft cannot be assigned to severe 

metabolic instability. As a result, low internalization remains as the primary detrimental factor for 

low tumor accumulation of [177Lu]Lu-B-21. Therefore, poor in vivo performance of [177Lu]Lu-B-21 

was mainly attributed to a notably decreased internalization of the final ligand accompanied by a 

slightly reduced affinity.  

Although not crucial for SST2 ligands, internalization might actually play a more decisive role for 

tumor uptake of radiolabeled PSMA ligands than previously assumed. Varying internalization 

values of the high-affinity ligands [177Lu]Lu-B-13/B-21 and [177Lu]Lu-rhPSMA-10/7.3 represent the 

main distinguishing feature in vitro and might therefore account for the huge differences in tumor 

accumulation.  

Theoretically, a multitude of further substituents as P1’-γ-carboxylic acid bioisosteres might be 

conceivable. Based on the respective pKa values and/or plasma protein binding squaric acid 

derivatives, acyl sulfonamides, sulfonylureas, oxazolidine diones or cyclopentane-1,3-diones might 

serve as potential candidates.[351] Apparently, successful implementation also requires a 

carboxylic acid-like orientation within the binding pocket and an analogous allocation of negative 

charge. Thus, IC50 data give a first indication whether further in vitro and in vivo investigations are 

rational. However, promising in vitro results are not sufficient to predict suitable in vivo 

characteristics, as demonstrated by carbamate B-13 and tetrazole derivative B-21.   

 

Tumor-to-salivary gland ratios. Tumor-to-submandibular and tumor-to-parotid gland values 

of [177Lu]Lu-B-13 both decreased by a factor of 8 when compared to [177Lu]Lu-B-1 (Figure 37). An 

even higher decrease (16 to 20 times lower) was observed for [177Lu]Lu-B-21 (tetrazole) and the 

alkyne analog [177Lu]Lu-B-20, which exhibited the lowest tumor-to-salivary gland ratios (39 - 45 

times lower than for [177Lu]Lu-B-1) (Figure 37). However, reduced tumor-to salivary gland values 

at 24 h p.i. in comparison to reference compound [177Lu]Lu-B-1 were found to be mainly induced 

by the decreased tumor accumulation rather than by an altered salivary gland uptake (Table 7, 

Figure 32 and Figure 33). Salivary gland uptake values of EuE- and non-EuE-based ligands ranged 

between 0.02 ± 0.00% ID/g and 0.09 ± 0.03% ID/g and hence, revealed no major difference. 

 

 



RESULTS AND DISCUSSION 

200 

 

 

Figure 37: Tumor-to-tissue ratios of [177Lu]Lu-rhPSMA-10 ([177Lu]Lu-B-1), [177Lu]Lu-B-13, [177Lu]Lu-B-20 and 

[177Lu]Lu-B-21 in selected organs at 24 h p.i. (n = 4 for [177Lu]Lu-B-20 and n = 5 for all other experiments). The 

exact values calculated for this bar diagram are given in MATERIALS AND METHODS (chapter III, section 3.5.1).  

 

Since no values for salivary glands (submandibularis and parotidea) were available for 

[177Lu]Lu-B-1 at the 1 h p.i. time point, carbamate B-13 and tetrazole derivative B-21 were 

compared with structurally strongly related [177Lu]Lu-rhPSMA-7.3 (= [177Lu]Lu-B-1 with a 

(S)-DOTAGA chelator instead of DOTA) for which at least submandibular gland values were 

available. These examinations revealed notably different results for modified peptides at 1 h p.i. 

(Figure 38). Interestingly, two-fold lower tumor-to-submandibularis and -parotidea ratios of 

[177Lu]Lu-B-13 and -B-21 were determined at 1 h p.i. (14.7 ± 3.5 and 8.74 ± 2.52, respectively) 

compared to their respective values at 24 h p.i. (34.5 ± 9.2 and 16.9 ± 2.2, respectively) (Table 9 

and Table 10 in MATERIALS AND METHODS, section 3.5.1). However, at this early time point 

carbamate [177Lu]Lu-B-13 displayed an approximately two-fold higher tumor-to-submandibular 

gland value (14.7 ± 3.5) in comparison to EuE-based derivative [177Lu]Lu-rhPSMA-7.3 

(7.91 ± 0.87). Moreover, tetrazole [177Lu]Lu-B-21 exhibited a similar tumor-to-submandibular gland 

ratio (8.74 ± 2.52), despite lower tumor-to-tissue ratios for all other investigated organs. This in turn 

indicates that differences in salivary gland uptake should not be assessed at the 24 h p.i. time point. 

Besides, also the 1 h p.i. time point in this animal model is only partly suited, despite initial positive 

results obtained for the distinction of EuE- and non-EuE-based inhibitors. All salivary gland uptake 

values were still located at the lower detection limit (between 0.37 ± 0.08% ID/g and 



RESULTS AND DISCUSSION 

201 

 

1.44 ± 0.25% ID/g), wherefore it is difficult to assess whether differences in salivary gland uptake 

result from varying molecular structures or from discrepancies in the experimental setup. 

 

 

Figure 38: Tumor-to-tissue ratios of [177Lu]Lu-rhPSMA-10 ([177Lu]Lu-B-1), [177Lu]Lu-rhPSMA-7.3, [177Lu]Lu-B-13 

and [177Lu]Lu-B-21 in selected organs at 1 h p.i. (n = 3 for [177Lu]Lu-rhPSMA-7.3 and n = 5 for all other 

experiments). To enable better comparability, available tumor-to-tissue values for [177Lu]Lu-B-1 were included 

besides those obtained for [177Lu]Lu-rhPSMA-7.3, [177Lu]Lu-B-13 and [177Lu]Lu-B-21. Tumor-to-parotid gland ratios 

are not shown in the drawing, as these values were not determined for both [177Lu]Lu-B-1 and 

[177Lu]Lu-rhPSMA-7.3. The exact values calculated for this bar diagram are given in MATERIALS AND METHODS 

(chapter III, section 3.5.1). 

 

Critical assessment of the rationale for inhibitor modification. In a general context, PSMA 

ligands comprising modifications within the inhibitor motif (like in compounds B-12 to B-21) might 

be overestimated if considered as the sole strategy for reduction of non-target tissue uptake in PCa 

patients. This theory was pursued, since pre-injection of monosodium glutamate was shown to 

significantly reduce activity accumulation in salivary glands of mice.[281] Transfer of this concept to 

PCa patients was recently examined in clinical trials (early Phase I study)[352], but nevertheless, the 

exact mechanism of how monosodium glutamate affects non-target binding of radiolabeled PSMA 

inhibitors still remains unknown. Although small molecule/anion/glutamate transporter systems 

were proposed for non-target tissue accumulation, this effect could also originate from differences 

in physiological pH of healthy salivary gland parenchyma and poorly differentiated tumor tissue 

and/or tumor-associated stroma (Warburg effect).[353] Previous Western blot analyses have shown 

a variation of the PSMA protein within the salivary glands by 20 kDa (in total: 120 kDa; PSMA of 

LNCaP cell extracts: 100 kDa).[151] Additionally, genetic analyses revealed mRNA expression of 

PSMA in salivary glands.[150, 277] Posttranslational modified versions of PSMA (e.g. different 

glycosylation pattern, otherwise than on PCa) on the surface of salivary gland cells might serve as 

a reasonable concept for integrating all these contradictory findings.[142, 151] Binding of antibodies 

that are highly specific towards epitopes of PCa-related PSMA (intra- or extracellular) would not be 

possible in this case.[188, 211, 275, 278] By contrast, small molecule ligands would still be able to bind, 
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as their binding mechanism is probably not affected by posttranslational changes at the surface of 

the protein.  

Furthermore, inconsistent in vitro results concerning the binding of PSMA-specific mAbs to salivary 

gland tissue are still present.[275, 354] This indicates that not enough fundamental research was 

performed yet to provide a clear statement of PSMA expression on salivary gland parenchyma. 

 

In sum, none of the presented rhPSMA compounds with modified inhibitor unit exhibited favorable 

properties that would justify their use in RLT of PSMA positive PCa lesions. Only carbamate 

[177Lu]Lu-B-13 exhibited a two-fold higher tumor-to-submandibular gland ratio at 1 h p.i., however 

accompanied by a two-fold decrease in tumor uptake. Therefore, the aim of generating a high 

affinity radioligand that enables targeting of PSMA positive tumor lesions with simultaneous 

reduction of salivary gland uptake could only be partially attained.  
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V. SUMMARY AND CONCLUSION 

 

For the design of GLP-1R ligands with improved pharmacokinetics, initial experiments focused on 

the preparation of a stable radioiodinated reference ligand. [Nle14, [125I]Tyr(3-I)40]Exendin-4 was 

identified as a suitable candidate (RCP ≥ 92% over at least 16 days) and used for the development 

of a HEK293-hGLP-1R cell-based competitive binding assay, successfully implemented for 

screening of GLP-1R-targeting compounds. In general, exendin-4 served as an important reference 

structure within this PhD thesis. Besides the use of radioiodinated exendin-4, the cold standard as 

well as the radioiodination precursor were used to evaluate the performance of the assay and for 

comparing IC50 data of new derived agents not only to GLP-1, but also to a further known high 

affinity GLP-1R ligand, i.e. exendin-4. This additional evaluation was assumed to strengthen the 

overall assay validity and comparability of the results. 

Short-chained peptides (9 to 15 amino acids), mainly derived from undecapeptide A-1 and GLP-1 

were synthesized on-resin or via fragment coupling in solution and evaluated after RP-HPLC 

purification. A-1 could not be obtained by a linear reaction protocol as described in the literature, 

wherefore an alternative synthetic route was established. In particular, the preparation of the 

biphenylalanine residue (2’-Et, 4’-OMe)BIP of A-1 required additional synthetical efforts in form of 

Suzuki-Miyaura cross-coupling reactions and non-reactivity after cross-coupling had to be 

overcome. 

IC50 values of undecapeptides A-4 and A-5 confirmed literature data for quaternary α-amino acids 

at position 6, with (α-Me)-(2-F)-Phe to be favored over (α-Me)Phe. However, in sum, no compound 

was found to be able to compete with favorable in vitro characteristics of GLP-1 (23.2 ± 12.2 nM), 

[Nle14, Tyr(3-I)40]exendin-4 (7.63 ± 2.78 nM) and [Nle14, Tyr40]exendin-4 (9.87 ± 1.82 nM). 

Particularly for lead peptide A-1, the expected high affinity could not be confirmed. Instead, this 

undecapeptide provided rather high IC50 values of 669 ± 242 nM. Therefore, the use of A-1 as a 

basic scaffold for the design of further GLP-1R-targeting radioligands is not recommended, despite 

favorable EC50 values provided by the literature.  

Only SiFA-tagged peptide A-5 showed IC50 values (189 ± 35 nM) that were lower than those of 

A-1, but still not in a range which allows for in vivo evaluation. For this purpose, substantial 

optimizations concerning lipophilicity and affinity need to be realized. Due to the poor IC50 values 

obtained so far, no further in vitro and in vivo studies were performed with any of the ligands 

developed within this work. Accordingly, 18F-labeling of the SiFA-modified precursors was not 

pursued. In consequence, radioligands targeting GLP-1R+ tumor lesions with reduced kidney 

uptake and/or enhanced renal excretion could not be generated. In order to reach an improved 

tumor localization and enable TRT of malignant insulinomas as well as of other 

GLP-1R-overexpressing malignancies, further investigations on pharmacokinetically optimized 

peptides should be envisaged. 
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For the design of PSMA ligands with improved pharmacokinetics, compounds with modifications 

at the central Zn2+-binding unit, proinhibitor motifs and derivatives with P1’-γ-carboxylic acid 

substituents and bioisosteres were investigated. Syntheses of the binding motifs were conducted 

on-resin or via fragment coupling in solution and evaluated after RP-HPLC purification. All 

synthesis steps focused on conditions to ensure L-configuration of the entire PSMA binding motif. 

For carbamates B-13 and B-14, introduction of different protective groups (tert-butyl or benzyl) at 

the γ-carboxylate of compounds 41 and 47 was of utmost importance. These steps, already 

conducted at an early stage of synthesis, were crucial for determination of carbamate orientation. 

Oxidation tendency of methionine-containing proinhibitor B-15 not only resulted in low overall yields 

after RP-HPLC purification (0.08%), also the preparation of the 177Lu-labeled product was impaired, 

resulting in RCPs of 89.3 ± 1.9%, even at lower temperatures (80°C). 

No modified inhibitor structure was found to be able to compete with favorable in vivo 

characteristics of the EuE-based radiohybrid compound [177Lu]Lu-rhPSMA-10. Although two 

derivatives (B-13 and B-21) were found to exhibit high affinities towards PSMA+ LNCaP cells 

(IC50 = 7.11 ± 0.71 nM and 16.4 ± 3.8 nM, respectively), the expected tumor uptake was not 

observed in both cases. Concerning carbamate B-13, low tumor uptake (5.31 ± 0.94% ID/g, 1 h p.i. 

and 1.20 ± 0.55% ID/g, 24 h p.i.) can be partially attributed to its less internalizing character.  

Additionally, the binding motif might have been subjected to in vivo degradation, which led to 

decreased tumor uptake and an enhanced overall excretion rate. Metabolite studies at 1 h p.i. may 

confirm this assumption, however, further biodistribution studies of this low tumor-accumulating 

compound did not seem sensible for animal welfare reasons. For tetrazole derivative 

[177Lu]Lu-B-21, examination of possible competing metabolites revealed only one compound in 

tumor, blood, kidneys and urine, which was detected to a maximum extent of 18.7% (urine) at 

1 h p.i. This metabolite was not detectable in liver homogenate, instead a more lipophilic metabolite 

could be observed, which accounted for 28.0%. Since the metabolite proportion was rather low in 

tumor tissue (7.1%) and circulating blood (8.5%), low tumor accumulation already at 1 h p.i. 

(3.40 ± 0.63% ID/g) cannot be attributed to severe metabolic instability. Mainly the low internalizing 

character in combination with a lower affinity resulted in low tumor uptake of [177Lu]Lu-B-21 at 1 h 

(3.40 ± 0.63% ID/g) and 24 h p.i. (0.68 ± 0.16% ID/g).  

Lower tumor accumulation with unchanging salivary gland uptake finally revealed that no 

compound developed in this work could outperform [177Lu]Lu-rhPSMA-10 in terms of 

tumor-to-salivary gland ratios. Importantly, lower tumor-to-salivary gland ratios were mainly 

induced by lower tumor accumulation, since salivary gland uptake values in these mice were 

equally low for all investigated compounds at 24 h p.i. (between 0.02 ± 0.00% ID/g and 0.09 ± 

0.03% ID/g). Hence, differences in salivary gland uptake in the established animal model appear 

to be not detectable at this examination time point. 
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By contrast, at 1 h p.i. clearer distinctions between EuE- and non-EuE based inhibitors were 

possible concerning their salivary gland uptake and revealed carbamate [177Lu]Lu-B-13 to exhibit 

a two-fold higher tumor-to-submandibular gland ratio compared to the EuE-based derivative 

[177Lu]Lu-rhPSMA-7.3. Despite this detectable difference, it has to be noted that salivary gland 

uptake at 1 h p.i. was still at a low level (between 0.37 ± 0.08% ID/g and 1.44 ± 0.25% ID/g). 

Therefore, it remains to be proven that early examination time points in this animal model generally 

allow for a clear identification of radiolabeled PSMA inhibitors with reduced salivary gland uptake 

in future studies. 
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VII. APPENDIX 

7.1. List of abbreviations 

 

2-CT  2-chlorotrityl     

2-CTC  2-chlorotrityl chloride  

2-PMPA 2-(phosphonomethyl)pentanedioic acid 

7-TMD  seven-transmembrane domain 

AA  amino acid 

α-Me  alpha-methyl 

Ac  acetyl 

AcOH  acetic acid 

Ahx  aminohexanoic acid 

Aib  α-aminoisobutyric acid 

Am  molar activity 

ATF  activating transcription factor 

ATP  adenosine 5’-triphosphate 

Bcl-2/-xL B-cell lymphoma-2/xL 

BIP  4, 4’-biphenylalanine 

Boc  tert-butyloxycarbonyl 

BOP  (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate 

BSA  bovine serum albumin 

cAMP  3', 5'-cyclic adenosine monophosphate 

CAN  cerium(IV) ammonium nitrate 

CCK2  cholecystokinin receptor 2 

cDNA  complementary deoxynucleic acid 

CHO cells chinese hamster ovary cells 

CNS  central nervous system 

CREB  cAMP response element-binding protein  

cryo-EM cryogenic electron microscopy 

CT  computed tomography 

Dap  2,3-diaminopropionic acid 

DCE  1,2-dichloroethane 

DCHA  dicyclohexylammonium 

DCM  dichloromethane 

Dde  N-1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethylamine 

DDTC  diethyldithiocarbamate 

DIAD  diisopropyl azodicarboxylate 

https://en.wikipedia.org/wiki/Adenosine_monophosphate
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DIC  N,N′-diisopropylcarbodiimide 

DIPEA  N,N-diisopropylethylamine 

DMA  dimethyl acetamide 

DMAP  4-dimethylaminopyridine 

DMEM  Dulbecco’s modified Eagle medium 

DMF  dimethylformamide 

DMSO  dimethyl sulfoxide 

DNA  deoxyribonucleic acid 

DOPA  3,4-dihydroxyphenylalanine 

DOTA  1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 

DOTA-GA 1,4,7,10-tetraazacyclododecane-1-glutaric anhydride-4,7,10-triacetic acid 

dpm/mg disintegrations per minute and per milligram 

DPP IV  dipeptidyl peptidase IV 

DTPA  diethylenetriaminepentaacetic acid 

EC50  half maximal effective concentration 

ECD  extracellular domain 

EDC  N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 

EDDA  ethylenenediamine-N,N'-diacetic acid 

EM  electron microscopy 

EMA  European Medicines Agency 

Epac  exchange protein activated by cAMP 

eq.  equivalent(s) 

er  enantiomeric ratio 

ER  endoplasmic reticulum 

Et2O  diethyl ether 

EtOH  ethanol 

EuE  L-glutamate-urea-L-glutamate 

FDA  Food and Drug Administration 

FDG  fluorodeoxyglucose 

FLT  fluorothymidine 

Fmoc  fluorenylmethoxycarbonyl 

GαS  Gs alpha subunit 

GCGR  glucagon receptor 

GDP  guanosine 5′-diphosphate 

GEP-NET gastroenteropancreatic neuroendocrine tumor 

GHRHR growth hormone-releasing hormone receptor 

GIP  glucose-dependent insulinotropic polypeptide 

GLP-1  glucagon-like peptide 1 
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GLP-1R glucagon-like peptide 1 receptor  

GLP-2  glucagon-like peptide 2 

GLP-2R glucagon-like peptide 2 receptor 

GPCR  G protein-coupled receptor 

Gs  heterotrimeric G protein that stimulates cAMP-dependent pathway 

GTP  guanosine 5’-triphosphate 

HATU  O-(7-Azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphat 

HBSS  Hank’s buffered salt solution 

HEK293 human embryonic kidney 293 cells 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

HFIP  1,1,1,3,3,3-hexafluoro-2-propanol 

hGLP-1R human glucagon-like peptide 1 receptor 

HOAt  1-hydroxy-7-azabenzotriazole 

HOBt  1-hydroxybenzotriazole 

HYNIC  hydrazinonicotinamide 

IA/g  injected activity per gram 

IC50  half maximal inhibitory concentration 

ID/g  injected dose per gram 

INS  insulinoma 

KATP  ATP-sensitive potassium channel 

Ki  inhibition constant 

KuE  L-lysine-urea-L-glutamate 

KV  voltage-gated potassium channel 

LC-MS  liquid chromatography-mass spectrometry 

MAL  maleimide 

MAPK  mitogen-activated protein kinase 

MeCN  acetonitrile 

MEN I  multiple endocrine neoplasia type I 

MeOH  methanol 

MRI  magnetic resonance imaging 

mRNA  messenger ribonucleic acid 

NAAG  N-acetyl-L-aspartyl-L-glutamic acid 

Nb35  nanobody 35 

n.c.a.  no-carrier added 

n.d.  not determined 

NEDH   New England Deaconess Hospital 

NEP 24.11 neutral endopeptidase 24.11 

NET  neuroendocrine tumor 
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NMP  N-methyl-2-pyrrolidone 

No.  Number 

NOTA  1,4,7-triazacyclononane-1,4,7-triacetic acid 

NTD  N-terminal domain 

O2Oc  8-amino-3,6-dioxaoctanoic acid 

PACAP pituitary adenylate cyclase-activating polypeptide 

PBS  phosphate-buffered saline 

PC1/3  prohormone convertase 1/3  

PC2  prohormone convertase 2 

PET  positron emission tomography 

p.i.  post injectionem 

PI3K  phosphatidylinositol-3-kinase 

PKA  protein kinase A 

PPh3  triphenylphosphane 

PRRT  peptide receptor radionuclide therapy 

PSA  prostate-specific antigen 

PSMA  prostate-specific membrane antigen 

PyBOP  benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 

RACM  Rink amide ChemMatrix® 

Ras  Rat sarcoma G protein 

RCP  radiochemical purity 

RCY  radiochemical yield 

Ref.  references 

RIN  rat insulinoma 

RLT  radioligand therapy 

RP-HPLC reversed-phase high-performance liquid chromatography 

RPMI  Roswell Park Memorial Institute 

r.t.  room temperature 

SAR  structure-activity relationship 

SCTR  secretin receptor 

SD  standard deviation 

SiFA  silicon-based fluoride acceptor 

SiFA-BA silicon-based fluoride acceptor-benzoic acid 

SPECT  single-photon emission computed tomography 

SPPS  solid-phase peptide synthesis 

SST2  somatostatin receptor subtype 2 

SUV  standardized uptake value 

t1/2  half-life 
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TBTU  2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate 

TFA  trifluoroacetic acid 

TIPS  triisopropylsilane 

TMD  transmembrane domain 

TMSN3  trimethylsilyl azide 

tR  retention time (reversed-phase high-performance liquid chromatography) 

Trt  trityl 

U-HPLC ultra high-performance liquid chromatography 

UK  United Kingdom 

UV/Vis  ultraviolet/visible light 

VIP  vasoactive intestinal polypeptide 

VPAC1  vasoactive intestinal polypeptide receptor 1 

w/  with 

w/o  without 
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7.2. Publications and notes on the protection of copyright 
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