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1.1  Transglutaminase family: discovery and functions 
 

Transglutaminases (TGs) are widely expressed enzymes that primarily are known for 

the catalysis of specific protein crosslinking reactions, forming proteolytically and 

mechanically stable structural networks of proteins [1]. In humans, nine 

transglutaminase family members have been identified, eight of which are 

catalytically active (TG1-TG7 and FXIII), whereas one is inactive (erythrocyte band 

4.2), but still is classified as a transglutaminase based on its structural homology 

(table 1) [2]. 

 

Table 1: Human transglutaminases and their physiological functions [2, 3] 

 

 

The first report of transglutaminase activity dates back to 1957 [4], when it was 

observed that guinea pig liver extracts were responsible for incorporation of small 

organic carbon-14 labelled amines into proteins. Simultaneously, it was found that 

ammonia is released during this enzymatic process, which was originating from the 

protein source and not from the amine substrate. Ammonia release was boosted in 

the presence of Ca2+ [5]. Later, following mechanistical studies, this enzymatic activity 

was identified as a replacement reaction and suggested to be a transamidation 

Transglutaminase Localization Physiological function

FXIIIa Blood, cytosol Blood coagulation, bone biosynthesis

TG1 Keratinocytes, brain Skin formation (cornified cell envelope)

TG2 Ubiquitously Cell adhesion, migration, matrix modelling and assembly, apoptosis

TG3 Cytosolic squamous epithelium, brain Skin formation (cornified cell envelope)

TG4 Prostate Unknown (Semen coagulation in rodents)

TG5 Skin epidermis Unknown

TG6 Skin epidermis Unknown

TG7 Skin epidermis Unknown

Band 4.2 Red blood cells Unknown
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reaction, introducing the term transglutaminases [6]. The transglutaminase catalysed 

ε-(y-glutamyl)lysine crosslink was suggested [7, 8] and later, in 1968, by enzymatically 

degrading fibrin networks by proteases and peptidases, was demonstrated be 

isolation and characterization of ε-(y-glutamyl)lysine [9]. Apart from identifying this 

enzymatic product, the proteolytic stability of this transglutaminase catalysed 

crosslink was clearly illustrated, as it survived the assay conditions [9]. 

The biosynthesis of such proteolytically stable and stress resistant oligomeric 

structures has remained the best-known role of transglutaminases in vivo. Skin and 

hair formation, blood clotting, bone remodelling and wound healing are just a few 

examples of processes that obviously require a high degree of stress resistant 

macromolecules, and indeed transglutaminases play a role in introducing rigidity by 

transglutaminase catalysed cross-linking. It is anticipated that, for gaining such tissue 

stability, many organisms require a transglutaminase-like enzyme that is able to 

modify proteins. Indeed, transglutaminases are present in many organisms, from 

mammals to invertebrates and plants [10-15]. 

 

 

1.2  Transglutaminase 2: structure and cross-linking mechanism 

 

TG2 shares a similar structure and catalytic mechanism with other catalytically active 

transglutaminase family members [2]. In general, four distinct domains make up the 

enzymes: an N-terminal β-sandwich domain, a core domain containing the active site 

and the GDP binding site, followed by two consecutive C-terminal β-barrels. These β-

barrels are connected with the core domain via a hinge region, resulting in extreme 

flexibility of the protein domains. Two distinct X-ray conformations of TG2 have been 

described (figure 1). First, there is the closed conformation, favoured by high GDP 

concentrations, where the two C-terminal β-barrels sterically shield the catalytic 

tunnel in the core domain [16]. As a result, cross-linking activity is inhibited in this 
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conformation. The second conformation was obtained after covalent, irreversible 

inhibition of TG2 with a peptidic inhibitor, locking the enzyme in the so-called open 

conformation [17]. In this conformation, which is favoured by high calcium 

concentrations, the two β-barrels have been shifted away from the core and N-

terminal β-sandwich domain. As such, the active site is exposed and consequently 

this conformation allows for cross-linking. Although the calcium dependent nature of 

this enzymatic crosslinking activity has been known for a long time, only recently, by 

means of calcium titration and site directed mutagenesis experiments, 6 binding sites 

were postulated of which 5 were localized [18]. The two distinct structures allow for 

TG2 to be present in a closed, latent form that can, when required, quickly switch 

conformation and cross-link protein substrates. 

 

 

Figure 1: Crystal structures and schematic representations of TG2 in closed (A) and open (B) 

conformations [16, 17]. The N-terminal domain (residue 1-140) is depicted in blue, the core 

domain (residue 141-460) is depicted in green. The two consecutive C-terminal β-barrels are 

depicted in yellow and pink. The active site cysteine residue (cysteine-277) is depicted in red.    
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A catalytic triad of Cys277-His335-Asp358 (amino acid numbering correspond to 

human TG2), similar to cysteine proteases such as papain and TEV protease, accounts 

for the crosslinking capacity via the cysteine residue. The mechanism proceeds in a 

two-step reaction, commonly referred to as ‘ping-pong’ mechanism (figure 2) [3]. In 

the first step, a nucleophilic attack by Cys277 on a glutamine residue of an acyl donor 

substrate results in the release of one equivalent of ammonia and the formation of 

an intermediate covalent enzyme-substrate bond via a thioester. This first step is 

substrate specific, i.e. not all glutamine residues are susceptible to this process, as 

already demonstrated for guinea pig transglutaminase in 1965 [19]. The TG2 enzyme 

has a strong preference for specific glutamines that are in the linear amino acid 

sequence near proline and hydrophobic residues [20]. In the second step, this 

thioester is intercepted by a nucleophilic attack of an amine acceptor substrate, 

resulting in a newly formed isopeptide bond and regeneration of TG2. Depending on 

the nature of the incoming amine, either a small organic amine or protein 

incorporated lysine side-chain, the net result is amine incorporation into the original 

acyl donor substrate or protein crosslinking, respectively. In the absence of an amine, 

water can act as nucleophile, giving deamidation of the original acyl donor substrate 

as a net effect. 

 

 

 

Figure 2: Catalytic transamidation mechanism of tissue transglutaminase. 
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1.3  TG2: physiological role and relation to disease 
 

TG2 has been implicated in a large diversity of processes, such as proliferation, 

differentiation, extracellular matrix assembly, adhesion, wound healing and 

apoptosis [21]. The involvement of TG2 in these seemingly unrelated processes is a 

result of the multiple functions of TG2, which has been reported to act as a protein 

crosslinking enzyme, G-protein, protein disulfide isomerase [22] and kinase [23], 

respectively. 

 

Perhaps best understood is the intracellular role of TG2 during apoptosis. Because 

dying cells quickly lose their Ca2+ homeostasis, intracellular TG2 adapts its open 

conformation and cross-links cellular components. In doing so, TG2 prevents the 

leakage of cellular ‘debris’ to the surrounding tissues, preventing inflammatory 

reactions [24]. A second well-recognized role of TG2 is related to tissue injury. During 

wound healing, TG2 mediates the crosslinking of collagen and fibronectin, which is 

assisting in stabilization of the extracellular matrix [25]. 

 

In a stress-free environment TG2 is assumed to be present although not catalytically 

active [26]. In fact, TG2 knock-out mice do not display phenotypic abnormalities and 

are able to reproduce, suggesting that TG2 is not essential for development and 

survival [27, 28]. Apoptosis induced in TG2-/- thymocytes, however, resulted in lower 

cell viability and TG2-/- fibroblasts displayed a lower degree of cellular adhesion when 

compared with control, illustrating the role of TG2 in apoptosis and matrix 

remodelling during stress conditions. Furthermore, cross bread TG2-/- Huntington 

mice have shown a delay in onset of symptoms and a prolonged survival, indicating a 

role for TG2 in this polyglutamine neurodegenerative disorder [29]. 

 

Apart from being related to various neurodegenerative diseases [30, 31], TG2 is 

strongly associated with the pathophysiology of celiac disease, fibrotic diseases, and 
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cancer [32-37]. In celiac disease, an autoimmune response towards dietary gluten 

leading to intestinal inflammation, a body of evidence suggests TG2 as a key player. 

Intestinal TG2 has a high preference for gliadin substrates, resulting in deamidation 

of dietary gluten [38]. The negative charge that is induced on the acyl donor 

substrate results in increased affinity of the peptide for the antigen presenting cells 

HLA-HQ2 and HLA-HQ8 [39, 40], resulting in an increased antigenicity towards T-cells. 

The generation of autoantibodies against TG2 is a hallmark of celiac disease [41] and 

the presence of these serum antibodies is clinically used for diagnosis [42], although 

their biological relevance remains poorly understood [43]. At present, a TG2 inhibitor 

developed by Zedira GmbH is in phase I clinical trials for celiac disease, a disease that 

affects approximately 1-2% of the world population. In fibrotic diseases, which 

include renal, lung and liver fibrosis, extracellular TG2 is believed to be involved in 

matrix protein deposition, leading to scar tissue. Arguably, best studied is the role of 

TG2 in renal fibrosis [35, 36, 44, 45]. The application of TG2 inhibitors in animal 

models of renal fibrosis has shown a significant reduction in renal cell loss, mainly 

due to reduced deposition of collagens [36, 46]. Although results of TG2 inhibition in 

this disease are promising, no clinical studies have been performed so far. Recently, 

TG2 has been implicated as a new therapeutic target in pulmonary fibrosis [37], a 

disease that has currently limited treatment options and a very poor prognosis. TG2 

has also been implicated in the onset of liver fibrosis [47], although in a mouse model 

of liver fibrosis no difference in disease severity between TG2 knock-out and wild-

type mice was observed [48]. 

 

Overall, the increasingly clear link of TG2 with the pathophysiology of various 

diseases and the fact that TG2 knock-out does not result in phenotypic deficits has 

resulted in the identification of TG2 as a target for therapeutic intervention [49, 50]. 

Furthermore, for increasing understanding of TG2 biology and monitoring of 

pharmacological TG2 engagement in vivo, a validated TG2 Positron Emission 
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Tomography (PET) tracer, unavailable at the start of the studies described in this 

thesis, would be a valuable biochemical tool. 

 

 

1.4  Positron emission tomography  
 

PET is an imaging technique that is based on the emission of positrons from unstable 

nuclei [51, 52] in which there is an imbalance between the number of neutrons and 

protons. The deficiency of neutrons can be compensated by either electron capture 

or positron emission. Both options lead to the formation of an atom with one proton 

less than the original atom and the route of decay, electron capture, positron 

emission or a mixture of both, is characteristic for a given radionuclide. Whereas 

electron capture results in gamma emission, useful for SPECT imaging, for PET 

positron emission is essential. After emission of a positron, this particle loses its 

kinetic energy by collisions with surrounding electrons until it combines with one of 

those electrons. Next, these two particles annihilate and two 511 keV photons are 

emitted in opposite directions. Simultaneous (coincident) detection of such a pair of 

annihilation photons by a PET scanner results in the identification of the line of 

response. Ultimately, numerous of these events make it possible to reconstruct the 

distribution of a PET radionuclide.  

 

PET imaging is a highly sensitive analytical imaging technique that allows for non-

invasive imaging of biological processes. Which specific biological process is studied 

depends on the molecule in which the positron emitting nuclide is incorporated. 

Typical biological targets are receptors, transporters and enzymes. The best known 

and most widely used PET tracer is [18F]-2-fluoro-2-deoxy-D-glucose ([18F]FDG), a 

fluorine-18 labelled sugar analogue [53]. This compound is actively transported by 

glucose transporters and subsequently phosphorylated by hexokinase. The resulting 

product is no substrate for further processing and, due to its negative charge, is 
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retained within the cell. As a result of this accumulation, contrast between tissues 

with different energy demands is obtained. These characteristic of [18F]FDG are 

exploited in identifying benign vs malignant tissues in oncology and monitoring of 

response to treatment [54]. Alternatively, inactive tissue consumes less [18F]FDG 

compared with viable tissue. The obtained contrast as a result of local [18F]FDG 

hypometabolism is, among other applications, used for identification of non-viable 

brain regions in neurodegenerative diseases [55]. Nowadays, numerous PET tracers 

employing various mechanisms for accumulation in abnormal tissues, e.g. catabolic 

and anabolic trapping, reversible and irreversible binding, have been successfully 

developed (Table 2).  

 

Table 2: Overview of some commonly used PET tracers, their application, biological target and 

means of uptake. 

 

 

Thus, the choice of radiopharmaceutical determines which biological process is 

imaged. The endless number of chemical structures and broad range of biological 

targets has resulted in an ever expanding chemical toolbox for radionuclide 

PET tracer Main indication Target Means of tissue uptake Reference

[18F]FDG Oncology Glucose transporter / hexokinase Active transport / metabolic trapping [53]

[11C]PIB Alzheimer's disease Amyloid Beta Protein binding [57]

[18F]FDOPA Parkinson's disease Aromatic amino acid decarboxylase Active transport / retention in vesicles [58]

[11C](L)-Deprenyl-D2 Inflammation / astrocytosis Monoamine oxidase B Irreversible binding [59]

[11C]Raclopride Parkinson's disease Dopamine D2 receptor Receptor antagonist [60]

[11C]WAY100635 Neuropsychiatry 5-HTA1 receptor Receptor antagonist [61]

[11C]PK11195 Neuroinflammation Peripheral benzodiazepine receptor Receptor antagonist [62]

[11C]Verapamil Epilepsy P-glycoprotein Efflux transporter substrate [63]

[11C]Methionine Oncology Amino acid transporter Active transport / anabolic trapping [64]

[18F]FLT Oncology Thymidine kinase 1 Active transport / metabolic trapping [65]

[18F]FCH Oncology Choline transporter / choline kinase Active transport / anabolic trapping [66]

[18F]FMISO Oncology General reduction reactions Metabolic trapping [67]
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incorporation [56]. The main characteristics of the isotopes used in the studies 

described in this thesis, carbon-11 and fluorine-18, are depicted in table 3.   

 

Table 3: Physical properties of the two widely used PET isotopes carbon-11 and fluorine-18 

 

 

As mentioned above, PET imaging depends on the detection of annihilation photons. 

Because of the limited size of commonly used test animals in preclinical studies, in 

particular mice and rats, high spatial resolution is important for determining activity 

concentrations in separate organs. In this study, dedicated Mediso small animal PET-

MR and PET-CT scanners with a PET resolution of approximately 1 mm [68, 69] were 

used. With these dual modality scanners anatomical data from either MR or CT can 

be combined with radioactivity data from PET. The resulting overlapping images 

readily allow for identification of tissues of interest and quantification of dose 

concentrations. 

 

 

1.5 Study aim and thesis outline 

 

At the onset of the studies described in this thesis, the limited availability of 

biochemical tools to study TG2 activity in vivo hampered the understanding of TG2 

biology. The aim of this thesis was to develop PET tracers to measure TG2 activity in 

vivo based on potent, well-described TG2 inhibitors. This development process 

involved lead compound identification, radiosynthesis using either carbon-11 or 

fluorine-18, and the subsequent evaluation in vitro and in vivo, both in healthy 

animals and animal models of TG2 overactivity. 

Isotope Production Half-life (min) Maximum β+ energy (MeV) Positron yield (%)

Carbon-11 14N(p,α)11C 20.4 0.98 100

Fluorine-18 18O(p,n)18F 109.8 0.63 97
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Chapter 2 provides a review on the various strategies for developing a PET tracer to 

image locally enhanced TG2 expression or cross-linking activity. As the enzymatic 

cross-linking reaction proceeds via a multi-step ‘ping-pong’ mechanism, several 

options for intercepting the enzyme or enzyme-substrate complex exist. As 

thoroughly elaborated in this chapter, some strategies appear to be highly promising, 

whereas others appear too far-fetched using the currently available inhibitors or 

substrate toolbox. 

  

Chapter 3 describes the translation from recently described irreversible TG2 

inhibitors, based on the acrylamide functionality, to potential TG2 PET imaging 

tracers. Distribution and metabolism of three carbon-11 labelled small organic TG2 

inhibitors are determined in vivo in healthy rats, resulting in the selection of a 

promising TG2 PET tracer. Furthermore, various in vitro binding experiments are 

described as part of an approach to in vivo imaging in an appropriate animal model. 

  

Chapter 4 describes the development of a small set of analogues of a potent peptidic 

TG2 inhibitor to have access to TG2 inhibitors that allow for fluorine-18 labelling. Two 

potent compounds are selected for radiolabelling and the distribution and 

metabolism of these fluorine-18 labelled compounds are described. Because of the 

intriguing metabolic pattern of one of these fluorine-18 labelled compounds, LC-

MS/MS analysis is successfully applied to identify the in vivo formed metabolite. 

Finally, a potent fluorine-18 labelled TG2 inhibitor was identified that requires 

further evaluation in vivo. 

 

Chapter 5 describes the evaluation of the two main compounds originating from 

Chapters 3 and 4, in an orthotopic MDA-MB-231 tumour xenograft model in order to 

assess their TG2 imaging potential in vivo. Apart from PET scanning, TG2 expression 

and activity and TG2 mRNA expression levels in tumour tissue are determined. 
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In Chapter 6 a summary of Chapter 2 - 5 is provided, together with a general 

discussion of the main findings. Finally, directions for future research are given. 
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Abstract   

 

Transglutaminase type 2 (TG2) is increasingly linked to the pathogenesis of several 

diseases, such as celiac disease, cancer and fibrotic and neurodegenerative diseases. 

In parallel with becoming an attractive target for therapy, interest in the 

development of compounds for in vivo imaging of TG2 is rising. Such imaging 

biomarkers might assist in clarifying the role of TG2 in pathology and in monitoring 

TG2 inhibition in vivo and thus assist in drug development. In this review, the latest 

results together with various strategies in TG2 PET tracer development are discussed, 

including radiolabelling of irreversible and reversible active-site inhibitors as well as 

allosteric inhibitors, acyl donor and acyl acceptor substrates, and anti-TG2 

monoclonal antibodies. 
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2.1 Introduction 
 

Positron emission tomography (PET) is a non-invasive imaging technique that allows 

for quantitative imaging of biological processes [1-4]. PET depends on the 

incorporation of unstable β+ emitting nuclides, i.e. nuclides with a neutron deficiency, 

into biologically relevant molecules. After emission, these positively charged 

particles, so-called positrons, having a mass equal to that of electrons will collide 

with electrons in tissue, thereby losing their kinetic energy. Ultimately, a positron will 

combine with a nearby electron after which the two particles will annihilate, resulting 

in the emission of two 511 keV photons travelling in opposite direction due to the 

conservation of angular momentum. Co-incidence detection of these two photons by 

detectors (often positioned in a circular detector ring), identifies the line of response 

along which the annihilation took place. Subsequent processing of a large number of 

such co-incidence events ultimately leads to a three-dimensional map, reflecting the 

original distribution of the injected radiotracer (figure 1). Biologically relevant 

molecules, in which positron emitting nuclides can be incorporated, include small 

organic compounds such as enzyme inhibitors or substrates, receptor agonists or 

antagonist, and peptides and biologicals such as monoclonal antibodies and 

fragments [5, 6]. The thus obtained radiopharmaceutical or PET tracer is applied in 

molecular imaging with PET. 

The radiochemistry that is applied to synthesize the PET tracers differs drastically 

from traditional organic chemistry in that high sub-stoichiomectric amounts of 

radioactive reagent, typically in the nanomole range, are reacted with micromolar 

amounts of the other reagents. The large excess of reagents relative to the small 

amount of radioactive reagent allows for rapid reactions, compatible with the short 

radionuclide half-lives. Furthermore, the small scale of the reactions enables rapid 

purification by means of preparative HPLC. PET tracers are typically obtained in 

sterile and isotonic injectable solutions and are administered intravenously, allowing 

for rapid distribution throughout the subject. As a result of the nanomole amounts of 
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tracer compound administered, no biological effects are anticipated, making PET a 

purely analytical diagnostic imaging modality [5]. Moreover, PET is a fast and 

quantitative molecular imaging technique allowing for dynamic molecular imaging 

and assessment of parameters like Bmax, Kd and receptor occupancy, amongst others 

[3]. 

 

 

Figure 1: Basic principles of PET. A PET nuclide, incorporated in a biologically relevant 

molecule, decays and emits a positron inside a subjects’ brain. Following annihilation with a 

nearby electron (depicted as e-), two 511 keV photons are formed, which travel in opposite 

directions and are detected simultaneously by two opposing (in coincidence) detector 

elements within the PET detector ring. Combining co-incidence counts from all detector pairs 

allows for reconstruction of the quantitative distribution of the radioactive ligand in three-

dimensional space. 

  

For PET imaging using small organic molecules, carbon-11 and fluorine-18 are 

commonly the nuclides of choice [5]. Their physical half-lives of 20.3 and 110.8 

minutes are compatible with the in vivo kinetics of such small molecules. 
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Radiosynthesis of these radiotracers is limited by their short half-lifes, resulting in 

limited synthetic toolboxes compared with those in traditional organic chemistry. 

Therefore, not all compounds are amenable for radiosynthesis and analogues of 

those lead compounds may be necessary. In general, monoclonal antibodies do allow 

for radiolabelling, for example by modification of lysine residues with a radiometal 

chelating moiety [7]. Due to their slower kinetics, usually longer lived radionuclides 

such as Cu-64, Zr-89, I-124 are used [6].  

 

The choice of biologically active compounds for radiolabelling usually is driven by 

several factors, the location of the biological target being dominant in this selection. 

Targets located intracellularly or in the central nervous system can only be reached 

via passive diffusion using small non-polar organic compounds [8], whereas 

extracellular or membrane bound peripheral targets can also be reached by using 

bulkier molecules such as peptides and antibodies. Furthermore, lead compounds are 

generally selected based on affinity, selectivity and metabolic stability [8]. As PET 

only measures the distribution of radioactivity and not the chemical form, it is 

important to carefully study metabolism of a putative radioligand [8]. At present, the 

in vivo kinetics of existing TG2 inhibitors are largely unknown and metabolism data, if 

available, is largely depending on in vitro plasma or hepatocyte stability data [9-11]. 

This limited availability of stability data hampers selection of high potential 

compounds for translation to PET agents. Radiolabelling of a TG2 inhibitor, however, 

allows for following its distribution as well as its metabolic stability [12]. 

Furthermore, because of increased sensitivity of LC-MS/MS, formed metabolites may 

be chemically characterized ex vivo [13]. 

 

Transglutaminases comprise a class of structurally related enzymes containing eight 

catalytically active family members, named TG1-TG7 and FXIII [14]. These enzymes 

are well known for their ability of crosslinking proteins by forming an intermolecular 
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isopeptide bond, more specifically an epsilon-(gamma-glutamyl)lysine bond, between 

the side chains of a glutamine residue as an acyl-donor substrate and a lysine residue 

of an acyl-acceptor substrate. These isopeptide bonds are highly stable towards 

proteolysis and introduce mechanical stability in tissues [14]. Transglutaminase type 

2, TG2, plays an important role during apoptosis by intracellular crosslinking of 

cellular components, thereby preventing excessive leakage of cellular debris and 

subsequent inflammatory responses during cell death [15]. Extracellularly, TG2 is 

believed to create a stable environment by forming metabolically stable crosslinks 

between various matrix proteins [16]. Independent of its crosslinking activity, 

however, TG2 forms ternary complexes with integrins and fibronectin, resulting in 

intracellular activation of various processes, thereby assisting in assisting in cell 

adhesion and migration [17]. TG2 crosslinking activity is tightly regulated via various 

mechanisms. First, TG2 can adapt two distinct conformations (figure 2) [18, 19]. The 

closed conformation, based on two C-terminal β-barrel domains being tightly folded 

over the catalytic core domain, does not display crosslinking activity. In this 

conformation, however, TG2 is known to act as a G-protein involved in signalling 

processes [20]. The open conformation, where the two β-barrels shift to an upright 

position parallel to the core and N-terminal domain, results in exposure of the active 

site cysteine residue, allowing crosslinking to occur. The latter conformation is 

induced by high calcium and low guanosine triphosphate / guanosine diphosphate 

(GTP/GDP) concentrations, whereas the opposite conditions favour the closed 

conformation. Therefore, it is anticipated that, under physiological conditions, 

intracellular TG2 has low cross-linking activity, whereas extracellularly the high 

calcium and low GTP/GDP concentrations allow TG2 mediated crosslinking. 

Additionally, TG2 crosslinking activity is regulated by the redox state of the enzyme, 

as a disulfide bond between cysteine370 and cysteine371 induces crosslinking 

inactivation of TG2 [21]. In addition, by forming ternary protein complexes with 

integrins and fibronectin, as well as by nitrosylation [22], TG2 crosslinking activity 

might be limited [23]. Local increases in crosslinking activity of TG2 in vivo may be 
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induced by various molecular stimuli, including retinoids, endothelial growth factor 

and sphingophospholipids [24-26]. 

Aberrant TG2 expression and/or activity is increasingly associated with the 

pathogenesis of a number of disorders, e.g. autoimmune diseases, fibrotic diseases, 

cancer and diseases of the central nervous system [27]. In addition, it has been 

identified as a target for therapeutic intervention [28]. Presumably best understood 

is the role of TG2 in celiac disease, where open conformation TG2 mediates the 

deamidation of dietary gluten peptides via a gluten peptide-TG2 thioester 

intermediate, resulting in T-cell activation and inflammatory processes [29]. In 

kidney, liver and lung fibrotic diseases, TG2 is suspected to increasingly crosslink 

extracellular matrix proteins, directly producing scar tissue [30-32]. In oncology, the 

role of TG2 is more ambiguous, with either protective anti-apoptotic and pro-

apoptotic functions being described [33]. TG2 upregulation has been associated with 

increased metastasis of various tumour cell lines [34, 35] and drug resistance [36] by 

promoting epithelial-to-mesenchymal transition, independent of crosslinking activity. 

In addition, upregulation of the pro-survival transcription factor NF-κB may play a 

role in drug resistance [37], by TG2 mediated crosslinking and deactivation of NF-κB’s 

endogenous inhibitor IκBα. The TG2 crosslinking dependency remains questionable 

[37]. In neurodegenerative diseases, TG2 crosslinking of well-known disease specific 

proteins, such as amyloid β, huntingtin and tau, has been associated with the 

formation of stable neurotoxic aggregates [38]. 

 

However, because of its presence in multiple cellular compartments as well as 

outside the cell [39, 40], its multiple conformations [18, 19] and functions [41], 

intrinsically TG2 is a difficult protein to study in vivo. The development of PET tracers 

for imaging of TG2 activity in vivo may lead to a better understanding of the role of 

this interesting protein in disease. This review illustrates the potential strategies for 

TG2 PET imaging and describes potent lead compounds within the context of 

potential translation to TG2 PET tracers. 
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2.2 General 
  

This review will focus on compounds with high potential that justify further 

elaboration and compounds from different compound classes that allow for different 

imaging strategies (figure 2 and 3).  

  

 

Figure 2: Potential strategies for TG2 PET imaging. A) Closed conformation TG2 can be 

targeted by either radiolabelled antibodies or GTP site binding molecules; B) Open 

conformation TG2 can be targeted by radiolabelled irreversible inhibitors, TG2 antibodies, 

reversible inhibitors or acyl donor substrates; C) Intermediate thioester between acyl donor 

substrate and TG2 that can be intercepted by radiolabelled nucleophiles such as amines. 

 

As the acyl transfer mechanism of TG2 follows a double displacement reaction [42], 

various enzymatic states may be intercepted with a PET imaging agent (figure 2). In 

the closed conformation (figure 2A) TG2 may be targeted by antibodies or by small 

organic molecules at the GTP binding domain. Besides targeting with antibodies, the 

open conformation (figure 2B) may bind to radiolabelled reversible and irreversible 

TG2 inhibitors, as well as acyl donor substrates. Finally, the intermediate thioester 



Strategies towards in vivo imaging of active transglutaminase type 2 using positron 

emission tomography 

35 
 

between TG2 and the acyl donor may be intercepted by radiolabelled acyl acceptor 

substrates (figure 2C). Chemical structures of small molecule compounds described in 

this review are depicted in figure 3. 

 

 

2.3 Irreversible inhibitors 

 

The majority of previously proposed potent TG2 inhibitors are irreversible inhibitors, 

with recurring moieties such as diazoketones, α-haloketones, dialkylsulfonium salts, 

3-halo-4,5-dihydroxyisoxazoles and acryl amides or related Michael acceptors [Keillor 

et al., 2015]. The use of PET labelled irreversible TG2 inhibitors should, provided that 

the newly formed covalent bond is indeed irreversible, lead to accumulation of the 

radiotracer in regions with high local TG2 crosslinking activity. The first radiolabelled 

irreversible transglutaminase inhibitor [43] was based on the class of imidazole 

derivatives. By designing two carbon-14 (not a PET isotope) labelled regioisomers of 

the non-selective inhibitor 1,3-dimethyl-2[(2-oxopropyl)thio]imidazolium chloride 

(NTU283 in Figure 3) the mechanism of transglutaminase inhibition was confirmed as 

active-site cysteine acetonylation, with the imidazole moiety as leaving group [44]. 

Therefore, straightforward carbon-11 methylation on the imidazole moiety of a 

desmethyl precursor would result in labelling of the leaving imidazole group which 

would not be retained in tissue, but rather be cleared from the original reaction site. 

Carbon-11 labelling of the acetonyl functionality is not feasible using the currently 

available radiochemical toolbox. Analogues of this inhibitor bearing a fluorine-18 

atom on the acetonyl group might be developed. NTU283, however, suffers from low 

potency and comparable affinity towards activated blood coagulation factor 

transglutaminase FXIIIa [44, 45]. More potent and selective irreversible TG2 

inhibitors carrying an acrylamide moiety have recently been reported (1-3 in Figure 

3) [9, 10, 46].  
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Figure 3: Radiolabelled TG2 inhibitors, substrates and other compounds that may be suited as 

lead compounds for development of TG2 PET imaging agents and as such are discussed in this 

review. The position of the carbon-11 label in compound [11C]1-[11C]3 is depicted with *.  
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Conveniently, carbon-11 radiosynthesis of acryl amides has been reported using 

various strategies resulting in the carbon-11 atom at the acrylamide carbonyl 

position, rendering this class of Michael acceptor inhibitors amenable to 

radiolabelling [47]. The most convenient amongst these synthetic strategies is the 

palladium mediated one-pot [11C]CO aminocarbonylation method. In fact, recently, 

the carbon-11 radiosynthesis together with the evaluation of three potent 

irreversible TG2 inhibitors radiolabelled using this methodology was described [12]. 

In healthy rodents, however, these compounds displayed low metabolic stability at 

tracer concentrations, with biological half-lives below 45 minutes. After selecting the 

most stable of these three compounds, i.e. compound [11C]3 (figure 3), 

autoradiography experiments on MDA-MB-231 tumour sections, known for its high 

expression of TG2 [34], demonstrated selective and specific binding to TG2 [16]. 

Nevertheless, TG2 targeting potential of this compound in vivo still remains to be 

established. Other potent acrylamide inhibitors based on an aminopiperidine core 

have been reported. Apart from [11C]CO aminocarbonylation, the strongest inhibitor 

within this class, compound 9q, potentially allows for radiolabelling at the methoxy 

position by straightforward [11C]MeI methylation of the corresponding O-desmethyl 

precursor [46]. Recently, Badarau et al. also reported on the development of potent 

TG2 inhibitors carrying the acrylamide moiety [11]. Unfortunately, the most potent 

compound 3h, which is the strongest irreversible inhibitor reported to date, showed 

low microsomal stability. Compound 3h, however, did show potency in vivo in a 

hypertensive nephropathy model, using local administration of 3h by constant 

infusion. As for compound 9q, carbon-11 radiolabelling of 3h might be performed by 

aminocarbonylation or N-methylation of the N-desmethyl precursor. Zedira GmbH 

has reported the start of Phase I trials using their compound ZED1227, a promising 

peptidomimetic irreversible inhibitor carrying a Michael acceptor other than 

acrylamide [48]. This compound is accessible for carbon-11 methylation at either of 

two methyl groups. 
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Z006 (Z-DON-Val-Pro-Leu-OMe) is a highly potent and selective peptidic inhibitor of 

TG2 [49, 50]. Theoretically, Z006 allows for radiolabelling at the C-terminal methyl 

ester employing either [11C]MeI or [11C]CH2N2. Methylesters, however, are not very 

stable in vivo, and therefore are rarely the preferred site of introduction of the PET 

label. Recently, radiosynthesis and preliminary in vivo evaluation of fluorine-18 

labelled analogues of Z006 have been reported ([18F]6f and [18F]6g in figure 3) [51]. 

As expected, the methyl ester on [18F]6g appeared to be metabolically unstable in 

vivo. Interestingly, however, the resulting carboxylic acid was demonstrated to be 

metabolically stable and an active TG2 inhibitor as well. Together, these results merit 

further evaluation of [18F]6g in vivo. ERW1041E [52] was shown to prevent 5-

(biotinamido)-pentylamine (BAP) incorporation in a pulmonary hypertension mouse 

model following intraperitoneal administration. This work concludes that a 

longitudinal TG2 activity study in pulmonary hypertension patients is warranted in 

order to confirm TG2 as a biomarker for this disease, emphasizing the necessity for a 

TG2 PET tracer. To allow radiolabelling, equipotent analogues of ERW1041E that are 

accessible for fluorine-18 labelling were designed as putative future TG2 PET tracers 

(ERW1041E analogue 2a in figure 3). Although ERW1041E has shown in vivo 

inhibition of TG2 activity in this mouse model at 50 mg·kg-1, it still remains to be 

elucidated whether this compound class will prove valuable at tracer concentrations. 

Furthermore, in previous research, analogues of ERW1041E were not able to inhibit 

TG2 crosslinking activity in an intestinal inflammation model despite various ways of 

inhibitor administration [23].  

 

  

2.4 Reversible active-site inhibitors 
 

Binding potential, which reflects Bmax / Kd, is a key predictor of the potency of a 

reversible radiopharmaceutical for imaging a given target [53]. High affinity 

compounds are thus preferred, especially if target expression is low. Because little is 
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known about Bmax for TG2 in physiological and diseased states, high affinity 

compounds should be selected as starting point for PET tracer development. To date, 

in contrast to irreversible TG2 inhibitors, only few reversible inhibitors with IC50’s in 

the two digit nanomolar range have been reported. Following screening of an 

existing drug library, the Janus kinase inhibitor ZM39923 and its ‘metabolite’ 

ZM449829 [54, 55] were reported as potent TG2 inhibitors with 10 and 5 nM IC50’s, 

respectively. Carbon-11 labelling of ZM39923 should be feasible by a reductive 

amination reaction between amine precursor and [11C]acetone [56] or by alkylation 

of the corresponding precursor with [11C]benzyl iodide [57]. Including 10 mM 

dithiotreitol (DTT) in the incubation solution, however, resulted in a drastic increase 

in IC50 to micromolar values for both inhibitors [55]. These IC50 values corresponded 

with those reported in a later study [50]. Although the provided explanation for this 

phenomenon included, besides an ‘unknown complex mechanism of inhibition’ 

involvement of these inhibitors in promoting disulfide bonds and thus inactivating 

the enzyme [55], it appears more likely that ZM39923 is converted to the actual TG2 

inhibitor ZM449829 by a retro Michael reaction  [54]. Using similar assay conditions, 

i.e. a phosphate buffered saline solution, rapid conversion of ZM39923 to ZM449829 

has already been observed. This newly formed Michael acceptor compound 

ZM449829 in turn is responsible for irreversible TG2 inhibition. The subsequent 

cross-reactivity of ZM449829 towards DTT, as a thiol competing with the active site 

cysteine residue, results in a loss of TG2 inhibition. Radiolabelling of ZM449829 could 

be achieved on the carbonyl position by a Suzuki or Stille [11C]CO insertion reaction 

[58]. However, the putative cross-reactivity with various thiols will likely limit the 

chance of successful in vivo TG2 imaging using either [11C]ZM39923 or 

[11C]ZM449829. Ozaki et al. also reported on β-aminoketone structures, like 

ZM39923, as potent active site TG2 inhibitors [59]. Their most promising compound 1 

(figure 3) allows for carbon-11 radiolabelling at the tert-butyl [60] or, like ZM39923, 

at the benzyl functionality [57]. It is conceivable, however, that Ozaki compound 1 

also acts as a prodrug that via retro Michael reaction converts to an active inhibitor, 
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given the structural similarities to ZM39923. No stability data for the developed 

compounds was provided, nor selectivity data towards other transglutaminases or 

biological reactive thiols (e.g. glutathione, caspase). In addition, no DTT was used in 

their assay. Together, it is possible that their reversible inhibitors are actually 

prodrugs for non-selective irreversible TG2 inhibitors [59] following a similar 

mechanism as for compound ZM449829. Another class of reported reversible 

inhibitors are the cinnamoyl based inhibitors, such as CP4d (figure 3) [61, 62]. 

Potency of these compounds, however, is limited, hampering their use as lead 

compound for PET tracer development (figure 3, reported IC50 : 2.1 µM; Ki : 174 nM). 

In addition to the low affinity, although being reported as a reversible inhibitor 

competitive with the acyl donor substrate, this compound class could potentially 

react as irreversible inhibitors. The thiol-reactive Michael acceptor motif is present in 

the cinnamoyl structure [63] and has been shown in related structures to react with 

biologically active thiols, as present in transglutaminases [64]. The selectivity data of 

these compounds towards transglutaminase FXIIIa and cysteineprotease caspase 3, 

although seemingly promising, is biased by the presence of DTT in these counter 

assays [61]. DTT, omitted in the TG2 inhibition assay, could very well be acting as a 

competitive nucleophile for cinnamoyl based inhibitors and thus preventing FXIIIa 

and caspase 3 inhibition, suggesting selectivity. The putative irreversible inhibition of 

these compounds is further encouraged by the fact that modifications at the α,β-

unsaturated ketone motif, losing the Michael acceptor reactivity, results in complete 

loss of potency [61]. Finally, a recent study discussing the reactivity between 

biological thiols and cinnamoyl-coumarin constructs showed that cinnamoyl 

compounds with the highest Michael acceptor reactivity carried a p-nitrophenyl 

group, conjugated to the α,β-unsaturated ketone, a structure that is sharing high 

structural similarities with structure CP4d [65]. Therefore, it is highly desirable to 

evaluate the stability of the inhibitors mentioned above in the presence of thiols and 

to perform TG2 inhibition experiments in the presence of competing thiols (DTT). 
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These experiments might result in re-evaluation of the exact binding mode of this 

class of compounds [66].  

In summary, it seems that at present no reversible active-site inhibitors for TG2 with 

low nanomolar affinities are available. Furthermore, cross-reactivity of irreversible 

inhibitors, although perhaps also for reversible inhibitors, towards thiols (e.g. 

glutathione, DTT) should be carefully determined prior to starting elaborate 

structure-activity relationship studies to avoid false positive in vitro inhibition results. 

 

 

2.5 GTP binding site inhibitors 
 

Orthosteric GTP binding site inhibitors of TG2 as well as inhibitors with unknown 

binding sites that inhibit GTP binding have been described [67, 68]. Other than GTP 

itself or closely related analogues like deoxyGTP, guanosine 5'-O-[gamma-

thio]triphosphate (GTPγS) or Bopdipy modified GTPγS [69], no structurally distinct 

orthosteric inhibitors have been reported, suggesting the GTP binding site to be 

highly specialized in this particular binding [50]. In addition, the fact that GTP binding 

domains are present in all G-proteins likely discards the GTP binding site as suitable 

target for PET radiotracer development, as selectivity issues will arise. In contrast, it 

has been suggested that the class of hydrazine inhibitors prevents TG2 crosslinking 

activity by binding allosterically to the GTP binding site and to multiple enzyme 

conformers [50, 68, 70]. However, due to slow-binding kinetics, sub-optimal affinity 

and unknown binding mechanism, PET tracer development based on this hydrazine 

scaffold appears not to be an attractive strategy. 
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2.6 Acyl acceptor substrates 
 

Carbon-14 radiolabelled acyl acceptor substrates have been at the heart of 

transglutaminase discovery in the late 1950’s, when it was found that liver derived 

protein extracts were responsible for amine incorporation into proteins [71]. An 

important advantage of labelled substrates over inhibitors is the potential signal 

magnification by means of catabolic trapping, as multiple substrates per 

transglutaminase enzyme can be incorporated into the local tissue, whereas 

inhibitors can maximally bind at a 1:1 ratio with the transglutaminase enzyme. Acyl 

acceptor substrates for TG2 differ from acyl-donor substrates or active-site inhibitors 

in that they do not bind to the enzyme itself, but rather compete with naturally 

present amines, or water, for interception of the intermediate thioesther between 

enzyme and acyl donor substrate. In contrast to the first step in the crosslinking 

reaction, the nucleophilic attack on the thioester is not selective [42]. In addition, 

processing of amines in vivo is not limited to TG2, as other transglutaminases as well 

as other enzymes have amines as substrates. Together, the lack of selectivity of acyl 

acceptor substrates will likely hamper the success of this approach towards TG2 PET 

imaging agents. Nonetheless, TG2 mediated incorporation of the substrate BAP was 

demonstrated ex vivo in lung tissue using a mouse model of hypoxia induced 

pulmonary hypertension [52]. In such an ex vivo approach, selectivity data are 

obtained by pretreatment of test animals with a TG2 inhibitor after which the free 

amine substrate is removed by thoroughly washing the tissue sections. In case of in 

vivo PET imaging, removal of free ligand by sequential washing procedures is 

impossible, potentially resulting in a much lower specific signal. Nevertheless, two 

research groups have reported preliminary results on the fluorine-18 labelling of 

polyamines such as putresceine, spermidine or cadaverine using [18F]SFB as amine 

reactive prosthetic group [72, 73]. In a small pilot experiment using SK-RC-52 tumour 

bearing mice, a high tumour to blood activity ratio of [18F]fluorobenzamide-

cadaverine was obtained [73]. Whether this signal was TG2 mediated, however, 
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remains to be elucidated, but it is likely that more in vivo imaging results will be 

published in the near future. 

 

 

2.7 Acyl donor substrates 
 

Although various TG2 specific acyl donor substrates have been developed for 

measuring TG2 activity in vitro [28], to the best of our knowledge no reports have 

described ex vivo or in vivo use of radiolabelled acyl-donor substrates for measuring 

TG2 cross-linking activity. One report has described the radiosynthesis of a fluorine-

18 labelled acyl-donor substrate [74]. This fluorine-18 labelled TG2 specific substrate 

T32 was selected based on a phage-displayed peptide library screening [75]. 

Unfortunately, the desired TG2 substrate, [18F]14 was obtained with poor purity and 

was not formulated in a solution ready for injection. As a consequence, no in vivo 

work has been reported with this substrate. TG2-reactive peptide sequences should 

in vivo be incorporated in tissues with a high local TG2 activity with the same 

potential signal magnification as described for acyl acceptor substrates (vide supra). 

Such peptidic constructs often allow for N-terminal modification to enable 

chemoselective reaction with a fluorine-18 building block or with a chelating moiety 

for incorporation of a radiometal of choice. Using a comparable approach, FXIIIa 

activity imaging has been attempted using 99mTc- and 111In-labelled peptidic α2-

antiplasmin regions, which were functioning as acyl-donor substrates [76, 77]. The 

99mTc labelled construct showed high uptake in vitro in plasma clots and moderate 

uptake in vivo in rodent blood clots, which was determined ex vivo by means of a 

biodistribution experiment. Ex vivo, after thorough washing of the tissues, the 111In-

labelled construct was shown to be selectively incorporated by FXIIIa in the infarct 

region in a mouse model of myocardial infarction. Unfortunately, no in vivo imaging 

was performed in either study. However, it seems likely that a similar strategy, when 
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carefully selecting and developing a high affinity peptide for TG2, could be used for 

imaging of extracellular TG2 activity in vivo. 

 

 

2.8 Antibodies 
 

PET imaging using radiolabelled antibodies, a technique commonly referred to as 

‘Immuno-PET’ [78], has shown to be well suited for imaging of extracellular targets 

such as receptors and other membrane bound proteins such as enzymes and 

transporters. Furthermore, compared to small organic molecules, antibodies 

generally display less uptake in liver and kidneys and thus allow for PET imaging 

studies concerning pathologies of these specific organs [30, 31]. Since TG2 has two 

highly distinct conformations, the characteristics of the radiolabelled antibody, more 

precisely the epitope to which the antibody is directed, will determine what will be 

measured. When interested in measuring TG2 expression, independent of 

conformation, the antibody might best be raised against any TG2 domain, though 

one must consider that extracellularly, the N-terminal domain is likely bound to 

fibronectin [79] and the C-terminal domain involved in integrin binding [17], 

potentially hampering antibody accessibility. For measuring extracellular TG2 activity 

rather than expression, the specific antibody should be designed to bind selectively 

to the open conformation. It must be noted that this is the assumed extracellular 

conformation due to the mM calcium concentrations in the interstitial fluid [80]. As 

such, the core domain including the catalytic crosslinking site is likely the preferred 

targeted epitope, as this region is only accessible in the catalytically active open 

conformation. A TG2 transamidation inhibiting antibody D11D12 has been reported 

[81, 82], although it has not been reported whether this antibody selectively binds to 

the open conformation. This TG2 antibody showed inhibition of TG2 transamidation 

mediated angiogenesis and wound healing in cellular models [83] and further 

development might result in a huge step towards TG2 transamidation inhibition 
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therapies. Furthermore, the well-known TG2 antibody CUB7402, amongst others, has 

shown TG2 inhibiting properties by preventing adhesion of Swiss 3T3 fibroblasts [18], 

although CUB7402 TG2 transamidation inhibiting properties were lost when TG2 was 

preincubated with Ca2+ [84], suggesting that CUB7402 does not bind to the open 

conformation of TG2, but to TG2 in a closed conformation. It is anticipated that ‘TG2 

Immuno-PET’ will be a valuable tool in future research to increase understanding on 

TG2 biology. 

 

 

2.9 Future perspectives 
 

With several research groups reporting novel TG2 PET tracers in publications, 

conference abstracts and annual reports, we are without any doubt at the frontier of 

in vivo TG2 PET imaging [12, 51, 73, 74] and there is no doubt that results from in vivo 

TG2 PET imaging studies in animal models of TG2 overexpression/overactivity will 

appear soon. Furthermore, highly potent small molecule inhibitors are continuously 

being developed at multiple academic and industrial institutes, increasing the options 

on lead compound selection for PET radiochemists [43]. Table 1 depicts the 

advantages and disadvantages of potential strategies for TG2 PET radiotracer 

development. At present, the use of irreversible TG2 inhibitors appears to be an 

attractive strategy. In particular, irreversible acrylamide inhibitors readily allow for 

radiolabelling with carbon-11 and can thus be readily evaluated in vivo [12, 47]. 

Labelled acyl-donor substrates, successfully applied for ex vivo measurements of 

FXIIIa activity [76, 77], could also be applicable for imaging of TG2 crosslinking 

activity. Furthermore, TG2 inhibiting antibodies have been developed that might, 

unlike small molecules, allow for TG2 imaging in kidney and liver pathologies [82]. 

Whether the radiolabelled antibody will reflect local open, closed or both 

conformations of TG2 will fully depend on the antibody characteristics. Taken 

together, it is anticipated that PET will play an important role in moving in vitro and 
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ex vivo biology findings on TG2 into mammalian in vivo studies. As such, it could play 

a pivotal role in monitoring of target engagement in TG2 drug development. 

 

 

Table 1: Pro et contra of TG2 PET tracer development strategies as discussed in this review.  

 

 

 

  

Irreversible 

inhibitors
Reversible inhibitors

GTP binding site 

inhibitors

Aryl acceptor 

substrates

Acyl donor 

substrates
Antibodies

Pro High selectivity High selectivity
Potential imaging of 

closed TG2

Signal 

magnification

Signal 

magnification

Low uptake in 

kidney and liver

High affinity
Potentially BBB 

permeable
Selective Long circulation

Potentially BBB 

permeable

Only crosslinking 

active TG2

Only crosslinking 

active TG2
High selectivity

Only crosslinking 

active TG2

Allow for pulse-chase 

experiments
High affinity

Contra
High liver and kidney 

uptake
Potency sub-optimal

Competing with 

endogenous GDP
Non-selective

Non BBB 

permeable

Expression vs 

activity

High liver and kidney 

uptake
Low potency

Non BBB 

permeable

Independent of 

crosslinking activity

Poor cell penetration

Non-selective
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Abstract 
 

Introduction: Tissue transglutaminase (TG2) is a ubiquitously expressed enzyme 

capable of forming metabolically and mechanically stable crosslinks between the γ-

carboxamide of a glutamine acyl-acceptor substrate and the ε-amino functionality of 

a lysine acyl-donor substrate resulting in protein oligomers. High TG2 crosslinking 

activity has been implicated in the pathogenesis of various diseases including celiac 

disease, cancer and fibrotic and neurodegenerative diseases. Development of a PET 

tracer specific for active TG2 provides a novel tool to further investigate TG2 biology 

in vivo in disease states. Recently, potent irreversible active site TG2 inhibitors 

carrying an acrylamide warhead were synthesized and pharmacologically 

characterized. 

Methods: Three of these inhibitors, compound 1, 2 and 3, were successfully 

radiolabelled with carbon-11 on the acrylamide carbonyl position using a palladium 

mediated [11C]CO aminocarbonylation reaction. Ex vivo biodistribution and plasma 

stability were evaluated in healthy Wistar rats. Autoradiography was performed on 

MDA-MB-231 tumour sections. 

Results: [11C]1, -2 and -3 were obtained in decay corrected radiochemical yields of 38-

55%. Biodistribution showed low uptake in peripheral tissues, with the exception of 

liver and kidney. Low brain uptake of <0.05 %ID/g was observed. Blood plasma 

analysis demonstrated that [11C]1 and [11C]2 were rapidly metabolized, whereas 

[11C]3 was metabolized at a more moderate rate (63.2 ± 6.8 and 28.7 ± 10.8% intact 

tracer after 15 and 45 minutes, respectively). Autoradiography with [11C]3 on MDA-

MB-231 tumour sections showed selective and specific binding of the radiotracer to 

the active state of TG2.  

Conclusions: Taken together, these results identify [11C]3 as the most promising of 

the three compounds tested for development as PET radiotracer for the in vivo 

investigation of TG2 activity.  
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3.1 Introduction 
 

Transglutaminases (TG’s) consist of a family of nine members. Eight of them catalyse 

the transamidation reaction (TG1-TG7 and FXIIIa) and one catalytically inactive 

protein band 4.2 exists [1-2]. Catalytically active TG’s use an active site cysteine 

residue in an Asp-His-Cys triad to catalyse the post-translational modification of 

specific glutamine residues. Following the cysteine’s nucleophilic attack on a 

glutamine residue, an ammonia molecule is released and an intermediate thioester is 

formed. These thioesters are susceptible to nucleophilic attack and can thus be 

hydrolyzed, reacting with small organic amines or with lysine residues of a protein 

donor substrate. The net effect on the glutamine acyl-acceptor substrate is 

deamidation, incorporation of a small organic amine or intra- or intermolecular 

protein crosslinking via an isopeptide bond. The latter, formation of an isopeptide 

bond, is commonly referred to as the ‘transamidation reaction’ [1]. 

 

TG2, also known as tissue tranglutaminase, is a calcium dependent TG that is 

expressed ubiquitously throughout the body, including the brain. Four distinct 

domains, two consecutive C-terminal β-barrels, a core α/β domain containing the 

transglutamidation site and an N-terminal domain able to bind to fibronectin, make 

up the enzyme. At least two structurally distinct conformations of TG2 exist [3, 4], a 

closed conformation, favoured by low calcium and high GTP/GDP concentrations, 

and an open conformation that is favoured by high calcium and low GTP/GDP 

concentrations. Transamidation is hampered by steric hindrance of the active site by 

the bulky β-barrels in the GTP/GDP bound closed conformation. Only the calcium 

dependent open form is capable of executing the transamidation reaction as a result 

of the exposed active site [5, 6]. Furthermore, the transamidation reaction only 

occurs when TG2 has the appropriate, reduced redox state. As shown in vitro, a 

disulfide bond between Cys-370 and Cys-371 locks the enzyme in the open 

conformation but renders it catalytically inactive, although the active site cysteine 
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Cys-277 is not directly involved in the disulfide bond [7]. As a result of these activity 

modulators, it is postulated that intracellularly, and under physiological conditions, 

TG2 is catalytically inactive. Under pathological stress conditions however, where 

intracellular Ca2+ homeostasis is often disturbed and energy levels are depleted, TG2 

mediated transamidation could occur. For example, during apoptosis TG2 crosslinks 

cellular components to prevent inflammatory and autoimmune reactions [8]. 

Extracellularly, despite relatively high calcium levels and low GTP/GDP 

concentrations, TG2 activity is thought to be controlled by the oxidating 

environment. 

 

Increased expression levels and enzyme activity of TG2 have been observed and are 

believed to be strongly involved in the onset and progression of various diseases, e.g. 

celiac disease, cancer and fibrotic and neurodegenerative diseases [9-15]. In celiac 

disease, TG2 is responsible for deamidation or crosslinking of gluten peptides in the 

small intestine, ultimately resulting in T-cell activation and an autoimmune response 

[9]. In breast cancer, it has been shown that extracellular TG2 plays a role in 

increasing the motility and migration of tumour cells, thereby increasing the 

possibility of metastases and worsening patient prognosis [10]. Furthermore, drug 

resistance of tumour cells expressing high amounts of TG2 is increased. Multiple 

mechanisms have been proposed for this phenomenon, one of which is the TG2-

mediated inactivation of the natural inhibitor of nuclear factor NF-κB, IκBα, by 

intermolecular crosslinking [11]. In an in vivo rat model of renal scarring, kidney 

fibrosis has been prevented by locally applying extracellularly acting TG2 inhibitors 

[12]. Moreover, in a mouse model of pulmonary fibrosis significant reduction of lung 

scarring was observed in TG2 knockout mice compared with wild type mice, 

suggesting a role for TG2 in fibrotic diseases [13-14]. In neurodegenerative disorders 

characterized by the formation of neurotoxic protein aggregates such as Alzheimer’s, 

Huntington’s and Parkinson’s disease, TG2 is associated with the formation of these 
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protein aggregates by intra- and intermolecular crosslinking, both inside and outside 

nerve cells [15]. 

 

The finding that TG2 knock-out mice show no severe phenotypic deficits and are able 

to reproduce normally has further stimulated interest in TG2 as a therapeutic target 

[16]. Recently, potent irreversible TG2 inhibitors designed for treating Huntington’s 

disease were reported [17, 18]. The general motif of the most potent compounds in 

these series is the acrylamide warhead that is able to bind covalently to the enzyme’s 

active site cysteine (figure 1A). Given the fact that this active site is only accessible in 

the enzyme’s open conformation, these compounds should specifically target active 

TG2 [17, 18]. Together with the interest of developing potent inhibitors, the demand 

for in vivo imaging probes targeting TG2 is increasing [19].  

 

Positron emission tomography (PET) is an imaging technique that allows for non-

invasive in vivo quantification of receptor expression or enzyme and transporter 

activity [20]. Therefore, a labelled compound that selectively binds to active TG2 

would provide a means to further understand TG2 biology in normal and diseased 

states. Based on their high inhibitory potency and isozyme selectivity, the inhibitors 

1, 2 and 3 (compound 18d in ref. [17] and compounds 4l and 8d in ref. [18], 

respectively) were selected as candidate PET tracers (figure 1B). These inhibitors, by 

virtue of their acrylamide warhead, potentially allow for radiolabelling by means of a 

palladium mediated [11C]CO aminocarbonylation reaction between amine precursor 

molecules and vinyl iodide to obtain the radiolabelled acryl amides [21]. 

 

Therefore, the aim of this study was to develop carbon-11 labelled PET tracers based 

on these inhibitors. 
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Figure 1: A: inhibitory mechanism of acrylamide-bearing TG2 inhibitors; B: TG2 inhibitors 1, 2 

and 3. 

 

 

3.2 Materials and methods 

 

3.2.1 General 
 

All reagents were obtained from commercial sources (Sigma Aldrich, St. Louis, USA; 

Bachem, Bubendorf, Switzerland or Fluorochem, Hadfield, UK) and used without 

further purification. Human recombinant TGs, assay reagents A101 (Abz-NE(CAD-

DNP)EQVSPLTLLK-OH) and T26 (Biotinyl-HQSYVDPWMLDH) and inhibitor Z006 (Z-

DON-VPL-OMe) were obtained from Zedira GmbH (Darmstadt, Germany). Solvents 

were obtained from Biosolve (Valkenswaard, the Netherlands) and used as received 

unless stated otherwise. Dichloromethane (DCM) and N,N-dimethylformamide (DMF) 

were dried over activated 3 Å molecular sieves. Tetrahydrofuran (THF) was first 
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distilled from LiAlH4 and then stored on activated 3 Å molecular sieves. Reaction 

monitoring by thin layer chromatography was performed on pre-coated silica 

60 F254 aluminium plates (Merck, Darmstadt, Germany). Spots were visualized by UV 

light, ninhydrin, vanilline or chlorine/TDM [22]. Evaporation of solvents was 

performed under reduced pressure at 40 °C using a rotary evaporator. Flash column 

chromatography was performed manually on Silica gel 60 Å (Merck, Darmstadt, 

Germany). NMR spectroscopy was performed using a Bruker (Billerica, MA, USA) 

Avance 250 (250.13 MHz for 1H and 62.90 MHz for 13C) or a Bruker Avance 500 

(500.23 MHz for 1H and 125.78 MHz for 13C) with chemical shifts (δ) reported in parts 

per million (ppm) relative to the solvent (CDCl3, 1H: 7.26 ppm, 13C: 77.16 ppm; 

dimethyl sulfoxide (DMSO)-d6, 1H: 2.50 ppm, 13C: 39.52 ppm). Electrospray 

ionisation-high resolution mass spectrometry (ESI-HRMS) was carried out using a 

Bruker microTOF-Q instrument in positive ion mode (capillary potential of 4500 V). 

Analytical HPLC was performed on a Jasco (Easton, MD, USA) PU-2089 pump station 

equipped with a Luna Phenyl-hexyl column (5 µm, 250 mm x 4.6 mm, Phenomenex, 

Torrance, CA, USA) using H2O/MeCN (50:50 v/v, method: A), or H2O/MeCN (45:55, 

v/v, method: B) or with a Gemini C18 column (5 µm, 100 mm x 4.6 mm, Phenomenex, 

Torrance, Ca, USA) using H2O/MeCN/DiPA (40:60:0.1, v/v/v, method: C) as eluent at a 

flow rate of 1 mL·min-1, with a Jasco UV-2075 UV detector (λ = 254 nm) and a NaI 

radioactivity detector (Raytest, Straubenhardt, Germany). Chromatograms were 

acquired with Raytest GINA Star software (version 5.01). Semi-preparative HPLC was 

performed on a Jasco PU-2089 pump station equipped with a Grace Alltima C18 

column (5 µm, 250 mm x 10 mm, Columbia, USA) using H2O/MeCN (40:60, v/v, 

method: D), H2O/MeCN (45:55, v/v, method: E) or H2O/MeCN/TFA (70:30:0.1, v/v/v, 

method: F) as eluent  at a flow rate of 4 mL·min−1, a Jasco UV-1575 Plus UV detector 

(λ =254 nm), a custom made radioactivity detector and Jasco ChromNAV CFR 

software (version 1.14.01) for data acquisition. Analytical HPLC for analysis of the 

non-polar fraction of the metabolite experiments was performed on Dionex 

(Sunnyvale, CA, USA) UltiMate 3000 HPLC equipment with Chromeleon software 
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(version 6.8) equipped with a Gemini C18 column (5 µm, 10 × 250 mm, Phenomenex, 

Torrance, CA, USA) with eluent H2O/MeCN 40:60 (method: G) or a mixture of MeCN 

(A) and 0.1% TFA in water (B) as eluent according to the following scheme (method: 

H): 0 min, 70% B at 0.25 mL·min−1; 0.5 min, 70% B at 3.5 mL·min−1; 9.0 min, 10% B at 

3.5 mL·min−1; 12.0 min, 10% B at 3.5 mL·min−1; 12.5 min, 70% B at 3.5 mL·min−1; 

14.5 min, 70% B at 3.5 mL·min−1 and 15 min, 70% B at 0.25 mL·min−1 or a mixture of 

MeCN (A) and water (C) as eluent according to the following scheme (Method I): 

0 min, 90% C at 0.25 mL·min−1; 0.5 min, 90% C at 3 mL·min−1; 12.0 min, 30% C at 

3 mL·min−1; 14.5 min, 90% C at 3 mL·min−1; 15 min, 90% C at 0.25 mL·min−1. 

Immunohistochemistry, histochemistry and autoradiography were performed on 10 

µm thick MDA-MB-231 tumour sections positioned on SuperfrostTM plus slides 

(Thermo Fischer Scientific, Waltham, MA, USA). Primary polyclonal TG2 goat anti-

guinea pig antibody Upstate was obtained from Merck Millipore (Billerica, MA, USA). 

Biotinylated secondary donkey anti-goat antibody was obtained from Jackson 

ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). Horseradish peroxidase 

avidin-biotin complex was obtained from Vector Laboratories Inc. (Burlingame, CA, 

USA) and used as described. Microscopy images were obtained using a Leica 

DN5000B microscope (Leica Microsystems, IL, USA). Autoradiography sections were 

exposed to a phosphorimaging screen (GE Healthcare, Buckinghamshire, UK) and 

developed on a Typhoon FLA 7000 phosphor imager (GE Healthcare, 

Buckinghamshire, UK). Quantification of binding was performed using ImageQuantTL 

v8.1.0.0 (GE Healthcare, Buckinghamshire, UK) by drawing regions of interest around 

the full tumour sections. Healthy male Wistar rats were obtained from Harlan 

Netherlands B.V. (Horst, the Netherlands). Immunohistochemistry and 

autoradiography were performed on available MDA-MB-231 xenograft material. In 

brief, 5·106 MDA-MB-231 tumour cells were administered subcutaneously on both 

flanks of female nu/nu mice (8 weeks, Harlan, the Netherlands). After having 

developed tumours, mice were sacrificed by cervical dislocation under isoflurane 

anaesthesia. Tumours were taken out, snap frozen using liquid nitrogen and stored at 
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-80 °C until further use. All animal experiments were performed according to Dutch 

national law (‘Wet op de proefdieren’, Stb 1985, 336). 

 

3.2.2 Chemistry 
 

3.2.2.1. 1-((4-nitrophenyl)sulfonyl)piperazine (4) 

A solution of 4-nitrobenzene-1-sulfonyl chloride (2.0 g, 9.0 mmol) in DCM (50 mL) 

was added dropwise to a solution of piperazine (1.6 g, 18 mmol) in DCM (50 mL) at 

room temperature over 1 h. The mixture was stirred for 3 h after which the solvent 

was removed in vacuo and the residue was purified by column chromatography (2% 

MeOH in DCM), to give the product as a white solid (2.2 g, 89%). 1H NMR (500.23 

MHz, CDCl3) δ: 8.38 (d, 2H, J=8.9 Hz), 7.93 (d, 2H, J=8.8 Hz), 3.03 (br s, 4H), 2.93 (m, 

4H), 1.57 (br s, 1H); 13C NMR (125.78 MHz, CDCl3) δ: 150.28, 141.85, 129.02, 124.42, 

46.93, 45.38; ESI-HRMS: calculated for C10H13N3O4S: 271.0627, found: 272.0741 [M + 

H]+
. 

 

3.2.2.2. (3r,5r,7r)-adamantan-1-yl(4-((4-nitrophenyl)sulfonyl)piperazin-1-

yl)methanone (5) 

A solution of adamantyl carboxylic acid (1.0 g, 5.5 mmol) in thionyl chloride (4.0 mL, 

55 mmol) and a drop of DMF was heated to 50 ⁰C for 1 h before concentration in 

vacuo. The residue was coevaporated twice with toluene (2 mL) and taken up in DCM 

(25 mL). To this solution piperazine 4 (1.0 g, 3.7 mmol) and DiPEA (1.0 mL, 5.5 mmol) 

in DCM (15 mL) was added dropwise. After stirring for 1 h, the solution was 

evaporated in vacuo and taken up in ethyl acetate (100 mL). The organic phase was 

washed with saturated NaHCO3(aq) (3x 100 mL) and brine (1x 100 mL), subsequently 

dried on Na2SO4, filtered and concentrated in vacuo. After flash column 

chromatography (hexane / ethyl acetate 1:1), the product was obtained as a white 

solid (1.5 g, 92%). 1H NMR (250.13 MHz, CDCl3) δ: 8.41 (d, 2H, J=8.8 Hz), 7.94 (d, 2H, 

J=9.0 Hz), 3.80 (t, 4H, J=4.9 Hz), 3.05 (t, 4H, J=4.9), 2.02 (br s, 3H), 1.89 (br s, 6H), 1.69 
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(br s, 6H); 13C NMR (125.78 MHz, CDCl3) δ: 176.05, 150.44, 141.48, 128.98, 124.63, 

46.24, 44.63, 41.77, 39.09, 36.52, 28.34; ESI-HRMS: calculated for C21H27N3O5S: 

433.1671, found: 456.1571 [M + Na]+
. 

 

3.2.2.3. (3r,5r,7r)-adamantan-1-yl(4-((4-aminophenyl)sulfonyl)piperazin-1-

yl)methanone (6) 

Saturated NH4Cl(aq) was added to a suspension of 5 (1.0 g, 2.3 mmol), iron powder 

(0.38 g, 6.7 mmol) in ethanol / water 5:1 and the mixture was stirred at 80 ⁰C for 16 

h. The resulting mixture was cooled to room temperature and filtered over celite. 

After partitioning the filtrate between water and dichloromethane, the organic layer 

was dried on Na2SO4, filtered and concentrated in vacuo to obtain the product as a 

white solid (0.82 g, 88%). 1H NMR (500.23 MHz, CDCl3) δ: 7.53 (d, 2H, J=8.2 Hz), 6.77 

(d, 2H, J=7.9 Hz), 3.76 (t, 4H, J=4.9 Hz), 2.95 (t, 4H, J=4.9 Hz), 2.01 (br s, 3H), 1.90 (br 

s, 6H), 1.68 (q, 4H, J=12.1 Hz); 13C NMR (125.78 MHz, CDCl3) δ 175.99, 151.10, 129.99, 

122.95, 114.18, 46.35, 44.65, 41.75, 39.10, 36.59, 28.42; ESI-HRMS: calculated for 

C21H29N3O3S: 403.1930, found: 404.2013 [M + H]+, 426.1834 [M + Na]+
. 

 

3.2.2.4. N-(4-((4-((3r,5r,7r)-adamantane-1-carbonyl)piperazin-1-

yl)sulfonyl)phenyl)acrylamide (1) 

To a solution of 6 (50 mg, 0.12 mmol) and DiPEA (32 µL, 0.18 mmol) in DCM (2 mL) 

was added acryloyl chloride (15 µL, 0.18 mmol). After stirring for 3 h, the solution 

was concentrated in vacuo and the residue was purified using flash column 

chromatography (2% MeOH in DCM) to obtain the product as a white solid (51 mg, 

90%). 1H NMR (500.23 MHz, DMSO-d6) δ: 10.61 (s, 1H), 7.91 (d, 2H, J=8.5 Hz), 7.69 (d, 

2H, J=8.8 Hz), 6.43-6.48 (m, 1H), 6.31 (dd, 1H, J=16.7, 1.6 Hz), 5.83 (dd, 1H, J=10.1, 

1.6 Hz), 3.65 (br s, 4H), 2.82 (br s, 4H), 1.91 (br s, 3H), 1.78 (br s, 6H), 1.62 (br s, 6H); 

13C NMR (125.78 MHz, DMSO-d6) δ: 174.63, 163.80, 143.41, 131.37, 128.97, 128.47, 

128.29, 119.22, 54.98, 46.29, 43.97, 40.90, 38.30, 35.92, 27.83; ESI-HRMS: calculated 

for C24H31N3O4S: 457.2035, found: 480.1940 [M + Na]+
. 
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3.2.2.5. (S)-benzyl tert-butyl (6-(4-(2-chlorophenyl)piperazin-1-yl)-6-oxohexane-1,5-

diyl)dicarbamate (7) 

A solution of Z-Lys(Boc)-OH (1.0 g, 2.6 mmol), 1-(2-chlorophenyl)piperazine (0.52 g, 

2.6 mmol), BOP (1.4 g, 3.2 mmol) and DiPEA (0.98 mL, 5.6 mmol) in 10  mL DMF was 

stirred at room temperature for 16 h. The solution was concentrated in vacuo and 

redissolved in ethyl acetate (100 mL). The organic phase was washed with saturated 

NaHCO3(aq) (3x 100 mL) and brine (1x 100 mL). The organic fraction was dried on 

Na2SO4, filtered and concentrated in vacuo. The crude product was purified using 

flash column chromatography (hexane / ethyl acetate 1:1) to obtain the product as a 

white solid (1.3 g, 91%). 1H NMR (250.13 MHz, CDCl3) δ: 7.41-7.30 (m, 6H), 7.26-7.23 

(m, 1H), 7.06-7.01 (m, 2H), 5.81-5.76 (m, 1H), 5.12 (s, 2H), 4.73-4.68 (m, 1H), 4.63 (br 

s, 1H), 3.94-3.65 (m, 4H), 3.18-2.96 (m, 6H), 1.63-1.30 (m, 15H); 13C NMR (62.90 MHz, 

CDCl3) δ: 170.39, 156.21, 156.12, 148.50, 136.44, 130.83, 129.04, 128.62, 128.25, 

128.17, 127.82, 124.52, 120.69, 79.21, 67.02, 51.60, 51.10, 50.50, 45.98, 42.48, 

40.24, 33.17, 29.75, 28.55, 22.34; ESI-HRMS: calculated for C29H39ClN4O5: 558.2609, 

found: 581.2508 [M + Na]+
. 

 

3.2.2.6. (S)-benzyl (6-amino-1-(4-(2-chlorophenyl)piperazin-1-yl)-1-oxohexan-2-

yl)carbamate (8) 

A solution of 7 (1.0 g, 1.8 mmol) in DCM/TFA (1:1, v/v, 2 mL) was stirred at room 

temperature for 1.5 h. After evaporation the residual oil was partitioned between 1M 

NaHCO3 (100 mL) and DCM (100 mL). The aqueous layer was extracted twice with 

DCM (100 mL). The combined organic layers were dried on Na2SO4 and after 

evaporation and column chromatography (DCM/MeOH 97:3) product 5 was obtained 

as a yellow oil (780 mg, 95%). 1H NMR (500.23 MHz, CDCl3) δ: 7.41-7.30: (m, 6H), 

7.24-7.16 (m, 1H), 7.06-6.98 (m, 2H), 5.84 (1H, d, J=8.4 Hz), 5.10 (s, 2H), 4.72 (m, 1H), 

3.95-3.60 (m, 4H), 3.92 (m, 4H), 2.70 (br s, 2H), 1.86-1.30 (m, 8H); 13C NMR (125.78 

MHz, CDCl3) δ: 170.49, 156.27, 148.42, 136.39, 130.68, 128.86, 128.50, 128.13, 

128.06, 127.72, 124.35, 120.65, 66.87, 51.46, 50.94, 50.48, 45.95, 42.45, 40.47, 
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32.73, 29.68, 22.42; ESI-HRMS: calculated for C24H31ClN4O3: 458.2085, found: 

459.2225 [M + H]+
. 

 

3.2.2.7. (S)-benzyl (6-acrylamido-1-(4-(2-chlorophenyl)piperazin-1-yl)-1-oxohexan-2-

yl)carbamate (2)  

To a solution of 8 (0.10 g, 0.22 mmol) and DiPEA (57 µL, 0.33 mmol) in THF (2 mL) 

was added acryloyl chloride (27 µL, 0.33 mmol). The reaction mixture was stirred for 

3 hours before concentration in vacuo. After flash column chromatography (hexane / 

ethyl acetate 1:1), the product was obtained as an off-white solid (92 mg, 82%). 1H-

NMR (500.23 MHz, CDCl3) δ: 7.41- 7.28 (m, 6H), 7.24-7.19 (m, 1H), 7.06-6.97 (m, 2H), 

6.27 (dd, 1H, J=17.0, 1.8 Hz), 6.15-6.03 (m, 2H), 5.94 (d, 1H, J=8.4 Hz), 5.60 (dd, 1H, 

J=10.0, 1.6 Hz), 5.10 (s, 2H), 4.69 (m, 1H), 3.95-3.83 (m, 1H), 3.76-3.55 (m, 3H), 3.38-

3.23 (m, 2H), 3.11-2.91 (m, 4H), 1.81-1.25 (m, 6H); 13C NMR (125.78 MHz, CDCl3) δ: 

170.31, 165.73, 156.34, 148.43, 136.34, 130.95, 130.80, 128.99, 128.62, 128.28, 

128.09, 127.79, 126.35, 124.51, 120.68, 67.00, 51.50, 51.03, 50.30, 45.94, 42.47, 

39.18, 33.10, 28.81, 22.36; ESI-HRMS: calculated for C27H33ClN4O4: 512.2190, found: 

535.2094 [M + Na]+
. 

 

3.2.2.8. (S)-benzyl tert-butyl (6-(4-(6-methylpyridin-2-yl)piperazin-1-yl)-6-oxohexane-

1,5-diyl)dicarbamate (9)  

A solution of Z-Lys(Boc)-OH (1.1 g, 2.8 mmol), 1-(6-methylpyrid-2-yl)piperazine (0.50 

g, 2.8 mmol), BOP (1.5 g, 3.4 mmol) and DiPEA (0.98 mL, 5.6 mmol) in 10  mL DMF 

was stirred at room temperature for 16 h. The solution was concentrated in vacuo 

and redissolved in ethyl acetate (100 mL). The organic phase was washed with 

saturated NaHCO3(aq) (3x 100 mL) and brine (1x 100 mL). The organic fraction was 

dried on Na2SO4, filtered and concentrated in vacuo. The crude product was purified 

using flash column chromatography (hexane / ethyl acetate 1:1) to obtain the 

product as a white solid (1.34 g, 88%). 1H NMR (250.13 MHz, CDCl3) δ: 7.47-7.30 (m, 

6H), 6.58 (d, 1H, J=7.3 Hz), 6.46 (d, 1H, J=8.4 Hz), 5.12 (s, 2H), 4.80-4.66 (m, 2H), 3.86-
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3.43 (m, 8H), 3.18-3.02 (m, 2H), 3.04 (s, 3H), 1.85-1.30 (m, 15H); 13C NMR (62.90 

MHz, CDCl3) δ: 170.36, 158.58, 156.92, 156.15, 156.05, 137.97, 136.36, 128.51, 

128.13, 128.07, 113.46, 103.96, 79.09, 66.88, 50.44, 45.42, 45.30, 45.22, 41.85, 

40.12, 32.98, 29.61, 28.43, 24.53, 22.27; ESI-HRMS: calculated for C29H41N5O5: 

539.3108, found: 540.3203 [M + H]+
. 

 

3.2.2.9. (S)-tert-butyl (5-amino-6-(4-(6-methylpyridin-2-yl)piperazin-1-yl)-6-

oxohexyl)carbamate (10) 

A closed reaction vessel containing a suspension of 9 (1.0 g, 1.9 mmol) and Pd/C (50 

mg) in 5 mL MeOH was purged and subsequently pressurized to 3 bar with H2(g). 

After stirring vigorously overnight, the mixture was passed over celite and the celite 

was washed with MeOH (20 mL). After evaporation, the product was obtained as a 

colorless oil (0.73 g, 97%). 1H-NMR (500.23 MHz, CDCl3) δ: 7.34 (t, 1H, J=7.9 Hz), 6.48 

(d, 1H, J=7.2 Hz), 6.40 (d, 1H, J=8.4 Hz), 4.84-4.72 (m, 1H), 3.75-3.40 (m, 9H), 3.13-

2.97 (m, 2H), 2.34 (s, 3H), 1.80-1.25 (m, 17H); 13C-NMR (125.78 MHz, CDCl3) δ: 

174.11, 158.62, 156.84, 155.99, 137.90, 113.33, 103.87, 78.94, 50.92, 45.36, 45.30, 

44.90, 41.70, 40.16, 35.06, 29.89, 28.38, 24.49, 22.87; ESI-HRMS: calculated for 

C21H35N5O3: 405.2740, found: 406.2847 [M + H]+
. 

 

3.2.2.10. (S)-tert-butyl (6-(4-(6-methylpyridin-2-yl)piperazin-1-yl)-6-oxo-5-(2-

phenylacetamido)hexyl)carbamate (11) 

A solution of phenylacetic acid (0.30 g, 2.22 mmol) in thionyl chloride (1.0 mL, 14 

mmol) and a drop of DMF was heated to 50 ⁰C for 1h before concentration in vacuo. 

The residue was co-evaporated twice with toluene (2 mL), taken up in DCM (5 mL) 

and to this solution was added dropwise compound 10 (0.60 g, 1.5 mmol) and DiPEA 

(0.5 mL, 2.9 mmol) in DCM (2 mL). After stirring for 1 h, the solution was evaporated 

in vacuo and taken up in ethyl acetate (100 mL). The organic phase was washed with 

saturated NaHCO3 (aq) (3x 100 mL) and brine (1x 100 mL) and subsequently dried on 

Na2SO4, filtered and concentrated in vacuo. After flash column chromatography 
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(hexane / ethyl acetate 1:1), the product was obtained as a colorless oil (0.70 g, 91%). 

1H NMR (500.23 MHz, CDCl3) δ: 7.43-7.22 (m, 6H), 6.67 (d, 1H J=7.9 Hz), 6.54 (d, 1H, 

J=7.3 Hz), 6.42 (J=8.4 Hz), 5.00-4.09 (m, 1H), 4.68-4.56 (m, 1H), 3.82-3.40 (m, 10H), 

3.11-2.91 (m, 2H), 2.39 (s, 3H), 1.80-1.15 (m, 15H); 13C-NMR (125.78 MHz, CDCl3) δ: 

170.65, 170.18, 158.57, 156.96, 156.03, 138.02, 134.83, 129.30, 128.96, 127.35, 

113.52, 103.98, 79.02, 48.60, 45.48, 45.31, 45.21, 43.71, 41.89, 40.16, 32.64, 29.62, 

28.48, 24.55, 22.18; ESI-HRMS: calculated for C29H41N5O4: 523.3159, found: 524.3258 

[M + H]+, 546.3070 [M + Na]+. 

  

3.2.2.11. (S)-N-(6-amino-1-(4-(6-methylpyridin-2-yl)piperazin-1-yl)-1-oxohexan-2-yl)-

2-phenylacetamide (12) 

A solution of 11 (0.40 g, 0.76 mmol) in TFA/DCM (1:1, v/v, 1 mL) was stirred for 1 h at 

room temperature. The solution was concentrated in vacuo and partitioned between 

dichloromethane and saturated Na2CO3 (aq). The aqueous layer was extracted with 

dichloromethane (3x 50 mL). The combined organic layers were dried on Na2SO4, 

filtered and concentrated to yield the product as a colorless oil (0.31 g, 95%). 1H NMR 

(500.23 MHz, CDCl3) δ: 7.45-7.25 (m, 6H), 6.62-6.52 (m, 2H), 6.43 (d, 1H, J=8.2 Hz), 

4.98 (m, 1H), 3.80-3.45 (m, 10H), 2.62 (t, 2H, J=6.7 Hz), 2.41 (s, 3H), 1.79-1.18 (m, 

8H); 13C-NMR (CDCl3) δ: 171.30, 170.51, 158.58, 156.94, 138.00, 135.20, 129.34, 

128.81, 127.16, 113.47, 104.00, 48.70, 45.57, 45.46, 45.08, 43.19, 42.11, 39.65, 

32.37, 27.59, 24.61, 22.35; ESI-HRMS: calculated for C24H33N5O2: 423.2634, found: 

424.2745 [M + H]+. 

 

3.2.2.12. (S)-N-(6-(4-(6-methylpyridin-2-yl)piperazin-1-yl)-6-oxo-5-(2-

phenylacetamido)hexyl)acrylamide (3)  

A solution of 12 (60 mg, 0.14 mmol) and K2CO3 (98 mg, 0.71 mmol) in THF/H2O (1:1 

v/v, 2 mL) was cooled to 0 °C and acryloyl chloride (23 µL, 0.28 mmol) was added. 

The reaction mixture was stirred for 2 hours before concentration in vacuo. The 

residue was diluted with water (20 mL) and extracted with dichloromethane (3x 20 
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mL). The combined organic layers were dried on Na2SO4, filtered and concentrated to 

yield the product as a colorless oil (65 mg, 96%). 1H NMR (500.23 MHz, CDCl3) δ: 7.40-

7.33 (m, 1H), 7.29-7.25 (m, 2H), 7.23-7.18 (m, 3H), 6.54 (d, 1H, J=7.9 Hz), 6.50 (d, 1H, 

J=7.3 Hz), 6.40 (d, 1H, J=8.2 Hz), 6.18 (dd, 2H, J=16.9, 1.7 Hz), 6.02-5.95 (m, 2H), ), 

5.52 (dd, 2H, J=10.4, 1.6 Hz), 4.90-4.85 (m, 1H), 3.73-3.40 (m, 10H), 3.25-3.17 (m, 2H), 

2.37 (s, 3H), 1.65-1.43 (m, 4H), 1.25 (quin, 2H, 7.4 Hz); 13C NMR (125.78 MHz, CDCl3) 

δ: 171.11, 170.21, 165.83, 158.39, 156.83, 138.30, 134.71, 131.01, 129.34, 129.00, 

127.42, 126.15, 113.65, 104.23, 48.39, 45.54, 45.31, 43.69, 41.92, 39.12, 32.88, 

28.40, 24.42, 22.24; ESI-HRMS: calculated for C27H35N5O3: 477.2740, found: 478.2846 

[M + H]+, 500.2671 [M + Na]+. 

 

3.2.3 In vitro TG inhibition assay 
 

The in vitro TG inhibition assay was performed as described by Oertel et al. [23] with 

minor modifications. Briefly, in a 96-well plate, inhibitor 1, 2 or 3 was added to the 

reaction buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM DTT, 10 mM CaCl2, 5 

mM glycine methyl ester hydrochloride and 50 µM A101 assay substrate) at the 

desired concentration followed by the appropriate human recombinant TG enzyme 

at 1 µg·mL-1 (total volume: 100 µL). The relative increase in fluorescence was 

measured over 4 hours at 37 °C on a fluorimeter (FluoStar, GMB, Germany) with 

excitation at 320 nm and emission at 405 nm. Results were corrected for background 

fluorescence, measured by the omission of TG enzyme in the reaction well. Results 

were expressed as the concentration of inhibitor corresponding to 50% inhibition 

relative to positive control, which was measured without the addition of any TG 

inhibitor. 
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3.2.4 Radiosynthesis 
 

[11C]CO2 was produced by the 14N(p,α)11C nuclear reaction performed in a 0.5% O2/N2 

gas mixture using an IBA Cyclone 18/9 cyclotron (IBA, Louvain-la-Neuve, Belgium). 

Radioactivity levels were measured using a Veenstra (Joure, The Netherlands) VDC-

405 dose calibrator. Radiosyntheses were performed in an in-house build remotely 

controlled synthesis unit [24]. After irradiation, [11C]CO2 was concentrated on a silica 

trap (-196 °C, 50 mg silica gel, 100/80 mesh). When the activity reached a maximum, 

the trap was heated and [11C]CO2 was passed over a gas purifier column (400 x 4 mm, 

silica gel, 100/80 mesh) using helium (30 mL·min-1) as carrier gas. The purified 

[11C]CO2 was passed over a molybdenum reductor column heated at 850 °C [25] 

(Sigma Aldrich, <150µm, 99.99%) after which unreacted [11C]CO2 was trapped on an 

ascarite column and [11C]CO was collected on a silica trap (-196 °C, 1 mg silica gel, 

100/80 mesh). The transfer gas was switched from helium to xenon (Fluka, ≥ 99.995). 

[11C]CO was released by heating of the trap and transferred by a gentle xenon flow 

(2.0 mL·min-1) [24] to the previously charged and sealed reagent vial. Products were 

obtained ready for injection by reformulation of the preparative HPLC product 

fraction using a tC18 plus solid phase extraction cartridge (Waters, Milford, MA, 

USA). The cartridge, preconditioned with 5 mL of ethanol and 5 mL of water, was 

loaded with the diluted preparative HPLC product fraction (± 6 mL product fraction 

diluted with 40 mL H2O). The cartridge was then washed with 10 mL of water 

followed by elution of the product from the cartridge with 1 mL of ethanol. The 

ethanol fraction was diluted to 10% ethanol by the addition of 9 mL saline. Decay 

corrected yields were determined based on the starting amount of [11C]CO. Isolated 

amounts are the result of three experiments and expressed in GBq as mean ± 

standard deviation. Identities of the radiolabelled products were confirmed by 

analytical HPLC analysis by co-injection of both labelled and unlabelled compounds. 
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3.2.4.1. [11C]1 

A helium purged solution of precursor 6 (6.6 mg, 16 µmol), Pd2(dba)3 (0.9 mg, 1.0 

µmol), PPh3 (2.6 mg, 10 µmol), vinyl iodide (10 µL, 0.14 mmol), Li-HMDS (32 µL, 1 M 

solution in THF) and [11C]CO in 0.70 mL THF was heated to 100 °C for 5 minutes. The 

solution was cooled to 20 °C and quenched by the addition of water (0.70 mL). 

Purification was performed by preparative HPLC using method D (Rt: 14 minutes). 

[11C]1 was obtained in 42-50% d.c. yield with a specific activity of 202 ± 27 GBq·µmol-1 

and a radiochemical purity >99% (n=3). The identity of the product was confirmed by 

analytical HPLC analysis by co-injection of radiolabelled and unlabelled 1 using 

method A (Rt: 16.5 min). 

 

3.2.4.2. [11C]2 

A helium purged solution of precursor 8 (7.3 mg, 16 µmol), Pd2(dba)3 (0.9 mg, 1.0 

µmol), PPh3 (2.6 mg, 10 µmol), vinyl iodide (10 µL, 0.14 mmol) and [11C]CO in 0.70 mL 

THF was heated to 100 °C for 5 minutes. The solution was cooled to 20 °C and 

quenched by the addition of water (0.70 mL). Purification was performed by 

preparative HPLC using method E (Rt: 16 minutes). [11C]2 was obtained in 45-5 % d.c. 

yield with a specific activity of 212 ± 68 GBq·µmol-1 and a radiochemical purity > 99% 

(n=3). The identity of the product was confirmed by analytical HPLC analysis by co-

injection of radiolabelled and unlabelled 2 using method B (Rt: 12.2 min). 

 

3.2.4.3. [11C]3 

A helium purged solution of precursor 12 (6.8 mg, 16 µmol), Pd2(dba)3 (0.9 mg, 1.0 

µmol), PPh3 (2.6 mg, 10 µmol), vinyl iodide (10 µL, 14 mmol) and [11C]CO in 0.70 mL 

THF was heated to 100 °C for 5 minutes. The solution was concentrated to 

approximately 0.10 mL by applying a vent needle to the reaction vial and heating at 

130 °C for 2 minutes. The residue was cooled to 20 °C and taken up in 

water/acetonitrile (70:30, v/v, 1.5 mL). Purification was performed by preparative 

HPLC using method F (Rt: 9 minutes). [11C]3 was obtained in 38-45% d.c. yield based 
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on [11C]CO with a specific activity of 220 ± 31 GBq·µmol-1 and a radiochemical purity 

>99% (n=3). The identity of the product was confirmed by analytical HPLC analysis by 

co-injection of radiolabelled and unlabelled 3 using method C (Rt: 12.5 min). 

 

3.2.5 Biodistribution studies 
 

Healthy male Wistar rats (250-325 g, Harlan, Horst, The Netherlands) were injected 

with 100 MBq (d.c. to end of synthesis) of the respective radiotracer in the tail vein 

under isoflurane anaesthesia (2% in O2 at 1 L·min-1). Rats were sacrificed by 

exsanguination and dissected at 15 and 45 min post injection (n = 4 for each time-

point). Blood, heart, lungs, liver, kidneys, cerebral cortex, cerebellum and brain stem 

were isolated, weighed and counted for radioactivity (Wallac 1210 Compugamma, 

PerkinElmer, Waltham, MA, USA). Biodistribution data are expressed as percentage 

injected dose per gram of tissue (%ID/g). Error bars indicate standard error of the 

mean (SEM).   

 

3.2.6 Metabolite analysis 
 

Healthy male Wistar rats (250-325 g, Harlan, Horst, The Netherlands) were injected 

with 100 MBq (d.c. to end of synthesis) of the respective radiotracer in the tail vein 

under isoflurane anaesthesia (2% in O2 at 1 L·min-1). Rats were sacrificed by 

exsanguination and dissected at 15 and 45 min post injection (n = 3 for each time-

point). Blood (~7 mL) was withdrawn by arterial puncture of the aorta abdominalis, 

collected in a heparin coated tube and centrifuged at 5000 RPM, corresponding to 

3.6·103 g, to separate plasma from blood cells. Solid phase extraction cartridges 

(tC18, Waters, Milford, MA, USA) were preconditioned by washing with 6 mL MeOH 

and 2x 6 mL H2O. Plasma (1 mL) was mixed with 0.15 M HCl (2 mL) and loaded on the 

tC18 cartridge. The polar fraction was obtained by elution of the cartridge with H2O 

(3 mL), the non-polar fraction by subsequent elution with MeOH (2 mL) and H2O (1 
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mL). Fractions were counted for radioactivity in a gamma counter. The percentage of 

intact tracer in the non-polar fraction was determined by online and offline HPLC 

analysis (method G for [11C]1 and method H for [11C]2 and [11C]3). In case of low 

signal to noise ratios in the online obtained HPLC chromatograms, offline HPLC 

analysis was performed. HPLC fractions (30 seconds per fraction) were collected and 

counted for radioactivity (Wallac 1210 Compugamma, PerkinElmer, Waltham, MA, 

USA), resulting in offline HPLC chromatograms. Data were expressed as percentage 

of intact tracer, polar metabolites and non-polar metabolites ± standard deviation. 

 

3.2.7 In vitro TG2 binding 
 

TG2 (final concentration: 10 µg·mL-1) and [11C]3 (0.1 MBq, final concentration 10 nM) 

were added to a 0.5 mL Eppendorf tube containing either 10 mM CaCl2 and 1 mM 

DTT (activated), 1 mM EDTA, 0.5 mM GDP, 0.5 mM GTP or 100 µM of the selective 

irreversible active site inhibitor Z006 (blocked) in 100 µL 50 mM Tris-HCl or 50 mM 

Tris-HCl without further activation nor blocking agents (baseline). After heating for 30 

minutes at 37 °C, 0.4 mL 25% MeOH in water was added to the Eppendorf tubes and 

the solutions were transferred to 2 mL Amicon® Ultracel-30 30 kDa cut-off centrifugal 

filters and centrifuged for 5 minutes at 4600 RPM, corresponding to 3.0·103 g, then 

0.5 mL 25% MeOH in water was added to the filters and the protein fraction was 

concentrated by centrifugation for 5 minutes at 4600 RPM. The 25% MeOH in water 

addition and centrifugation cycle was repeated another two times. The resulting 

filters and filtrates were counted for radioactivity in a gamma-counter. Results were 

corrected for control, where TG2 was omitted in the incubation solution. Results 

were expressed as percentage of TG2 bound [11C]3 ± standard deviation (n=3). 
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3.2.8 Log D determination 
 

The distribution of radiolabelled compounds between 1-octanol and 0.2M phosphate 

buffer (pH = 7.4) was measured in triplicate at room temperature. Briefly, 1 mL of a 1 

MBq·mL-1  solution of the radiolabelled compound in 0.2 M phosphate buffer (pH 7.4) 

was vigorously mixed with 1 mL of 1-octanol for 1 min at room temperature using a 

vortex apparatus. After a settling period of 30 min, three samples of 100 µL were 

taken from both layers. All samples were counted for radioactivity. The LogDoct,7.4 

values were calculated according to LogDoct,7.4 = 10Log(Aoct / Abuffer), where Aoct and 

Abuffer represent the radioactivity level of 1-octanol and buffer samples, respectively. 

Results were expressed as mean ± standard deviation. 

 

3.2.9 Immunohistochemical detection of TG2 on MDA-MB-231 

tumour sections 
 

Immunohistochemical detection of TG2 was performed as described previously with 

minor modifications [26]. MDA-MB-231 tumour sections (10 µm thickness) were 

fixed with acetone (100%) for 10 minutes and subsequently washed using Tris 

buffered saline (TBS, 3x 5 min). Endogenous peroxidase activity was blocked with 

0.3% H2O2 and 0.1% NaN3 in TBS for 15 minutes. Washing was performed with TBS 

(3x 5 min). After blocking with 3 % BSA in TBS-T (TBS with 0.5% TritonX-100) for 20 

minutes incubation with polyclonal goat anti-guinea pig TG2 antibody in TBS-T with 

3% BSA was performed overnight at 4 °C (dilution 1:4000). The specificity of this 

antibody was demonstrated in both previous work of our group [27] and by pre-

adsorption by its antigen, i.e. purified liver Guinea pig tTG (Sigma-Aldrich, 

Zwijndrecht, The Netherlands). As negative control experiment, incubation was 

performed by omitting the primary antibody. Washing was performed using TBS (3x 5 

min) prior to incubation with biotinylated donkey anti-goat secondary antibody 
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(dilution 1:400) for 2 hours at room temperature. Excess antibody was removed by 

washing with TBS (3x 5 min) and sections were incubated for 1 h with horseradish 

peroxidase avidin-biotin complex. After sequential washing with TBS (2x 5 min) and 

Tris-HCl (1x 5 min), peroxidase mediated DAB oxidation was used for visualizing TG2. 

Colouration was monitored ad oculos. After colouration was satisfactory, sections 

were sequentially washed with Tris-HCl (2x 5 min) and water (1x 5 min). Dehydration 

was carried out by sequential dipping in ethanol (70, 90, 96, 100 and 100%) and 

xylene and mounting by covering the sections with Entellan. 

 

3.2.10 Histochemical detection of active TG2 on MDA-MB-231 

tumour sections 
 

Histochemical detection of active TG2 was performed as described with minor 

modifications [28]. MDA-MB-231 tumour sections (10 µm thickness) were pre-

incubated in 100 mM Tris-HCl buffer (pH 7.4), 5 mM CaCl2, 1 mM DTT and, where 

indicated, the TG2 inhibitor Z006 at 100 µM for 20 minutes at room temperature. 

Next, sections were incubated in 100 mM Tris-HCl buffer (pH 7.4), 5 mM CaCl2, 1 mM 

DTT and the TG2 amine donor substrate 5-(biotinamido)pentylamine (BAP, 0.05 mM) 

or the glutamine donor substrate T26 (0.05 mM, Zedira GmbH, Darmstadt, Germany) 

at 37 °C for 30 minutes. After a short wash with TBS and water, the sections were 

dried at room temperature. Then the sections were fixed with acetone for 10 

minutes followed by washing with Tris buffered saline (TBS). Sections were blocked 

with 0.1% NaN3 and 0.3% H2O2 in TBS for 15 minutes, washed with TBS (3x 5 minutes) 

and incubated for 1 h with horseradish peroxidase avidin-biotin complex. After 

washing (2 x 5 min TBS, 1 x 5 min Tris-HCl) peroxidase was developed by addition of 

DAB and colouring was monitored ad oculos. Sections stained for BAP and T26 were 

counterstained using hematoxylin. Sections were washed with Tris-HCl and water, 
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dehydrated by sequential dipping in ethanol (70, 90, 96, 100 and 100%) and xylene, 

and mounted by covering with Entellan. 

 

3.2.11 Autoradiography on MDA-MB-231 tumour sections 
 

MDA-MB-231 tumour sections (10 µm thickness) were pretreated three times with 5 

mM Tris-HCl buffer (pH 7.4) for 5 minutes. Sections were dried under a gentle air 

flow before incubation for 30 minutes with [11C]3 (0.5 MBq·mL-1) and (A) 5 mM Tris-

HCl, pH 7.4, 5 mM CaCl2, 1 mM DTT; (B) 5 mM Tris-HCl, pH 7.4; (C) 5 mM Tris-HCl, pH 

7.4, 1 mM DTT; (D) 5 mM Tris-HCl, pH 7.4, 5 mM CaCl2; (E) 5 mM Tris-HCl, pH 7.4, 5 

mM CaCl2, 1 mM DTT and inhibitor 3 at 100 µM; (F) 5 mM Tris-HCl, pH 7.4, 5 mM 

CaCl2, 1 mM DTT and inhibitor Z006 at 100 µM (n = 4 for each incubation condition). 

Washing was performed using Tris-HCl (3x) followed by dipping in ice cold water. 

After drying in an air stream, tumour sections were exposed to a phosphorimaging 

screen for 15 minutes. Data were quantified as average signal intensity per surface 

area and were represented relative to the activated condition (A), which was set at 

100%. Error bars indicate standard deviations. 

 

 

3.3 Results and discussion 

 

3.3.1 Chemistry 
 

The syntheses of the TG2 inhibitors 1, 2 and 3 were adapted from published 

procedures with several modifications, as the chosen synthetic routes had the 

precursor molecules 6, 9 and 12 as intermediates, respectively (scheme 1, 2 and 3) 

[17, 18]. The synthetic route towards 1 (scheme 1) started with mono-nosylation of 

piperazine to obtain sulfonamide 4. Only trace amounts of double nosylated 
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piperazine as side product were found due to poor solubility of sulfonamide 1 in 

DCM. Subsequently, this compound was reacted with adamantly acylchloride in a 

Schotten-Baumann reaction resulting in adamantyl nitrophenylsulfonyl piperazine 5. 

Reduction of the nitro functionality to the corresponding amine using iron powder 

and ammonium chloride resulted in precursor molecule 6. Next, an aliquot of this 

precursor was reacted with acryloyl chloride under basic conditions to obtain the TG2 

inhibitor 1.  

 

 

Scheme 1: Synthesis of TG2 inhibitor 1 and corresponding labelling precursor 6. Reagents and 

conditions: (a) Piperazine, DCM, 4h, rt, 89% (b) Adamantyl acylchloride, DiPEA, DCM/DMF, 1 

h, rt, 92% (c) Fe, NH4Cl, H2O/EtOH, 16 h, 50 °C, 88% (d) Acryloyl chloride, DiPEA, DCM, 3 h, rt, 

90%. 

 

The reaction pathway towards TG2 inhibitor 2 (scheme 2) started with a BOP 

condensation reaction between Z-Lys(boc)-OH and 1-(2-chlorophenyl)piperazine 

resulting in the lysine derivative 7. TFA mediated deprotection of the tert-

butyloxycarbonyl group, followed by a alkaline work-up procedure, resulted in lysine 

derivative 8, the precursor towards [11C]2. Compound 8 was reacted with acryloyl 

chloride to obtain the TG2 inhibitor 2.  
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Scheme 2: Synthesis of TG2 inhibitor 2 and corresponding labelling precursor 8. Reagents and 

conditions: (a) 1-(2-chlorophenyl)piperazine, BOP, DiPEA, DMF, rt, 16 h, 91% (b) TFA/DCM, rt, 

1h, 95% (c) Acryloyl chloride, DiPEA, THF, 3 h, rt, 82%. 

 

In a similar manner, the, TG2 inhibitor 3 (scheme 3) was synthesized. BOP coupling of 

Z-Lys(boc)-OH to 1-(6-methylpyrid-2-yl)piperazine resulted in lysine derivative 9. In 

this case, to afford free N-terminal amine 7, the Z-protection group was cleaved by 

hydrogenation and the resulting amine reacted with phenylacetyl chloride resulting 

in compound 11. The boc-protecting group of lysine derivative 11 was removed 

acidically to obtain amine 12, the radiolabelling precursor towards [11C]3. Because of 

tedious purification of 3 by flash column chromatography, the acrylamide 

functionality was introduced in an aqueous environment and 3 was obtained in high 

purity by simple extraction. 
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Scheme 3: Synthesis of TG2 inhibitor 3 and corresponding labelling precursor 12. Reagents 

and conditions: (a) 1-(6-methylpyrid-2-yl)piperazine, BOP, DiPEA, DCM/DMF, rt, 16 h, 88% (b) 

Pd/C, H2, MeOH, rt, 16 h, quant. (c) Phenylacetyl chloride, DiPEA, DCM, rt, 1h, 91% (d) 

TFA/DCM, rt, 1h, 95% (e) Acryloyl chloride, THF/H2O, K2CO3, 0 °C, 2h, 96%.  

 

3.3.2 In vitro TG inhibition 
 

Using a fluorescence TG activity assay, both in vitro inhibitory potency and subtype 

selectivity of the TG2 inhibitors were measured [23]. Selectivity over TG1 and FXIIIa 

was assessed, as these two isozymes are, like TG2, widely expressed [2]. As depicted 

in table 1, measured IC50 values for 2 and 3 towards TG2 were 73 and 53 nM 

respectively, consistent with the low nanomolar values reported [18]. For 1 an IC50 
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value of 1.9 µM was found, making this the least potent of the three compounds. 

This finding was surprising, as an IC50 of 10 nM has been published [17]. The cause for 

this discrepancy in measured IC50 for 1 remains unclear. None of the three 

compounds did inhibit FXIIIa at the concentration range investigated, whereas TG1 

inhibition was observed only for 2 and 3 at micromolar concentrations. Despite its 

lower measured potency, 1 did display TG subtype selectivity and therefore 

radiolabelling and further evaluation of all three inhibitors was pursued. 

 

Table 1: In vitro TG inhibition and selectivity of the inhibitors 1, 2 and 3. 

 

 

3.3.3 Radiochemistry 
 

For radiolabelling, precursor amines were subjected to the [11C]CO carbonylation 

reaction as depicted in scheme 4, initially employing reagent concentrations adapted 

from Eriksson et al. [21].  

 

 

Scheme 4: General procedure for carbon-11 labelling of acrylamides 

 

Transfer of [11C]CO was performed quantitatively to a sealed reagent vail using the 

xenon transfer method [24]. Using these conditions, the radiochemical yield of [11C]1 

Compound TG1 IC50 (µM) TG2 IC50 (µM) FXIIIa IC50 (µM)

1 > 10 1.9 ± 0.11 > 10

2 8.2 ± 0.2 0.073 ± 0.013 > 10

3 4.1 ± 0.1 0.053 ± 0.012 > 10
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was low, in the order of 5%, which was anticipated based on the poor nucleophilicity 

of aromatic amine precursor 6. Various strategies to improve the yield were explored 

(table 2), including amine activation by addition of the sterically hindered organic 

base pempidine [29] or the strong organic base Li-HMDS [30].  

 

Table 2: Reaction conditions for radiosyntheses of [11C]1, [11C]2 and [11C]3 

 
aAnalytical radiochemical yield was determined as the percentage of product in the crude 

reaction mixture on analytical HPLC. bDecay corrected isolated yields after formulation. 

Reported yields are calculated back from [11C]CO. For each entry n ≥ 2.  

 

Furthermore, reactions using Xantphos instead of triphenylphosphine as a bidentate 

ligand with wider bite angle were performed, potentially increasing radiochemical 

yield [31]. The latter, however, did not result in an increase or a decrease in 

radiochemical yield. Moreover, addition of pempidine to the reaction mixture did not 

increase radiochemical yield compared to initial reaction conditions. Employing Li-

HMDS for activation of the amine precursor resulted in an increase of the 

radiochemical yield to 15%. Increasing the concentration of precursor amine 6 and Li-

Entry
Amine 

(µmol)
Ligand Base (µmol) Product 

Analytical yield 

(%) ± SD

Isolated yield 

(%) ± SD

1 6 (4) PPh3 - [11C]1 5 ± 1 -

2 6 (4) PPh3 DiPEA (8) [11C]1 4 ± 1 -

3 6 (4) PPh3 Pempidine (12) [11C]1 5 ± 1 -

4 6 (4) Xantphos - [11C]1 6 ± 1 -

5 6 (4) PPh3 Li-HMDS (4) [11C]1 15 ± 1 -

6 6 (4) PPh3 Li-HMDS (16) [11C]1 31 ± 4 -

7 6 (16) PPh3 Li-HMDS (32) [11C]1 52 ± 12 48 ± 4

8 8 (16) PPh3 - [11C]2 70 ± 15 49 ± 6

9 12 (16) PPh3 - [11C]3 48 ± 8 42 ± 4



Chapter 3 
 

82 
 

HMDS by a factor 4 significantly increased the yield to 30%. Employing a two-fold 

excess of Li-HMDS compared to precursor amine 6 further increased the yield of 

[11C]1 to an average of 52%. Radiosynthesis of [11C]1 and [11C]2 was performed using 

conditions similar to [11C]1 synthesis, with the omission of Li-HMDS, as the aliphatic 

primary amines are good nucleophiles and therefore require no activation. 

Compounds [11C]2 and [11C]3 were obtained in an average 72 and 48% analytical 

yield, respectively. After preparative HPLC purification, products were formulated, 

ready for injection, in 10 mL 0.9% NaCl containing 10% ethanol using a solid phase 

extraction procedure. Typical radiosyntheses following target irradiations of 15 

minutes at 30 µA afforded products [11C]1, [11C]2 and [11C]3 in isolated amounts of 

1.8 ± 0.2 GBq, 2.0 ± 0.3 GBq and 1.6 ± 0.2 GBq, respectively. 

 

3.3.4 Log D 
 

Measured partition coefficient logD7.4 values of 1, 2 and 3 were 2.67 ± 0.12, 3.00 ± 

0.11 and 2.09 ± 0.02, respectively. All three values were well within the range 

suitable for brain penetration [32].  

 

3.3.5 Biodistribution studies 
 

The activity distribution showed very similar patterns for all three compounds (figure 

2). High activity concentrations were measured in the liver and kidneys at both 15 

and 45 minutes, suggesting liver metabolism and kidney excretion. In the peripheral 

organs, clear washout over time was observed, indicating no irreversible binding. This 

correlates with the general idea that under physiological conditions TG2 is believed 

to be mainly in a closed, inactive state. Surprisingly, for each tracer at both time 

points uptake in the brain was very low, despite favourable log D values and 

molecular weights for brain penetration. This low brain uptake of the tracers might 

be explained in various ways. First, the radiotracers may fail to penetrate the blood 
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brain barrier. Second, potential rapid metabolism to polar radioactive compounds 

might impair brain penetration. Third, rapid washout from the brain may follow the 

absence of the active target in healthy animals. Fourth, low brain retention may be 

the result of active transport of the tracers from brain to blood mediated by efflux 

transporters [33]. This latter option is supported by the reported observation that 

these compounds turned out to be excellent P-gp substrates as measured in MDCK-

MDR1 cells [18]. Indeed, a pilot experiment in which healthy male Wistar rats were 

treated with the broad spectrum efflux transporter inhibitor tariquidar (15 mg·kg-1) 

prior to [11C]3 administration resulted in a ten-fold increase in brain activity 

concentrations at 15 minutes post injection (data not shown). This result warrants 

further evaluation in future experiments.  

 

 

Figure 2: Peripheral (A) and brain (B) radioactivity distribution following intravenous injection 

of [11C]1, [11C]2 and [11C]3 in rats. Healthy male Wistar rats (n=4 per time point) received 50-

100 MBq of the selected radiotracer in their tail vein under isoflurane anaesthesia and were 

sacrificed at 15 or 45 minutes post injection. Results are expressed as injected dose per gram 

tissue. Error bars represent the standard error of the mean.  
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In general, however, low activity concentration levels in the peripheral organs, with 

the exception of liver and kidney, together with the rapid blood clearance might 

prove these radiotracers suitable for peripheral imaging of active TG2. 

 

3.3.6 Metabolite analysis 
 

For assessment of metabolic stability in vivo, blood plasma of Wistar rats injected 

with the selected radiotracers was analysed for presence of intact tracer and 

metabolites (table 3). A similar procedure for the analysis of brain activity was 

omitted because of low activity levels in this organ. [11C]1 was rapidly metabolized 

resulting mainly in a non-polar radioactive metabolite (58%) and 22% intact tracer 

after 15 minutes, whereas after 45 minutes only 9% tracer was intact and the polar 

and non-polar fraction both accounted for approximately 40% of total plasma 

activity. [11C]2 was more stable compared to [11C]3 with 42% intact tracer in blood 

plasma after 15 minutes. Here, polar metabolites formed the main active metabolite 

fraction (40%). After 45 minutes, 10% of activity was intact tracer and 77% was found 

in the polar metabolite fraction. Of the three tracers, [11C]3 had the highest 

metabolic stability, with 65 and 29% intact at 15 and 45 minutes, respectively. 

Metabolites were mainly found in the polar fraction. This poor to moderate in vivo 

stability is in line with previous reports where stability of 2 and 3 in a liver microsome 

assay was poor [18] and 1 hydrolysed rapidly in plasma in vitro [17]. Despite these 

poor stability profiles in vitro, which were known in advance, efforts were made 

towards evaluating the stability of these compounds ex vivo. First, stability in liver 

microsomes does not necessarily reflect metabolic rate in vivo, but rather provides 

information on whether compounds are susceptible to liver metabolism. Second, PET 

scans using carbon-11 usually do not last longer than 1 hour, making long term 

stability less important. Third, since PET tracers are contrast agents, metabolism 

might even assist in clearance of non-bound ligand, enhancing contrast. Although 

there was rapid metabolism, this cannot account for the low brain uptake, as there 
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was still a considerable fraction intact tracer present in plasma at both time points. 

Because of the high in vitro inhibitory potency and the superior in vivo metabolic 

stability of [11C]3, this compound was selected for further evaluation. 

  

Table 3: Ex vivo metabolite analysis of [11C]1, [11C]2 and [11C]3 in rat plasma 

 

Healthy male Wistar rats (n=3 per time point) received 50-100 MBq of the selected 

radiotracer in their tail vein under isoflurane anaesthesia and were sacrificed at 15 or 45 

minutes post injection. Results are expressed as percentage of the total activity ± standard 

deviation and are based on a Solid Phase Extraction procedure (Polar metabolites) and HPLC 

analysis (Intact tracer and Non-polar metabolites).   

 

3.3.7 In vitro TG2 binding 
 

For a successful TG2 radiotracer, it is essential to be able to discriminate between 

active and inactive TG2. Therefore, [11C]3 should only bind to the open, 

transamidation active form of TG2. Although in the closed conformation the active 

site cysteine-277 is shielded by two β-barrels, it is conceivable that small molecules, 

such as compound 3, might find their way towards this active site as they are 

sterically less hindered compared with bulky protein substrates. Furthermore, the 

open and closed conformations of TG2 are based on crystal structures [5, 6]. Any 

conformation between these two extremes might be possible in a dynamic system. 

Using a TG2 FRET construct, it has been confirmed that small molecule inhibitors can 

Compound

Time p.i. (min) 15 45 15 45 15 45

Intact tracer (%) 22 ± 3 9 ± 1 42 ± 1 10 ± 2 65 ± 7 29 ± 11

Non-polar 

metabolites (%)
58 ± 4 48 ± 6 18 ± 2 12 ± 2 13 ± 4 6 ± 3

Polar 

metabolites (%)
19 ± 2 42 ± 7 40 ± 2 77 ± 4 21 ± 3 65 ± 12

[11C]1 [11C]2 [11C]3
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bind to this TG2 probe intracellularly, despite the majority of intracellular TG2 being 

in a closed conformation [34, 35]. To determine the extent of binding of [11C]3 to 

inactive TG2, in vitro binding experiments using recombinant hTG2 under various 

incubation conditions were performed (figure 3). Incubation of [11C]3 with TG2 in the 

presence of 10 mM CaCl2 and 1 mM DTT resulted in approximately 38% tracer 

binding. Baseline conditions, i.e. without adding activating or blocking agents, did not 

demonstrate this binding to TG2. Blocking conditions, i.e. incubation in the presence 

of either EDTA, GDP, GTP or Z006, resulted in minimal enzyme binding, which was 

comparable with that under baseline conditions. This clearly showed that [11C]3 binds 

only to active TG2.  

 

 

 

Figure 3: [11C]3 binding to TG2 under activating, baseline and blocked conditions. Results are 

corrected for control and expressed as percentage of the residual activity in the spin filter 

compared to the total activity ± standard deviation (n=3).  
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3.3.8. Immunohistochemistry, active TG2 staining and 

autoradiography 

In preparation of an in vivo evaluation of the TG2 targeting potential, first a suitable 

ex vivo model to perform autoradiography of activated TG2 was explored. For this 

purpose, the MDA-MB-231 tumour xenograft model was used, as it has been 

reported that human MDA-MB-231 cells highly express TG2 [14]. 

Immunohistochemical detection of TG2 using anti-TG2 antibodies on MDA-MB-231 

tumour sections confirmed the presence of TG2 in this tumour (figure 4).  

 

 
 

Figure 4: TG2 immunohistochemistry and histochemistry images on MDA-MB-231 tumour 

sections. A: Immunohistochemical staining of TG2 and negative control (B); C: TG mediated 

incorporation of the substrate BAP; D: High power magnification of TG mediated BAP 

incorporation including nuclear counterstaining; E:TG mediated BAP incorporation in the 

presence of the TG2 inhibitor Z006 at 100 µM; F: TG2 mediated incorporation of TG2-specific 

substrate T26; G: High power magnification TG2 mediated T26 incorporation including 

nuclear counterstaining; H: TG2 mediated T26 incorporation in the presence of the TG2 

inhibitor Z006 at 100 µM. Scale bars: 100 µm.  
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No staining of TG2 was observed in the absence of the anti-TG2 antibody, 

demonstrating the antibody specificity. As previously mentioned, however, TG2 

expression is by definition not similar to TG2 transamidation activity, as this enzyme 

can adopt a closed and open conformation and even in the open conformation the 

correct redox state is required for transamidation activity to occur. Transamidation 

activity cannot be detected employing currently available antibodies. Therefore, a 

detection method for TG2 activity was used in which the TG-dependent 

incorporation of the amine donor substrate BAP (5-biotinamido)pentylamine or the 

more TG2-specific glutamine donor substrate T26 were used for detection of active 

TG2 in the MDA-MB-231 tumour sections [28].  

 

TG-dependent incorporation of BAP in the sections was shown and the fact that this 

incorporation could be blocked by pretreatment with the selective TG2 inhibitor Z006 

indicates that this incorporation was TG2 mediated, and not the result of activity of 

any other isozyme. In addition, using the TG2 selective glutamine acceptor substrate 

T26 resulted in a similar distribution pattern compared to BAP, which therefore 

confirmed the presence of active TG2 in the tumour. Again, this incorporation could 

be blocked selectively by pretreatment of the sections with Z006 (figure 4). Having 

confirmed the expression and activity of TG2, the next step was autoradiography 

using the selected TG2 inhibitor [11C]3. Autoradiography, performed on MDA-MB-231 

tumour sections, showed high binding of [11C]3 to the tissue after TG2 was forced 

into the open conformation and a reduced oxidation state by addition of CaCl2  and 

DTT to the incubation buffer (figure 5A). With the addition of just one of these 

activating agents to the incubation buffer, binding of [11C]3 decreased to an average 

of 57% when omitting DTT and 22% in case of omitting of CaCl2 (figures 5C and D). 

Omitting both these TG2 activating agents resulted in a decrease to 10% compared 

with activating conditions (figures 5B). Binding of [11C]3 could be fully blocked by 

addition of unlabelled 3 or the structurally different inhibitor Z006 (figure 5E and F). 
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These data demonstrate that [11C]3 is able to discriminate between transamidation 

active and inactive states of TG2.  

 

 

 

Figure 5: Representative autoradiography images of MDA-MB-231 tumour sections incubated 

with [11C]3 (top) and the normalized binding (bottom). N=4 per incubation condition. 

Incubation buffers as follows: A: 5 mM Tris-HCl, pH 7.4, 5 mM CaCl2, 1 mM DTT B: 5 mM Tris-

HCl, pH 7.4 C: 5 mM Tris-HCl, pH 7.4, 1 mM DTT D: 5 mM Tris-HCl, pH 7.4, 5 mM CaCl2 E: 5 

mM Tris-HCl, pH 7.4, 5 mM CaCl2, 1 mM DTT and inhibitor 3 at 100 µM F: 5 mM Tris-HCl, pH 

7.4, 5 mM CaCl2, 1 mM DTT and inhibitor Z006 at 100 µM. 

 

The transamidation activity in this assay depends on both the presence DTT and Ca2+
, 

as both these adjuvants were individually able to increase [11C]3 binding. These data 

confirm that both conformation and oxidation states are important factors for TG2 

activity. In addition, [11C]3, despite its thiol reactive michael acceptor moiety, shows 

no sign of cross-reactivity to DTT, a small organic dithiol. This finding is in agreement 

with the reported stability of 3 towards gluthathion [18] and reflects the active site 

directed inhibition mechanism of the irreversible TG2 inhibitor 3. Finally, high 

selectivity and specificity of [11C]3 to TG2 was shown by full blocking of binding by co-
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incubation with either unlabelled 3 or the structurally different TG2 inhibitor Z006. 

Taken together, these results warrant further evaluation of this radiotracer in vivo.  

 

 

3.4 Conclusion 

 

Three potent TG2 inhibitors were successfully labelled with carbon-11 by employing 

a palladium mediated [11C]CO carbonylation reaction. Following intravenous injection 

in rat, [11C]3 demonstrated the highest metabolic stability. Brain uptake of [11C]3 was 

low. Importantly, [11C]3 was shown to bind selectively and specifically to TG2 in MDA-

MB-231 tumour sections, paving the way for further in vivo studies. 
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Abstract 

 

Introduction: The protein-protein crosslinking activity of the enzyme tissue 

transglutaminase (TG2; EC 2.3.2.13) is associated with the pathogenesis of various 

diseases, including celiac disease, lung-, liver- and kidney fibrosis, cancer and 

neurodegenerative diseases. This study aims at developing a TG2 PET tracer based on 

the peptidic irreversible TG2 inhibitor Z006. 

Methods: Initially, the carbon-11 labelling of Z006 at the diazoketone position was 

explored. Subsequently, a set of analogues that allow for fluorine-18 labeling was 

synthesized. Two potent analogues, 6f and 6g, were radiolabelled with fluorine-18 

and biodistribution and metabolite analysis in Wistar rats was performed. The 

identity of the main metabolite of [18F]6g was elucidated using LC-MS/MS. In vitro 

binding to isolated TG2 and in vitro autoradiography on MDA-MB-231 breast cancer 

tissue using [18F]6g was performed. 

Results: [18F]6f and [18F]6g were obtained in 20 and 9% yields, respectively. Following 

administration to healthy Wistar rats, rapid metabolism of both tracers was 

observed. Remarkably, full conversion to just one single metabolite was observed for 

one of the tracers, [18F]6g. By LC-MS/MS analysis this metabolite was identified as C-

terminally saponified [18F]6g. This metabolite was also found to be a potent TG2 

inhibitor in vitro. In vitro binding to isolated TG2 and in vitro autoradiography on 

MDA-MD-231 tumour sections using [18F]6g demonstrated high specific and selective 

binding of [18F]6g to active TG2. 

Conclusions: Whereas based on the intensive metabolism [18F]6f seems unsuitable as 

a TG2 PET tracer, the results warrant further evaluation of [18F]6g in vivo. 
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4.1 Introduction 

 

Tissue transglutaminase (TG2) is an enzyme known for the calcium dependent 

catalysis of the transamidation reaction, forming crosslinks between the γ-

carboxamide of a glutamine acyl-acceptor substrate and the ε-amine of a lysine acyl-

donor substrate [1-3]. The resulting γ -glutamyl-ε-lysine bonds, commonly referred to 

as isopeptide bonds, are highly stable to proteolysis as these particular sidechain 

bonds are not easily recognized by proteases. Protein crosslinking only occurs when 

TG2 adapts the open conformation, favoured by a high calcium concentration, in 

which the catalytic site is exposed [4]. In the closed conformation, promoted by high 

guanosine diphosphate (GDP) concentrations, two consecutive β-barrels sterically 

prevent substrates from reaching the active site [5]. Furthermore, it has been shown 

that transglutaminase activity is only possible when the 230-231 cysteine-cysteine 

disulphide bond is reduced [6]. Increased TG2 cross-linking activity has been strongly 

associated with various disease processes, such as cancer, fibrosis, celiac disease and 

neurodegenerative diseases [7-15].  

Various inhibitors of TG2 have been developed [16], amongst them a class of 

6-diazo-5-oxo-L-norleucine (DON) containing small peptides. The DON residue, being 

a glutamine analogue, is able to enter the enzyme’s active site, resulting in 

irreversible binding to the active site cysteine residue, thereby inactivating the 

enzyme (figure 1A). Amongst the DON carrying TG2 inhibitors is Z006 (figure 1B), a 

small selective and potent peptidic inhibitor [17] that has shown intracellular activity 

in cell culture [18]. 

With the increasing interest in TG2 as a therapeutic target, the demand for 

TG2 imaging agents also increases [19]. In vitro, open conformation TG2 can be 

discriminated from its closed conformation using a TG2 Föster Resonance Energy 

Transfer (FRET) biosensor [20] or fluorescent inhibitors that are selective for the open 

conformation [19]. As an alternative for inhibitors, fluorescent or radioactive amine 
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substrates can be used to intercept transglutaminase formed intermediate thioesters 

[19, 21]. This latter approach could, in theory, lead to multiple incorporations of 

detectable substrates per TG2 enzyme, resulting in signal magnification. Selectivity of 

such substrates is limited, however, as the intermediate thioesters react non-

selectively with nucleophiles. Furthermore, processing of amines in vivo is not limited 

to TG2, thereby casting doubt on the specificity of this approach to detect TG2 

activity in vivo. Nevertheless, as an amine acyl donor substrate, 5-biotinylamido 

pentylamine has been shown to accumulate in lung tissue in a pulmonary 

hypertensive rat model [10]. This accumulation could be prevented by treatment 

with the TG2 inhibitor ERW1041E. Clearly, the limitations of this approach include 

the need to sacrifice test animals, which hampers longitudinal studies. In addition, it 

is clear that translation to humans is not possible. As an alternative approach, 

radiolabelled compounds for non-invasive imaging of TG2 using positron emission 

tomography (PET) can be applied [21]. Carbon-11 labelled tracers for non-invasive 

imaging of TG2 in vivo have recently been developed [22]. Although these 

compounds demonstrated selective and specific binding to TG2 in vitro, they suffered 

from low metabolic stability in vivo, potentially limiting their value for in vivo imaging 

of active TG2. 

PET is a non-invasive imaging technique that allows for quantitative in vivo 

imaging of biological processes, such as enzyme or transporter activity. To image a 

specific biological target (e.g. receptor, enzyme, transporter) PET depends on the 

incorporation of a positron emitter into a biologically active molecule, relevant for 

this specific target [23]. For radiolabelling of small organic molecules, commonly 

carbon-11 (half-life: 20.4 min) or fluorine-18 (half-life: 109.8 min) are used. Because 

of the low amount of tracer mass administered (typically several nanomoles), in vivo 

biology remains undisturbed, making PET a purely analytical imaging technique.  

The main objective of the present study was to develop a PET tracer for 

imaging active TG2 in vivo. Because of its high potency and selectivity, Z006 was used 

as a lead compound. 
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Figure 1: A) General irreversible inhibition of human TG2 by DON inhibitor; B) Structure of the 

well-known TG2 inhibitor Z006. 

 

 

4.2 Materials and methods 

 

4.2.1 General 
 

All reagents were obtained from commercial sources (Sigma Aldrich, St. Louis, USA; 

Bachem, Bubendorf, Switzerland) and used without further purification. Human 

recombinant transglutaminases and assay reagents were obtained from Zedira GmbH 

(Darmstadt, Germany). Solvents were obtained from Biosolve (Valkenswaard, the 

Netherlands) and used as received unless stated otherwise. Dichloromethane (DCM) 

and N,N-dimethylformamide (DMF) were dried over activated 3 Å molecular sieves. 

Tetrahydrofuran (THF) was first distilled from LiAlH4 and then stored on activated 3 Å 

molecular sieves. Diazomethane solution in diethylether (Et2O) was obtained using 

Diazald® as precursor by dropwise addition of Diazald in Et2O to a heated solution of 

KOH in EtOH/H2O/carbitol and continuous distillation of generated diazomethane to 

a receiver flask at 0 °C. Careful: Diazomethane is explosive and toxic! Reaction 
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monitoring by thin layer chromatography was performed on pre-coated silica 

60 F254 aluminium plates (Merck, Darmstadt, Germany). Spots were visualised by UV 

light, ninhydrin, vanilline or Cl2/TDM. Evaporation of solvents was performed under 

reduced pressure at 40 °C using a rotary evaporator. Flash column chromatography 

was performed manually on Silica gel 60 Å (Merck, Darmstadt, Germany). NMR 

spectroscopy was performed on a Bruker (Billerica, MA, USA) Avance 250 

(250.13 MHz for 1H and 62.90 MHz for 13C) or a Bruker Avance 500 (500.23 MHz for 

1H and 125.78 MHz for 13C) with chemical shifts (δ) reported in parts per million 

(ppm) relative to the solvent (CDCl3, 1H 7.26 ppm, 13C 77.16 ppm; dimethyl sulfoxide 

(DMSO)-d6, 1H 2.50 ppm, 13C 39.52 ppm).  

Electrospray ionization-high resolution mass spectrometry (ESI-HRMS) was carried 

out on positive or negative mode using a Bruker microTOF-Q instrument (capillary 

potential of 4500 V).  

[11C]CO2 was produced by the 14N(p,α)11C nuclear reaction performed in a 0.5% O2/N2 

gas mixture using an IBA Cyclone 18/9 cyclotron (IBA, Louvain-la-Neuve, Belgium). 

[18F]Fluoride ion was produced by 18O(p,n)18F nuclear reaction using an IBA Cyclone 

18/9 cyclotron (Louvain-la-Neuve, Belgium). Radioactivity levels were measured 

using a Veenstra VDC-405 dose calibrator (Joure, The Netherlands). Radiochemistry 

was carried out in homemade, remotely controlled synthesis units [24].  

Analytical HPLC was performed on a Jasco (Easton, MD, USA) PU-2089 pump station 

equipped with a Luna Phenyl-hexyl column (5 µm, 250 mm x 4.6 mm, Phenomenex, 

Torrance, CA, USA) using H2O/MeCN/TFA (60:40:0.1; v/v/v; ‘Method A’) or a Grace 

Alltima C18 column ((5 µm, 250 mm x 4.6 mm, Columbia, USA) using either 

H2O/MeCN/TFA (55:45:0.1; v/v/v; ‘Method B’) or H2O/MeCN/TFA (50:50:0.1; v/v/v; 

‘Method C’) as eluent at a flow rate of 1 mL·min-1, with a Jasco UV-2075 UV detector 

(λ = 254 nm) and a NaI radioactivity detector (Raytest, Straubenhardt, Germany). 

Chromatograms were acquired with Raytest GINA Star software (version 5.01).  

Preparative HPLC for isolation of radiotracers was performed on a Jasco PU-2089 

pump station equipped with a Grace Alltima C18 column (5 µm, 250 mm x 10 mm, 
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Columbia, USA) using H2O/MeCN (40:60; v/v; ‘Method D’) as eluent at a flow rate of 

4 mL·min−1, a Jasco UV-1575 Plus UV detector (λ =254 nm), a custom made 

radioactivity detector and Jasco ChromNAV CFR software (version 1.14.01) for data 

acquisition. 

Analytical HPLC for analysis of the non-polar fraction of the metabolite experiments 

was performed on Dionex (Sunnyvale, CA, USA) UltiMate 3000 HPLC equipment with 

Chromeleon software (version 6.8) equipped with a Phenomenex Gemini C18 column 

(5 µm, 10 mm × 250 mm, Phenomenex, Torrance, CA, USA) with eluent MeCN (A) and 

0.1% TFA in water (B) as eluent according to the following scheme (‘Method E’): 

0 min, 80% B at 0.25 mL·min−1; 0.5 min, 80% B at 3.0 mL·min−1; 6.0 min, 40% B at 

3.0 mL·min−1; 12.5 min, 80% B at 3.0 mL·min−1; 14.5 min, 80% B at 3.0 mL·min−1; 

15 min, 80% B at 0.25 mL·min−1 or according to the following scheme (‘Method F’): 

0 min, 80% B at 0.25 mL·min−1; 0.5 min, 80% B at 3 mL·min−1; 6.0 min, 30% B at 

3 mL·min−1; 12.0 min, 30% B at 3 mL·min−1; 12.5 min, 80% B at 3.0 mL·min−1; 14.5 min, 

80% B at 3.0 mL·min−1; 15.0 min, 80% B at 0.25 mL·min−1.  

LC-MS/MS analysis was performed on a Jasco system (Easton, PA, USA) with an AB 

Sciex QTRAP 5500 mass spectrometer (Concorde, Ontario, Canada). The Jasco system 

consisted of two pumps (X-LC 3180PU), a degasser (X-LC 3080DG), a mixer (X-LC 

3080MX), a column oven (X-LC 3080CO) and databoxes LV 2080-03 and LC-Net 

II/ACD. A Kinetex C18 column (1.7 u, 100 A, 100 x 2.10 mm, Phenomenex, Torrance, 

CA, USA) at 25 °C was used for chromatographic separation with eluent MeCN (A) 

and 0.1% formic acid in H2O (B) according to the following scheme (‘Method G’): 0 

min, 90% B at 0.5 mL·min-1; 3 min, 10% B at 0.5 mL·min-1; 5 min, 10% B at 0.5 mL·min-

1; 5.5 min 90% B at 0.5 mL·min-1. Capillary potential was set at 5.5 kV, source 

temperature at 100 °C, and desolvation temperature at 750 °C. Measurements were 

performed using these conditions: Neutral loss set at -28 dalton. Extracted ion 

chromatograms with mass windows m/z: 681.8-682.3 for metabolite  M1 analysis 

and m/z: 696.0-696.5 for parent 6g analysis. Multiple reaction monitoring (MRM) was 

performed with mass transitions m/z: 682.2 and 626.3 for metabolite analysis and 
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m/z: 696.2 and 418.0 for parent analysis (See supplementary data for additional LC-

MS/MS data of 6g and M1). 

Autoradiography was performed using 10 µm thick MDA-MB-231 frozen tumour 

sections, available from a previous study, positioned on SuperfrostTM plus slides 

(Thermo Fischer Scientific, Waltham, MA, USA). Tumours were grown by inoculation 

of 5·106 MDA-MB-231 tumour cells subcutaneously on both flanks of female nu/nu 

mice (8 weeks, Harlan, the Netherlands). After having developed tumours, mice were 

sacrificed by cervical dislocation under isoflurane anesthesia. Tumours were taken 

out, flash frozen using liquid nitrogen and stored at -80 °C until further use. 

Autoradiography sections were exposed to a phosphorimaging screen (GE 

Healthcare, Buckinghamshire, UK) and developed on a Typhoon FLA 7000 phosphor 

imager (GE Healthcare, Buckinghamshire, UK). Quantification of binding was done 

using ImageQuantTL v8.1.0.0 (GE Healthcare, Buckinghamshire, UK) by drawing 

regions of interest around the full tumour sections. Healthy male Wistar rats were 

obtained from Harlan Netherlands B.V. (Horst, the Netherlands). All animal 

experiments were performed according to Dutch national law (‘Wet op de 

proefdieren’, Stb 1985, 336). 

 

4.2.2 Chemistry 
 

4.2.2.1. (S)-tert-Butyl 4-(((benzyloxy)carbonyl)amino)-5-(((S)-1-((S)-2-(((S)-1-methoxy-

4-methyl-1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-

yl)amino)-5-oxopentanoate (Z-E(OtBu)VPL-OMe) 

1H NMR (500.23 MHz, CDCl3) δ: 7.59 (br s, 1H), 7.34 (m, 6H), 5.75 (d, 1H, J = 8.4 Hz), 

5.10 (d, 2H, J = 1.9 Hz), 4.64 (m, 2H), 4.49 (m, 2H), 3.77-3.59 (m, 5H), 2.33-1.82 (m, 

10H), .62-1.45 (m, 2H), 1.41 (s, 9H), 0.98-0.86 (m, 12H); 13C NMR (125.78  MHz, CDCl3) 

δ: 173.38, 172.70, 171.42, 171.38, 171.34, 156.29, 136.27, 128.63, 128.27, 128.19, 

80.90, 67.17, 59.80, 55.69, 54.19, 52.27, 50.97, 47.93, 41.28, 31.58, 31.54, 28.49, 
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28.16, 28.06, 25.10, 24.85, 22.85, 21.98, 19.52, 17.73; ESI-HRMS: calculated for 

C34H52N4O9: 660.3734, found: 683.3628 [M + Na]+. 

 

4.2.2.2. (S)-tert-Butyl-4-amino-5-(((S)-1-((S)-2-(((S)-1-methoxy-4-methyl-1-oxopentan-

2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-yl)amino)-5-oxopentanoate 

(4) 

To a solution of Z-E(OtBu)VPL-OMe (2.0 g, 3.2 mmol) in methanol (10 mL) was added 

Pd/C (100 mg). The reaction vial was pressurized to 3 bar with H2(g) and vigorously 

stirred for 2 h. After celite filtration and evaporation in vacuo the resulting mixture 

was purified by column chromatography (DCM/MeOH 1:40) to afford the title 

compound as a colourless oil (1.5 g, 93%). 1H NMR (500.23 MHz, CDCl3) δ: 7.89 (d, 1H, 

J = 9.1), 7.19 (d, 1H, J = 6.5 Hz), 4.60-4.40 (m, 3H), 3.80-3.76 (m, 1H), 3.68 (s, 3H), 

3.63-3.58 (m, 1H), 3.43-3.38 (m, 1H), 2.36-2.27 (m, 3H), 2.13-1.77 (m, 10H), 1.61-1.50 

(m, 1H), 1.41 (s, 9H), 0.99-0.85 (m, 12H); 13C NMR (125.78 MHz, CDCl3) δ: 174.58, 

173.29, 172.81, 172.16, 170.94, 80.71, 59.82, 55.37, 54.83, 52.31, 51.02, 47.88, 

41.50, 32.12, 31.33, 30.29, 28.14, 27.22, 25.19, 24.77, 22.86, 21.95, 19.48, 17.97; ESI-

HRMS: calculated for C26H46N4O7: 526.3366, found: 527.3455 [M+H]+. 

 

4.2.2.3. General procedure for EDC coupling (Method H) 

To a solution of the respective carboxylic acid (0.40 mmol) in DMF (1 mL) was added 

EDC (0.46 mmol, 87 mg) and DMAP (0.04 mmol, 5 mg) and the solution was stirred 

for 10 min at room temperature (rt) prior to the addition of amine 4 (0.20 g, 0.38 

mmol) in DMF (1 mL). The solution was stirred for 2 h at rt. Concentration in vacuo 

followed by column chromatography (DCM/MeOH, 49:1) resulted in the desired 

product as a white solid. 

 

4.2.2.4. General procedure for diazoketone synthesis (Method I) 

A solution of the respective t-butylprotected peptide 5a-h (0.10 mmol) was dissolved 

in 1 mL DCM/TFA (1:1) and stirred for 1 h at rt. After concentration in vacuo the 
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residue was taken up in THF (2 mL) and cooled to -10 °C. N-methyl morpholine was 

added (0.40 mmol, 44 µL) followed by isobutylchloroformate (0.15 mmol, 20 µL). 

After stirring for 10 min diazomethane was added (1 mmol, 2 mL 0.5 M solution in 

Et2O) and the resulting mixture was stirred for 1 h. The mixture was allowed to reach 

rt and stirred for another 3 h. Concentration in vacuo and subsequent flash column 

chromatography (DCM/MeOH, 49:1) afforded the product as a yellow oil/solid. 

 

4.2.2.5. (S)-tert-Butyl 4-(4-fluorobenzamido)-5-(((S)-1-((S)-2-(((S)-1-methoxy-4-methyl-

1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-yl)amino)-5-

oxopentanoate (5a) 

Employing method H (56 mg of 4-fluorobenzoic acid) the product was afforded as a 

white solid (0.22 g, 89%). 1H NMR (500.23  MHz, CDCl3) δ: 8.23 (m, 1H), 7.87 (dd, 2H, 

J= 7.9, J= 2.8 Hz), 7.58 (d, 1H, J = 7.2 Hz), 7.39 (d, 1H, J = 7.6 Hz), 7.11 (m, 2H), 5.07 

(m, 1H), 4.85-4.70 (m, 2H), 4.48 (m, 1H), 3.82-3.67 (m, 5H), 2.38-1.95 (m, 10H), 1.58-

1.33 (m, 11H), 1.04-0.71 (m, 12H); 13C NMR (125.78 MHz, CDCl3) δ: 173.57, 172.89, 

171.84, 171.47, 171.21, 166.14, 165.51 (d, 1JCF = 252.5 Hz), 129.87, 129.83 (d, 3JCF = 

10.0 Hz), 115.85 (d, 2JCF = 22.7 Hz), 80.91, 59.88, 55.86, 52.78, 52.31, 51.03, 48.13, 

41.02, 31.78, 31.38, 28.83, 28.37, 28.23, 25.18, 24.93, 22.81, 21.95, 19.66, 17.85; ESI-

HRMS: calculated for C33H49FN4O8: 648.3534, found: 649.3615 [M+H]+. 

 

4.2.2.6. (S)-tert-Butyl 4-(6-fluoronicotinamido)-5-(((S)-1-((S)-2-(((S)-1-methoxy-4-

methyl-1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-

yl)amino)-5-oxopentanoate (5b) 

Employing method H (56 mg of 6-fluoronicotinic acid ) the product was afforded as a 

white solid (0.23 g, 92%). 1H NMR (500.23  MHz, CDCl3) δ: 8.73 (d, 1H, J=2.2 Hz), 8.29 

(dt, 1H, J=7.6, J=2.9 Hz), 7.78 (br s, 1H), 7.65 (d, 1H, J=6.7 Hz), 7.00 (dd, 1H, J= 8.5 Hz, 

J = 2.6 Hz), 5.88 (m, 1H), 4.71-4.63 (m, 2H), 5.50 (m, 1H), 3.77 (m, 1H), 3.69 (m, 4H), 

2.44-1.70 (m, 10H), 1.57-1.38 (m, 11H), 0.97 (3H, d, J= 7 Hz), 0.91 (d, 3H, J = 6.9 Hz), 

0.82 (d, 3H, J = 5.9 Hz), 0.81 (3H, d, J=6 Hz); 13C NMR (125.78 MHz, CDCl3) δ: 173.51, 
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173.38, 171.33, 171.06, 165.32 (d, 1JCF = 244.4 Hz), 164.31, 147.60 (d, 3JCF = 16.4 Hz), 

140.88 (d, 3JCF = 9.1 Hz), 127.70 (d, 4JCF = 4.5 Hz), 109.76 (d, 2JCF = 37.2 Hz), 81.41, 

59.86, 55.90, 53.21, 52.33, 50.99, 47.98, 41.34, 31.61, 31.56, 28.17, 28.14, 27.82, 

25.16, 24.85, 22.83, 21.98, 19.59, 17.71; ESI-HRMS: calculated for C33H49FN4O8: 

649.3487, found: 650.3566 [M+H]+. 

 

4.2.2.7. (S)-tert-Butyl 4-(2-fluoronicotinamido)-5-(((S)-1-((S)-2-(((S)-1-methoxy-4-

methyl-1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-

yl)amino)-5-oxopentanoate (5c) 

Employing method H (56 mg of 2-fluoronicotinic acid) the product was afforded as a 

white solid (0.23 g, 94%). 1H NMR (500.23 MHz, CDCl3) δ: 8.56 (m, 1H), 8.33 (d, 1H, J = 

4.8 Hz), 8.12 (br s, 1H), 7.89 (dd, 1H, J= 7.6 Hz, J = 11.3 Hz), 7.45 (d, 1H, J = 7.5 Hz), 

7.35 (m, 1H), 5.11 (m, 1H), 4.73 (m, 2H), 4.48 (m, 1H), 3.82 (m, 1H), 3.77 (m, 4H), 

2.33-1.99 (m, 10H), 1.53-1.45 (m, 3H), 1.35 (s, 9H), 0.98 (d, 3H, 6.7 Hz), 0.90 (d, 3H, 

J=7.0 Hz), 0.77 (d, 3H, J=5.9 Hz), 0.74 (d, 3H, J=5.9 Hz); 13C NMR (125.78 MHz, CDCl3) 

δ: 173.47, 172.34, 171.61, 171.23, 170.77, 161.73 (d, 3JCF = 7.3 Hz), 160.29 (d, 1JCF = 

238 Hz), 150.80 (d, 3JCF = 16.3 Hz), 143.45 (d, 4JCF = 1.8 Hz), 122.43 (d, 3JCF = 4.5 Hz), 

115.78 (d, 2JCF = 27.3 Hz), 80.76, 61.15, 59.82, 55.78, 52.68, 53.23, 50.85, 48.05, 

41.12, 31.67, 30.94, 28.66, 28.37, 28.11, 25.07, 24.81, 22.74, 21.82, 19.48, 17.81; ESI-

HRMS: calculated for C33H49FN4O8: 649.3487, found: 650.3540 [M+H]+. 

 

4.2.2.8. (S)-tert-Butyl 4-(4-(fluoromethyl)benzamido)-5-(((S)-1-((S)-2-(((S)-1-methoxy-

4-methyl-1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-

yl)amino)-5-oxopentanoate (5d) 

Employing method H (62 mg of 4-fluoromethylbenzoic acid) the product was 

afforded as a white solid (0.20 g, 79%). 1H NMR (500.23 MHz, CDCl3) δ: 8.18 (br s, 1H), 

7.88 (d, 2H, J=7.6 Hz), 7.54-7.41 (m, 4H), 5.44 (d, 2H, 2JHF=47.3), 5.02 (m, 1H), 4.80-

4.68 (m, 2H), 4.49 (m, 1H), 3.86-3.68 (m, 5H), 2.43-1.97 (m, 10H), 1.54-1.35 (m, 11H), 

1.09-0.72 (m, 12H); 13C NMR (125.78 MHz, CDCl3) δ: 173.44, 172.94, 171.64, 171.36, 



Chapter 4 
 

106 
 

171.22, 166.65, 140.25 (d, 2JCF = 17.2 Hz), 133.71 (d, 4JCF = 2.7 Hz), 127.65, 127.08 (d, 

3JCF = 6.3 Hz), 83.81 (d, 1JCF = 169.0 Hz), 80.91, 59.81, 55.82, 52.79, 52.25, 50.97, 

48.03, 40.99, 31.64, 31.40, 28.80, 28.50, 28.16, 25.13, 24.84, 22.76, 21.85, 19.57, 

17.76; ESI-HRMS: calculated for C34H51FN4O8: 662.3691, found: 663.3769 [M+H]+. 

 

4.2.2.9. (S)-tert-Butyl 4-((S)-2-fluoropropanamido)-5-(((S)-1-((S)-2-(((S)-1-methoxy-4-

methyl-1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-

yl)amino)-5-oxopentanoate (5e) 

To a solution of 4 (52 mg, 0.10 mmol), (S)-10 (10 mg, 0.11 mmol), DiPEA (26 µL, 0.15 

mmol) in DCM (5 mL) was added BOP (65 mg, 0.15 mmol). The solution was stirred 

overnight at rt. The solution was diluted with DCM (20 mL) and washed with 1M 

KHSO4 (2 x 25 mL), sat. NaHCO3 (2 x 25 mL) and brine (1 x 25 mL). After drying on 

Na2SO4, filtration and concentration a colourless oil was obtained which was further 

purified by column chromatography (DCM / MeOH 97:3). The product was obtained 

as a white solid (55 mg, 92%). 1H NMR (500.23 MHz, CDCl3) δ: 7.76 (m, 1H), 7.28 (m, 

2H), 4.95 (dq, 1H, JHF = 49.5,  J = 7.0 Hz), 4.73 (m, 1H), 4.64 (m, 2H), 4.48 (m, 1H), 3.77 

(m, 1H), 3.69 (s, 3H), 3.66 (m, 1H), 2.31-1.95 (m, 10H), 1.61-1.52 (m, 5H), 1.41 (s, 9H), 

0.96-0.84 (m, 12H); 13C NMR (125.78 MHz, CDCl3) δ: 173.40, 172.52, 171.41, 171.31, 

171.02 (d, 2JCF = 19.1 Hz), 170.76, 88.60 (d, 1JCF = 183.5 Hz), 80.99, 59.79, 55.80, 52.29, 

51.80, 50.97, 47.97, 41.26, 31.51, 31.23, 28.50, 28.19, 28.18, 25.12, 24.85, 22.82, 

22.00, 19.53, 18.65 (d, 2JCF = 21.8 Hz), 17.74; ESI-HRMS: calculated for C29H49FN4O8: 

600.3534, found: 601.3632 [M+H]+. 

 

4.2.2.10. (S)-tert-Butyl 4-((R)-2-fluoropropanamido)-5-(((S)-1-((S)-2-(((S)-1-methoxy-4-

methyl-1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-

yl)amino)-5-oxopentanoate (5f) 

To a solution of 4 (52 mg, 0.10 mmol), (R)-10 (10 mg, 0.11 mmol), DiPEA (26 µL, 0.15 

mmol) in DCM (5 mL) was added BOP (65 mg, 0.15 mmol). The solution was stirred 

overnight at rt. The solution was diluted with DCM (20 mL) and washed with 1M 
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KHSO4 (2 x 25 mL), sat. NaHCO3 (2 x 25 mL) and brine (1 x 25 mL). After drying on 

Na2SO4, filtration and concentration in vacuo a colourless oil was obtained which was 

further purified by column chromatography (DCM / MeOH 97:3). The product was 

obtained as a white solid (48 mg, 82%). 1H NMR (500.23 MHz, CDCl3) δ: 7.43 (m, 1H), 

7.23 (m, 2H), 5.00 (dq, 1H, JHF = 49.2,  J = 6.9 Hz), 4.64-4.46 (m, 3H), 3.78-3.58 (m, 5H), 

2.35-1.92 (m, 10H), 1.63-1.52 (m, 5H), 1.41 (s, 9H), 0.96-0.84 (m, 12H); 13C NMR 

(125.78 MHz, CDCl3) δ: 173.34, 172.81, 171.48, 171.15, 171.07 (d, 2JCF = 19.1 Hz), 

170.71, 88.60 (d, 1JCF = 183.5 Hz), 81.21, 59.86, 55.81, 52.35, 52.09, 51.04, 47.90, 

41.39, 31.58, 31.40, 28.16, 27.84, 27.69, 25.21, 24.84, 22.88, 22.00, 19.59, 18.51 (d, 

2JCF = 21.8), 17.60; ESI-HRMS: calculated for C29H49FN4O8: 600.3534, found: 601.3611 

[M+H]+. 

 

4.2.2.11. (S)-tert-Butyl 4-(2-((-(4-fluorobenzylidene)amino)oxy)acetamido)-5-(((S)-1-

((S)-2-(((S)-1-methoxy-4-methyl-1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-

methyl-1-oxobutan-2-yl)amino)-5-oxopentanoate (5g) 

Employing method H (79 mg of 2-(((4-fluorobenzylidene)amino)oxy)acetic acid) the 

product was afforded as a white solid (0.22 g, 92%). 1H NMR (500.23 MHz, CDCl3) δ: 

8.20 (s, 1H), 7.77 (br s, 1H), 7.56 (m, 2H), 7.34 (d, 1H, J=7.6 Hz), 7.23 (d, 1H, J=7.9 Hz), 

7.05 (m, 2H), 4.84 (m, 1H), 4.70-4.64 (m, 4H), 4.49 (m, 1H), 3.75-3.62 (m, 5H), 2.28-

1.81 (m, 10H), 1.49-1.35 (m, 11H). 0.94-0.84 (m, 12 H); 13C NMR (125.78 MHz, CDCl3) 

δ: 173.34, 172.50, 171.46, 171.17, 170.85, 169.73, 164.12 (d, 1JCF = 250.7 Hz), 150.09, 

129.43 (d, 3JCF = 9.1 Hz), 127.55 (d, 4JCF = 3.7 Hz), 116.06 (d, 2JCF = 21.8 Hz), 80.70, 

73.20, 59.77, 55.67, 52.28, 51.70, 50.99, 47.93, 41.20, 31.56, 31.12, 28.61, 28.25, 

28.16, 25.11, 24.89, 22.87, 21.98, 19.51, 17.69; ESI-HRMS: calculated for C35H52FN5O9: 

705.3749, found: 706.3831 [M+H]+. 

 

4.2.2.12. (S)-tert-Butyl (6-(-2-(4-fluorobenzylidene)-1-methylhydrazinyl)nicotinamido)-

5-(((S)-1-((S)-2-(((S)-1-methoxy-4-methyl-1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-

3-methyl-1-oxobutan-2-yl)amino)-5-oxopentanoate (5h) 
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Employing method H (104 mg of 6-(2-(4-fluorobenzylidene)hydrazinyl)nicotinic acid) 

with the exception that amine 4 was added to the solution prior to the addition of 

EDC, the intermediate was afforded as a white solid (222 mg, 76%). 1H NMR (500.23 

MHz, CDCl3) δ: 9.47 (s, 1H), 8.69 (s, 1H), 8.11 (br s, 1H), 8.05 (dd, 1H, J = 8.8, 2.2 Hz), 

7.89 (s, 1H), 7.68 (dd, 2H, J = 8.8, JHF = 5.5 Hz), 7.52 (m, 2H), 7.33 (d, 1H, J = 8.9 Hz), 

7.09 (t, J = 8.5 Hz), 4.91 (m, 1H), 4.73 (m, 1H), 4.67 (m, 1H), 4.50 (m, 1H), 3.83 (m, 

1H), 3.72-3.67 (m, 4H), 2.42-1.97 (m, 10H), 1.57-1.36 (m, 11H), 0.97 (m, 6H), 0.80 (m, 

6H); 13C NMR (125.78 MHz, CDCl3) δ: 173.47, 173.09, 171.81, 171.61, 171.45, 165.83, 

163.50 (d, 1JCF = 249.8 Hz), 158.57, 147.90, 140.26, 137.64, 130.94 (d, 4JCF = 2.7 Hz) 

128.54 (d, 3JCF = 8.2 Hz), 121.18, 115.97 (d, 2JCF = 20.0 Hz), 106.73, 80.99, 59.93, 56.08, 

52.97, 52.30, 50.97, 48.04, 41.27, 31.75, 31.49, 28.18, 28.15, 27.93, 25.17, 24.81, 

22.85, 21.89, 19.54, 17.99; ESI-HRMS: calculated for C39H54FN7O8: 767.4018, found: 

768.4100 [M+H]+. Then, to a solution of (S)-tert-butyl 4-(6-2-(4-

fluorobenzylidene)hydrazinyl)nicotinamido)-5-(((S)-1-((S)-2-(((S)-1-methoxy-4-methyl-

1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-yl)amino)-5-

oxopentanoate (0.10 g, 0.13 mmol) in DMF (0.5 mL) was added methyl iodide (9.0 µL, 

0.14 mmol) and K2CO3 (36 mg, 0.26 mmol). The mixture was stirred at 40 °C for 16 h. 

The mixture was diluted with water (20 mL) and extracted with DCM (3x 20 mL). 

After concentrating in vacuo, the crude oil was purified using flash column 

chromatography (DCM/MeOH, 40:1) to afford the title compound as a white solid (54 

mg, 53%). 1H NMR (500.23 MHz, CDCl3) δ: 8.72 (d, 1H, J = 2.5 Hz), 8.02 (dd, 1H, J = 

9.2, 2.5 Hz), 7.88 (br s, 1H), 7.71 (m, 4H), 7.45 (m, 1H), 7.33 (d, 1H, J = 7.4 Hz), 7.11 (t, 

2H, J = 8.6 Hz), 4.92 (m, 1H), 4.76-4.63 (m, 2H), 4.49 (m, 1H), 3.82-3.66 (m, 8H), 2.46-

2.00 (m, 10H), 1.56-1.39 (m, 11H), 1.00-0.78 (m, 12H); 13C NMR (125.78 MHz, CDCl3) 

δ: 173.41, 173.25, 171.75, 171.51, 171.38, 165.87, 163.25 (d, 1JCF = 248.8 Hz), 159.57, 

147.40, 136.46, 135.21, 132.01 (d, 4JCF = 2.8 Hz), 128.40 (d, 3JCF = 8.2 Hz), 120.67, 

115.95 (d, 2JCF = 21.8 Hz), 109.00, 81.03, 59.84, 55.86, 52.83, 52.30, 50.99, 48.00, 

41.14, 31.63, 31.60, 29.69, 28.20, 28.05, 28.02, 25.18, 24.85, 22.87, 21.88, 19.57, 

17.80; ESI-HRMS: calculated for C40H56FN7O8: 781.4174, found: 782.4253 [M+H]+. 
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4.2.2.13. (S)-Methyl 2-((S)-1-((S)-2-((S)-6-diazo-2-(4-fluorobenzamido)-5-

oxohexanamido)-3-methylbutanoyl)pyrrolidine-2-carboxamido)-4-methylpentanoate 

(6a) 

Employing method I (65 mg of 5a) the product was afforded as a yellow solid (40 mg, 

65%). 1H NMR (500.23 MHz, CDCl3) δ: 7.86 (dd, 2H, J = 8.6, JHF = 5.4 Hz), 7.76 (br s, 

1H), 7.52 (d, 1H, J=6.7 Hz), 7.30 (d, 1H, J=7.9 Hz), 7.12 (t, 2H, J=8.5 Hz), 5.30 (br s, 1H), 

4.82 (m, 1H), 4.68 (m, 1H), 4.61 (m, 1H), 4.50 (m, 1H), 3.80-3.65 (m, 5H), 2.62-2.45 

(m, 2H), 2.18 (m, 2H), (2.22-1.98, m, 6H), 1.56 (m, 1H), 1.44 (m, 1H), 1.01-0.81 (m, 

12H); 13C NMR (125.78 MHz, CDCl3) δ: 194.70, 173.41, 171.53, 171.37, 171.32, 

166.31, 165.15 (d, 1JCF = 252.5 Hz), 131.90, 129.78 (d, 4JCF = 2.7 Hz), 129.70 (d, 3JCF = 

9.0 Hz), 115.85 (d, 2JCF = 21.8 Hz), 59.89, 56.07, 52.96, 52.32, 51.03, 48.00, 41.70, 

41.32, 31.50, 28.07, 27.94, 25.21, 24.85, 22.82, 21.95, 19.57, 17.86; ESI-HRMS: 

calculated for C30H41FN6O7: 616.3021, found: 617.3066 [M+H]+. 

 

4.2.2.14. (S)-Methyl 2-((S)-1-((S)-2-((S)-6-diazo-2-(6-fluoronicotinamido)-5-

oxohexanamido)-3-methylbutanoyl)pyrrolidine-2-carboxamido)-4-methylpentanoate 

(6b) 

Employing method I (65 mg of 5b) the product was afforded as a yellow solid (54 mg, 

87%). 1H NMR (500.23 MHz, CDCl3) δ: 8.75 (d, 1H, J = 2.2 Hz), 8.29 (dt, 1H, J = 8.0, 2.2 

Hz), 7.91 (m, 1H), 7.67 (d, 1H, J = 7.6), 7.18 (d, 1H, J = 7.5 Hz), 7.02 (dd, 1H, J = 8.5, 2.8 

Hz), 5.34 (br s, 1H), 4.75 (q, 1H, J=6.2 Hz), 4.68 (m, 1H), 4.59 (m, 1H), 4.50 (m, 1H), 

3.79-3.58 (m, 5H), 2.66-2.50 (m, 2H), 2.34-1.98 (m, 8H), 1.60-142 (m, 2H), 1.01-0.97 

(m, 6H), 0.96-0.84 (m, 6H); 13C NMR (125.78 MHz, CDCl3) δ: 195.43, 173.36, 171.56, 

171.12, 171.06, 165.35 (d, 1JCF = 244.3), 164.47, 147.72 (d, 3JCF = 16.3 Hz), 140.79 (d, 

3JCF = 8.2 Hz), 127.70 (d, 4JCF = 4.5 Hz), 109.79 (d, 2JCF = 37.3 Hz), 59.91, 56.11, 53.21, 

52.37, 51.03, 47.97, 41.48, 32.07, 31.43, 29.51, 27.70, 25.24, 24.86, 22.86, 22.01, 

19.60, 17.80; ESI-HRMS: calculated for C29H40FN7O7: 617.2973, found: 618.3016 

[M+H]+. 
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4.2.2.15. (S)-Methyl 2-((S)-1-((S)-2-((S)-6-diazo-2-(2-fluoronicotinamido)-5-

oxohexanamido)-3-methylbutanoyl)pyrrolidine-2-carboxamido)-4-methylpentanoate 

(6c) 

Employing method I (65 mg of peptide 5c) the product was afforded as a yellow solid 

(55 mg, 88%). 1H NMR (500.23 MHz, CDCl3) δ: 8.54 (m, 1H), 8.35 (d, 1H, J=4.4 Hz), 

7.87 (m, 2H), 7.36 (m, 2H), 5.32 (br s, 1H), 4.93 (m, 1H), 4.69 (m, 1H), 4.63 (m, 1H), 

4.52 (m, 1H), 3.82-3.65 (m, 5H), 2.53 (m, 2H), 2.31-2.00 (m, 8H), 1.59-1.40 (m, 2H), 

1.02-0.95 (m, 6H), 0.86-0.81 (m, 6H); 13C NMR (125.78 MHz, CDCl3) δ: 194.39, 173.43, 

171.56, 171.29, 170.81, 161.77 (d, 3JCF = 7.2 Hz), 160.30 (d, 1JCF = 238 Hz), 150.83 (d, 

3JCF = 16.3 Hz), 143.37 (d, 4JCF = 2.8 Hz), 122.50 (d, 3JCF = 4.6 Hz), 115.88 (d, 2JCF = 27.2 

Hz), 59.90, 56.11, 52.72, 52.33, 50.96, 48.02, 41.40, 32.07, 31.45, 29.51, 28.67, 25.22, 

24.84, 22.85, 21.93, 19.56, 17.86; ESI-HRMS: calculated for C29H40FN7O7: 617.2973, 

found: 618.3015 [M+H]+. 

 

4.2.2.16. (S)-Methyl 2-((S)-1-((S)-2-((S)-6-diazo-2-(4-(fluoromethyl)benzamido)-5-

oxohexanamido)-3-methylbutanoyl)pyrrolidine-2-carboxamido)-4-methylpentanoate 

(6d) 

Employing method I (66 mg of peptide 5d) the product was afforded as a yellow solid 

(44 mg, 70%). 1H NMR (500.23 MHz, CDCl3) δ: 8.08 (br s, 1H), 7.88 (d, 2H, J = 7.9 Hz), 

7.54 (d, 1H, J = 7.5 Hz), 7.46 (d, 2H, J = 7.2 Hz), 7.43 (d, 1H, J = 7.2 Hz), 5.45 (d, 2H, 2JHF 

= 47 Hz), 5.29 (br s, 1H), 4.96 (m, 1H), 4.73 (m, 1H), 4.66 (m, 1H), 4.49 (m, 1H), 3.80 

(m, 1H), 3.71 (m, 4H), 2.50 (m, 2H), 2.32-1.99 (m, 8H), 1.57-1.37 (m, 2H), 1.00-0.92 

(m, 6H), 0.83-0.76 (m, 6H); 13C NMR (125.78 MHz, CDCl3) δ: 194.70, 173.43, 171.52, 

171.39, 171.33, 166.78, 140.33 (d, 2JCF = 17.2 Hz), 133.66 (d, 4JCF = 1.8 Hz), 127.61, 

127.16 (d, 3JCF = 7.2 Hz), 83.82 (d, 1JCF = 169 Hz), 83.15, 59.85, 56.00, 52.71, 52.29, 

50.97, 48.06, 41.10, 31.59, 28.32, 28.26, 25.16, 24.85, 22.80, 21.88, 19.55, 17.90; ESI-

HRMS: calculated C31H43FN6O7: 630.3177, found: 653.2990 [M+Na]+. 
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4.2.2.17. (S)-Methyl 2-((S)-1-((S)-2-((S)-6-diazo-2-((S)-2-fluoropropanamido)-5-

oxohexanamido)-3-methylbutanoyl)pyrrolidine-2-carboxamido)-4-methylpentanoate 

(6e) 

Employing method I with the exception that half the amounts were used (28 mg of 

5f) the product was afforded as a yellow solid (16 mg, 57%). 1H NMR (500.23 MHz, 

CDCl3) δ: 7.54 (m, 1H), 7.38 (m, 1H), 7.16 (m, 1H), 5.35 (s, 1H), 4.98 (dq, 1H, 2JHF = 

49.2, 3JHH = 6.4 Hz), 4.65-4.50 (m, 4H), 3.80-3.61 (m, 5H), 2.54-1.93 (m, 10H), 1.68-

1.48 (m, 5H), 1.01-0.84 (m, 12H); 13C NMR (CDCl3 125.78 MHz) δ: 194.42, 173.37, 

171.56, 171.21, 170.99 (d, 2JCF = 20.0 Hz), 170.74, 88.65 (d, 1JCF = 183.5 Hz), 59.87, 

56.07, 52.35, 51.77, 51.03, 48.01, 41.45, 31.60, 31.33, 28.59, 27.59, 25.25, 24.88, 

22.89, 22.03, 19.61, 18.66 (d, 2JCF = 21.8 Hz), 17.85; ESI-HRMS: calculated for 

C26H41FN6O7: 568.3021; found: 581.2940 [M+Na]+. 

 

4.2.2.18. (S)-Methyl 2-((S)-1-((S)-2-((S)-6-diazo-2-((R)-2-fluoropropanamido)-5-

oxohexanamido)-3-methylbutanoyl)pyrrolidine-2-carboxamido)-4-methylpentanoate 

(6f) 

Employing method I with the exception that half the amounts were used (28 mg of 

5f) the product was afforded as a yellow solid (25 mg, 90%). 1H NMR (500.23 MHz, 

CDCl3) δ: 7.77 (m, 1H), 7.36 (m, 1H), 7.29 (m, 1H), 5.31 (s, 1H), 5.02 (dq, 1H, 2JCF = 

48.9, 3JHH = 6.9 Hz), 4.71 (m, 1H), 4.65 (m, 1H), 4.60 (m, 1H), 4.53 (m, 1H), 3.81-3.64 

(m, 5H), 2.52-1.95 (m, 10H), 1.63-1.50 (m, 5H), 1.02-0.85 (m, 12H); 13C NMR (125.78 

MHz, CDCl3) δ: 194.26, 173.36, 171.48, 171.28, 170.95 (d, 2JCF = 20.0 MHz), 170.69, 

88.61 (d, 1JCF = 183.5 MHz), 59.84, 55.94, 52.32, 51.66, 50.96, 47.98, 41.35, 31.60, 

31.43, 28.31, 27.83, 25.19, 24.88, 22.89, 22.01, 19.56, 18.47 (2JCF = 21.8 Hz), 17.78; 

ESI-HRMS: calculated for C26H41FN6O7: 568.3021, found: 569.3116 [M+H]+. 

 

4.2.2.19. (S)-Methyl 2-((S)-1-((7S,10S)-7-(4-diazo-3-oxobutyl)-1-(4-fluorophenyl)-10-

isopropyl-5,8-dioxo-3-oxa-2,6,9-triazaundec-1-en-11-oyl)pyrrolidine-2-carboxamido)-

4-methylpentanoate (6g) 
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Employing method I (71 mg of 5g) the product was afforded as a yellow solid (37 mg, 

55%). 1H NMR (500.23 MHz, CDCl3) δ: 8.22 (s, 1H), 7.59 (dd, 2H, J = 8.8, 3JHF = 4.7 Hz), 

7.43 (m, 1H), 7.34 (m, 1H), 7.14 (d, 1H, J = 8.2 Hz), 7.07 (t, 2H, J = 8.5 Hz), 5.24 (br s, 

1H), 4.66-4.50 (m, 6H), 3.71 (s, 3H), 4.53 (m, 2H), 2.52-2.28 (m,2H), 2.15-1.94 (m, 8H), 

1.55-144 (m, 2H), 0.99-0.87 (m, 12H); 13C NMR (125.78 MHz, CDCl3) δ: 194.35, 

173.45, 171.68, 171.20, 171.02, 170.01, 164.17 (d, 1JCF = 250.7 Hz), 150.25, 129.48 (d, 

3JCF = 9.1 Hz), 127.72, 116.13 (d, 2JCF = 22.7 Hz), 73.34, 59.99, 56.07, 52.48, 52.08, 

51.16, 48.02, 41.60, 36.64, 31.49, 29.95, 27.65, 25.34, 24.97, 23.01, 22.11, 19.64, 

17.85; ESI-HRMS: calculated for C32H44FN7O8: 673.3235, found: 696.3187 [M+Na]+. 

 

4.2.2.20. (S)-Methyl 2-((S)-1-((S)-2-((S)-6-diazo-2-(6-(-2-(4-fluorobenzylidene)-1-

methylhydrazinyl)nicotinamido)-5-oxohexanamido)-3-methylbutanoyl)pyrrolidine-2-

carboxamido)-4-methylpentanoate (6h) 

Employing method I with the exception that only half the mentioned amounts are 

used (39 mg of 5h) the product was afforded as a yellow solid (17 mg, 43%). 

1H NMR (500.23 MHz, CDCl3) δ: 8.73 (s, 1H),  8.02 (dd, 1H, J = 8.9, 2.4 Hz), 7.72 (m, 

4H), 7.50 (m, 2H), 7.31 (m, 1H), 7.11 (t, 2H, J = 8.5 Hz), 5.33 (br s, 1H), 4.79 (m, 1H), 

4.68 (m, 1H), 4.59 (m, 1H), 4.51 (m, 1H), 3.82-3.64 (m, 8H), 2.67-2.50 (m, 2H), 2.20-

1.94 (m, 8H), 1.48-1.42 (m, 2H), 1.00-0.85 (m, 12H); 13C NMR (125.78 MHz, CDCl3) δ: 

195.26, 173.38, 171.65, 171.51, 171.25, 166.05, 163.26 (d, 1JCF = 248.9 Hz), 159.61, 

147.41, 136.42, 135.23, 132.01 (d, 4JCF = 2.7 Hz), 131.04, 128.95, 128.42 (d, 3JCF = 8.2 

Hz), 120.67, 115.97 (d, 2JCF = 21.8 Hz), 109.09, 59.89, 56.10, 52.89, 52.35, 51.04, 

47.99, 41.36, 31.47, 30.48, 29.70, 29.05, 27.93, 25.26, 24.85, 22.90, 21.95, 19.58, 

17.88; ESI-HRMS: calculated for C37H48FN9O7: 749.3661, found: 750.3739 [M+H]+. 

 

4.2.2.21. (S)-tert-Butyl 4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-(((S)-1-((S)-2-

(((S)-1-methoxy-4-methyl-1-oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-

oxobutan-2-yl)amino)-5-oxopentanoate (7) 
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To a solution of peptide 4 (0.20 g, 0.38 mmol) and DiPEA (66 µL, 0.38 mmol) in DCM 

(3 mL) was added Fmoc-Osu (0.12 g, 0.38 mmol) and the solution was stirred 

overnight. After concentration in vacuo the crude mixture was purified using silica 

flash column chromatography (MeOH/DCM, 1:50) to afford the product as a 

colourless oil (0.23 g, 82%). 1H NMR (250.13 MHz, CDCl3) δ: 8.06 (d, 1H, J = 9.0 Hz), 

7.81 (d, 2H, J = 7.8 Hz), 7.66 (d, 2H, J = 7.2), 7.49-7.32 (m, 5H), 5.91 (d, 1H, J = 8.2 Hz), 

4.80-4.50 (m, 4H), 4.43 (m, 2H), 4.26 (t, 1H, J = 7.1 Hz), 3.88-3.63 (m, 5H), 2.36-1.80 

(m, 10H), 1.64-1.41 (m, 11H), 1.06-0.85 (m, 12H); 13C NMR (62.90 MHz, CDCl3) δ: 

173.30, 172.40, 171.51, 171.29, 171.13, 156.31, 143.85, 141.31, 127.77, 127.13, 

125.23, 120.02, 80.62, 67.30, 59.70, 55.60, 53.67, 52.11, 50.81, 47.94, 47.13, 41.19, 

31.61, 31.12, 28.62, 28.54, 28.13, 24.99, 24.78, 22.77, 21.89, 19.46, 17.73; ESI-HRMS: 

calculated for C41H56N4O9: 748.4047, found: 749.4125 [M+H]+. 

 

4.2.2.22. (S)-Methyl 2-((S)-1-((S)-2-((S)-2-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)-6-diazo-5-oxohexanamido)-3-

methylbutanoyl)pyrrolidine-2-carboxamido)-4-methylpentanoate (8) 

Employing method I (75 mg of 7) the product was afforded as a white solid (43 mg, 

60%). 1H NMR (500.23 MHz, CDCl3) δ: 7.83 (s, 1H), 7.78 (d, 2H, J = 7.6 Hz), 7.61 (d, 2H, 

J = 7.6 Hz), 7.42 (m, 2H), 7.35-7.29 (m, 3H), 5.92 (d, 1H, J = 7.9 Hz), 5.27 (s, 1H), 4.70-

4.61 (m, 2H), 4.59-4.49 (m, 2H), 4.45-4.34 (m, 2H), 4.22 (t, 1H, J = 6.7 Hz), 3.83-3.61 

(m, 5H), 2.30-1.87 (m, 10H), 1.62-1.40 (m, 2H), 1.02-0.82 (m, 12H); 13C NMR (125.78 

MHz, CDCl3) δ: 194.46, 173.38, 173.17, 171.51, 171.30, 156.34, 143.57, 141.40, 

128.00, 127.20, 125.25, 120.14, 67.29, 59.95, 55.78, 53.80, 52.29, 50.96, 47.98, 

47.21, 41.43, 31.82, 31.51, 28.70, 27.54, 25.17, 24.84, 22.87, 21.99, 19.54, 17.87; ESI-

HRMS: calculated for C38H48N6O8: 716.3534, found: 717.3410 [M+H]+. 

 

4.2.2.23. (S)-Methyl 2-((S)-1-((S)-2-((S)-2-amino-6-diazo-5-oxohexanamido)-3-

methylbutanoyl)pyrrolidine-2-carboxamido)-4-methylpentanoate (9) 
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A solution of 8 (2.0 mg, 3 µmol) and piperazine (2.0 mg, 23 µmol)  in 0.2 mL DCM was 

left for 1 h at rt. The solution was rapidly purified over a silica column (DCM/MeOH 

9:1) to afford the product as a yellow solid which was immediately used in the next 

reaction (1.2 mg, 91%). ESI-HRMS: calculated for C26H46N4O7: 494.2853, found: 

495.2932 [M+H]+, 517.2745 [M+Na]+. 

 

4.2.2.24. (S)-tert-Butyl 10-(((S)-1-((S)-2-(((S)-1-methoxy-4-methyl-1-oxopentan-2-

yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-yl)carbamoyl)-2,2-dimethyl-4,8-

dioxo-3,6-dioxa-5,9-diazatridecan-13-oate (13) 

Employing method H (76 mg of (boc-aminooxy)acetic acid) the product was afforded 

as a white solid (0.25 g, 91%). 1H NMR (500.23 MHz, CDCl3) δ: 8.24 (br s, 1H), 7.91 (s, 

1H), 7.35-7.27 (m, 2H), 4.66-4.59 (m, 3H), 4.49 (m, 1H), 4.37 (s, 2H), 3.76 (m, 1H), 

3.71 (s, 3H), 3.63 (m, 1H), 2.35-2.27 (m, 3H), 2.17-1.90 (m, 7H), 1.60 (m, 2H), 1.48 (s, 

9H), 1.43 (s, 9H), 0.98-0.87 (m, 12H); 13C NMR (125.78 MHz, CDCl3) δ: 173.34, 172.57, 

171.57, 171.22, 170.99, 169.30, 157.62, 83.09, 80.87, 76.07, 59.83, 55.72, 52.45, 

52.32, 51.03, 47.89, 41.38, 31.75, 31.49, 28.25, 28.20, 27.64, 27.39, 25.19, 24.81, 

22.89, 22.01, 19.54, 17.76; ESI-HRMS: calculated for C33H57N5O11: 699.4055, found: 

700.4139 [M+H]+
.  

 

4.2.2.25. (S)-4-(2-(Aminooxy)acetamido)-5-(((S)-1-((S)-2-(((S)-1-methoxy-4-methyl-1-

oxopentan-2-yl)carbamoyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-yl)amino)-5-

oxopentanoic acid (14) 

To an ice-cooled solution of 13 (0.20 g, 0.29 mmol) in DCM (1 mL) was slowly added 

TFA (1 mL). The solution was stirred for 1 h and concentrated in vacuo. After column 

chromatography (DCM/MeOH/AcOH 9:1:0.1) the product was obtained as a white 

solid (0.12 g, 77%). 1H NMR (500.23 MHz, DMSO-d6) δ: 12.20 (br s, 1H), 8.24 (d, 1H, J 

= 7.6 Hz), 8.01 (d, 1H, J = 8.5 Hz), 7.62 (d, 1H, J = 7.8 Hz), 4.41-4.22 (m, 6H), 3.71 (m, 

1H), 3.60 (s, 3H), 3.56 (m, 1H), 2.23 (br s, 2H), 2.08-1.65 (m, 10H), 1.57-1.42 (m, 2H), 

0.92-0.82 (m, 12H); 13C NMR (125.78 MHz, DMSO-d6) δ: 174.10, 173.05, 171.79, 
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170.80, 169.52, 169.08, 71.79, 58.90, 55.63, 51.84, 51.22, 50.28, 47.19, 30.19, 30.05, 

29.68, 29.09, 27.77, 24.53, 24.10, 22.88, 21.36, 19.01, 18.24; ESI-HRMS: calculated 

for C24H41N5O9: 543.2904, found 544.2974 [M+H]+. 

 

4.2.2.26. 4-Formyl-N,N,N-trimethylbenzenaminium triflate (15) 

To a solution of 4-(dimethylamino)benzaldehyde (500 mg, 3.4 mmol) in DCM (5 mL) 

was added methyl trifluoromethanesulfonate (440 µL, 4 mmol) and the solution was 

stirred for 1 h. After concentration in vacuo, the residue was taken up in hot 

MeOH/DCM, filtered and the product was allowed to crystallize by slowly cooling to 4 

°C. After filtration, the product was afforded as white crystalline solid (180 mg, 33%). 

1H NMR (500.23  MHz, DMSO-d6) δ: 10.11 (s, 1H), 8.21 (m, 2H), 8.16 (m, 2H), 3.65 (s, 

9H); 13C NMR (125.78 MHz, DMSO-d6) δ: 192.20, 151.07, 136.80, 130.91, 121.76, 

56.40. 

 

4.2.2.27. (S)-2-((S)-1-((7S,10S)-7-(4-Diazo-3-oxobutyl)-1-(4-fluorophenyl)-10-isopropyl-

5,8-dioxo-3-oxa-2,6,9-triazaundec-1-en-11-oyl)pyrrolidine-2-carboxamido)-4-

methylpentanoic acid (M1) 

A solution of 6g (20 mg, 0.03 mmol) in 0.5 mL 1M NaOH in MeOH was stirred for 15 

min before dilution with 1 mL of water. The crude solution was injected onto HPLC 

equipped with a Grace Alltima C18 column (5 µm, 250 mm x 10 mm) using 

H2O/MeCN (4:1, v/v) as eluent. The product fraction was lyophilized to afford the title 

compound as a white solid (5 mg, 26%). 1H NMR (500.23 MHz, CDCl3) δ: 8.36 (s, 1H), 

8.22 (s, 1H), 7.57 (m, 2H), 7.45 (m, 1H), 7.14 (m, 1H), 7.06 (t, 2H, J=8.5 Hz), 5.33 (s, 

1H), 4.71 (m, 1H), 4.63 (m, 3H), 4.50 (m, 1H), 4.12 (m, 1H), 3.76 (m, 1H), 3.59 (m, 1H), 

2.61-2.12 (m, 10H), 1.61 (m, 1H), 1.44 (m, 1H), 0.99-0.82 (m, 12H); ESI-HRMS: 

calculated for C31H42FN7O8: 659.3079, found: 660.3156 [M+H]+, 682.2969 [M+Na]+. 
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4.2.3 In vitro TG2 inhibition assay 
 

TG2 activity was measured as described elsewhere with minor modifications [25]. 

Reaction buffer containing HEPES (100 mM), DTT (20 mM), CaCl2 (40 mM) at pH 8.0 

was warmed to 37 °C in a 96-well plate. Then, monodansylcadaverine (100 µM) and 

Z-Gln-Gly-CAD-DNS (200 µM) in HEPES were added. Finally, human recombinant TG2 

(1 mg·mL-1 in 100 mM HEPES buffer with DTT (10 mM), EDTA (0.5 mM) at pH 8.0) was 

added. During incubation at 37 °C for 2 h, the relative fluorescence enhancement was 

measured kinetically in a fluorimeter (Fluostar, BMG, Germany) for 4 h at 260 nm 

(excitation) and 530 nm (emission). Experiments were performed independently 

three times in triplicate and results were corrected for background fluorescence, 

measured by omission of TG2 in the reaction solution. Results are expressed as the 

concentration of inhibitor corresponding to 50% inhibition relative to positive control 

(± standard deviation, n = 3) which was measured without the addition of any 

transglutaminase inhibitor. 

 

4.2.4 Radiosynthesis 
 

4.2.4.1. [11C]CH2N2 towards [11C]2 

Reduction of [11C]CO2 to [11C]CH4 was performed by online mixing of 5% H2 to the 

target gas and subsequent passing over a heated Ni-column (65% nickel on 

silica/aluminum, set at 350 °C). After reduction, [11C]CH4 was concentrated on a silica 

trap (-196 °C,  500 mg silica gel, 100/80 mesh). [11C]CH4 was released by heating of 

the trap to 60 °C and passed through a mixing chamber filled with 30 mL chlorine gas 

using a helium flow (30 mL·min-1). Next, the mixture was passed through an empty 

quartz oven set at 400 °C, resulting in chlorination of methane to [11C]CHCl3 in 

conversions up to 40%. Excess of chlorine gas was trapped on an antimony column 

(10 g). [11C]CHCl3 was led through a reaction vial containing a solution of KOH (200 

mg, 3.6 mmol), hydrazine monohydrate (0.5 mL, 10 mmol), ethanol (0.5 mL) and 
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water (25 µL) at 60 °C. Formed [11C]CH2N2 was distilled to a second reaction vial (25 - 

40% yield calculated from [11C]CHCl3) at 0 °C containing either 4-nitrobenzoic acid 

(4.0 mg, 24 µmol) in DME (0.5 mL) as a test reaction [26] or acyl chloride compound 1 

(1.0 mg, 3.2 µmol) and N-methylmorpholine (10 µL, 0.11 mmol) in THF (0.10 mL). 

Compound 1 was synthesized by heating a solution of Z-Glu-OMe (1.0 mg, 3.2 µmol) 

and 1,1-dichloromethyl methylether (50 µL, 0.55 mmol) in THF (0.1 mL) at 60 °C for 

15 min, prior to concentration in high vacuum. Subsequently, the residue was taken 

up in ice-cooled THF (0.1 mL, 0 °C).  

 

4.2.4.2. [18F]6f 

After target irradiation, [18F]fluoride ion was trapped on a PS-HCO3
- anion exchange 

column (ABX, Radenberg, Germany). Elution of the fluoride from the exchange 

column into a 3 mL screw-cap reaction vessel was performed with 1 mL of 

acetonitrile/water (9/1, v/v) containing Kryptofix 2.2.2 (13.0 mg, 34.6 μmol, 

4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) and potassium 

carbonate (2.0 mg, 15 μmol). The solution was evaporated to dryness under a helium 

flow (50 mL·min-1) and reduced pressure at 100 ºC. Then acetonitrile (0.5 mL) was 

added and the solution was again evaporated to dryness employing the same 

conditions as described above. The dried residue was resuspended in 200 µL DMF 

containing (S)-10 (5.0 mg, 20 µmol) and the solution was allowed to react for 15 min 

at 100 °C. The solution was heated to 130 °C and (R)-methyl-2-[18F]fluoropropanate 

11 was under a gentle helium flow (25 mL·min-1) distilled to a second screw-cap 

reaction vial charged with a solution of 10 µL 1 M NaOH in methanol and 190 µL 

DMSO. After this distillation, when activity in the second vial reached a maximum (± 

5 min), the exhaust needle was removed and the solution was heated to 50 °C for 15 

min. Subsequently, reduced pressure was applied on the reaction vial for 5 min at 50 

°C. After cooling to 20 °C, freshly prepared precursor 9 was added (approximately 1 

mg, 2 µmol in 100 µL DMSO) followed by the addition of benzotriazole-1-yl-oxy-tris-

(dimethylamino)-phosphonium hexafluorophosphate (BOP, 9.0 mg, 20 µmol in 100 



Chapter 4 
 

118 
 

µL DMSO). The solution was left for 30 min at rt before dilution with 1 mL water and 

purification by preparative HPLC (Method D). The retention time of product [18F]6f 

was 14 min. Stereochemical incorporation of (R)-[18F]12 was monitored in a test 

reaction in which a BOP coupling was performed with (S)-H-Phe-OtBu followed by a 

diastereomeric purity evaluation by HPLC (described in supplemental information). 

The collected HPLC fraction (approximately 1.5 min, 6 mL) was diluted with 40 mL of 

water and the product was trapped by passing the solution over a preconditioned 

(rinsed with subsequently 10 mL of ethanol and 10 mL of water) solid phase 

extraction tC18 plus Sep-Pak cartridge. The cartridge was washed with 20 mL of 

water and the product eluted with 1.0 mL of sterile 96% ethanol, followed by 9 mL of 

saline for injection into a capped sterile 20 mL flacon, obtaining [18F]6f in 20 ± 4% 

overall decay corrected yield. A sample was analysed using analytical HPLC and the 

identity of the product was confirmed by co-injection of the radioactive sample with 

an authentic sample. The retention times of the product were 18.3 or 10.8 min 

(Method A and B, respectively) and radiochemical purity was >99%. The molar 

activity was calculated by HPLC using a calibration curve and was determined as 82 ± 

13 GBq·µmol-1. 

 

4.2.4.3. [18F]6g 

Following a similar [18F]fluorine ion trapping, elution and drying procedure as 

described for [18F]6f, the dried residue was resuspended in 200 µL DMF containing 4-

formyl-N,N,N-trimethylbenzenaminium triflate 15 (1 mg, 3 µmol) and the solution 

was reacted at 100 °C for 15 min. The mixture was cooled to 50 °C and a solution of 

precursor 14 (2.5 mg, 4.5 µmol) and TFA (5.0 µL, 65 µmol) in 200 µL THF was added. 

The remaining solution was left for 30 min at 50 °C. After cooling to -10 °C, N-

methylmorpholine (15 µL, 0.14 mmol) and isobutylchloroformate (10 µL, 75 µmol) 

were added and reacted for 5 min. Then, diazomethane was added (0.5 M solution in 

Et2O, 1.5 mL, 0.75 mmol). The solution was reacted for 30 min while allowing 

reaching rt. The mixture was concentrated to roughly 0.5 mL by applying an exhaust 
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needle to the reaction vial and heating at 50 °C using a gentle helium flow (25 

mL·min-1). The concentrated mixture was diluted with 1 mL of water and purified by 

preparative HPLC (Method D). The retention time of product [18F]6g was 38 min. The 

collected HPLC fraction (approximately 2.5 min, 10 mL) was diluted with 50 mL of 

water and the product was trapped by passing the solution passed over a 

preconditioned (rinsed with subsequently 10 mL of ethanol and 10 mL of water) tC18 

plus Sep-Pak cartridge. The cartridge was washed with 20 mL of water and the 

product eluted with 1.0 mL of sterile 96% ethanol, followed by 9 mL of saline for 

injection into a capped sterile 20 mL flacon obtaining [18F]6g in 9 ± 2% overall decay 

corrected yield. A sample was analysed by analytical HPLC and the identity of the 

product was confirmed by co-injection of the radioactive sample with an authentic 

sample. The retention times of the product were 28 or 11.0 min (method A and C, 

respectively) and radiochemical purity was >99%. The molar activity was calculated 

by HPLC using a calibration curve and was determined as 181 ± 38 GBq·µmol-1. 

 

4.2.5 Log D determination 
 

The distributions of the radiolabelled compounds [18F]6f and [18F]6g between 1-

octanol and 0.2 M phosphate buffer (pH = 7.4) were measured in triplicate at rt. 

Compound purity was assessed using HPLC. For [18F]6f no radiochemical impurities 

were detected, whereas for [18F]6g the radiochemical purity exceeded 99%. Briefly, 1 

mL of a 1 MBq·mL-1  solution of the radiolabelled compound in 0.2 M phosphate 

buffer (pH 7.4) was vigorously mixed with 1 mL of 1-octanol for 1 min at rt using a 

vortex apparatus. After a settling period of 30 min, five samples of 100 µL were taken 

from both layers. All samples were counted for radioactivity. The Log Doct,7.4 values 

were calculated according to Log Doct,7.4 = 10Log (Aoct/Abuffer), where Aoct and Abuffer 

represent average radioactivities of 5 1-octanol and 5 buffer samples, respectively. 

Results are expressed as mean ± standard deviation. 
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4.2.6 Biodistribution studies and metabolite analysis 
 

Healthy male Wistar rats (250-325 g, Harlan, Horst, The Netherlands) were injected 

with 10-20 MBq of the desired radiotracer in the tail vein under isoflurane anesthesia 

(2% in O2 at 1 L·min-1). Rats were sacrificed under similar isoflurane anaesthesia by 

exsanguination and dissected at 5, 15, 30 and 60 min post-injection (n = 4 for each 

time-point). Blood, heart, lungs, liver, kidneys, olfactory bulb, hippocampus, striatum, 

cerebral cortex, cerebellum and brain stem were collected, weighed and counted for 

radioactivity (Wallac 1210 Compugamma, PerkinElmer, Waltham, MA, USA). 

Biodistribution data are expressed as percentage injected dose per gram tissue 

(%ID/g) ± standard error of the mean. Blood, withdrawn from the aorta abdominalis, 

(~ 7 mL) was collected in a heparin coated tube and centrifuged at 5000 rpm to 

separate plasma from blood cells (Hettich universal 32, Andreas Hettich GmbH & Co. 

KG, Tuttlingen, Germany). Solid phase extraction (SPE) cartridges (tC18, Waters, 

Milford, MA, USA) were preconditioned by washing with 6 mL MeOH and 2x 6 mL 

H2O. Plasma (1 mL) was mixed with 0.15 M HCl (2 mL) and loaded on the SPE 

cartridge. The polar metabolite fraction was obtained by eluting the SPE cartridge 

with H2O (3 mL), the non-polar fraction by subsequent elution with MeOH (2 mL) and 

H2O (1 mL). Fractions were counted for radioactivity (Wallac 1210 Compugamma, 

PerkinElmer, Waltham, MA, USA). The percentage of intact tracer in the non-polar 

fraction was determined by online HPLC analysis using Method E for [18F]6f (Rt = 10.0 

min) or Method F for [18F]6g (Rt = 11.5 min). Results are expressed as percentage of 

intact tracer, polar metabolites and non-polar metabolites ± standard deviation (n = 3 

for each time-point). 

 

4.2.7 LC-MS/MS metabolite characterization 
 

In triplicate, to 1 mL of Wistar rat plasma was added 1 MBq [18F]6g diluted with 10 µg 

of unlabelled 6g, corresponding to a concentration of 15 µM and a molar activity of 
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0.07 MBq·µmol-1. The plasma was stored at 37 °C for 60 min and a sample was 

measured by preparative HPLC to monitor metabolic stability (Method F). 

Subsequent LC-MS/MS analysis was performed obtaining the masses of parent 

compound 6g and metabolite M1 (Method G). Furthermore, product ion scans of 

both 6g and M1 were acquired to obtain sensitive and selective mass transitions for 

measuring in multiple reaction monitoring mode (MRM). Additionally, to healthy 

Wistar rats (n = 2) 20 MBq [18F]6g diluted with 100 µg (300 µg·kg-1) of unlabelled 6g 

was administered, corresponding to a molar activity of 0.14 GBq·µmol-1. At 30 min 

post injection, animals were sacrificed under isoflurane anesthesia (2% in O2 at 1 

L·min-1) by collecting blood (~ 7 mL) from the aorta abdominalis by arterial puncture. 

Blood plasma work-up was performed using a solid phase extraction procedure 

similar to the one described in ‘Biodistribution studies and metabolite analysis’ (vide 

supra). The non-polar fraction was analysed by HPLC (Method F) and LC-MS/MS in 

multiple reaction monitoring (MRM) mode (Method G). 

 

4.2.8 In vitro TG2 binding assay 
 

To a 0.9 mL conical glass vial containing either: 5 mM CaCl2 and 1 mM DTT (activated 

conditions); 5 mM CaCl2, 1 mM DTT and 100 µM Z006 (activated, blocked); 1 mM 

EDTA (blocked conditions); 0.5 mM GDP (blocked conditions) in 100 µL 50 mM Tris-

HCl or 50 mM Tris-HCl without further activation nor blocking agents (baseline 

conditions) was added TG2 (final concentration: 10 µg·mL-1) and [18F]6g (0.1 MBq, 

final concentration 10 nM). After heating for 30 min at 37 °C, 0.4 mL of 25% MeOH in 

H2O was added to the vials and the solutions were transferred to 2 mL Amicon® 

Ultracel-30 30 kDa cut-off spin filters and centrifuged for 5 min at 4600 RPM. To the 

spin filters was added 0.5 mL 25% MeOH in H2O and the protein fraction was 

concentrated by centrifugation for 5 min at 4600 RPM. The 25% MeOH in H2O 

addition and centrifugation cycle was repeated another two times. The resulting 

residue and filtrate were counted for radioactivity in a gamma-counter. The results 
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are expressed as mean percentage of residual activity in the spin filter ± standard 

deviation (n = 3). 

 

4.2.9 In vitro autoradiography on MDA-MB-231 tumour sections 
 

MDA-MB-231 tumour sections (10 µm thickness, n = 4 per incubation condition) 

were pretreated thrice with 5 mM Tris-HCl buffer (pH 7.4) for 5 min. Sections were 

dried under a gentle air flow before incubation for 30 min with 0.5 MBq·mL-1 [18F]6g 

(8.0 nM) in 5 mM Tris-HCl, pH 7.4 (baseline), 5 mM Tris-HCl, pH 7.4, 5 mM CaCl2 and 

1 mM DTT (activated); 5 mM Tris-HCl, pH 7.4, 5 mM CaCl2, 1 mM DTT and inhibitor 6g 

at 100 µM (6g); or 5 mM Tris-HCl, pH 7.4, 5 mM CaCl2, 1 mM DTT and inhibitor 4l at 

100 µM (4l). Washing was performed using Tris-HCl (3x) followed by dipping in ice 

cold water. After drying in an air stream, tumour sections were exposed to a 

phosphorimaging screen (GE Healthcare, Buckinghamshire, UK) for 15 min and 

developed on a Typhoon FLA 7000 phosphor imager (GE Healthcare, 

Buckinghamshire, UK). Quantification of binding was done using ImageQuantTL 

v8.1.0.0 (GE Healthcare, Buckinghamshire, UK). Data are expressed relative to the 

activated condition, which was set at 100%, and are reported ± standard deviation (n 

= 4). Tumour sections were obtained from MDA-MB-231 tumour material that was 

available from a previous study and stored at -80 °C. Tumours were grown by 

inoculation of 5·106 MDA-MB-231 tumour cells subcutaneously on both flanks of 

female nu/nu mice (8 weeks, Harlan, the Netherlands). After having developed 

tumours, mice were sacrificed by cervical dislocation under isoflurane anesthesia (2% 

in O2 at 1 L·min-1). Tumours were taken out, flash frozen using liquid nitrogen and 

stored at -80 °C until further use. 
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4.3 Results 

 

4.3.1 [11C]CH2N2 acylation  
 

Initially, attempts were made to develop a synthesis method towards [11C]Z006 itself, 

where  carbon-11 would be introduced on the diazoketone’s carbonyl position by 

employing [11C]diazomethane as the radioactive synthon [26, 27]. Reactions aimed at 

the synthesis of a carbon-11 labelled diazoketone (scheme 1) were focused on the 

synthesis of [11C]2 as a model compound for Z006.  

 

 

 

 

 

Scheme 1: Attempted synthesis of [11C]2, the position of the carbon-11 label is depicted with 

*. Reagents and conditions: i) dichloromethyl methylether, THF, 30 min, 60 °C ii) [11C]CH2N2, 

N-methylmorpholine, trace amounts of H2O, THF, 0 °C - rt, 5 min. 

 

 

Although, employing dichloromethyl methylether, conversion of commercially 

available Z-L-glutamic acid 1-methyl ester towards the corresponding acyl chloride 1 

was achieved quantitatively, in the subsequent reaction with [11C]CH2N2, diazoketone 

[11C]2 was never obtained. Instead, methyl ester [11C]3 was formed. Exclusion of 

water in the [11C]CH2N2 generation step resulted in no formation of [11C]CH2N2 

whereas passing the gaseous [11C]CH2N2 over drying agents (3 or 4 Å molsieves, 

NaOH, CaCl2 or P2O5) resulted in trapping of [11C]CH2N2 on these drying agents.  Being 
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unsuccessful in synthesizing [11C]3 via this approach it was decided to develop 

analogues of Z006 that allow for radiolabelling with the longer lived PET isotope 

fluorine-18. 

 

4.3.2 Design and synthesis of N-terminally modified Z006 

analogues 
 

Based on the Z006 analogue R002, where a fluorescent rhodamine group is 

substituted for the Z-protecting group without a dramatic decrease in inhibitory 

potency, N-terminally modified analogues of Z006 were designed [28]. Obviously, a 

prerequisite for the newly designed analogues was that they contain a fluorine atom 

in such a position that they are amenable to fluorine-18 labelling, while maintaining 

inhibitory activity towards TG2. Target compounds 6a-h are depicted in scheme 2 

[29-34]. 

 

The synthesis of non-commercially available fluorine containing building blocks is 

presented in Supplementary data. The synthesis of Z006 analogues 6a-h (scheme 2), 

started with the hydrogenation of the Z-protecting group of peptide Z-E(OtBu)VPL-

OMe. The resulting amine 4 was coupled to the fluorine containing carboxylic acids 

employing either EDC or BOP as a coupling reagent, obtaining compounds 5a-g. 

Compound 5h was obtained after methylation of the hydrazone moiety. Subsequent 

acidic cleavage of the t-butyl esters of 5a-h resulted in deprotected glutamic acid 

residues which were immediately converted to 6-diazo-5-oxo-L-norleucines 6a-h via 

the mixed isobutyl anhydrides employing diazomethane. 
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Scheme 2: Synthesis of Z006 analogues 6a-h. Reagents and conditions: i) H2, Pd/C, MeOH, 2 h, 

rt, 93% ii) for 5a-d, 5g and 5h: respective carboxylic acid (commercially available or 

synthesized as described in Supplementary data), EDC, DMAP, DMF, 2 h, rt or for 5e-f: 

respective carboxylic acid,  BOP, DiPEA, DCM, 16 h, rt. Then, towards 5h: CH3I, K2CO3, DMF, 16 

h, 40 °C, 39-94% iii) TFA/DCM, rt, 1 h iv) isobutyl chloroformate, N-methylmorpholine, THF, 10 

min, -10 °C, then CH2N2 (0.5 M solution in ether), 3 h, -10 °C to rt, 43-88%. 
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4.3.3 In vitro evaluation of inhibitors 6a-h 
 

The inhibitory potency of the developed analogues against TG2 was evaluated (Table 

1) [25], resulting in IC50 values ranging from 0.10 to 1.29 µM.  

 

Table 1: IC50 values of Z006 and designed inhibitors 6a-h against human recombinant TG2.  

 

Values are averages of three independent experiments ± standard deviation (n = 3). 

 

Compound 6f and 6g displayed lower IC50 values (0.12 and 0.10 µM, respectively) 

when compared to lead compound Z006 (IC50: 0.14 µM), whereas the other inhibitors 

were less potent. Corresponding to the properties of Z006 [17], none of the 

compounds showed affinity for FXIIIa and at least a ten-fold selectivity over TG1 [35], 

two prevalent transglutaminase family members [3]. Based on these results, the 

radiolabelling and further evaluation of both 6f and 6g was pursued. 

 

  

Compound IC50 (µM)

Z006 0.15 ± 0.04

6a 1.09 ± 0.14

6b 0.41 ± 0.07

6c 0.74 ± 0.15

6d 1.29 ± 0.13

6e 0.20 ± 0.03

6f 0.12 ± 0.01

6g 0.10 ± 0.01

6h 0.28 ± 0.05
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4.3.4 [18F]6f synthesis  
 

For the synthesis of [18F]6f, a direct condensation reaction between the N-terminus 

of peptidic precursor 9 and fluorine-18 labelled (R)-fluoropropionic acid 12 was 

pursued as depicted in scheme 4. 

Precursor molecule 9 for radiosynthesis of [18F]6f (scheme 3) was synthesized by 

Fmoc protection of  tetrapeptide 4, obtaining compound 7.  

 

 

 

Scheme 3: Synthesis of labelling precursor 9. Reagents and conditions: i) Fmoc-OSu, DiPEA, 

DCM, 16 h, rt, 82% ii) TFA/DCM, 1 h, rt iii) isobutyl chloroformate, N-methylmorpholine, THF, 

10 min, -10 °C, then CH2N2 (0.5 M solution in diethylether), 3 h, -10 °C to rt, 60% iv) 

piperazine, DCM, 1 h, rt, 91%.  

 

Subsequently, the t-butyl ester was cleaved and the diazoketone moiety introduced 

via the mixed isobutyl anhydride, obtaining 8. Subsequent removal of the Fmoc 

protecting group using piperazine provided 9 in acceptable purity. As 9 decomposed 

rapidly, it was freshly prepared from 8 and directly used before each radiolabelling 

experiment. 
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Radiosynthesis of [18F]6f was performed in three steps in 20 ± 4% decay corrected 

yield with a molar activity of 82 ± 13 GBq·µmol-1 in 120 min (scheme 4). Fluorination 

of tosyl-(S)-lactic acid methylester 10 in DMF at 100 °C was followed by distillation of 

intermediate (R)-[18F]11 to a second reaction vial. Full saponification of methyl ester 

(R)-[18F]11 to carboxylate (R)-[18F]12 was achieved using NaOH in MeOH/DMSO at 50 

°C. The subsequent BOP coupling with freshly prepared 9 resulted in the formation of 

[18F]6f. The (R)-[18F]12 moiety was introduced in [18F]6f with an estimated 

enantiomeric purity of 92% (see materials and methods and Supplementary data for 

more details). After preparative HPLC purification and formulation using a solid phase 

extraction method, [18F]6f was obtained in good yield with a radiochemical purity 

>99%. 

 

 

Scheme 4: Radiosynthesis of [18F]6f. Reagents and conditions: i) K2CO3, [18F/K222], DMF, 15 

min, 100 °C, 60% ii) NaOH, MeOH/DMSO, 15 min, 50 °C, quant. iii) 9, BOP, DMSO, 30 min, rt, 

44%. 

 

4.3.5. [18F]6g synthesis 
 

For the synthesis of [18F]6g, advantage was taken from the fact that the formation of 

the oxime bond is a chemoselective reaction. The precursor molecule can therefore 

already carry an unprotected glutamate residue, which can be rapidly converted to 

the corresponding diazoketone. As such, the aminoxy precursor 14 for radiosynthesis 

of [18F]6g (scheme 5) was synthesized by coupling (boc-aminooxy)acetic acid to 4 
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using EDC as coupling reagent, resulting in peptide 13. Simultaneous deprotection of 

the t-butyl ester and boc-group resulted in aminooxy precursor 14. 

Trimethylammoniumbenzaldehyde triflate 15 was obtained after treatment of para-

dimethylbenzaldehyde with methyl triflate as reported [36]. 

 

 

Scheme 5: Synthesis of labelling precursor 14. Reagents and conditions: i) (boc-

aminooxy)acetic acid, EDC, DMAP, DMF, 2 h, rt, 91% ii) TFA/DCM, 1 h, 0 °C, 77%.  

 

Radiosynthesis of [18F]6g was performed in a four step one-pot synthesis in 9 ± 2% 

decay corrected yield with a molar activity of 181 ± 38 GBq·µmol-1 in 150 min 

(scheme 6). Trimethylammoniumbenzaldehyde triflate 15 was fluorinated at 100 °C 

in DMF to obtain [18F]fluorobenzaldehyde 16. Subsequently, an excess of 

aminooxyprecursor 14 was employed to ensure a high conversion of [18F]16 to oxime 

[18F]17. The diazoketone function was then introduced by first forming the mixed 

isobutyl anhydride and subsequently reacting this intermediate with an excess of 

diazomethane, resulting in [18F]6g in acceptable yield and a radiochemical purity 

>99%. 
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Scheme 6: Radiosynthesis of [18F]6g. Reagents and conditions: i) K2CO3, [18F/K222], DMF, 15 

min, 100 °C, 60% ii) 14, TFA, DMF/THF, 30 min, 50 °C, 60% iii) isobutylchloroformate, N-

methylmorpholine, DMF/THF, 5 min, -10 °C iv) CH2N2 (0.5 M in Et2O), 30 min, -10 °C to rt, 30% 

(2 steps). 

 

4.3.6 Log D determination 
 

Measured partition coefficient logD7.4 values of [18F]6f and [18F]6g were 1.64 ± 0.11 

and 2.43 ± 0.21 respectively. These values are well within the range needed for brain 

penetration [37], although it is anticipated that based on molecular weight and polar 

surface area brain uptake will be low. 

 

4.3.7 Ex vivo biodistribution and metabolite analysis 
 

Healthy male Wistar rats (n = 4 per time point) were injected with 10-20 MBq of 

either [18F]6f or [18F]6g and sacrificed at 5, 15, 45 and 60 min after injection (figure 2).  

Consistent with the general idea that TG2 is not in an active conformation in healthy 

animals, no accumulation of activity in peripheral tissues was observed. 
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Figure 2: Ex vivo biodistribution of [18F]6f and [18F]6g in healthy Wistar rats following 

intravenous administration of 10-20 MBq of [18F]6f and [18F]6g under isoflurane aneasthesia. 

Activity concentrations are expressed as %ID/g ± standard error of the mean and are the 

averages of four rats per time point.  

 

Interestingly, increasing concentrations of radioactivity were measured in the brain 

at later time-points for [18F]6f. For [18F]6g brain uptake was low and decreased over 

time. Blood plasma of rats treated with either [18F]6f or [18F]6g was analysed for 

metabolites at 5, 15 and 60 min post injection. Metabolism of both tracers was very 

fast, with only 1-3% intact tracer in blood plasma at 15 min post injection (figure 3A). 

[18F]6f was metabolised mainly to polar metabolites (83 ± 2% at 60 min after 

injection), but also several non-polar metabolites were formed. Based on this rapid 

metabolism to various unknown polar and non-polar metabolites, [18F]6f was not 

further evaluated. Although compound [18F]6g was also rapidly metabolised, a 

strikingly different metabolite profile was observed. Blood plasma radioactivity 

mainly consisted of a single non-polar metabolite that remained metabolically stable 

even at 60 min post injection (figure 3B). Based on this remarkable finding an 
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attempt was made to identify the chemical structure of this metabolite, which will 

from now on be referred to as [18F]M1. This information would be critical in 

determining future directions with compound [18F]6g. 

 

 

 

Figure 3: Blood plasma metabolite analysis following intravenous administration of 10-20 

MBq of [18F]6f or [18F]6g in healthy Wistar rats under isoflurane anaesthesia (A). Blood plasma 

was separated in polar and non-polar fractions using a Solid Phase Extraction procedure. The 

percentage of intact tracer and metabolites was determined by HPLC analysis of the non-

polar fractions. Data are expressed as percentage of total activity in blood plasma ± standard 

deviation and are the averages of three rats per time-point. (B) Representative on-line HPLC 

radiodetection chromatograms of non-polar fraction from blood plasma obtained at 5 min 

(left) and 60 min (right) after intravenous administration of [18F]6g. 

 

4.3.8 [18F]6g metabolite characterization 
 

LC-MS/MS analysis was selected for metabolite identification, because of its high 

sensitivity [38]. At first, the in vitro stability of [18F]6g in rat blood plasma was 

determined. Incubation of carrier added (10 µg of 6g) [18F]6g in rat plasma for 60 min 

resulted in partial conversion of the parent compound to a metabolite with an HPLC 

retention time corresponding with that of ex vivo observed [18F]M1 (figure 3B). 

Subsequently, by LC-MS/MS two product signals were detected (Neutral Loss method 
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-28 Da, figure 4A)) with m/z values corresponding to parent 6g (m/z: 696.4, [M + 

Na]+, and de-methylated 6g [m/z: 682.2, M - CH3 + Na]+. Fragmentation of M1 (m/z: 

682.2) resulted in masses corresponding to the structure of M1, where a loss of m/z 

of 28 was observed twice (loss of N2 and subsequent loss of CO resulting in peaks 

with m/z 654.0 and 626.3, respectively). In order to confirm the identity of this 

metabolite ex vivo, blood plasma was analysed using the highly sensitive multiple 

reaction monitoring (MRM) MS/MS method. Rats (n = 2), injected with 20 MBq 

carrier added [18F]6g (300 µg·kg-1, corresponding to a molar activity of approximately 

0.14 GBq·µmol-1), were sacrificed at 30 min post injection. Blood plasma was 

obtained, purified using a solid phase extraction procedure and analysed on HPLC 

equipped with a radioactivity detector. Full conversion of parent compound [18F]6g to 

metabolite [18F]M1 was observed. Subsequent MRM LC-MS/MS analysis of the 

prepared blood plasma fraction indicated that the in vivo formed metabolite was 

indeed compound [18F]M1 (figure 4C). In addition, using this technique trace 

amounts of [18F]6g were detected. The same LC-MS/MS analysis was performed on 

purified in vivo formed [18F]M1, further confirming its identity (figure 4D). Because of 

the fact that the essential diazoketone functionality and the peptidic backbone 

remained intact in vivo and the resulting compound still carries the fluorine-18 label, 

it was suggested that metabolite M1 might still be a potent TG2 inhibitor and thus 

[18F]6g a potential TG2 PET tracer. To test this hypothesis, the synthesis of metabolite 

M1 was performed by saponification of 6g, affording the product in 26% yield (figure 

4E). In vitro this compound still behaved as a potent TG2 inhibitor, with an IC50 value 

of 0.045 ± 0.008 µM compared to 0.104 ± 0.011 µM for 6g. 
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Figure 4: LC-MS/MS analysis following [18F]6g incubation in rat plasma or administration to 

Wistar rats. 

A: Neutral loss ion scan (-28, loss of N2) LC-MS/MS chromatogram of rat blood plasma (in 

vitro).  

B: Product ion scan of peak corresponding to m/z: 682.2. 

C: Multiple Reaction Monitoring LC-MS/MS chromatogram of blood plasma (ex vivo) obtained 

after administration of carrier added [18F]6g to rats. 

D: Multiple Reaction Monitoring LC-MS/MS chromatogram of radiometabolite [18F]M1 after 

administration of [18F]6g to rats and HPLC purification of metabolite [18F]M1 from blood 

plasma (ex vivo). 
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E) Synthesis of metabolite M1 by saponification of 6g. Reagents and conditions: i) 1M NaOH in 

MeOH, 15 min, rt, 26%.  

 

4.3.9 [18F]6g enzyme binding assay 
 

To determine to what extent [18F]6g is able to discriminate between cross-linking 

active and inactive TG2 conformations, an in vitro binding experiment was 

performed. 30 kDa cut-off spin filters were used to separate enzyme bound 

radioactivity from unbound [18F]6g based on the mass and size differences of free 

[18F]6g and TG2-bound [18F]6g. High binding of [18F]6g was observed when forcing 

TG2 into the open conformation by including Ca2+ in the incubation solution (figure 

5).  

 

Figure 5: [18F]6g binding to TG2 under activating, baseline and blocked conditions. Results are 

expressed as percentage of the residual activity in the spin filter compared to the total activity 

± standard deviation (n = 3). Incubation buffers as follows: Baseline: 50 mM Tris-HCl, pH 7.4; 

Activated: 50 mM Tris-HCl, pH 7.4, 5 mM CaCl2, 1 mM DTT; Z006: 50 mM Tris-HCl, pH 7.4, 5 

mM CaCl2 and 1 mM DTT and inhibitor Z006 at 100 µM; GDP: 50 mM Tris-HCl, pH 7.4, 0.5 mM 

GDP; EDTA: 50 mM Tris-HCl, pH 7.4, 1 mM EDTA; No TG2: Baseline conditions with omission 

of TG2. Each buffer contained 0.1 MBq of [18F]6g and each buffer with the exception of ‘No 

TG2’ contained 10 µg·mL-1 TG2. 
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When inhibiting this crosslinking activity with either EDTA, GDP or Z006, measured 

radioactivity levels in the protein fraction were in the same range as in the control 

experiment, where TG2 was omitted from the incubation solution. 

 

4.3.10 In vitro autoradiography 
 

Previously, it has been shown that TG2 is highly expressed in MDA-MB-231 tumours, 

a highly metastatic breast cancer, and, therefore, this material serves as an excellent 

model for evaluating [18F]6g in autoradiography experiments [22]. Incubation of 

MDA-MB-231 tumour sections with [18F]6g was performed using four different 

conditions (figure 6) i.e. a baseline condition (5 mM Tris-HCl at pH 7.4), an activating 

condition (5 mM CaCl2, 1 mM DTT in 5 mM Tris-HCl buffer at pH 7.4), and blocking 

conditions (activating condition with inhibitor 6g or inhibitor 4l [22, 39] at 100 µM).  

 

 

Figure 6: Representative autoradiography images of MDA-MB-231 tumour sections incubated 

with [18F]6g (0.1 MBq·mL-1) and corresponding quantification (n = 4). Incubation buffers as 

follows: Baseline: 5 mM Tris-HCl, pH 7.4; Activated: 5 mM Tris-HCl, pH 7.4, 5 mM CaCl2, 1 mM 

DTT; Blocked 6g: 5 mM Tris-HCl, pH 7.4, 5 mM CaCl2 and 1 mM DTT and inhibitor 6g at 100 

µM; Blocked 4l: 5 mM Tris-HCl, pH 7.4, 5 mM CaCl2, 1 mM DTT and inhibitor 4l at 100 µM. 

Errors bars indicate standard deviation.  
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Binding of [18F]6g to the tumour tissue was clearly increased when activating TG2 by 

addition of calcium and DTT to the incubation buffer compared with Tris-HCl buffer 

without any additives. Binding could be fully blocked by co-incubation with 

unlabelled 6g, indicating the specificity of [18F]6g binding in the activating condition. 

The strongly reduced binding of [18F]6g when co-incubated with the structurally 

different selective TG2 inhibitor 4l displays the selectivity of [18F]6g binding in the 

activating condition. Taken together, these autoradiography results demonstrate the 

potency of [18F]6g to selectively and specifically target TG2 on MDA-MB-231 tumour 

sections. 

 

4.4 Discussion 
 

This study focused on the development of a TG2 PET tracer based on the irreversible 

inhibitor Z006, initially attempting the introduction of carbon-11 at the diazoketone 

functionality. Because of its multistep and tedious synthesis, the [11C]CH2N2 synthon 

is not widely used in PET radiochemistry. To the best of our knowledge, no 

publications exist describing the synthesis of a carbon-11 labelled diazoketone using 

[11C]CH2N2. In our model reaction towards the synthesis of [11C]Z006, [11C]CH2N2 was 

rapidly consumed by small amounts of starting carboxylic acid Z-Glu-OMe present in 

the reaction mixture. This unfortunate result was most likely a consequence of 

distilling gaseous diazomethane, where traces of water were also transferred to the 

solution containing acyl chloride 1, resulting in the partial hydrolysis of acyl chloride 1 

back to starting material Z-Glu-OMe. The substoichiometric amount of [11C]CH2N2 in 

combination with the instantaneous reaction between carboxylic acids and 

diazomethane, resulted in immediate consumption of [11C]CH2N2, thereby preventing 

the synthesis of diazoketone [11C]3. In an earlier report, the use of [11C]CH2N2 for 

labelling of cytostatic daunorubicin was described [40]. In this Buchner-Curtius-

Schlotterbeck reaction a high amount of undesired [11C-methyl ester]side-product 

was formed due to a minute carboxylic acid impurity in the aldehyde precursor. In 
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this particular case, the rapid [11C]CH2N2 consumption was overcome by mixing 

[11C]CH2N2 with isotopically unmodified CH2N2 (by addition of unlabelled chloroform 

to the [11C]CH2N2 generation vial, 1 equivalent relative to the daunorubicin precursor) 

resulting in [11C]daunorubicin, but in low molar activity and low yield (27-111 MBq at 

end of synthesis). Although the addition of carrier chloroform was an excellent 

solution for a DNA intercalating cytostatic, for TG2, being a saturable target, high 

molar activity is needed and no carrier can be added. 

Instead, Z006 analogues that theoretically allow for fluorine-18 labelling were 

synthesized and inhibitory potency and selectivity were tested in vitro. Based on the 

outcome of this screening, two compounds that both had a higher affinity for TG2 

compared to Z006 itself (i.e. 6f and 6g), were selected for radiolabelling. The use of 

the longer-lived isotope fluorine-18 allows for more time-consuming syntheses [41], 

which is reflected in the multistep radiosynthesis procedures towards [18F]6f and 

[18F]6g. 

Previously, fluorine-18 labelled fluoropropionic acid was synthesized by fluorine for 

bromine exchange from precursors with various protected carboxylic acid moieties 

[31]. The use of a methyl ester as carboxylic acid protecting group and tosyl 

precursor has the advantage of the straightforward separation of the fluorinated 

product from the large excess of precursor and reagents by means of distillation. 

Furthermore, enantiomerically enriched compounds are accessible, ultimately 

resulting in a successful two-pot radiosynthesis of [18F]6f. In case of the [18F]6g  

synthesis, precursor 15 was not separated from radiolabelled product [18F]16, 

because this requires either HPLC or solid phase extraction procedures and both will 

lead to the introduction of water, which would disturb in the synthesis further on 

when the mixed anhydride and diazoketone are introduced. Instead of purifying 4-

[18F]fluorobenzaldehyde 16, an excess of subsequent reagents was used to obtain 

high conversion to intermediates and end-product [18F]6g. Using these newly 

developed radiosynthesis procedures, [18F]6f and [18F]6g were obtained in good 
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yields and high purity in three- and four step syntheses of 120 and 150 min, 

respectively. 

Ex vivo biodistribution results indicated washout of activity from peripheral tissues 

for both [18F]6f and [18F]6g. No sign of defluorination of either tracer was detected, as 

bone activity concentrations did not increase over time. Brain activity concentrations, 

low for both tracers, were increasing over time for [18F]6f as would be expected from 

an irreversible PET tracer. In healthy animals under stress-free conditions, however, 

TG2 is believed to be largely catalytically inactive. 

Although structurally very related, the metabolic profile of both radiotracers differed 

substantially. Compound [18F]6f was metabolized quickly into several radioactive 

metabolites. At the 5 min time-point, mainly a non-polar metabolite was present. 

Analogous to the metabolism of [18F]6g (vide infra), it is postulated that saponified 

[18F]6f accounts for this metabolite. Analysis at later time-points showed an increase 

in polar metabolites, clearly deviating from [18F]6g metabolism, and thus suggesting 

metabolism at the N-terminal side of the structure. In close accordance, the steady 

brain uptake suggests that a small blood-brain-barrier penetrating radioactive 

metabolite, possibly [18F]2-fluoropropionic acid, is formed and accumulates in the 

brain, rather than intact [18F]6f. In contrast, for [18F]6g one major radioactive 

metabolite was formed (98% after 15 min). By employing LC-MS/MS analysis this 

metabolite was identified as M1. The high stability of the peptidic backbone of 6g, 

and potentially also of 6f, might be due to the fact that Z006 is derived from gliadin, a 

gluten protein highly resistant to proteolysis. Thus, with the exception of the C-

terminal methyl ester, the N-terminal 4-fluorobenzylidene, the diazoketone moiety 

and the peptidic backbone of 6g appear metabolically stable in rats. Metabolite M1, 

not surprisingly, was shown to still be a potent inhibitor of TG2 in vitro. Therefore 

instead of setting up a synthesis method for [18F]M1, which would involve at least 

one additional, potentially low-yielding step in the already laborious total synthesis 

procedure, it was decided to use [18F]6g in future studies and accept that the PET 

signal in vivo will be derived from a mixture of the two TG2 inhibitors. [18F]6g at early 
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time-points after injection, while later the signal will solely be derived from [18F]M1. 

Because compound 6g and M1 are approximately equipotent TG2 inhibitors, this 

would allow for semi-quantitative imaging. For full quantitative PET imaging, blood 

samples would have to be taken to obtain a plasma input function which allows for 

the mathematical correction of metabolism. Alternatively, the metabolic stability of 

6g might be optimized in future research by modification of the C-terminus, for 

example by replacing the methyl ester by a dimethylamide functionality. Despite the 

fact that more TG2 inhibitors with increasing in vitro potencies continue to be 

developed [16], the actual in vivo fate of these compounds remains largely unsolved. 

Using isotopic labelling, such information can be readily obtained, which in turn can 

assist in inhibitor selection and/or development.  

In vitro, [18F]6g discriminated between active and inactive conformations of TG2. 

Binding does occur in the presence of Ca2+ and DTT and is inhibited in the absence of 

Ca2+ or other transamidation inhibiting conditions, in particular pharmacological 

competition. These results were confirmed by in vitro autoradiography on MDA-MB-

231 breast cancer xenograft tissue showing discrimination of [18F]6g binding between 

activated and non-activated conditions. Intriguingly, when calcium was omitted from 

the incubation buffer, 40% of [18F]6g binding remained. As it was shown that [18F]6g 

does not bind to TG2 in the closed conformation, this binding likely results from 

endogenous TG2 activity in the tissue under the given experimental conditions. This 

is further supported by our data showing pharmacological blockade of binding to 

almost undetectable levels when co-incubating with either TG2 inhibitor 4l or 6g. 

Furthermore, this same blockade of binding demonstrated the specificity and 

selectivity of [18F]6g binding to the tissue. By selectively binding to the open 

conformation, in theory in vivo TG2 crosslinking activity rather than TG2 expression 

could be measured. 

Taken together, the labelled TG2 inhibitor [18F]6g holds promise for further 

evaluation in appropriate animal models of TG2 overactivity, despite its rapid 

metabolism. 
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4.5 Conclusion 
 

Two potent TG2 inhibitors, 6f and 6g, were radiolabelled with fluorine-18 and 

subsequently evaluated in healthy Wistar rats. Although in vivo both [18F]6f and 

[18F]6g were rapidly metabolized, metabolism of [18F]6g resulted in the presence of a 

single radioactive metabolite in blood plasma with retained affinity. Therefore, 

[18F]6g or a properly modified close analogue, warrants further evaluation in animal 

models of TG2 overexpression. 

 

4.6 Appendix A 
 

Supplementary data to this article can be found after the reference section of this 

chapter. 
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Appendix A 

 

Supplementary data 

 

Synthesis of fluorine building blocks towards Z006 analogues 6a-6h 

 

 

 

Supplemental Scheme S1: Synthesis of non-commercially available fluorine-building blocks. ) 

i) 4-fluorobenzaldehyde, sodium acetate, H2O/dioxane, 3 h, rt, 80% ii) TBAF, THF, 16 h, rt, 78% 

iii) NaOH, MeOH/dioxane/H2O, 1 h, rt, 96% iv) H2NNH2·H2O, 16 h, reflux, 78% v) 4-

fluorobenzaldehyde, NaOH, EtOH/H2O, 16 h, rt, 70% vi) tosyl chloride, pyridine, DCM, 24 h, rt, 

94% vii) Bu4N+F-(tBuOH)4, DMSO, 2 h, 100 °C viii) NaOH, MeOH/H2O, 2 h, 50 °C, 21-35% (over 

two steps for S- and R-entiomer, respectively). Full synthetic procedures, spectroscopic and 

spectrometric data are described below. 

 

2-(((4-Fluorobenzylidene)amino)oxy)acetic acid: 
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To a solution of (aminooxy)acetic acid hemihydrochloride (200 mg, 1.83 mmol) and 

sodium acetate (60.0 mg, 1.83 mmol) in 4 mL water/dioxane (1:1, v/v) was added 4-

fluorobenzaldehyde (2.75 mmol, 295 µL). The solution was stirred for 3 h at rt before 

addition of 10 mL 5 M HCl. The white precipitate was filtered off, washed with DCM 

and dried in vacuo. The product was obtained as white crystalline needles (290 mg, 

80%). 1H NMR (250.13 MHz, CDCl3) δ: 8.30 (br s, 1H), 8.19 (s, 1H), 7.59 (dd, 2H, JHH  = 

8.7, 3JHF = 5.4 Hz), 7.08 (t, 2H, J = 8.6 Hz), 4.77 (s, 2H); 13C NMR (125.78 MHz, CDCl3) δ: 

175.85, 164.07 (d, 1JCF = 250.7 Hz), 149.65, 129.37 (d, 3JCF = 9.1 Hz), 127.67 (d, 4JCF = 

3.6 Hz), 116.04 (d, 2JCF = 21.8 Hz), 70.42; ESI-HRMS: calculated for C9H8FNO3: 

197.0488, found: 196.0195 [M-H]-. 

 

Methyl 4-(fluoromethyl)benzoate: 

To methyl 4-(bromomethyl)benzoate (1.00 g, 4.37 mmol) was added a 1.0 M solution 

of tetrabutylammonium fluoride in THF (7.0 mL, 7.0 mmol) and the solution was 

stirred overnight at rt. The solution was concentrated in vacuo and the resulting oil 

was diluted with EtOAc (50 mL) and washed with 1 M KHSO4 (2 x 50 mL) and brine 

(50 mL). After drying on Na2SO4, filtration and concentration in vacuo the oil was 

purified by column chromatography (EA/ Hex 1:20). The product was obtained as a 

white solid (570 mg, 78%). 1H NMR (250.13 MHz, CDCl3) δ: 8.06 (d, 2H, J = 10.8 Hz), 

7.44 (d, 2H, J = 8.0 Hz), 5.45 (d, 2H, 2JHF = 47.1 Hz), 3.92 (s, 3H); 13C NMR (125.78 MHz, 

CDCl3) δ: 166.73, 141.27 (d, 2JCF = 17.2 Hz), 130.32 (d, 4JCF = 1.8 Hz), 129.92, 126.67 (d, 

3JCF = 6.4 Hz), 83.76 (d, 1JCF = 168.9 Hz), 52.26. 

 

4-(Fluoromethyl)benzoic acid: 

A solution of methyl 4-(fluoromethyl)benzoate (0.13 g, 0.74 mmol) in 4 mL of dioxane 

/ MeOH / 4M NaOH (14:5:2) was stirred at rt for 3 h. The solution was concentrated 

in vacuo and acidified with 1 M KHSO4. The aqueous layer was extracted with DCM (3 

x 25 mL) and the combined organic fractions were dried, filtered and concentrated in 

vacuo to yield the product as a white solid (0.11 g, 96%). 1H NMR (500.23 MHz, 
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DMSO-d6) δ: 13.50-12.90 (br s, 1H), 7.98 (d, 2H, J=7.6 Hz), 7.52 (d, 2H, J=7.9 Hz), 5.51 

(d, 2H, 2JHF =47 Hz); 13C NMR (125.78 MHz, DMSO-d6) δ: 167.04, 141.05 (d, 2JCF = 16.4 

Hz), 130.91 (d, 4JCF = 2.7 Hz), 129.57, 127.24 (d, 3JCF = 6.3 Hz), 83.59 (d, 1JCF = 163.5 

Hz); ESI-HRMS: calculated for C8H7FO2: 154.0430, found: 153.0244 [M-H]-. 

 

6-Hydrazinylnicotinic acid: 

To a solution of 6-chloropyridine-3-carboxylic acid (1.00 g, 6.35 mmol) in n-butanol 

(10 mL) was added hydrazine monohydrate (1.6 g, 32 mmol). The solution was 

heated at reflux temperature overnight. The mixture was allowed to cool and the 

yellow solids were filtered and washed with DCM. After drying the product was 

obtained as a yellow solid (0.85 g, 87%). 1H NMR (500.23 MHz, DMSO-d6) δ: 8.51 (d, 

1H, J = 2.2 Hz), 8.31 (br s, 1H), 7.86 (dd, 1H, J = 8.2 Hz, J = 2.2 Hz), 6.65 (d, 1H, J = 8.9); 

13C NMR (125.78 MHz, DMSO-d6) δ: 166.88, 165.34, 150.77, 147.64, 137.66, 114.37; 

ESI-HRMS: calculated for C6H7N3O2: 153.0538, found: 154.0605 [M+H]+
.  

 

6-(2-(4-Fluorobenzylidene)hydrazinyl)nicotinic acid: 

To a solution of 6-hydrazinylnicotinic acid (0.15 g, 0.98 mmol) in EtOH (10 mL) and 1 

M NaOH (0.98 mL, 0.98 mmol) was added 4-fluorobenzaldehyde (120 µL, 186 mg, 

1.47 mmol). The solution was stirred overnight at rt. After acidification of the 

solution with excess 1 M KHSO4, the white suspension was filtered off and the solids 

were washed with water. After drying the product was obtained as a white solid (178 

mg, 70%). 1H NMR (500.23  MHz, DMSO-d6) δ: 11.41 (br s, 1H), 8.66 (d, 1H, J = 2.1 Hz), 

8.11 (s, 1H), 8.06 (dd, 1H, J = 8.8 Hz, J = 2.5 Hz), 7.76 (dd, 2H, JHH = 8.8 Hz, 3JHF = 5.7 

Hz), 7.31-7.22 (m, 3H); 13C NMR (125.78 MHz, DMSO-d6) δ: 166.52, 162.58 (d, 1JCF = 

246.2 Hz), 159.35, 150.58, 140.36, 138.91, 131.49 (d, 4JCF = 2.7 Hz), 128.44 (d, 3JCF = 

9.1 Hz) 117.48, 115.85 (2JCF = 21.8 Hz), 105.53; ESI-HRMS: calculated for C13H10FN3O2: 

259.0757, found: 258.0989 [M-H]-, 283.0659 [M+Na]+. 

 

(R)-Methyl 2-(tosyloxy)propanoate; (R)-10: 



Development of fluorine-18 labelled peptidic PET tracers for imaging active tissue 

transglutaminase 

149 
 

To a solution of (R)-lactic acid methylester (1.0 g, 9.6 mmol, enantiomeric excess of 

96%) and pyridine (2.00 mL, 24.7 mmol) in DCM (10 mL) was added portion-wise 

tosylchloride (2.75 g, 14.4 mmol). After stirring for 16 h at rt, the mixture was diluted 

with 1 M HCl (aq) and extracted with DCM (3 x 50 mL). The combined organic 

fractions were dried on Na2SO4, filtered and concentrated in vacuo. After purification 

by flash column chromatography (EtOAc/hexane, 2:8) the product was otained as a 

colourless oil (2.3 g, 92%). 1H NMR (500.23 MHz, CDCl3) δ: 7.78 (d, 2H, J=8.5), 7.33 (d, 

2H, J=8.5), 4.92 (q, 1H, J=7.1 Hz), 3.64 (s, 3H), 2.42 (s, 3H), 1.48 (d, 3H, J=6.9 Hz); 13C 

NMR (125.78 MHz, CDCl3) δ: 169.61, 145.23, 133.26, 129.87, 128.03, 74.10, 52.68, 

21.72, 18.43; ESI-HRMS: calculated for C11H14O5S2: 258.0562, found: 259.0688 

[M+H]+, 281.0515 [M+Na]+. 

 

(S)-Methyl 2-(tosyloxy)propanoate; (S)-10: 

Using a procedure similar as described for (R)-10 (vide supra), with the exception that 

(S)-lactic acid methylester (1.0 g, 9.6 mmol, enantiomeric excess of 97%) was used, 

(S)-10 was obtained as a colourless oil (2.3 g, 92%). 1H NMR (250.13 MHz, CDCl3) δ: 

7.78 (d, 2H, J = 8.5), 7.32 (d, 2H, J = 8.1), 4.91 (q, 1H, J = 6.9 Hz), 3.64 (s, 3H), 2.42 (s, 

3H), 1.47 (d, 3H, J = 7.0 Hz); 13C NMR (125.78 MHz, CDCl3) δ: 169.56, 145.21, 133.13, 

129.85, 127.96, 74.06, 52.64, 21.65, 18.35; ESI-HRMS: calculated for C11H14O5S2: 

258.0562, found  281.0451 [M+Na]+. 

 

(R)-2-Fluoropropionic acid: 

To a solution of (S)-10 (0.258 g, 1.00 mmol) in DMSO (2 mL) was added Bu4N+F-

(tBuOH)4 [1] (1.1 g, 2.0 mmol) and the solution was heated at 100 °C for 2 h. Methyl 

2-fluoropropanoate was distilled at 120 °C to a second reaction flask charged with 1 

M NaOH in MeOH/H2O (5 mL, 1:4). The resulting solution was heated at 50 °C for 2 h 

prior to acidification with 1 M HCl (25 mL). After extracting the resulting solution with 

Et2O (3x 50 mL) the combined organic fractions were carefully concentrated in vacuo 

to yield a colourless oil (25 mg, 27%) . 1H NMR (CDCl3, 500.23  MHz) δ: 11.39 (s, 1H), 
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5.07 (dq, 1H, 3JHH = 7.1 Hz, 2JHF = 48.5 Hz), 1.64 (dd, 3H, 3JHH = 7.2, 3JHF = 23.6 Hz); 13C 

NMR (125.78 MHz) δ: 176.92 (2JCF = 24.5 Hz), 85.11 (1JCF = 182.6 Hz), 18.20 (2JCF = 21.8 

Hz). 

- [1] Kim, D.W., Jeong, H.J., Lim, S.T., Sohn, M.H. (2008). Tetrabutylammonium 

tetra(tert-butyl alcohol)-coordinated fluoride as a facile fluoride source. Angew. 

Chem. Int. Ed. 47, 8404-8406. 

 

(S)-2-Fluoropropionic acid: 

Using a procedure similar as described for (R)-2-fluoropropionic acid (vide supra), 

with the exception that (R)-10 (0.258 g, 1.00 mmol) was used, the product was 

obtained as a colourless oil (17 mg, 19%). 1H NMR (CDCl3, 500.23  MHz) δ: 11.20 (s, 

1H), 5.05 (dq, 1H, 3JHH = 7.0 Hz, 2JHF = 48.3 Hz), 1.59 (dd, 3H, 3JHH = 7.0, 3JHF = 23.7 Hz); 

13C NMR (125.78 MHz) δ: 177.02 (2JCF = 24.6 Hz), 85.22 (1JCF = 182.4 Hz), 18.28 (2JCF = 

21.9 Hz). 

 

 

HPLC chromatograms of radiotracers [18F]6f (co-injections with unlabelled 6f) 

 

 

Supplemental figure S1A: HPLC chromatograms with UV (upper chromatogram) and 

radioactivity detection (lower chromatogram) confirming the identity and radiochemical 
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purity of [18F]6f using Method A (Phenomenex Luna Phenyl-hexyl column with eluent 

H2O/MeCN/TFA 60:40:0.1; v/v/v). 

 

 

Supplemental figure S1B: HPLC chromatograms with UV (upper chromatogram) and 

radioactivity detection (lower chromatogram) confirming the identity and radiochemical 

purity of [18F]6f using Method B (Grace Alltima C18 column with eluent H2O/MeCN/TFA 

55:45:0.1 (v/v/v). 
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Test reaction towards the determination of the enantiomeric purity after 

incorporation of (R)-[18F] 2-fluoropropionic acid 

A radiochemical procedure as described for [18F]6f was used, with the exception that 

(S)-H-Phe-OtBu (0.4 mg, 2 µmol) was used as amine. Analysis of the reaction mixture 

was performed by HPLC (Grace Alltima C18 column (5 µm, 250 mm x 4.6 mm) with 

eluent H2O/MeCN 65:35; v/v, flow rate of 1 mL·min-1 and wavelength detection at 

210 nm). The product eluted at 52 minutes whereas the side-product as a result of 

racemization eluted at 50 minutes (figure S2). 

 

Supplemental figure S2: HPLC chromatogram with UV (upper chromatogram) and 

radioactivity detection (lower chromatogram) for determination of diastereomeric purity. 

AUC ratio of peaks at 50 and 52 minutes was 8:92. 
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 HPLC chromatograms of radiotracers [18F]6g (co-injections with unlabelled 6g) 

 

 

Supplemental figure S3A: HPLC chromatograms with UV (upper chromatogram) and 

radioactivity detection (lower chromatogram) confirming the identity and radiochemical 

purity of [18F]6g using Method A (Phenomenex Luna Phenyl-hexyl column with eluent 

H2O/MeCN/TFA 60:40:0.1; v/v/v). 

 

 

Supplemental figure S3B: HPLC chromatograms with UV (upper chromatogram) and 

radioactivity detection (lower chromatogram) confirming the identity and radiochemical 

purity of [18F]6g using Method C (Grace Alltima C18 column with eluent H2O/MeCN/TFA 

50:50:0.1; v/v/v). 
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LC-MS/MS data supporting the identity of metabolite M1 

 

 
 

Supplemental figure S4: LC-MS/MS spectra following rat plasma incubation of carrier added 

6g supporting the identification of M1. Upper left: LC-MS/MS chromatogram of plasma 

following incubation of 6g at 37 °C for 1 h. Two signals (2.69 and 3.39 min) appear on neutral 

loss -28 mode. Upper right: m/z of 3.39 min peak 696.4 corresponding to [6g + Na]+. Lower 

left: Extracted Ion Chromatogram neutral loss -28 for mass 696.0-696.5 corresponding to [6g 

+ Na]+ and retention time of 3.39 min. Lower right: Fragmentation of peak with m/z 696.3, 

showing m/z 418.0 that was used for multiple reaction monitoring experiments (mass 

transition 696.2 – 418.0). 
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Supplemental figure S5: LC-MS/MS spectra following rat plasma incubation of carrier added 

[18F]6g supporting the identification of M1. Left: LC-MS/MS chromatogram of crude plasma 

following incubation of 6g at 37 °C for 1 h. Two signals (2.69 and 3.39 min) appear on neutral 

loss -28 mode. Right: Extracted Ion Chromatogram neutral loss -28 for mass 681.8-682.3 

corresponding to [M1 + Na]+ and retention time of 2.69 min. 
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