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Abstract 

An O-methyltyrosine-containing azadipeptide nitrile was synthesised and investigated for its 
inhibitory activity towards cathepsins L, S, K and B. Labelling with carbon-11 was accomplished by 
reaction of the corresponding phenolic precursor with [11C]methyl iodide starting from cyclotron-
produced [11C]methane. Radiopharmacological evaluation of the resulting radiotracer in a mouse 
xenograft model derived from a mammary tumour cell line by small animal PET imaging indicates 
tumour targeting with complex pharmacokinetics. Radiotracer uptake in the tumour region was 
considerably lower under treatment with the non-radioactive reference compound and the epoxide-
based irreversible cysteine cathepsin inhibitor E64. The in vivo behaviour observed for this radiotracer 
largely confirms that of the corresponding 18F-fluoroethylated analogue and suggests the limited 
suitability of azadipeptide nitriles for the imaging of tumour-associated cysteine cathepsins.  
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1. Introduction 

Cysteine cathepsins are important players in various human disease processes1,2 including diabetes,3 
obesity,4 inflammatory5 and autoimmune disorders,6 neurodegenerative,7 cardiovascular8 and fibrotic 
diseases9 and – most evidently – cancer.10-13 In the last two decades these enzymes attracted a lot of 
interest as potential drug targets14-17 and more recently their imaging in the physiological context in 
vivo has come into focus.18,19 

With regards to molecular imaging of cysteine cathepsins by positron emission tomography (PET), 
inhibitor-based radiotracers labelled with carbon-11,20,21 fluorine-18,22 copper-6423,24 and gallium-6825 
have been reported (Figure 1). The employed inhibitor chemotypes cover irreversibly acting 
acyloxymethyl ketones (e.g. [64Cu]A23 and [68Ga]B25) and nitriles, which interact with the enzymes in 
a reversible-covalent manner (e.g. [11C]C20, [11C]D21 and [18F]E22). The latter mentioned radiotracer is 
based on the azadipeptide nitrile core structure. Inhibitors of this type have been proven to interact 
with cysteine cathepsins with high affinity and to exhibit stability towards degradation by other 
proteolytic enzymes.26 The radiopharmacological characterisation of this radiotracer in a mouse 
xenograft model of human lung cancer has revealed that its pharmacokinetic behaviour is largely 
determined by its uncatalysed reaction with glutathione, even though a target-mediated tumour uptake 
was discernible.22 Despite fluorine-18 can be considered as the optimal PET nuclide concerning 
positron energy,27 labelling with carbon-11 is highly attractive. This is due to the fact that it requires 
only minimal structural changes of lead compounds and even authentic labelling can be achieved with 
this radionuclide.28-32 In this regard it is advantageous that various functional groups containing carbon 
in different oxidation states can be synthesised starting from cyclotron-produced [11C]methane and 
[11C]carbon dioxide.33-37 However, the most often applied routes for introduction of carbon-11 involve 
11C-methylation of nucleophilic functional groups using [11C]methyl iodide or [11C]methyl triflate.38,39 
Moreover, 11C-methylation is considered to be complementary to 18F-fluoroethylation, as both 
radiolabelling approaches can be used on identical precursors and result in similar degrees of structural 
alteration and therefore in similar physicochemical properties of the tracer compounds.40 Owing to the 
short half-life of 20.4 min, 11C-labelled compounds allow for repeated imaging studies in terms of test-
retest paradigms.41,42 

Motivated by the advantages of carbon-11 mentioned above, we envisaged the 11C-labelling of an 
azadipeptide nitrile. In particular, we report on the 11C-methylation of the phenolic precursor that was 
previously employed in the synthesis of [18F]E (Figure 1) by 18F-fluoroethylation,22 and its preliminary 
radiopharmacological characterisation by dynamic small animal PET imaging using a mouse 
xenograft model of mammary carcinoma. Therefore, the synthesis of the complementary 11C-based 
radiotracer to [18F]E was established within this study and its radiopharmacological properties are 
discussed in comparison to those of its 18F-labelled counterpart. 
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Figure 1: Selected inhibitor-based radiotracers for PET imaging of cysteine cathepsins. 
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2. Experimental 

2.1. General remarks 
All commercial reagents and solvents were used without further purification unless otherwise 
specified. Nuclear magnetic resonance spectra were recorded on a Bruker Avance 500 spectrometer at 
25 °C. NMR chemical shifts were referenced with the residual solvent resonances relative to 
tetramethylsilane (TMS). Electrospray ionisation (ESI) mass spectra were obtained on a Waters 
(Milford, MA, USA) Xevo TQ-S mass spectrometer driven by the Mass Lynx software. Preparative 
column chromatography was carried out using Merck silica gel (mesh size 230–400 ASTM) with 
solvent mixtures as specified for the particular compounds. Thin-layer chromatography (TLC) was 
performed on Merck silica gel F-254 aluminium plates with visualisation under UV light (254 nm). 
Radio-TLC was conducted the same way with petroleum ether/ethyl acetate 1:2 as eluent. Radioactive 
spots were visualised using the Fujix Bas2000 TR radioluminography system. The identity of the 
radioactive spots was proven with the corresponding non-radioactive reference compounds that were 
spotted with radioactivity after visualisation under UV.  
Analytical radio-HPLC was performed on a Luna C18 5 µm column (Phenomenex, 250×4.6 mm) 
using 50 % CH3CN/water containing 0.1 % trifluoroacetic acid as isocratic eluent pumped by a Merck 
Hitachi L7100 gradient pump at a flow rate of 1 mL/min through a Jasco DG2080 4-line degasser with 
UV detection by a Merck Hitachi L7450 diode array detector and γ detection by a Raytest GABI 
detector. The system was operated by the D-7000 HSM software using a Merck Hitachi D7000 
interface. 

2.2. Synthesis of non-radioactive reference compound benzyl (S)-(1-(2-cyano-1,2-
dimethylhydrazineyl)-3-(4-methoxyphenyl)-1-oxopropan-2-yl)carbamate (2) 

Compound 1 (2.44 g, 6.38 mmol; prepared as reported)43 was dissolved in dry DMF (20 mL) and 
cooled to -10 °C. The resulting solution was treated with sodium hydride (280 mg (60% in mineral 
oil), 7.00 mmol) and stirred at -10 °C for 30 min. Methyl iodide (1.80 g, 0.79 mL, 12.7 mmol) was 
added and the reaction solution was slowly warmed to room temperature and stirred for 24 h at room 
temperature. The solvent was removed under reduced pressure, the resulting residue was suspended in 
H2O (30 mL), and extracted with ethyl acetate (3×30 mL). The combined organic layers were washed 
with H2O (30 mL) and brine (30 mL), dried (Na2SO4) and evaporated. The crude product was purified 
by column chromatography using ethyl acetate/petroleum ether (1:1) as eluent to obtain 2 as a 
colorless oil (1.30 g, 51%). 1H NMR (500 MHz, DMSO-d6) δ 2.73–2.81 (m, 2H, CHCH2), 2.96, 3.08, 
3.12, 3.22 (4 × s, 6H, 2 × NCH3), 3.71 (s, 3H, OCH3), 4.67 (br s, 1H, NHCHCO), 4.95 (s, 2H, CH2O), 
6.85–7.34 (m, 9H, Harom), 7.78–7.87 (m, 1H, NHCHCO), 13C NMR (125 MHz, DMSO-d6) δ 30.27, 
30.59, 35.66, 36.07, 40.28, 40.48, (2 × NCH3, CHCH2), 52.92, 53.40 (NHCHCO), 55.12 (OCH3), 
65.63 (CH2O), 113.94 (Carom), 114.22 (CN), 127.75, 127.91, 128.42, 129.41, 130.20, 130.41, 136.92 
(Carom), 155.87, 156.29 (OCON), 158.23 (Carom), 173.53 (NHCHCO). MS (ESI+) m/z calculated: 
396.18, found: 397.1 [M+H]+ 

2.3. Enzyme inhibition assay 
Kinetic inhibition assays for compound 2 on cathepsins L, S, B and K were performed as described 
previously.43 

2.4. Radiosynthesis of (S)-(1-(2-cyano-1,2-dimethylhydrazineyl)-3-(4-[methyl-
11C]methoxyphenyl)-1-oxopropan-2-yl)carbamate ([11C]2) 

[11C]CH4 was produced by the 14N(p,α)11C nuclear reaction on a CYCLONE 18/9 cyclotron (IBA) by 
irradiation of nitrogen gas containing 10% hydrogen in an aluminium target containment. Synthesis of 
[11C]CH3I and subsequent conversion to [11C]2 followed by purification of the product was performed 
fully automated and remotely controlled in a TracerLab FXC-Pro (GE) synthesizer. 
Compound 1 (1 mg, 2.61 µmol) was dissolved in dry DMF (250 µL). A solution of NaH (60% in 
mineral oil) in dry DMF at a concentration of 0.1 M was freshly prepared prior to every radiosynthesis 
and 26.1 µL of this solution were added to the solution of 1. The resulting mixture was transferred into 
the reactor vial under nitrogen. [11C]CH4 was separated from the target gas by trapping on GraphPac 
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GC (60/80 mesh, Alltech) at -140°C and purging with helium. By heating to 80 °C, [11C]CH4 was 
released from the trapping material and processed in the iodine reactor at 720 °C in repetitive 
circulation. The synthesised [11C]CH3I was trapped during the synthesis on Porapak Q (50-80 mesh, 
Alltech) at room temperature. At the end of this process, [11C]CH3I was released from the Porapak trap 
by heating to 190 °C and transferred in a stream of helium into the reaction vessel at a temperature of -
20 °C. After completion of the transfer, the reaction vessel was sealed and heated at 80 °C for 2 min. 
The reactor was cooled to 40 °C, 700 µL of HPLC eluent (CH3CN/ 0.1% CF3COOH in H2O 1/1 (v/v)) 
were added to the reaction mixture and the resulting solution was transferred onto the semi-preparative 
HPLC column (Phenomenex® Gemini 5µ C18 100Å, 250×10 mm; guard column: SecurityGuard™ 
SemiPrep C18). HPLC purification was performed at a flow of 4 mL/min delivered by a HPLC pump 
(Synkam S1021 Solvent Delivery System) equipped with degasser (Degasys DG-1310) under 
observation the UV signal at 254 nm (Knauer, UV-Detector K-2001) and the radioactivity signal. The 
product-containing fraction was collected and diluted into water (50 mL). The resulting mixture was 
loaded onto a solid phase extraction cartridge (Lichrolut RP18E 200 mg; preconditioned with ethanol 
and water). The cartridge was washed with water (10 mL) and eluted with absolute ethanol (0.5 mL). 
The eluted radiotracer solution was further concentrated by heating in a N2 stream. For product 
analysis and determination of the molar activity of [11C]2, a definite activity (around 5 MBq) was 
subjected to analytical radio-HPLC. The trace profile for 215 nm was retrieved from the recorded 
DAD data and the area under the curve was determined for the product. The molar amount was 
calculated from a calibration line obtained from HPLC analyses of 2 in masses ranging from 0.01 to 1 
µg on column. 
The distribution coefficient log D7.4, which is equal to log P due to the absence of an ionisable group in 
the tracer compound, was determined by adding 1 µL of the ethanolic solution of [11C]2 to a mixture 
of n-octanol (600 µL; presaturated with phosphate-buffered saline) and phosphate-buffered saline (600 
µL; presaturated with n-octanol). The resulting mixture was vortexed for 5 min at room temperature. 
For phase separation, the tube was shortly centrifuged and 400 µL of the organic layer were added to 
phosphate-buffered saline (400 µL; presaturated with n-octanol) and the resulting mixture was again 
vortexed for 5 min. Aliquots (250 µL) of each phase were transferred to separate tubes; transfer of the 
aqueous phase requires special care according to Linclau et al.44 The activity of separated layers were 
measured in a well counter and each corrected by subtracting the background activity. The activities 
were decay-corrected considering the time differences between the measurements of the corresponding 
different phases. The distribution coefficient was calculated by log D7.4=log[count rate(octanol 
phase)/count rate(aqueous phase)]. A value of 2.38±0.06 (mean±SEM) was determined form three 
distinct experiments starting from the identical radiotracer solution. 
The reaction of [11C]2 with glutathione was investigated by adding 2 µL of radiotracer solution (1.5 
MBq) to 200 µL of 5 mM glutathione in PBS. The resulting mixture was incubated at 37°C and 
aliquots of 25 µL were subjected to analysis by radio-HPLC after 2 and 40 min. 

2.5. PET imaging experiments 
Animal experiments were carried out in accordance to the guidelines of the German Regulations for 
Animal Welfare. The protocol was approved by the local Ethical Committee for Animal Experiments 
(reference number 24-9168.11-4/2012-1). This study was designed as an orientation survey. 
PET experiments were performed in female nude mice (NMRI Foxn1nu/nu; body weight 27.2±2.5 g) 
bearing MDA-MB-231 STn-Luc human mammary adenocarcinoma45 using 7.8±2.2 MBq of [11C]2 
following the protocols published elsewhere with some minor modifications.44,46 In brief, PET 
experiments using dedicated PET/CT scanner for small animals (NanoScan PET/CT scanner, Mediso) 
were performed when tumours reached a diameter of about 7-9 mm. General anesthesia of mice was 
induced and maintained by inhalation of 10% desflurane in 30% oxygen/air. PET acquisition was 
started 10 s before intravenous (i.v.) infusion of the radiotracer through a needle catheter into a lateral 
tail vein and emission data were acquired continuously for 60 min. For blocking experiments, mice 
were simultaneously injected intravenously with non-radioactive 2 (26.6 mg/kg body weight; in 100 
µL saline with 10% DMSO), the broad-band cysteine peptidase inhibitor E64 (9.3 mg/kg body weight; 
in 100 µL saline) or intraperitoneally 30 min before the radiotracer with the glutathione S-reactive 
agent diethyl maleate (DEM; 567 mg/kg body weight; in 200 µL sunflower oil). Acquired data were 
sorted into 32 time frames and reconstructed as described elsewhere.47 Image volume data were 
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analysed by ROVER software (ABX GmbH). Three-dimensional regions of interest (ROI) were 
determined within masks around the tumours or different organs by thresholding PET data within 
these masks. ROI time activity curves (TAC) and SUV (SUV = activity concentration in tissue × body 
weight / injected dose) are given as mean ± SD (control: n=6) or single records (blocked; 2, n=2, E64, 
n=2; DEM, n=1). 
 

3. Results and Discussion 
To allow for a facile attachment of carbon-11 to the azadipeptide nitrile core structure, we utilised the 
azadipeptide nitrile 1, which itself represents a potent cathepsin inhibitor43 and which was previously 
successfully employed by us as labelling precursor for 18F-fluoroethylation towards [18F]E.22 
Compound 1, bearing tyrosine in position P2, was converted into the reference compound 2 by 
methylation of its phenolic hydroxyl group according to Scheme 1.  

Kinetic evaluation of azadipetide nitrile 2 towards inhibition of the oncologically relevant cathepsins 
L, S, K, and B was performed using continuous enzyme activity assays with appropriate fluorogenic or 
chromogenic substrates. The resulting parameters included in Table 1 indicate that the extraordinary 
inhibitory potency of the parent compound 143 is largely retained upon O-methylation of its tyrosine 
side chain as realised in compound 2. However, according to the equilibrium inhibition constants, the 
affinity of 2 to cathepsin B is diminished by one order of magnitude, even though it is still in the 
single-digit nanomolar range. This loss in inhibitory activity can be clearly attributed to an increased 
koff value compared to 1, which represents the rate constant describing the disintegration of the 
enzyme-inhibitor complex into unbound inhibitor and free enzyme. As for the parent compound 1, the 
Ki values of 2 towards the cathepsins L, S and K are in the subnanomolar range. Notably, different to 
fluoroethylation, the affinity of 1 for cathepsin K slightly increased upon methylation, which is 
reflected in increased association (kon) and decreased dissociation (koff) rate constants. 

Table 1. Inhibition of thiol-dependent cathepsins by the azadipeptide nitriles 1 and 2. For comparison, the inhibitory activities 
of compound E were included as published in ref.22 

O N
H

N
O

O

N
O

N

R

 
cathepsin  1 (R=H)* 2 (R=CH3) E (R=(CH2)2F)** 

L 
Ki (nM) 0.36±0.03 0.68±0.06 0.73±0.06 

kon (103 M-1s-1) 4200±100 1200±500 930±100 
koff (10-3 s-1) 1.5±0.1 0.82±0.35 0.68±0.09 

S 
Ki (nM) 0.86±0.02 0.46±0.05 0.79±0.06 

kon (103 M-1s-1) 500±30 990±400 560±100 
koff (10-3 s-1) 0.43±0.03 0.46±0.19 0.44±0.09 

B 
Ki (nM) 0.38±0.03 2.2±0.4 2.4±0.1 

kon (103 M-1s-1) 79±22 180±10 190±10 
koff (10-3 s-1) 0.030±0.009 0.40±0.08 0.46±0.03 

K 
Ki (nM) 0.16±0.01 0.085±0.01 0.17±0.01 

kon (103 M-1s-1) 320±20 480±40 210±50 
koff (10-3 s-1) 0.051±0.005 0.041±0.006 0.036±0.009 

*values taken from ref.43, **values taken from ref.22 
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Scheme 1. Synthesis of the side-chain O-methylated azadipeptide nitrile 2 and its 11C-labelled version [11C]2. Synthesis of 
[11C]2 was optimised regarding the base as shown in Figure 2. 

Labelling of azadipeptide nitrile 2 with carbon-11 was performed in orientation to the synthesis of the 
non-radioactive reference compound by conversion of 1 with [11C]methyl iodide. For this, the 
14N(p,α)11C reaction, performed by irradiating nitrogen gas containing 10 % of hydrogen with a 
cyclotron, was utilised to generate [11C]methane as starting material for the following automated 
radiosynthetic process. Using the commercially available TracerLab FXC-Pro synthesis module (Figure 
3A), [11C]methane was passed in repetitive circulations through an iodine reactor to produce the 
labelling agent [11C]methyl iodide by the gas-phase method. Subsequently, conversion of 1 with 
[11C]methyl iodide was attempted using DMF and sodium hydride as base creating [11C]2 in 35% non-
isolated radiochemical yield as determined by radio-HPLC. Employment of sodium hydride in 
equimolar concentration to the precursor 1 was superior over aqueous sodium hydroxide or DBU as 
alternative bases (Figure 2). This result can be rationalised by considering that quantitative and 
irreversible deprotonation of the phenolic hydroxyl group can only be caused by sodium hydride, 
whereas reversible acid-base equilibria are attained in the case of the other two bases. Surprisingly, the 
least favourable outcome of the reaction was observed when DBU was used as base, which might be 
due to the competing reaction of DBU with [11C]methyl iodide, which has been observed for 
unlabelled methyl iodide.48 Contrary to the results observed for the 11C-methylation of 1, DBU was 
successfully employed as base in other radiotracer syntheses with [11C]methyl iodide.49 
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Figure 2: Influence of the kind of base on the conversion of 1 to [11C]2 with [11C]methyl iodide. Shown are the radio-HPLC 
chromatograms of the reaction mixtures in the presence of various bases. The inset table shows the radiochemical yields as 
determined by radio-HPLC analysis. Retention time of [11C]2 varied between 8.80-10.04 min in the employed HPLC system. 

Separation of [11C]2 from unconverted 1 and 11C-labelled side products was achieved by subjecting the 
reaction mixture to semi-preparative HPLC using 50 % acetonitrile/water containing 0.1 % 
trifluoroacetic acid as isocratic eluent (Figure 3B). The product-containing eluate was separated from 
the HPLC eluent and concentrated by solid-phase extraction and subsequent elution with ethanol. The 
elaborated procedure allowed for a reliable automated synthesis of the 11C-labelled azadipeptide nitrile 
[11C]2 in good radiochemical yields, radiochemical purities and molar activities (Figure 4 and Table 
2). The activity range of [11C]2 obtained from varying activities of [11C]methane is shown in Table 2. 
In a typical radiosynthesis, 388 MBq of [11C]2 were obtained from 10.8 GBq of cyclotron-produced 
[11C]methane via 5.5 GBq of intermediary [11C]methyl iodide within a synthesis time of 41 min, which 
corresponds to a radiochemical yield of 14.5 %. The radiochemical purities of the product determined 
by radio-TLC and radio-HPLC were greater than 95 or 97 %, respectively (Table 2). The range of 
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molar activities for [11C]2 (Table 2) was acceptable for small animal PET experiments and was 
comparable to that of other carbon-11-based radiotracers obtained via gas phase-produced [11C]methyl 
iodide.50,51 
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Figure 3: Configuration of the Tracerlab FXC-Pro synthesis module (A) and representative semi-preparative radio-HPLC 
chromatogram for purification of [11C]2 (B). blue: UV-channel, black: γ-channel; stationary phase: phenomenex gemini C18, 
250×10 mm, 5 µm, 100 Å, eluent: CH3CN/H2O/CF3CO2H 1:1:0.1 (4 mL/min). 
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Figure 4: Proof of identity and radiochemical purity of [11C]2 by analytical radio-chromatography. A) radio-TLC of the final 
product (right) and the reference compound (left) spotted with radioactivity after UV -visualisation, B) radio-HPLC (red 
trace) overlaid with the HPLC chromatogram of 2 monitored at 218 nm.  

Table 2: Radiochemical parameters for the synthesis of [11C]2 

parameter range mean±SEM n 
[11C]CH4 starting activity (GBq) 7.0-14.3  10 
[11C]CH3I intermediate activity (GBq) 2.5-6.1  10 
product activity (MBq)  126-526  10 
radiochemical yield (d.c.; %)  8.2-21.6 13.6±1.6 10 
radiochemical purity (%) radio-HPLC 97.5-99.3 98.7±0.2 10 

radio-TLC 95.8-99.1 97.3±0.5 9 
molar activity (GBq/µmol)  29.9-81.4 62.6±8.1 6 
synthesis time (min)  37-52 44.1±1.2 10 
 

Using the classical shake-flask method, a partition coefficient (log P) of 2.38 was determined for 
azadipeptide nitrile [11C]2. This value is comparable to log P of its 18F-fluoroethylated analogue 
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(radiotracer E in Figure 1), which was determined to be 2.30.22 This result is in accordance to the 
observation of similar lipophilicities for other 11C-methylated/18F-fluoroethylated radiotracer pairs.52 

Based on the successfully established radiosynthesis of [11C]2, its radiopharmacological investigation 
in nude mice bearing tumour xenografts derived from MDA-MB-231 STn-Luc cells using PET 
imaging was enabled. The expression of the oncologically relevant cysteine cathepsins B, L, and S in 
this aggressive triple-negative human breast cancer cell line was confirmed by several studies.53-56 The 
PET images are shown in Figure 5A and Figure 6A. The rescaled images indicate that the C-11 
activity is distributed over the entire organism, even though the tumour tissue is distinguishable. 
Hence, the pharmacokinetic behaviour of [11C]2 largely resembles that of its 18F-fluoroethylated 
analogue [18F]E, whose biodistribution pattern is mainly determined by its long blood residence. In the 
case of [18F]E, the slow blood clearance has been attributed to its spontaneous reaction with 
glutathione, which results in the retention of the resulting conjugate in the erythrocytes. Nevertheless, 
a considerable fraction of the original unmodified radiotracer was still detectable in blood plasma at 60 
min p.i.22 Conjugate formation between [11C]2 has been confirmed by incubation of the radiotracer 
with glutathione at a concentration of 5 mM (Figure 7). 

The time-activity curves shown in Figure 8 indicate that the tumour uptake of [11C]2 is low 
(SUVtumour, 55 min < 0.1; unblocked; n=6) but slightly higher than in muscle tissue with a mean tumour-
to-muscle ratio of 1.37±0.51 for the investigation time. As for [18F]E, the tumour-to-blood ratio of 
[11C]2 lies in favour to blood but is smaller than that of its 18F-fluoroethylated counterpart (0.09 for 
[11C]2 versus 0.49 for [18F]E at 55 min p.i.).22 

 



 

A  

  
 
B 

 

  
Figure 5: Small animal PET images depicting the distribution of [11C]2 in MDA-MB-231 STn-Luc tumour-bearing nude mice at the indicated time post injectionem (p.i.) in the absence of pharmacological 
blockade (A) and treated with unlabelled 2 (26.6 mg/kg) (B). Shown are maximum intensity projections scaled according to maximum (left panels each) and rescaled mode (right panels each). The location of 
the tumour tissue is indicated by an arrow. 
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Figure 6: Small animal PET images depicting the distribution of [11C]2 in MDA-MB-231 STn-Luc tumour-bearing NMRI (nu/nu) mice at the indicated time p.i. in the absence of pharmacological blockade (A) 
and treated with E64 (9.3 mg/kg) (B). Shown are maximum intensity projections scaled according to maximum (left panels each) and rescaled mode (right panels each). The location of the tumour tissue is 
indicated by an arrow. 
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Figure 7: Conjugate formation between azadipeptide nitrile [11C]2 and glutathione as demonstrated by radio-HPLC. For 
better visualisation, radio-HPLC chromatograms for 2 and 40 min were shifted 5 and 10%, respectively, at the ordinate. 
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Figure 8: Time-activity curves for [11C]2 in the tumour region in comparison to muscle and blood. 
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Figure 9: Structures of E64 and DEM, which were used for pharmacological modulation of radiotracer uptake in addition to 
azadipeptide nitrile 2 

To obtain proof towards cysteine-cathepsin-mediated tumour uptake, the distribution of [11C]2 was 
studied by dynamic PET imaging under the administration of non-radioactive 2 as well as the broad-
band cysteine peptidase inhibitor E64 and glutathione S-reactive agent DEM (Figure 9). The time-
activity curves derived from these experiments for various organs are shown in Figure 10. Uptake of 
[11C]2 in the presence of unlabelled 2, i.e. administration of carrier-added (c.a.) radiotracer, was lower 
than for n.c.a. [11C]2 over the whole observed time range. Notably, the difference between the uptake 
of n.c.a. and c.a. radiotracer increased over time. The influence of the radiotracer’s lower molar 
activity is also obvious when the dynamic PET images in Figure 5A and B are compared. This 
indicates that the uptake of [11C]2 in the tumour region is at least partially cysteine cathepsin-
mediated. Further evidence for target-mediated tumour uptake was obtained by treatment with E64 
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prior to administration of [11C]2. This agent inhibits the cathepsins L, S, B and K57,58 irreversibly and 
is stable towards uncatalysed reaction with low-molecular-mass thiols,57 in contrast to azadipeptide 
nitrile 2. Furthermore, E64 is not membrane-permeable and should therefore only block tumour-
associated extracellular cysteine cathepsins. As indicated by the time-activity curves in Figure 10A, 
the tumour uptake of [11C]2 was significantly reduced in the presence of E64. Compared to radiotracer 
administration at c.a. level, inhibition was more pronounced in the first 10 min p.i. while at later time 
points the effect of 2 was stronger. Similar to c.a. [11C]2, the influence of E64 is visible by comparing 
the PET images in Figure 6. Interestingly, comparison of the rescaled images in Figure 6A and B 
indicates that E64 is influencing more the outer zones of the tumour tissue, while the uptake in the 
central tumour region is less inhibited. This result is different to the effect observed for 2, which 
exhibited homogeneous blocking throughout the tumour tissue. The spatially different influences of 
azadipeptide nitrile 2 and E64 with regards to inhibition of radiotracer uptake in the tumour can be 
explained by their differing physicochemical properties. While compound 2 should be sufficiently 
lipophilic for diffusion across membranes, the zwitterionic structure of E64 (Figure 9) should prevent 
its unfacilitated membrane permeation. In consequence, the inhibitory effect of E64 should be 
restricted to extracellular cysteine cathepsins, which are mainly secreted by cells located at the 
invasive edge of the tumour.59 To obtain insight into the influence of glutathione conjugate formation 
on the tumour uptake of [11C]2, a PET imaging experiment was performed in an animal that underwent 
pre-treatment with DEM at high dose. This reagent undergoes glutathione S transferase-catalysed 
Michael addition by glutathione and its use to deplete the pool of endogenous glutathione has been 
established.60,61 As shown in Figure 10A, treatment with DEM resulted in significantly decreased 
tumour uptake but the difference between the baseline and blocked time-activity curves is reduced 
with increasing time, in contrast to treatment with 2 and E64. Sound conclusions with regards to the 
influence of glutathione conjugation on the tumour uptake of [11C]2 cannot be drawn at this stage 
because the influence of DEM on the global radiotracer pharmacokinetics has to be taken into 
consideration, which requires further investigations. Influence of pharmacological intervention by 2, 
E64 and DEM on radiotracer uptake in the muscle is much less significant than for the neoplastic 
tissue, particularly at time points >20 min p.i. (Figure 10B), which provides further evidence towards a 
cysteine cathepsin-mediated tumour uptake of [11C]2. Pharmacological treatment has also less impact 
on the uptake of [11C]2 in the brain (Figure 10C). The strongest effect can be observed for compound 
2. Even though its polar character should exclude permeation of the blood-brain barrier, also E64 
shows some inhibitory effect on the brain uptake. However, investigations on the brain permeation of 
this cysteine protease inhibitor have not been reported and a transport facilitated by carriers such as 
oligopeptide transporters might be possible.62 Considering that cysteine cathepsins are known to be 
expressed in the central nervous system, where they are involved in the proteolytic processing of 
neuropeptide precursors,63 the observed effects of 2 and E64 might indicate an at least partially target-
mediated brain uptake of [11C]2. On the other hand, the brain represents an organ of high glutathione 
content64 and reaction with glutathione is also responsible for the tissue retention of the blood 
perfusion tracer 99mTc-HMPAO.61,65 The influence of DEM on the brain uptake of [11C]2 is similar to 
that on the uptake in the tumour as radiotracer retention is significantly reduced in the early phase 
while the uptake values at later time points are greater than for the baseline curve. This finding could 
be interpreted in the way that the uptake of [11C]2 is determined by perfusion in the early phase while 
target-mediated uptake prevails at later time points. The impact of the blocking agents on the blood 
clearance of [11C]2 is shown in Figure 10D. All three blocking agents reduce the blood levels of the 
radiotracer to a similar extent. This result can be explained by considering that thiol-reactive 
functional groups are present in all three agents: an electron-deficient double bond in DEM, an 
activated epoxide in E64 and a cyano group in azadipeptide nitrile 2. The thiol reactivity of compound 
2 has been discussed above. Similar to DEM, the epoxide group in E64 could react with glutathione 
catalysed by glutathione S-transferase as such a biotransformation has been reported for loxistatin 
(also known as E64d),66 which is an E64-related epoxysuccinylated amino acid derivative. The π 
isoenzyme of glutathione S-transferase is expressed at high level in erythrocytes.67 Therefore, a 
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glutathione-competitive component might be also present in the pharmacological action of E64 and 2 
on the uptake of [11C]2.  
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Figure 10: Time-activity curves of [11C]2 for selected organs in the absence (control; n=6) and presence of 2 (c.a.; 26.6 
mg/kg, n=1, respresentative data from one of two experiments are shown), E64 (9.3 mg/kg, n=2) or DEM (567 mg/kg, n=1). 
Shown are the mean values ± SD. 

 

4. Conclusion 
An efficient and reliable radiosynthesis for the 11C-methylation of the cysteine cathepsin-targeting 
azadipeptide nitrile 1 has been established. Characterisation of the resulting radiotracer [11C]2 by 
small-animal PET imaging in tumour xenograft-bearing mice confirmed the complex pharmacokinetic 
behaviour of its 18F-fluoroethylated counterpart that arises from the inherent thiol reactivity of 
azadipeptide nitriles. However, pharmacological modulation of the radiotracer uptake by different 
agents suggests a cysteine cathepsin-mediated tumour uptake, which also allows for positive 
conclusions towards therapeutic targeting of tumour-associated cysteine cathepsins. This study 
confirms the limited suitability of cysteine protease inhibitors of the azadipeptide nitrile chemotype as 
radiotracers for the imaging of cysteine cathepsin in vivo. 
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