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Neurotensin(8 – 13) (NTS(8 – 13)) analogs with C- and/or N-terminal b-amino acid residues and
three DOTA derivatives thereof have been synthesized (i.e., 1 – 6). A virtual docking experiment showed
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almost perfect fit of one of the 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
derivatives, 6a, into a crystallographically identified receptor NTSR1 (Fig. 1). The affinities for the
receptors of the NTS analogs and derivatives are low, when determined with cell-membrane
homogenates, while, with NTSR1-exhibiting cancer tissues, affinities in the single-digit nanomolar range
can be observed (Table 2). Most of the b-amino acid-containing NTS(8 – 13) analogs (Table 1 and Fig. 2),
including the 68Ga complexes of the DOTA-substituted ones (6; Figs. 2 and 5), are stable for ca. 1 h in
human serum and plasma, and in murine plasma. The biodistributions of two 68Ga complexes (of 6a and
6b) in HT29 tumor-bearing nude mice, in the absence and in the presence of a blocking compound, after
10, 30, and 60 min (Figs. 3 and 4) lead to the conclusion that the amount of specifically bound radioligand
is rather low. This was confirmed by PET-imaging experiments with the tumor-bearing mice (Fig. 6).
Comparison of the in vitro plasma stability (after 1 h) with the ex vivo blood content (after 10 – 15 min) of
the two 68Ga complexes shows that they are rapidly cleaved in the animals (Fig. 5).

1. Introduction. – The tridecapeptide neurotensin (1; NTS) is a neurotransmitter
and hormone binding to the G-protein-coupled receptors NTSR1 and NTSR2, which
are present mainly in brain and gut. NTS Levels increase in response to ingestion of
(fatty) food, and they were found to be elevated in sera of patients with certain cancers.
Thus, NTS is involved in regulatory processes of the dopaminergic system, of analgesia,
of food intake, of digestion, and of cancer growth 4 ). After the discovery that the
biological activity of the C-terminal hexapeptide NTS(8 – 13) fragment 2 is comparable
to that of the tridecapeptide 1 [2], investigations of this fragment became prominent 5 ).
For diagnostic imaging by positron emission tomography (PET) or magnetic resonance
(MR), and for therapeutic (radiopharmaceutical) applications of compound 2, the
proteolytic stability has to be enhanced [5]. One way of preventing attack by
exopeptidases is replacement in a peptide of the terminal a- by b-amino acid residues
(terminal homologation [6]) 6 ). This modification can lead to a dramatic increase of
plasma stability (see, e.g., the data for NTS derivatives 1 – 4 (Table 1)), without loss of
affinity for the receptor(s) [6]. The next, more stringent requirement for an
application 7 ) of a G-protein-coupled receptor (GPCR)-targeting peptide [10] is the
attachment of a metal-ion chelating moiety 8 ) or of a 18F-containing group 9 ), in such a
way that the receptor-binding affinity is not substantially decreased.
2. Synthesis of DOTA Derivatives 5 and 6. – After having shown that the C-terminal
Leu of NTS(8 – 13) can be replaced by b3hLeu without loss of affinity and with greatly

4)
5)
6)
7)

8)

9)

There is a vast body of literature on NTS; we refer the reader to an article [1a] by the neurotensin
discoverer (R. E. Carraway [1b]) and to a recent Current Opinion review [1c].
For representative examples, including our previous work, see [3] [4].
For b-homo-amino acid scans, in which one-by-one an a-amino acid residue in a peptide is replaced
by a b-homo-amino acid residue see [7] (angiotensin) and [8] (neurotensin).
The history of octreotide (Sandostatin) has model character for the development (by Sandoz/
Novartis) of a GPCR-binding peptide hormone (somatostatin) to a billion-$ drug for diagnostic and
therapeutic use (acromegaly, carcinoid tumors, VIPomas) [9].
A most successfully employed ion-complexing ligand for this purpose is DOTA (see the review
[11]), a cyclic relative of EDTA; cf. complexometry invented by the former professor of Inorganic
Chemistry at ETH Zrich, Gerold Schwarzenbach [12].
For a recent example, see the 18F-glycopeptides derived from NTS(8 – 13) [13].
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Table 1. Half-Lives of Peptides 1 – 4 in Human Plasma (heparin-stabilized) at 378. Compound 4 was also
stable (for > 7 d) in murine, heparine-stabilized plasma. The degradation curves for neurotensin (1) and
NTS(8 – 13) (2) have been presented in [6], those obtained with 3a – 3c and 4 are shown in the Exper.
Part. The stabilities of 3c and 4 indicate that there is no endopeptidase in the plasma used, which would
cleave peptidic bonds between the termini.
Peptide

1

2

3a

3b

3c

4

t1/2

4 min

17 min

32 h

46 h

>7 d

>7 d

increased plasma stability (see [6] and Table 1, and Fig. 7 in the Exper. Part), we have
now prepared DOTA ( ¼ 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) de-
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rivatives 10) 5 and 6, carrying this terminal b-amino acid residue. The chlorotrityl [15]
resin-bound hexapeptide H-Arg(Pbf)-Arg(Pbf)-Pro-Tyr(tBu)-Ile-b3hLeu-(ClTrit) [6]
was acylated with activated {2-(2-Fmoc-amino)ethoxy]ethoxy}acetic acid (FmocAEEAc-OH) and, after Fmoc removal, coupled with DOTA(tBu)3 [11]. Deprotective
removal from the resin gave compound 5 with a nine-atom spacer between DOTA and
the N-terminal Arg residue. The shorter b-alanine (bhGly), four-atom spacer was used
in the synthesis of the DOTA-heptapeptide 6a from the resin-bound hexapeptide
specified above. As a measure of stabilizing the ArgArg peptide bond [14b] 11), we
also prepared the homolog 6b by incorporating b2hArg (of (R)-configuration) 12 ) in
position 1 of NTS(8 – 13). The synthesis of 6b was carried out on chlorotrityl resin with
the standard Fmoc procedure to give Fmoc-Arg(Pbf)-Pro-Tyr(tBu)-Ile-b3hLeu(ClTrit); after Fmoc deprotection, coupling with the known Fmoc-b2hArg(Boc)2-OH
[17], with Fmoc-bhGly-OH ( ¼ Fmoc-b-Ala-OH), and finally with DOTA(tBu)3 , the
desired product 6b was liberated with CF3COOH (TFA) and purified by preparative
HPLC. Note that 6b is the DOTA-bhGly derivative of the terminally homologated
NTS(8 – 13) (3c), which appears to be infinitely stable in human plasma (see Table 1
and Exper. Part). Finally, the formula of the known DOTA analog 7 [14a] is shown
here, because we compared the results of our in vivo experiments with those obtained
for this analog 7 [14a] (see Sect. 5, below).
3. Virtual Docking of the DOTA Derivative 6a with the X-Ray Crystal Structure of
an NTSR1 Receptor. – A review article published in 2005 is entitled Over One
Hundred Peptide-Activated G-Protein-Coupled Receptors Recognize Ligands with Turn
Structures [10]. In the section of this article on neurotensin investigations are referred
to that cast doubt about a turn structure of NTS or NTS(8 – 13): while there might be a
certain turn population of NTS(8 – 13) in solution 13 ), modeling, surface plasma
resonance (SPR), resonance energy transfer (RET), and solid-state NMR studies [18]
have indicated that the C-terminal part of neurotensin binds in a linear, b-strand-like
conformation to its receptors NTSR. An X-ray crystal structure of the NTS(8 – 13)
agonist-bound receptor NTSR1 (thermostabilized by six mutations) has now shown
beyond doubt: the ligand binds to NTSR1 in an extended conformation nearly
perpendicular to the membrane plane, with the C-terminus oriented towards the receptor
core [19].
We wondered whether one of our DOTA derivatives would fit into the receptor
pocket, and used the X-ray data for a virtual docking experiment with 6a, the
compound with the shorter linker, replacing NTS(8 – 13) in the crystal structure by this
DOTA-bhGly-b3hLeu-modified NTS(8 – 13). The docking was achieved with the Auto
Dock Vina program [20], and the resulting structure presented in Fig. 1 was produced

10)

For examples of previously prepared NTS(8 – 13)-DOTA derivatives and analogs, see [14] and
references cited therein.
11) At least in plasma, this ArgArg bond is not very labile; see the 32-h half-live of 3a in Table 1.
12) For definitions of b2h-, b3h-, (S)-b2h-, (R)-b3hXaa, and b-iso-Xaa, derived from the natural,
proteinogenic amino acids, see Figs. 5 and 8 in [16].
13) See also our 1H- and 13C-NMR investigations described in [6], and references cited therein.
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with PyMol 14 ). The DOTA derivative 6a fits almost perfectly into the binding pocket of
the GPC receptor (Fig. 1, a and b), with the CO2H group of the C-terminal b3hLeu in
contact with Arg149, Arg327, and Tyr351 of the protein. There are numerous polar
contacts between 6a and the receptor (Fig. 1, d), four of which occur with Arg213 ;
interestingly, there is also a contact between a N-atom of DOTA and Asp54, which
would be impossible in a metal chelate 15 ).
14)
15)

For Auto Dock Vina, visit http://vina.scripps.edu/, for PyMol http://www.pymol.org/.
Besides NTSR1 and 2, a third NTS receptor is known: sortilin, sometimes called NTSR3, is,
however, not a GPCR, it rather binds neuropeptides in the tunnel of a ten-bladed b-propeller
domain; according to an X-ray structure and binding studies, NTS sits in the tunnel in a strand-like
conformation, with the C-terminal part ahead, and its Leu13 CO2H group forms a salt bridge with
Arg292 and is involved in H-bonding with Ser283 and Tyr312 of sortilin [21]. Virtual docking
experiments failed to fit the DOTA derivative 6a into the sortilin receptor.
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Fig. 1. Virtual Docking of 6a into the pocket of NTSR1. a) Total view of the complex. b) Zoom of the
pocket part of the ligandreceptor complex. c) Overlay of receptor-bound conformations of NTS(8 – 13)
(grey) and 6a (yellow). d) The so-called polar contacts between 6a and amino acid residues of the
protein.
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4. Affinities of the DOTA Derivatives 5 and 6 for Human NTSR1 and 2. – The
receptor affinities were determined in a radioligand competition binding experiment
with cell-membrane homogenates containing hNTSR1 or NTSR2, and with human
cancer tissues. The affinities of the NTS derivatives without DOTA appendage, i.e., 1 –
3, were reported in our previous paper [6], and the values are included in Table 2 for
comparison. No matter how it is attached, the DOTA group leads to a reduction of
affinity with the membrane homogenates by up to two orders of magnitude; only the
hNTSR1 affinity of DOTA derivative 6a is still reasonably high. On the other hand, the
affinity remains in the single digit nm range when measured with the tumor tissues (see
the IC50 values in Table 2). Large differences between affinities obtained with cellmembrane homogenates and with human cancer tissues appear to be a general
phenomenon, at least with NTS derivatives.
5. In vitro, in vivo, and ex vivo Investigations of the [68Ga]6 Complexes. – The
complexes [68Ga]6a and [68Ga]6b were prepared by previously reported methods [14],
for instance, for the peptoid-peptide [68Ga]7 (NT86) [14a]. We first determined the
plasma (murine and human) and serum (human) stabilities of [68Ga]6a and [68Ga]6b
(Fig. 2, a and b) 16 ). While the compound [68Ga]6a with the terminal b3hLeu residue
turned out to be degraded in mouse plasma rather rapidly, derivative [68Ga]6b with
double homologation was more stable for 1.5 h. We then measured the internalization/
efflux kinetics of [68Ga]6a into and out of NTSR1-positive human colon carcinoma cells
(HT29; Fig. 2). A plateau of internalization (ca. 75%) was reached after ca. 40 min,
and efflux was constant after 60 min. We assumed that these results justified an in vivo
study, and we first compared the biodistribution of [68Ga]6a with that of our previous
successful candidate for small-animal PET, compound [68Ga]7 (NT86) [14a]. As can be
seen in Fig. 3, the accumulation in kidney after 60 min is much less with [68Ga]6a than
with [68Ga]7, and the second-highest concentration is detected in the tumor and in
muscle. We then compared the biodistribution patterns of the radiotracers [68Ga]6a and
[68Ga]6b at 10, 30, and 60 min post-injection (p.i.; Fig. 4, and Tables 3 and 4 in the
Exper. Part), using HT29 tumor-bearing nude mice. Both tracers showed rapid
clearance from the blood pool and significant kidney uptake that was decreased at
30 min after tracer injection to values of ca. 5% of the injected dose per gram (%ID/g).
We did not observe major differences in the clearance properties between the two
radioligands in vivo (Fig. 4). Furthermore, the biodistribution of the two 68Ga
complexes after 60 min was compared with the uptake values under blocking
conditions. In the blocking procedure, a large excess of a competing non-radioactive
ligand of the receptor at stake is co-injected with the radiotracer. As can be seen from
the diagrams in the lower part of Fig. 4 – taking into account the error bars – the
radioactivity uptake values in most tissues are almost the same in the presence and in
the absence of the blocking compound: analyzing the NTSR1-positive HT29 tumor
tissue, the uptake of [68Ga]6a was 1.55  0.99 %ID/g (n ¼ 6) at 60 min p.i. vs. 0.64  0.17
%ID/g (n ¼ 4) under blocking conditions. Similarly, [68Ga]6b revealed a tumor uptake
of 0.75  0.13 %ID/g (n ¼ 6) at 60 min p.i. vs. 0.45  0.17 %ID/g (n ¼ 4, blocking). Thus,
both radioligands were displaced only to an extent of ca. 40% by the blocking
16)

68

Ga is a positron emitter (t1/2 68 min) used for PET imaging.

a

Neurotensin
Neurotensin(8 – 13)
H-Arg-Arg-Pro-Tyr-Ile-b3hLeu-OH
H-b2hArg-Arg-Pro-Tyr-Ile-b3hLeu-OH
DOTA-AEEAc-Arg-Arg-Pro-Tyr-Ile-b3hLeu-OH
DOTA-bhGly-Arg-Arg-Pro-Tyr-Ile-b3hLeu-OH
DOTA-bhGly-b2h(R )Arg-Arg-Pro-Tyr-Ile-b3hLeu-OH

4.9  0.37 (3 – 16)
1.25  0.17 (3 – 16)
25  0.0 (2)
12  2.8 (2)
1400  560 (5)
330  160 (5)
290  24 (5)

(hNTSR1)
0.59  0.16 (3 – 16)
0.24  0.024 (3 – 16)
8.4  1.8 (3 – 16)
6.1  2.0 (2)
410  53 (4)
82  40 (4)
130  17 (4)

0.15 (3) a ); 0.5  0.1 (3) b )
n.d.
0.55  0.26 (3) a )
0.73  0.04 (3) a )
17  8.0 (3) b )
4.7  2.3 (3) b )
n.d.

Human tumor tissues
(hNTSR1)

(hNTSR2)

Cell-membrane homogenates

IC50 [nm]

Ki [nm]

) Colon adenocarcinoma and hemangiopericytoma, taken from [6]. b ) Pancreas-Ca ductal.

1
2
3a
3c
5
6a
6b

No.Compound

Table 2. Receptor Affinities of Neurotensin Derivatives 1, 2, 3, 5, and 6. The values for 1 – 3 were taken from our previous paper [6] and are included here for
comparison with those of the DOTA derivatives. The number of measurements is given in brackets; values derived from 3 – 16 measurements are mean 
SEM, those derived from two experiments are mean  SD. For more details, see Table 1 in [6] and Exper. Part.
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Fig. 2. In vitro experiments with the 68Ga complexes of 6a and 6b. a) Stability of [68Ga]6a in serum and plasma (378). b) Stability of [68Ga]6b in serum and
plasma (378). For more details, see Fig. 5 and the Exper. Part. c) Internalization and efflux of [68Ga]6a determined with HT29 cells at room temperature n
(mean  SD) for a, b, and c is 3, 2, and 4, respectively.
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Fig. 3. Comparison of the biodistribution at 60 min post-injection of [68Ga]7 and [68Ga]6a in HT29
tumor-bearing nude mice. The highest concentrations of [68Ga]7 are observed in kidney and muscle, those
of [68Ga]6a in kidney and tumor. Tle in [68Ga] 7 stands for tert-leucine.

compound, which turns out to be not statistically significant (t-test, P ¼ 0.1). It is
tempting to speculate that the amount of specifically bound radioligand is rather low,
which could be ascribed to low stability of the peptides in the animals, resulting in low
levels of available intact tracer for tumor uptake.
Therefore, we next determined the stabilities of the 68Ga complexes of 6a and 6b
(the radiotracers) by chromatography with a radiodetector, so that only compounds
containing the Ga-DOTA moiety are analyzed (cf. Fig. 2, a and b) 17 ). Analyses of
17)

The complex of GaIII with DOTA is so stable that Ga-containing species other than DOTA
complexes can be disregarded.

Fig. 4. Comparison of the biodistribution of [68Ga]6a (a) and [68Ga]6b (b) without and with blocking in HT29 tumor-bearing nude mice. Animals were coinjected with the radiotracer ([68Ga]6a or [68Ga]6b), and the previously reported neurotensin analog NT4 (2.4 mg/kg, Ki ¼ 5.2 nm in hNTSR1-expressing
CHO cells; see Table 1 in [13]) for blockade of available NTS receptors in the tumor. The blocking compound reduced the tumor uptake values of the 68Ga
complexes of 6a and 6b by competitive binding; however, this effect was rather weak.
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samples of (human and mouse) plasma, blood, and tumors were performed. The results
are presented in Fig. 5. From the chromatograms, we can draw the following
conclusions. i) Both radiopeptides, [68Ga]6a and [68Ga]6b, provide excellent stabilities
in human plasma in vitro, whereas a polar metabolite occurs by exposure to mouse
plasma, indicating that it is not the ArgArg bond that is rapidly cleaved in [68Ga]6a. ii)
Comparison of the in vitro (serum, plasma) with the ex vivo (mouse blood) results may
be considered as an indication that the cleavage does not mainly take place in blood;
this might mean that cleavage, rather, occurs in the liver and/or in the kidneys. iii) Both
compounds [68Ga]6a and [68Ga]6b are degraded with formation of single, much more
polar Ga-DOTA derivatives; at this point, the identity of the cleavage products is
unknown; we can only speculate that the high polarity of the fragments formed is
indicative of cleavage near the N-terminus, possibly directly at the DOTAbhGly or at
the bhGlyArg amide bond.

Fig. 5. Chromatograms of 68GaDOTA complexes after exposure of [68Ga]6a (left) and [68Ga]6b (right)
to human plasma (60 min), mouse plasma (60 min), and blood samples (10 – 15 min pi). The HPLC
system was connected to a radioactivity detector. The chromatography conditions were as follows:
[68Ga]6a: Kromasil C8, 250  4.6 mm, 10 – 50% MeCN (0.1% CF3COOH) in H2O (0.1% CF3COOH) in a
linear gradient over 25 min, 1.5 ml/min, [68Ga]6b: Chromolith RP-18e, 100  4.6 mm, 10 – 50% MeCN
(0.1% CF3COOH) in H2O (0.1% CF3COOH) in a linear gradient over 5 min, 4 ml/min. The polar
cleavage products have tR values of 6.4 and 2.8 min for [68Ga]6a, and 1.1 and 0.7 min for [68Ga]6b. The
curves shown in Fig. 2 were obtained by the same method of analysis.

6. Small-Animal PET Imaging Experiments with [68Ga]6a and [68Ga]6b, Using
HT29 Tumor-Bearing Nude Mice. – Our findings with ex vivo biodistributions were
entirely consistent with the images derived from small-animal PET, which likewise
revealed only low specific binding of both 68Ga-labeled peptides in the tumor region,
demonstrated by comparison of control animals (injected with the radiotracer only)
with animals that were injected with the tracer and an excess of NT4 [13] (100 mg/
animal; Fig. 6). Although the tumor uptake of both [68Ga]6a and [68Ga]6b, and the
tumor-to-background ratios were rather low, the NTS1R expression in HT29 tumors
was detectable by small-animal PET (Fig. 6). However, given the poor metabolic
stability of [68Ga]6a and [68Ga]6b in vivo, we find only low specific binding in the tumor,
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Fig. 6. Representative transaxial (bottom) and coronal (top) small-animal PET images. 2 – 5 MBq of
[68Ga]6a (a, left) and of [68Ga]6b (b, left) alone and in the presence of NT4 [13] (100 mg/animal; a, right; b,
right) were injected to HT29 tumor-bearing nude mice. PET Images were acquired 45 – 60 min after
administration of the radiotracer. Red arrows indicate the tumor.

as demonstrated by negligible differences in the tumor intensities between control and
co-injected animals. Although the kidney-clearance properties of our peptides
appeared promising and favorable in comparison with the previously described
glycopeptide [18F]FGlc-NT4 [13], further structural modifications in the amino acid
sequence of [68Ga]6a and [68Ga]6b are needed for a successful development of
radiopeptides, containing b-amino acid residues, as PET-imaging agents with improved
stability in vivo.
7. Conclusions. – The biological properties of the synthesized neurotensin(8 – 13)
derivatives and analogs, 3 – 6, appeared to be most promising: i) an in silico docking
experiment shows almost perfect fit into the binding pocket of an NTS receptor; ii)
there are nanomolar affinities for receptors in human cancer tissues; iii) the new
compounds are stable in human plasma, and only minor cleavage is observed in mouse
plasma after 1 h. At this point, we could have celebrated success, a common event in a
plethora of publications from biochemistry laboratories, reporting results obtained
from in vitro investigations 18 ). Most of this research has led to important, fundamental
insights about enzyme mechanisms, receptorligand interactions, cell penetration and
its reversal, regulation of cell functions, structureactivity relationships, and in vitro
stabilities, to name only a few. The litmus test for a compound of possible application
in diagnosis or therapy are in vivo investigations, for instance, the determination of
18)

... including most of the work by the Seebach group on b-Peptidic Peptidomimetics, see a 2008 review
article [22a] and some of the more recent publications [6][22b].
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ADMET (absorption, distribution, metabolism, excretion, toxicity) 19 ). In this kind of
test, our 68GaDOTA complexes have failed: they more or less disappeared from
mouse blood within 10 min p.i., and the small-animal PET imaging suggests that there is
very little of the complexes left in the animals after 45 – 60 min. From the high polarities
of the [68Ga]DOTA-containing cleavage product(s) formed from [68Ga]6a and
[68Ga]6b (Fig. 5), we suspect that it is not the C-terminal b3hLeu residue that failed to
protect against carboxypeptidases. Rather, we speculate that cleavage (or metabolism?) near the DOTA-bearing N-terminus occurs, possibly in the liver or kidneys of
the animals. Identification of the polar products formed 20) will allow to design more
stable analogs of the [68Ga]6 complexes.
In summary, our results present a perfect example for the pitfalls lurking on the way
from in vitro to in vivo investigations of physiologically active compounds, an everyday
experience of the medicinal chemist in pharma-research laboratories!
Experimental Part
General. 2-Chlorotrityl chloride resin (ABCR; 1 – 1.6 mmol/g loading) was used for the synthesis of
the peptides and their DOTA derivatives. The chain assembly was performed manually using an Isolute
SPE single-fritted syringe (Biotage) according to the standard SPPS ( ¼ solid-phase peptide synthesis)
protocol using the Fmoc technology. Amino acids and all other reagents were purchased from
Novabiochem, Bachem, Fluka, ABCR, or Sigma-Aldrich. Fmoc-b2h(R)Arg(Boc2 )-OH was prepared
employing the chiral auxiliary (S)-DIOZ ( ¼ (S)-4-isopropyl-5,5-diphenyloxazolidin-2-one) as outlined
in Scheme 1 in [17]. The chiral auxiliary (S)-DIOZ and MeOCH2NHCbz were received as a gift from
Novartis. All peptides were synthesized by manual Fmoc methodology [23a] with monitoring by the
TNBS ( ¼ 2,4,6-trinitrobenzenesulfonic acid) [23b] or chloranil ( ¼ 2,3,5,6-tetrachlorocyclohexa-2,5diene-1,4-dione) test [23c]. The crude peptide was purified on a Merck/Hitachi HPLC system
(LaChrome; pump type, L-7150, UV detector, L-7400; interface, D-7000, HPLC Manager D-700)
using a Supelco Discovery BIO Wide Pore C18 column (25 cm  21.2 mm, 10 mm; SigmaAldrich); flow
rate, 10 ml/min; detection wavelengths, 220 nm). MS: IonSpecUltima 4.7-T-FT Ion Cyclotron Resonance
(ICR; HR-MALDI) spectrometer; LC/MS: Dionex UltiMate 3000. Radio-HPLC was performed on an
Agilent 1100 system with a quarternary pump and variable-wavelength detector and radio-HPLC
detector D505TR (Canberra Packard). Computer analysis of the HPLC data was performed using FLOOne software (Canberra Packard).
General Procedures for the Preparation and Purification of the Peptides and DOTA Conjugates.
Swelling of the Resin and Loading of the First Amino Acid (GP 1). The 2-chlorotrityl chloride resin was
swollen with CH2Cl2 for 2 h at r.t. prior to the first coupling. The resin was then washed with copious
amounts of CH2Cl2 (3  5 min) and DMF (3  5 min). A soln. of the appropriately protected Fmocamino acid (3.0 equiv.) in CH2Cl2 (10 ml/mmol resin loading) was treated with EtNiPr2 (6.0 equiv.). This
mixture was added to the swollen chlorotrityl resin and shaken for 2 h at r.t. The resin was then washed
with large amounts of CH2Cl2/MeOH/EtNiPr2 17 : 2 : 1 (3  5 min), DMF (3  5 min), and CH2Cl2 (3 
5 min).
Fmoc-Deprotection (GP 2). The washed resin was treated with copious amounts of a soln. of
piperidine (20% (v/v)) in DMF (3  15 min), and washed with DMF (3  5 min) and CH2Cl2 (3  5 min).
Peptide Coupling (GP 3). A soln. of the appropriately protected Fmoc-amino acid (3.0 equiv.) in
DMF (10 ml/mmol resin loading) was treated with EtNiPr2 (6.0 equiv.) and O-(7-azabenzotriazol-1-yl)N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU, 3.0 equiv.). This mixture was added to the

19)
20)

For ADME investigations with 14C-labeled b-peptides, see [22c].
This could be achieved with complexes of non-radioactive lanthanide cations.
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washed resin, which was shaken for 2 h at r.t. The resin was then washed with copious amounts of DMF
(3  5 min) and CH2Cl2 (3  5 min). The completion of the reaction was tested by the TNBS test.
Peptide Cleavage from the Resin (GP 4). The washed resin was treated with mixture TFA/H2O/
(iPr)3SiH 95 : 2.5 : 2.5 (10 ml/mmol resin loading) for 4 – 5 h at r.t., removed by filtration, and the resulting
soln. was concentrated to near completeness by air-stream evaporation. Cold Et2O was added to
precipitate the crude peptide. The crude peptide was isolated by centrifugation, followed by removal of
the supernatant and was dried in vacuo.
H-Arg-Arg-Pro-Tyr-Ile-b3hLeu-OH (3a). 2-Chlorotrityl resin was swollen and coupled to Fmocb3hLeu-OH according to the GP 1. Fmoc Deprotection was performed according to GP 2, and coupling
to Fmoc-Ile-OH was achieved according to GP 3. The deprotection and coupling protocols were
repeated using Fmoc-Tyr(OtBu)-OH, Fmoc-Pro-OH, Fmoc-Arg(Pbf)-OH, and Fmoc-Arg(Pbf)-OH.
The final Fmoc deprotection was performed, followed by cleavage of the peptide from the resin
according to GP 4. The crude product was purified by RP-HPLC on a Supelco Discovery BIO Wide Pore
C18 column (25 cm  21.2 mm, 10 mm; Sigma-Aldrich) with a gradient A (0.1% TFA in MeCN)/B (0.1%
TFA in H2O) 5 : 95 for 5 min, followed by a gradient of 5 : 95 to 50 : 50 in 55 min: tR 37 min. The pure
peptide was analyzed on a Supelco Discovery BIO Wide Pore C18 column (25 cm  4.6 mm, 5 mm; SigmaAldrich) column with a gradient A/B 0 : 100 to 34 : 66 in 20 min: tR 22 min. LC-MS-ESI: 416.5 ([M þ
2 H]2 þ , C39H66N12O 2þ
8 ; calc. 416.5).
H-b 2h(R)Arg-Arg-Pro-Tyr-Ile-Leu-OH (3b). 2-Chlorotrityl resin was swollen and coupled to FmocLeu-OH according to the GP 1. Fmoc Deprotection was performed according to GP 2 and couplingt to
Fmoc-Ile-OH according to GP 3. The deprotection and coupling protocols were repeated using FmocTyr(OtBu)-OH, Fmoc-Pro-OH, Fmoc-Arg(Pbf)-OH, and Fmoc-b2hArg(Boc2 )-OH. The final Fmoc
deprotection was performed, followed by cleavage of the peptide from the resin according to GP 4. The
crude product was purified by RP-HPLC on a Supelco Discovery BIO Wide Pore C18 column (25 cm 
21.2 mm, 10 mm; Sigma-Aldrich) with a gradient A/B 15 : 85 for 5 min, followed by a gradient of 15 : 85 to
40 : 60 in 55 min. The pure peptide was analyzed on a Supelco Discovery BIO Wide Pore C18 column
(25 cm  4.6 mm, 5 mm; Sigma-Aldrich) column with a gradient A/B 0 : 100 to 20 : 80 in 5 min, followed by
a gradient of 20 : 80 to 40 : 60 in 30 min: tR 17 min. LC-MS-ESI: 831.5 ([M þ H] þ , C39H66N12O þ8 ; calc.
831.5), 416.4 ([M þ 2 H]2 þ ).
H-bhGly-Arg-Arg-Pro-Tyr-Ile-b3hLeu-OH (4) . Fmoc-Arg(Pbf)-Arg(Pbf)-Pro-Tyr(tBu)-Ileb3hLeu-chlorotrityl resin was deprotected and coupled with Fmoc-bhGly-OH according to GP 3 . After
the Fmoc deprotection (GP 2), the peptide was cleaved from the resin (GP 4) to give the crude peptide 4.
The crude product was purified by RP-HPLC on a Supelco Discovery BIO Wide Pore C18 column
(25 cm  21.2 mm, 10 mm; Sigma-Aldrich) with a gradient ratio A/B 5 : 95 to 50 : 50 in 50 min. The pure
peptide was analyzed on a Nucleosil 100-5 C18 column with a gradient A/B 0 : 100 to 34 : 66 in 20 min: tR
11.61 min. LC-MS-ESI: 889.2 ([M þ H] þ , C41H68N13O þ9 ; 888.09).
DOTA-AEEAc-Arg-Arg-Pro-Tyr-Ile-b3hLeu-OH (5). Fmoc-Arg(Pbf)-Arg(Pbf)-Pro-Tyr(tBu)-Ileb3hLeu-chlorotrityl resin was deprotected and coupled with {2-[2-(Fmoc-amino)ethoxy]ethoxy}acetic
acid (Fmoc-AEEAc-OH, 4.0 equiv.) by treatment with HATU (3.9 equiv.) and EtNiPr2 (8.0 equiv.) for
4 h, at r.t. Subsequently Fmoc deprotection and coupling with DOTA(OtBu)3-OH (4.0 equiv.) were
achieved by treatment with HATU (3.9 equiv.) and EtNiPr2 (8.0 equiv.) for 10 h at r.t. Cleavage of the
peptide from the resin (GP 4) resulted in the crude peptide 5, which was purified by RP-HPLC on a
Supelco Discovery BIO Wide Pore C18 column (25 cm  21.2 mm, 10 mm; Sigma-Aldrich) with a gradient
A/B 0 : 100 to 15 : 85 in 5 min, and then another gradient from 15 : 85 to 30 : 70 in 25 min: tR 26 min.
MALDI-MS: 1362.7738 ([M þ H] þ , C61H103N17O þ18 ; calc. 1362.7740) .
DOTA-bhGly-Arg-Arg-Pro-Tyr-Ile-b3hLeu-OH (6a). Fmoc-Arg(Pbf)-Arg(Pbf)-Pro-Tyr(tBu)-Ileb3hLeu-chlorotrityl resin was deprotected and coupled with Fmoc-bhGly-OH according to GP 3.
Subsequently, deprotection and coupling with DOTA(OtBu)3-OH (4.0 equiv.) were performed by
treatment with HATU (3.9 equiv.) and EtNiPr2 (8.0 equiv.) for 12 h at r.t. Cleavage of the peptide from
the resin (GP 4) provided crude peptide 6a, which was purified by RP-HPLC on a Supelco Discovery
BIO Wide Pore C18 column (25 cm  21.2 mm, 10 mm; Sigma-Aldrich) with a gradient A/B 0 : 100 to
15 : 85 in 5 min, and then another gradient from 15 : 85 to 30 : 70 in 25 min: tR 27 min. MALDI-MS:
1288.7368 ([M þ H] þ , C58H97N17O þ16 ; calc. 1288.7372).
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DOTA-bhGly-b2h(R)Arg-Arg-Pro-Tyr-Ile-b3hLeu-OH (6b). Fmoc-b2h(R)Arg-Arg(Pbf)-Pro-Tyr(tBu)-Ile-b3hLeu-chlorotrityl resin was deprotected and coupled with Fmoc-bhGly-OH according to
GP 3. Subsequently, deprotection and coupling with DOTA(OtBu)3-OH (4.0 equiv.) were accomplished
by treatment with HATU (3.9 equiv.) and EtNiPr2 (8.0 equiv.) for 12 h at r.t. Cleavage of the peptide
from the resin using GP 4 provided crude peptide 6b, which was purified by RP-HPLC on a Supelco
Discovery BIO Wide Pore C18 column (25 cm  21.2 mm, 10 mm; Sigma-Aldrich) with a gradient A/B
0 : 100 to 15 : 85 in 5 min, and then another gradient from 15 : 85 to 30 : 70 in 25 min: tR 28 min. LC-ESIMS: 1317.8 ([M þ H] þ , C59H99N17O þ16 ; calc. 1317.8), 658.4 ([M þ 2 H]2 þ ), 439.3 ([M þ 3 H]3 þ ).
Stabilities of Compounds 3 and 4 in Human and Murine Plasma. Reagents and Solns. PLHCD-808-D,
Mouse (CD-1) Plasma was purchased from BIOTREND Chemikalien. The peptide stock soln. was
prepared by dissolving 1 mg of the peptide in 1 ml of 1  PBS ( ¼ phosphate-buffered saline) (pH 7.42).
The d-Trp stock soln. (an internal standard for the HPLC integration) was obtained by dissolving 0.01 mg
of d-Trp in 1 ml of 1  PBS (pH 7.42).
Metabolic-Stability Determinations. To a stock soln. of peptide (100 ml) and d-Trp (100 ml), freshly
refrozen plasma (50 ml) was added, and the mixture was incubated at 378. At different times, 50 ml of the
mixture was taken and supplemented with EtOH (100 ml), then centrifuged at 2500 g for 5 min at r.t. An
aliquot of the supernatant (50 ml) was subjected to anal. RP-HPLC (0 – 34% B in 20 min, Supelco
Discovery BIO Wide Pore C18 column). To determine the stability of tested peptide in human and
murine plasma, for all the compounds tested, the correlations between concentration and area under the
peak, obtained by measuring the absorbance at a wavelength of 220 nm, were determined. In all cases
shown, curves were prepared with the Excel program and the least squares method was used to determine
the measurement errors and the half-life (see Fig. 7 and [24]).
Receptor-Binding Experiments. Receptor-binding data (Table 2) were obtained according to
protocols as described in [6] [25] [26].
a) With Homogenates of Membranes. NTSR1 Binding was measured using homogenates of
membranes from CHO cells stably expressing human NTSR1 at a final concentration of 1 – 4 mg/well and
the radioligand [ 3H]neurotensin (specific activity 116 Ci/mmol; PerkinElmer, DE-Rodgau) at a
concentration of 0.30 – 0.50 nm. Specific binding of the radioligand was determined at KD values of 0.51 
0.060 nm and Bmax values of 4100  740 fmol/mg protein. Nonspecific binding was determined in the
presence of 10 mm NTS. NTSR2 Binding was accomplished using preparations of membranes obtained
from HEK 293, which were transiently transfected with the pcDNA3.1 vector containing the human
NTSR2 gene (Missouri S&T cDNA Resource Center (UMR), Rolla, MO). Membranes were incubated
at a final concentration of 6 – 20 mg/well together with 0.50 nm of [ 3H]NT(8 – 13) (specific activity 136 Ci/
mmol; custom synthesis of [leucine-3H]NT(8 – 13) by GE Healthcare, DE-Freiburg) at KD value of 1.4 
0.11 nm and a Bmax value of 540  69 fmol/mg protein. Nonspecific binding was determined in the
presence of 10 mm NT(8 – 13), and the protein concentration was generally determined by the method of
Lowry using bovine serum albumin (BSA) as a standard [27].
Data analysis of the competition curves from the radioligand-binding experiments was accomplished
by non-linear regression analysis using the algorithms in PRISM 5.0 (GraphPad Software, San Diego,
CA). EC50 Values derived from the resulting doseresponse curves were transformed into the
corresponding Ki values utilizing the equation of Cheng and Prusoff [28].
b) With Tumor Tissues. The binding affinities of the compounds to be tested were determined on 20mm thick cryostat (Microm HM 500, D-Walldorf) sections of resected biopsy samples of human NTSRpositive tumor tissues as described in [6].
Radiosyntheses of [68Ga]6a and [68Ga]6b. To a soln. of 6a (10 nmol) or 6b (10 nmol) in H2O (10 ml),
AcONa buffer (2.5m, 110 ml), and 68GaCl3 eluate (freshly eluted from a 68Ge/68Ga generator (iThemba
LABS, South Africa)) in HCl (0.6m, 400 ml, 150 – 200 MBq) were added, resulting in a final pH of 3.5.
After incubation for 10 min at 988, the soln. was adjusted to pH 5 – 7 by the addition of NaHCO3 (1m,
150 ml). The radiochemical yield was > 98% as determined from a sample withdrawn from the reaction
mixture by radio-HPLC; the specific activity was 15 – 20 GBq/mmol. The resulting soln. was used for in
vitro and in vivo evaluation without further purification.
Internalization and Efflux Studies. The human NTS1-expressing cell line HT29 (ECACC No.
91072201) was grown in culture medium (McCoys 5A medium containing glutamine (2 mm)
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Fig. 7. Comparison of stabilities in human and murine plasma of analogs of neurotensin(8 – 13) containing
bhXaa on N- and/or C-termini. a) Electrophoresis-gel image, i.e., the electrophoretic separation of
human and murine (CD-1 mouse) plasma proteins. For comparison, we have used samples of plasma
from two volunteers and commercially available PLHCD-808-D plasma, mouse CD-1. b) Stabilities of
H-Arg-Arg-Pro-Tyr-Ile-b3hLeu-OH (3a), H-b2hArg-Arg-Pro-Tyr-Ile-Leu-OH (3b), and H-bhGly-ArgArg-Pro-Tyr-Ile-b3hLeu-OH (4) in human plasma and murine plasma (CD-1 mouse) stabilized with
heparin. The stability was determined at 378 and pH 7.4. The samples were collected after various time
periods and analyzed by RP-HPLC. Each measuring point is the mean of three independent
determinations.
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supplemented with fetal bovine serum (FBS; 10%)) at 378 in a humidified atmosphere of 5% CO2 . Cells
were routinely subcultured every 3 – 4 d. For internalization experiments, ca. 150,000 HT29 cells were
seeded in 24-multiwell plates 2 d before experimental use. The medium was changed to binding buffer
(culture medium supplemented with 1% BSA, HEPES (10 mm), chymostatin (2 mg/l), and soybean
trypsin inhibitor (100 mg/l, 250 ml), and [68Ga]6a (0.3 – 0.5 MBq, 250 ml) was added to each well. Cells
were incubated for different time intervals (5, 15, 30, 60, 90, 120, and 150 min) at 378, before the
incubation was terminated by placing the cells on ice, aspirating the incubation buffer, and washing the
cell layer twice with ice-cold PBS. Subsequently, the cell layers were washed twice with an acidic washing
buffer (20 mm sodium acetate, pH 5, 500 ml, 2  1 min) to remove non-sequestrated radioactivity. The
acidic washing buffer was collected and counted in a g-counter (Wizard Wallac) together with the cells,
which were harvested with NaOH (0.1m, 1 ml). The percentage of internalization was calculated by
dividing the respective cell counts by the sum of cell counts and acidic wash buffer counts.
For efflux studies, HT29 cells were seeded in 24-multiwell plates and incubated with [68Ga]6a as
described above. After an incubation time of 60 min at 378, the plates were placed on ice, and the cells
were washed with ice-cold PBS (500 ml), acidic wash buffer (500 ml, 1 min), and again with ice-cold PBS
(500 ml). Subsequently, fresh binding buffer (500 ml) was added to each well, and the plates were
incubated at 378. After 5, 15, 30, 45, 60, and 90 min, the plates were placed on ice, the supernatant was
transferred to a counting tube, the cells were washed once with ice-cold PBS (500 ml), and this washing
PBS was combined with the respective supernatant in the counting tubes. Cells were harvested with
NaOH (0.1m, 1 ml), and cell suspensions and washing solns. were counted in a g-counter (Wizard
Wallac). The experiments were performed in quadruplicate.
Stability of [68Ga]6a and [68Ga]6b in Serum and Plasma. An aliquot of [68Ga]6a or [68Ga]6b (20 ml,
pH 7.4) was added to human serum (200 ml), human plasma (200 ml), or mouse plasma (200 ml;
BIOTREND Chemikalien), and incubated at 37 8. Aliquots (20 ml) were taken at various time intervals
(5, 10, 15, 30, 45, 60, 90 min) and quenched in 10% CF3COOH (TFA)/MeCN 1 : 1 (200 ml). The samples
were centrifuged, and the supernatants were analyzed by radio-HPLC (Chromolith RP-18e, 100 
4.6 mm, 10 – 50% MeCN (0.1% TFA) in H2O (0.1% TFA) in a linear gradient over 5 min; 4 ml/min; tR
([68Ga]6a) 2.29  0.02 min, tR ([68Ga]6b) 2.37  0.02 min; Kromasil C8 250  4.6 mm, 10 – 50% MeCN
(0.1% TFA) in H2O (0.1% TFA) in a linear gradient over 25 min, 1.5 ml/min, tR ([68Ga]6a) 13.5 
0.1 min).
Tumor Model. All animal experiments were performed in compliance with the protocols approved
by the local Animal Protection Authorities (Regierung Mittelfranken, Germany, No. 54-2532.1-22/10).
Athymic nude mice (nu/nu) were obtained from Harlan Winkelmann GmbH (DE-Borchen) at 7 – 8
weeks of age and were kept under standard conditions (12 h light/dark) with food and water available ad
libitum. HT29 cells were harvested and suspended in sterile PBS at a concentration of 1.5  107 HT29
cells/ml. Viable Cells (100 ml) were injected subcutaneously into the back. Two-to-three weeks after
inoculation (tumor diameter, 7 – 12 mm), the mice (ca. 12 – 15 weeks old with ca. 30-g body weight) were
used for biodistribution and small-animal PET studies.
Biodistribution (Tables 3 and 4). [68Ga]6a or [68Ga]6b (2 – 5 MBq/mouse) was intravenously injected
into the HT29 xenografted mice via the tail vein. Mice were sacrificed by cervical dislocation at 10, 30,
and 60 min post-injection (p.i.). Tumors and other tissues (blood, lung, liver, kidneys, heart, spleen,
brain, muscle, femur, and intestine) were removed and weighed. Radioactivity of the dissected tissues
was determined using a g-counter. Results were expressed as percentage of injected dose per gram of
tissue (%ID/g). Blocking experiments were carried out by intravenously co-injecting randomly chosen
mice NT4 (100 mg/mouse) together with the radiotracer. The mice were sacrificed by cervical dislocation
60 min p.i. Organs and tissues were removed, weighed, and counted as described above.
Analysis of Blood Samples. Nude mice bearing HT29 tumors were injected with 5 – 8 MBq of
[68Ga]6a or [68Ga]6b. After 10 or 15 min, the mice were sacrificed by cervical dislocation, and tumor and
blood were removed. The tumor tissue was cut in small pieces and extracted with 10% TFA and
centrifuged. Blood samples were collected in heparin-coated vials, centrifuged at 4000g for 5 min. The
supernatant was mixed with 10% TFA and centrifuged again. The supernatants were analyzed by radioHPLC (Chromolith RP-18e, 100  4.6 mm, 10 – 50% MeCN (0.1% TFA) in H2O (0.1% TFA) in a linear
gradient over 5 min, 4 ml/min; tR ([68Ga]6a) 2.29  0.02 min, tR ([68Ga]6b) 2.37  0.02 min; Kromasil C8
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Table 3. Biodistribution of [68Ga]6a in HT29 Tumor-Bearing Nude Mice
Tissue/organ

10 min (n ¼ 3)

30 min (n ¼ 2)

60 min (n ¼ 4)

60 min blocking (n ¼ 2)

Blood
Lung
Liver
Kidney
Heart
Spleen
Brain
Muscle
Femur
HT29 Tumor
Intestine

9.89  1.64
5.81  1.84
2.77  0.53
24.58  8.89
3.41  0.89
2.02  0.47
0.38  0.12
2.10  1.03
2.27  0.51
5.46  1.46
2.12  0.46

2.55  0.48
2.14  0.41
3.11  1.72
6.21  2.13
1.93  1.73
4.30  4.38
0.19  0.05
3.37  1.62
1.53  0.54
3.33  2.12
3.60  1.83

0.61  0.20
0.93  0.52
1.01  0.31
2.88  1.25
0.36  0.21
0.50  0.25
0.06  0.03
1.58  1.58
0.63  0.49
1.55  0.99
0.57  0.14

0.57  0.01
0.61  0.05
0.71  0.25
2.84  0.16
0.35  0.14
0.28  0.01
0.05  0.02
0.59  0.37
0.79  0.66
0.64  0.17
0.27  0.01

Table 4. Biodistribution of [68Ga]6b in HT29 Tumor-Bearing Nude Mice
Tissue/organ

10 min (n ¼ 2)

30 min (n ¼ 2)

60 min (n ¼ 4)

60 min blocking (n ¼ 4)

Blood
Lung
Liver
Kidney
Heart
Spleen
Brain
Muscle
Femur
HT29 Tumor
Intestine

3.34  1.16
2.48  0.25
0.98  0.24
8.58  1.23
1.19  0.33
0.76  0.14
0.15  0.02
1.30  0.25
1.16  0.10
2.64  0.22
0.80  0.08

1.23  0.37
1.15  0.20
0.85  0.22
3.83  1.04
0.50  0.11
0.63  0.27
0.06  0.01
3.04  1.28
1.31  0.60
0.93  0.15
0.98  0.28

0.25  0.06
0.50  0.30
1.16  0.96
2.81  1.40
0.15  0.10
0.63  0.52
0.03  0.01
0.64  1.03
0.35  0.43
0.75  0.13
1.06  0.64

0.42  0.16
0.57  0.19
1.10  0.61
3.18  0.60
0.19  0.06
0.45  0.23
0.03  0.01
1.25  0.93
0.57  0.53
0.45  0.17
0.18  0.07

250  4.6 mm, 10 – 50% MeCN (0.1% TFA) in H2O (0.1% TFA) in a linear gradient over 25 min, 1.5 ml/
min, tR ([68Ga]6a) 13.5  0.1 min).
Small-Animal PET. PET Scans and image analysis were performed using a small-animal PET rodent
model scanner (Inveon, Siemens Medical Solutions). About 2 – 5 MBq of [68Ga]6a or [68Ga]6b were
intravenously injected into each mouse (n ¼ 4 – 6) under isoflurane anesthesia (3%). Animals were
subjected to a 15-min scan starting from 45 min p.i. or a dynamic 60 min scan starting at 0 min p.i. For
each small-animal PET scan, regions of interest (ROIs) were drawn over the tumor on decay-corrected
whole-body images that were gained by 3D-OSEM iterative image reconstruction. The radioactivity
concentration within the tumor was obtained from the mean value within the multiple ROIs and then
converted to standard uptake values (SUV) by considering the injected dose and the individual body
weight. For receptor-blocking experiments, nude mice bearing tumors were scanned as described above
after co-injection with [68Ga]6a or [68Ga]6b (2 – 5 MBq), and NT4 (100 mg/animal).

REFERENCES
[1] a) R. E. Carraway, A. M. Plona, Peptides 2006, 27, 2445; b) R. E. Carraway, S. E. Leeman, J. Biol.
Chem. 1973, 248, 6854; c) W. C. Mustain, P. G. Rychahou, B. M. Evers, Curr. Opin. Endocrinol.
Diabetes Obes. 2011, 18, 75.

2120

CHEMISTRY & BIODIVERSITY – Vol. 10 (2013)

[2] S. St-Pierre, J.-M. Lalonde, M. Gendreau, R. Quirion, D. Regoli, F. Rioux, J. Med. Chem. 1981, 24,
370.
[3] J. C. Reubi, B. Waser, J.-C. Schaer, J. A. Laissue, Int. J. Cancer 1999, 82, 213; E. Garca-Garayoa, P.
Bluenstein, M. Bruehlmeier, A. Blanc, K. Iterbeke, P. Conrath, D. Tourwé, P. A. Schubiger, J. Nucl.
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