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Abstract—It is now well established that the biological effects of Auger-emitting radionuclides are critically dependent on their sub-
cellular location. Therefore, for their use in molecular imaging and targeted radionuclide therapy, attempts should be made to
increase the nuclear specificity of the carriers. In the present paper the synthesis of novel trifunctional somatostatin derivatives con-
taining a nuclear localization motif is described. These derivatives of [DOTA®, Tyr’J-octreotide (DOTATOC, DOTA = 1,4,7,10-tet-
raazacyclododecane-1,4,7,10-tetraacetic acid) were obtained in high yields using Fmoc peptide synthesis in solid and in solution

phase.
© 2005 Elsevier Ltd. All rights reserved.

The molecular basis for the use of radiolabeled soma-
tostatin (SS) analogs in peptide receptor mediated
radionuclide therapy (PRRT) is provided by the over-
expression of the five somatostatin receptors (sstrl-5)
on a variety of human tumors, especially neuroendo-
crine tumors and their metastases.! The ‘gold standard’
is represented by DOTATOC (DOTA = 1,4,7,10-tetra-
azacyclododecane-1,4,7,10-tetraacetic ~ acid, TOC =
Tyr*-octreotide), a radiopeptide which, labeled with
%Y 2 has almost a decade of clinical experience mainly
in the targeted radiotherapy of neuroendocrine tumors.>
%Y is a high energy B-emitter radionuclide, therefore
more suitable for large tumors, its cytotoxicity being
primarily due to the crossfire effect.* This is clinically
significant, because it means that metastatic small cell
clusters cannot be efficiently killed using B-emitters.

Auger-electron emitting radionuclides like '''In, *’Ga,
1251, or '">™Pt have potential for the therapy of small
size cancers due to their high level of cytotoxicity, low
energy and short-range biological effectiveness. Biologi-
cal effects are critically dependent on the subcellular
(and even subnuclear) localization of these nuclides.’
[""'In-DTPAJ-octreotide (DTPA = diethylenetriamine-
pentaacetic acid) has already been used for radionuclide
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therapy in patients with somatostatin receptor-positive
tumors and its usefulness has been shown to be clearly
dependent on the high accumulation of the radioligand
in the tumor.® Therefore derivatives with a longer reten-
tion time in the cell and aiming at the nucleus would
increase the potential of Auger-electron emitters in
radiotherapy, but also improve other targeted therapy
strategies.

Bearing this in mind we assumed that a new functional
unit for nucleus targeting and prolonged cell retention
could be added to the DOTATOC conjugate. For this
we have chosen the nuclear targeting signal (NLS) of
the SV40 large T antigen, the heptapeptide H-Pro-Lys-
Lys-Lys-Arg-Lys-Val-OH.” This sequence serves as a
tag to proteins, indicating their destination to the cell
nucleus and assisting in the transport through the nucle-
ar membrane. To function properly, the NLS conjugates
must be located in the cytoplasm, but they are not read-
ily incorporated into cells.® We report herein the design
and synthesis of new trifunctional conjugates of a trun-
cated analog of somatostatin bearing a function for
receptor binding and internalization (TOC), one for
the nucleus transfer (NLS) and one for the cytotoxic
or reporter effect ('''In-DOTA).

The pharmacological profile of DOTATOC-like conju-
gates is greatly influenced by any structural alterations
and care should be taken when designing new modifica-
tions. In order to test the best architecture for such a tri-
functional derivative of somatostatin we incorporated
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the NLS in three different positions relative to the
somatostatin analog sequence. The C-terminus modifi-
cation (compound I) and the two N-terminus derivatives
(compounds II and IIT) thus synthesized are shown in
Figure 1. Compound III has a branched structure in
which the NLS sequence is inverted (H-Val-Lys-Arg-
Lys-Lys-Lys-Pro-OH).

Compounds I and IT were fully synthesized on the solid
phase using stepwise Fmoc peptide chemistry. Conju-
gate I was assembled on trityl-chloride resin (TCP).
Coupling of Fmoc-Val-OH to the solid support was per-
formed in dry dichloromethane in the presence of an ex-
cess of DIPEA (N-ethyldiisopropylamine). Conjugate 11
was anchored to 2-chlorotrityl chloride resin (CTCP)
pre-loaded with Fmoc-Thr(zBu)-ol. Additions of subse-
quent Fmoc-protected amino acids were carried out
using DIC (N,N’-diisopropylcarbodiimide), HOBt (V-
hydroxybenzotriazole), and DIPEA in DMF and 20%
piperidine in DMF was used for Fmoc removal. 6-
Aminohexanoic acid (Ahx) spacers were chosen between
the NLS part and TOC for all three derivatives, and an
additional B-Ala spacer between the chelator DOTA
and the NLS sequence in compound II in order to cir-
cumvent the potential steric hindrance. The syntheses
were straightforward despite the relatively long se-
quences; nevertheless capping with acetic acid anhydride
was carried out after each coupling, starting from the
fifth residue from the resin, as a safety measure. The
DOTA-tris(tert-butyl) ester” was coupled on solid phase
at the N-terminus of the peptides, using 2-(1-H-9-aza-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate (HATU) and DIPEA in NMP (N-
methylpyrrolidone) for 2-4 h. The formation of the
disulfide bridge in both conjugates was achieved in solu-
tion at room temperature, after cleavage of the fully pro-
tected linear conjugate from the resin, with I, in aqueous
methanol. Total deprotection using TFA-water—triiso-
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propylsilane (TIS)-thioanisole (95:2.5:1.25:1.25) for 4 h
afforded the desired conjugates I and II, respectively,
in good purities (7515%), as assessed by multiwave-
length detection HPLC.

Compound IIT was synthesized by either one of two
strategies: solid phase peptide synthesis alone or by a
convergent approach, involving the synthesis of pro-
tected fragments in solid phase and combination of
these units in solution as illustrated in Scheme 1. The
orthogonally-protected lysine derivative Fmoc-Lys-
(ivDde)-OH'® was chosen for the branching of this con-
jugate on the resin. The ivDde group is considerably
more stable to piperidine than Dde, and is less prone
to migrate from protected to unprotected lysine side
chains.!! After Fmoc cleavage the prochelator was cou-
pled, thus allowing subsequently the e-NH-ivDde re-
moval with 3% hydrazine in DMF. Following cleavage
from the resin, cyclization in solution and total depro-
tection, the crude product III obtained using method
A (Scheme 1) had a purity of approximatively 85% as
indicated by analytical HPLC. The overall yield of this
synthesis was 21%.

We supposed that the synthesis of III would be more
efficient and rapid via a convergent approach, involving
synthes1s and coupling of the component fragments (1),
[Tyr’, Lys’(ivDde)]-octreotide, and (2) (Scheme 1, B).
We opted for a minimal protection in this case to facﬂl-
tate the succeeding conditions for coupling in solution.
For the construction of the second fragment we utilized
again the versatile Fmoc-Lys(ivDde)-OH derivative in a
similar manner as in method A. As solid support we
chose the TCP resin for its acid sensitivity, allowing
cleavage with preservation of protecting groups Boc
and 7Bu. Following removal from the resin with 20%
AcOH in DCM, fragment (2) was obtained with a purity
of 80+ 5% as revealed by HPLC and used without
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Figure 1. Chemical structures of the synthesized conjugates I-III and DOTATOC.
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Scheme 1. Preparation of compound III using two methods: A—solid phase synthesis approach, B—mixed solid and solution phase synthesis.
Reagents and conditions: (a) stepwise elongation of protected Fmoc-Lys(ivDde)-Ahx-Tyr -octreotide on CTCP resin; (b), (n) 20% piperidine/DMF;
(c), (0) DOTA(rBu);, HATU/DIPEA; (d), (p), (u) 3% hydrazine/DMF; (e), (r) stepwise coupling of the NLS protected residues with DIC/HOBt/
DIPEA; (f), (k) 1% TFA/CH,Cly; (g) I/MeOH agq; (h), (1), (v) 95% TFA, 2.5% H,0, 1.25% TIS, 1.25% thioanisole; (i) assembling of [Tyr3,
Lys°(ivDde)]-octreotide on CTCP resin; (j) TI(TFA)s; (m) assembling of Fmoc-Lys(ivDde)-Ahx on TCP resin; (s) 20% AcOH/CH,Cl,; (t) HATU/

DIPEA/DMF.

further purification. After investigating the efficacy of
several coupling agents (DIC; dicyclohexylcarbodiimide,
DCC; benzotriazole-1-yl-oxy-tris-(dimethylamino)-
phosphonium-hexafluorophosphate, BOP; 2-(1-H-ben-
zotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate, HBTU) for the activation of fragment (1)
for the solution coupling with fragment (2) in various
solvents (DMF, NMP, THF), we selected HATU
(3 equiv) in DMF, with DIPEA (3 equiv). This choice
was based on the observed coupling efficacy. After 4 h
of stirring at room temperature, the solvent was evapo-
rated in vacuo and the residue was dissolved in ethyl
acetate and washed with 1 N NaHCO; and brine, then
dried with anhydrous Na,SO,, and evaporated. After-
wards the product was re-suspended in DMF with 3%
hydrazine and incubated for 30 min at room tempera-
ture for ivDde deprotection. The mixture was then acid-
ified with TFA and evaporated. After drying in a
desiccator, the residue was dissolved in a TFA-water—
TIS-thioanisol (95:2.5:1.25:1.25) solution for total
deprotection, followed by precipitation in diethyl ether
and washed with dry ether. The crude peptide thus
obtained was purified by HPLC,'? affording compound
III in a 23% overall yield.

Homogeneity and identity of the conjugates were
assessed by analytical HPLC and MALDI mass spec-

trometry.'? These compounds were readily labeled with
""In as previously described'* and a comparison of the
retention times on HPLC of the '''In-labeled derivatives
of I, II, IIl and DOTATOC is given in Figure 2.

In conclusion, we designed and synthesized new trifunc-
tional derivatives of somatostatin I-III intended for
enhanced cellular and nuclear uptake in sstr-positive tis-
sues and prolonged retention time in tumors. The mixed
solid phase solution approach employed for compound
III did not confirm a significant improvement compared
with the solid phase scheme alone. Both methods can be
used for preparing such compounds in relatively good
yields. Still, we consider the solid phase approach more
convenient for this type of synthesis. To support our
hypothesis regarding the use of these conjugates, inter-
nalization, cellular retention, and nuclear uptake experi-
ments are in progress. Nevertheless, one of the most
important properties of these derivatives should be the
preservation, if not improvement of binding affinity to
sstr2, as for DOTATOC. We have already completed
a series of binding affinity measurements of I-III on
HEK 293 cells transfected with rat and human receptor
sstr2, respectively (data not shown) and the results con-
firm one of our hypotheses: C-terminus modification of
DOTATOC causes a significant loss in binding affinity
for either rat or human sstr2, but the N-terminal
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Figure 2. Comparison of retention times for the ''In-labeled com-
pounds I-IIT and DOTATOC on a HPLC system, using the gradient
described in Ref. 12.

functionalization fully preserves the pharmacological
integrity.
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