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Abstract—An improved method for the solution-phase derivatization of Tyr3-Lys’(Dde)-octreotide (TOC(Dde)) and Tyr>-
Lys3(Dde)-octreotate (TATE(Dde)) with the macrocyclic chelator DOTA (1,4,7,10-tetraazacyclododecane-N’,N",N",N""-tetra-
acetic acid) has been developed. The fully protected parent peptides were assembled via solid-phase peptide synthesis (SPPS) using
Fmoc-strategy. After cleavage from the solid support, disulfide bond formation was carried out using H,O,. Both TOC(Dde) and
TATE(Dde) were successfully coupled with DOTA in the presence of NHS, EDCI and DIPEA in a water/DMF solvent system.
Yields of the coupling reaction were >98% within only 2 h with no detectable formation of sideproducts. This method for the
preparation of DOTATOC, DOTATATE and other DOTA-peptide conjugates is therefore a rapid and economic alternative to
the currently used methods. © 2003 Elsevier Science Ltd. All rights reserved.

The application of radiolabelled octreotide analogs for
peptide receptor mediated radionuclide therapy
(PRRT) of somatostatin receptor overexpressing
human tumors is an emerging field in nuclear medicine.
In particular, radiometal-chelate containing octreotide
derivatives such as [*°Y]DOTATOC! ([*°Y]DOTA-D-
Phe!-Tyr?-octreotide) or ['’Lu]DOTATATE? (['""Lu]-
DOTA-D-Phe'-Tyr3-octreotate) have shown high thera-
peutic efficacy in preclinical and clinical studies.*>
Based on these encouraging results, clinical application
of radiometallated DOTA-analogs of octreotide for
internal radiotherapy as well as the development of
other DOTA-conjugated neuropeptide analogs®™ is
steadily increasing. This necessitates in turn the devel-
opment of high-yield syntheses for the preparation of
DOTA-coupled radiolabelling precursors. For example,
in the case of DOTATOC and DOTATATE, depend-
ing on the activity applied and the radionuclide used,
50-500 pg (*°Y «'”7Lu) of DOTA-conjugated peptide
are needed per patient for the preparation of therapeu-
tic doses.'”

Thus, different chemical methodologies have been
investigated to optimize the synthesis of DOTA-conju-
gated peptides and in particular of DOTATOC: (A)
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coupling of unprotected DOTA to Lys*(Boc)-Tyr3-
octreotide in aqueous DMF solution,'! (B) on-resin
derivatization of fully protected Tyr3-octreotide with
DOTA tri(tetrabutylammonium hydroxide) salt,'? (C)
total solid-phase synthesis of the DOTA chelator on
peptidyl resin,'* and (D) solution-phase coupling with
monoreactive DOTA. 417

Currently, the preferred synthesis route is D, since it
allows selective peptide derivatization in high yields
without the formation of doubly substituted DOTA-
sideproducts. In contrast to method A, however, D has
the disadvantage of requiring costly starting materials
and/or a multistep synthesis of the monoreactive
DOTA analog.'* Furthermore, yields for the coupling
step were reported to be only 60%, when equimolar
amounts of DOTA-tris-tert-butyl ester'® and peptide
were used.'* In addition, problems were encountered in
our laboratory during the final cleavage of the DOTA
tert-butyl protecting groups with 95% trifluoroacetic
acid (TFA), resulting in either incomplete deprotection
or peptide degradation.

To circumvent these drawbacks, we have developed an
improved solution-phase method based on method A
(Scheme 1) for medium scale (100-500 mg of peptide)
synthesis of DOTA-coupled octreotide and octreotate.
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D-Phe-Cys(Trt)-Tyr(tBu)-D-Trp(Boc)-Lys(Dde)-Thr(tBu)-Cys(Trt)-Thr(tBu)(ol)—O

A. Cleavage from TCP-resin: TFA, water, TIBS (95/2.5/2.5); from
DHP-HM-resin: (TFA, water, TIBS (95/2.5/2.5))/dichloromethane 1:1

B. Cyclization with H,0, in THF/5 mM NH ,OAc (pH = 7)

D-Phe-Cys-Tyr-D-Trp-Lys(Dde)-Thr-Cys-Thr(ol)

S

HOOC—\ /—\ /—COOH
N N

o

S

C. DOTA (4 eq.), NHS (5 eq.), EDCI (5 eq.),
DIPEA (8 eq.) in water/DMF

D. Deprotection with 2% hydrazine hydrate in DMF

HoOC —/'\—/\— CONH-D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr(ol)

S

S

Scheme 1. Reaction sequence for the solution-phase synthesis of DOTATOC (C-terminal Thr(ol) anchored to DHP-HM-resin)
and DOTATATE (C-terminal Thr anchored to TCP-resin) after SPPS of the parent peptides.

For solid-phase peptide synthesis (SPPS) of Lys*(Dde)-
Tyr3-octreotide (TOC(Dde)), Fmoc-Thr(zBu)-ol was
anchored to DHP-HM resin (3,4-dihydro-2 H-pyran-2-
ylmethoxymethyl polystyrene) in the presence of cata-
Iytic amounts of pyridinium p-toluenesufonate in
1,2-dichloroethane at 80°C for 16-18 h. SPPS of
Lys*(Dde)-Tyr3-octreotate (TATE(Dde)) was carried
out using TCP (tritylchloride polystyrene) resin. Cou-
pling of Fmoc-Thr(¢Bu)-OH to the solid support was
performed in dry dichloromethane in the presence of an
excess of DIPEA (N-ethyldiisopropylamine). The linear
octapeptides D-Phe-Cys(Trt)-Tyr(z Bu)-D-Trp(Boc)-
Lys(Dde)-Thr(¢Bu)-Cys(Trt)-Thr(zBu)/Thr(tBu)o/ were
assembled in NMP (N-methylpyrrolidon) using a stan-
dard Fmoc-protocol, i.e. 1.5 equiv. of Fmoc-amino
acid, HOBt (N-hydroxybenzotriazole) and TBTU (2-
(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tet-
rafluoroborate), respectively, and 3.5-4 equiv. of
DIPEA. After removal of the N-terminal Fmoc-pro-
tecting group, TATE(Dde) was cleaved from the solid
support using a mixture of TFA (95%), water (2.5%)
and TIBS (triisobutylsilane, 2.5%) (v/v/v) with con-
comitant removal of acid-labile protecting groups. For
cleavage of TOC(Dde), this TFA-solution was diluted
with dichloromethane in a 1:1 ratio in order to avoid
breakdown of the linker unit.

Cyclization of the freshly cleaved peptides was per-
formed in THF containing 5-10% of 5 mM ammonium
acetate. The solution was buffered to pH="7 with satu-
rated NaHCO; and H,0O, (30%, 100 pL per 200 mg of
linear peptide) was added subsequently. Cyclization
was usually complete within 30 min as shown by HPLC
(high-performance liquid chromatography) control.!'®-*
The solvents were then evaporated and the peptides

were lyophilized. Based on resin-bound Thr/Thr(ol),
yields were ~96% for TATE(Dde) and =86% for
TOC(Dde).

For DOTA-derivatization, DOTA (1 equiv., typically
0.4-0.8 mmol) was preactivated with NHS (N-hydroxy-
succinimide, 1.25 equiv.), EDCI (1-ethyl-3-(3'-dimethyl-
aminopropyl)carbodiimide, 1.25 equiv.) and DIPEA (2
equiv.) in water (1 mL/0.3 mmol) for a minimum of 30
min. Then, TOC(Dde) or TATE(Dde) (0.25 equiv.)
dissolved in DMF (1 mL per 0.15 mmol of peptide)
were slowly added under vigorous stirring. If after 30
min of stirring redissolution of the peptide after the
initial precipitation was not complete, more DMF was
added in 100 pL portions. As shown in Figure 1,
DOTA-coupled-product to precursor ratios (UV
absorption at 220 nm) were 93/7 to 99/1 as soon
as 30 min of reaction time. After 2 h, HPLC
chromatography'® revealed complete disappearance of
the starting peptide both for DOTATOC(Dde) and
DOTATATE(Dde). As demonstrated by HPLC and
HPLC-MS of the reaction mixtures, no formation of
sideproducts occurred for either peptide, i.e. neither
doubly substituted DOTA-species nor coupling prod-
ucts resulting from cross-activation of the C-terminal
Thr in TATE(Dde).

The solvents were then evaporated to dryness,
methanol (up to 5 mL) was added to the residue and
the resulting suspension was centrifuged. The peptide
dissolved in the supernatant was thereafter precipitated
using Et,O (diethyl ether) and dried in vacuo. For final
Dde-deprotection, the DOTA-peptide was dissolved in
DMF containing 2% of hydrazine hydrate. After 10
min, the peptide was precipitated using Et,O and dried
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Figure 1. Analytical HPLC reaction control'® (UV detection at 220 nm) of the formation of DOTATOC(Dde) (DOTA-Lys’(Dde)-
Tyr3-octreotide) from TOC(Dde) (Lys’(Dde)-Tyr3-octreotide) after 0.5, 1 and 2 h of reaction time.

in vacuo. Final product purification was performed
using preparative reversed-phase HPLC.!”” DOTATOC
and DOTATATE were obtained in purities of 98-99%
and in overall yields of 38-52% based on the amount of
unpurified protected starting peptide used for the
DOTA-coupling reaction. Yields are comparable with
those obtained with monoreactive DOTA-analogs and
are mainly limited by losses during preparative HPLC.

In conclusion, the present method for the synthesis of
DOTATOC and DOTATATE has certain advantages
over those previously reported: (1) It utilizes cheap and
readily available starting materials, (2) it is rapid (max.
2 h instead of 20-72 h'!'%), (3) yields of the coupling
step are >98%, and (4) no sideproducts have been
observed, i.e. the coupling method is compatible with
the presence of the unprotected C-terminus in Tyr’-
octreotate.

Therefore, this method represents a synthetically simple
and straightforward alternative to the currently used
syntheses of DOTA-functionalized peptide analogs and
is preferable from an economic point of view.

References

1. Otte, A.; Jermann, E.; Béhé, M.; Goetze, M.; Bucher, H.
C.; Roser, H. W.; Heppeler, A.; Mueller-Brand, J.;
Micke, H. R. Eur. J. Nucl. Med. 1997, 24, 792-795.

2. de Jong, M.; Breeman, W. A.; Bernard, B. F.; Bakker,
W. H.; Schaar, M.; van Gameren, A.; Bugaj, E.; Erion,
J.; Schmidt, M.; Srinivasan, A.; Krenning, E. P. Int. J.
Cancer 2001, 92, 628-633.

3. Otte, A.; Herrmann, R.; Heppeler, A.; Béhé, M.; Jer-
mann, E.; Powell, P.; Maecke, H. R.; Muller, J. Eur. J.
Nucl. Med. 1999, 26, 1439-1447.

4. Waldherr, C.; Pless, M.; Maecke, H. R.; Schumacher, T.;
Crazzolara, A.; Nitzsche, E. U.; Haldemann, A.; Mueller-
Brand, J. J. Nucl. Med. 2002, 43, 610-616.

5.

12.

13.

14.

15.

16.

17.

18.
19.

. Albert, R.; Smith-Jones, P.;

Kwekkeboom, D. J.; Bakker, W. H.; Kooij, P. P.; Koni-
jnenberg, M. W.; Srinivasan, A.; Erion, J. L.; Schmidt,
M. A.; Bugaj, J. L.; de Jong, M.; Krenning, E. P. Eur. J.
Nucl. Med. 2001, 28, 1319-1325.

de Jong, M.; Bakker, W. H.; Bernard, B. F.; Valkema,
R.; Kwekkeboom, D. J.; Reubi, J. C.; Srinivasan, A.;
Schmidt, M. A.; Krenning, E. P. J. Nucl. Med. 1999, 40,
2081-2087.

Hu, F.; Cutler, C. S.; Hoffman, T.; Sieckman, G.; Volk-
ert, W. A.; Jurisson, S. S. Nucl. Med. Biol. 2002, 29,
423-430.

Bussolati, G.; Chinol, M.; Chini, B.; Nacca, A.; Cassoni,
P.; Paganelli, G. Cancer Res. 2001, 61, 4393-4397.
Cheng, Z.; Chen, J.; Miao, Y.; Owen, N. K.; Quinn, T.
P.; Jurisson, S. S. J. Med. Chem. 2002, 45, 3048-3056.
Smith, M. C.; Liu, J.; Chen, T.; Schran, H.; Yeh, C. M_;
Jamar, F.; Valkema, R.; Bakker, W.; Kvols, L.; Kren-
ning, E. P.; Pauwels, S. Digestion 2000, 62 (Suppl. 1),
69-72.

Stolz, B.; Simeon, C.;
Knecht, H.; Bruns, C.; Pless, J. Bioorg. Med. Chem. Lett.
1998, 8, 1207-1210.

Hsieh, H. P.; Wu, Y. T.; Chen, S. T.; Wang, K. T.
Bioorg. Med. Chem. 1999, 7, 1797-1803.

Peterson, J. J.; Pak, R. H.; Meares, C. F. Bioconjugate
Chem. 1999, 10, 316-320.

Heppeler, A.; Froidevaux, S.; Micke, H. R.; Jermann, E.;
Béhé, M.; Powell, P.; Hennig, M. Chem. Eur. J. 1999, 5,
1974-1981.

Anelli, P. L.; Lattuada, L.; Gabellini, M.; Recanati, P.
Bioconjugate Chem. 2001, 12, 1081-1084.

Edreira, M.; Mendelez-Alafort, L.; Mather, S. J. Nucl.
Med. Commun. 2002, 23, 493-499.

Graham, K. A.; Wang, Q.; Eisenhut, M.; Haberkorn, U.;
Mier, W. Tetrahedron Lett. 2002, 43, 5021-5124.
Macrocyclics, Dallas, Texas, USA.

Analytical RP-HPLC was performed on a Nucleosil 100
C18 (5 pm, 125%4.0 mm) column using a Sykam gradient
HPLC System. The peptides were eluted applying differ-
ent gradients of 0.1% (v/v) TFA in H,O (solvent A) and
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0.1% TFA (v/v) in acetonitrile (solvent B) at a constant
flow of 1 ml/min. For Lys’(Dde)-protected peptides, the
gradient was 30-60%, for fully deprotected peptides 20—
50% B in 15 min. UV-detection was performed at 220 nm
using a 206 PHD UV-vis detector. Preparative RP-
HPLC was performed on the same HPLC system using
either a Multospher 100 RP 18-5 (250x10 mm) column

20.

(gradient: 22-45% B in 30 min) at a constant flow of 5
ml/min or a J’'Sphere ODS H80 (4 pum, 150x20 mm)
column (gradient 18-40% B in 20 min) at a constant flow
of 10 ml/min.

Schottelius, M.; Wester, H. J.; Reubi, J. C.; Senekow-
itsch-Schmidtke, R.; Schwaiger, M. Bioconjugate Chem.
2002, 13, 1021-1030.
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