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Somatostatin derivative peptides previously designed for radiodiagnostic purposes (99mTc P829 or99mTc
depreotide) were reoptimized for radiotherapy of tumors with rhenium radioisotopes. An optimized
pharmacophore peptide P1839 was derived byin Vitro binding affinity assay to AR42J rat pancreatic tumor
cell membranes. Peptides with chelating domains and their oxorhenium(V) complexes were testedin Vitro
for binding to NCI H69 human SCLC tumor membranes. Further optimization entailed radiolabeling with
99mTc and biodistribution in an AR42J xenograft mouse model. Kidney uptake was decreased substantially
by removing positively charged residues. Neutral N3S diamide amine thiol chelators with no adjacent positive
charges had the best overall properties. Substituting an aromatic amino acid into the chelator approximately
doubled the tumor uptake. The final optimized peptide P2045 (39) radiolabeled with99mTc exhibited increased
tumor uptake (∼25 %ID/g at 1.5 h), lower kidney uptake (∼4.8 %ID/g at 1.5 h), and extensive urinary
excretion (59 %ID at 1.5 h). Finally, comparison biodistribution studies between99mTc and188Re (39) showed
a good correlation between the two metal complexes and demonstrated prolonged tumor retention (g24 h).

Introduction

Somatostatin (somatotropin release-inhibiting factor, SRIF-
14)a is a tetradecapeptide secreted by neuroendocrine, inflam-
matory, and immune cells in response to various stimuli.1 The
potent effects of somatostatin on various secretory processes
are mediated through its specific high-affinity binding to
somatostatin receptors (SSTRs), of which there are five
subtypes.2 SSTRs have been found to be overexpressed in a
wide range of tumor types including those of the brain, digestive
tract, pancreas, lung, thyroid, mammary gland, prostate, lymph
system, and ovary.3 SSTR overexpression has also been
demonstrated on the peritumoral veins of a number of human
tumors.4

SRIF-14 (1; Figure 1) was shown to have an inhibitory effect
on the growth of various tumors, but its efficacy was hampered
by its short biological half-life of about 3 min. Stabilized
analogues were developed, leading to the commercial therapeutic
peptide octreotide (2, SMS 201-995), which more recently has
become available in a slow release formulation.5

The overexpression of SSTR by some tumors also provides
the basis for imaging cancerous from other tissues by the

administration of SSTR-binding radiotracers followed by gamma-
camera scintigraphy. On the basis of this principle, pentetreotide
(3) labeled with In-111 ([111In-DTPA0]octreotide) is approved
for the detection of SSTR-expressing neuroendocrine tumors,6

and depreotide labeled with Tc-99m (4) is approved for the
detection of SSTR-expressing pulmonary masses.7 The struc-
tures of these two peptides are shown in Figure 2.

As a natural extension to the diagnostic applications of
somatostatin analogues radiolabeled with gamma-emitting ra-
dioisotopes, SSTR-binding compounds labeled with radioiso-
topes having therapeutically useful emissions are being con-
sidered for the treatment of SSTR-expressing tumors. Most
radiotherapeutic agents reported to date are octreotide/octreotate
analogues targeting predominantly SSTR2,8,9,10-13 although
more recently, promising new analogues with affinity for the
other four SSTR subtypes as well have been reported.14 Y-90-
DOTA-Tyr3-octreotide (DOTATOC)15 and Lu-177-Tyr3-
octreotate (LuTate)16 have been evaluated in humans to treat
neuroendocrine tumors and have demonstrated promising thera-
peutic efficacy.

We have previously developed the Tc-99m somatostatin
analogue Tc-99m depreotide for diagnosis of malignant lung
cancer17 and were interested in expanding this work to use the
same class of peptides for radiotherapy. Although there are no
isotopes of technetium suitable for radiotherapy, it was expected
that the already-established Tc metal chelation chemistry of the
depreotide-type peptides could be adopted for rhenium isotopes,
owing to the similar chemistries of technetium and rhenium.18

Furthermore, both Re-188 and Re-186 haveâ-emissions suitable
for killing tumor cells. Re-188 is preferred because it has
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Figure 1. Native somatostatin(1) and a stabilized analogue peptide
for therapy: octreotide (2).
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physical properties (half-life) 16.9 h;â- emission maximum
energy) 2 MeV; average energy) 764 keV) well-suited to
radiotherapy and can be conveniently produced in high specific
activity from a clinical generator.19 Radiopharmaceutical com-
pounds containing Re-188 have been evaluated clinically in a
variety of therapeutic areas.20 In addition, Re-188 has already
been used to radiolabel peptides for targeted radiotherapy.21,22,13

Re-186 has a longer half-life and a lower energyâ--emission
than Re-188 and is produced at low specific activity in a nuclear
reactor.

As a first look at the suitability of depreotide-type peptides
for radiotherapy, Re-188 depreotide was evaluated in a tumor
regression study in mice bearing AR42J rat pancreatic tumor
xenografts. Although the radiolabeling was successful and
tumor-growth was arrested, the tumor regression study showed
unacceptably high radiotoxicity in nontarget organs (kidney,
spleen, marrow).23 Hence, it was clear that the depreotide peptide
designed as a diagnostic was not optimized for radiotherapy
and that modifications to the peptide were needed. The results
of our studies to optimize the tumor uptake and biodistribution
of high-affinity somatostatin receptor-binding peptides com-
plexed to rhenium for cancer radiotherapy are presented in this
paper.

The ideal radiotherapeutic agent should not only localize to
sites of tumor with high selectivity but also have suitable
pharmacokinetics to ensure rapid whole body clearance. A
combination of optimal biodistribution and suitable pharmaco-
kinetics reduces radiolytic damage to nontarget tissues and
organs. In the field of radiotherapy, nontarget tissue damage
for radiotherapeutic peptides has been a major issue, with the
kidneys being the main nontarget organs of concern.24 In an
effort to minimize kidney uptake and increase the maximum
tolerated dose, clinical researchers have resorted to infusions
of cationic amino acids during radiotherapy to lower the uptake
of radiopeptides in the kidneys.25 The aforementioned radio-
therapy studies with Re-188 depreotide showed unacceptable
radiotoxicity largely due to the high uptake and retention of

the radiolabeled peptide (>100% ID/g) in the kidneys. Hence,
lowering kidney uptake was one of the primary goals of this
work.

The radiolabeled peptides described here complex the radio-
metal through peptide-based chelators comprised of a cysteine
plus two other amino acids. Figure 3 depicts the structures of
the metal chelate portions of the radiopeptides, in which the
chelator consists of either the peptide sequenceâ-Dap-X-Cys
or X-X-Cys (where X is any noncyclicR-amino acid). The Tc/
Re metal is in the+5 oxidation state with an oxo oxygen ligand
and “N3S” coordination to the peptide-based chelator.26 Three
of the four donor atoms to the metal in the peptide chelator
come from the alpha nitrogens of the amino acid residues (N3),
and the fourth donor atom comes from a cysteine side-chain
sulfhydryl (S). Because the chelators used are peptidyl in nature,
they can be conveniently altered by systematic changes in
chelator amino acids X during peptide synthesis. In the work
described here, mainly changes to the peptides in the chelator
region were investigated and found to have profound effects
on the bioefficacy of the radiopeptides.

Chemistry

The peptide agents described below in general were composed
of a cyclic hexapeptide pharmacophore linked to a tetra- or
pentapeptide containing an amino acid sequence amenable for
complexation to Tc/Re. The pharmacophore and chelator
moieties were prepared separately and subsequently conjugated
via a reaction between a thiol located on the pharmacophore
portion and a chloroacetyl group located on the chelator portion.

Pharmacophores. The cyclic receptor-binding pharmaco-
phore moieties (Table 1) were synthesized by the solid-phase
Fmoc method27 as shown in Scheme 1. Chlorotrityl resin was
used as the solid-phase support.28 This acid-labile resin was
chosen due to the very mild conditions required to cleave the
protected peptide from the resin prior to cyclization. It was found
that hexafluoroisopropanol was sufficiently acidic for this
purpose. Because the peptide was easily and quickly cleaved
from the chlorotrityl resin, an additional advantage was real-
ized: the progress of the synthesis during intermediate stages
could be monitored by analytical HPLC analysis. This was
particularly important for the sterically demanding coupling
between the resin-supportedN-methylhomocysteine and Fmoc-
phenylalanine, where monitoring the coupling efficiency by the
ninhydrin method was rendered inoperative due to the presence
of a secondary amine at the N-terminus. It was found that the
use of HATU reagent29 was required to affect this coupling.
After cleavage of the protected peptide from the resin, HATU

Figure 2. Radiolabeled somatostatin analogue peptides approved for
diagnostic imaging of tumors. In-111 pentetreotide(3) for neuroendo-
crine tumors and Tc-99m depreotide (4) for lung tumors.

Figure 3. Peptide-based Tc/Re chelators evaluated in this work.

Table 1. Cyclic Peptide Pharmacophores

structure compd no. code

cyclo-[Hcy.(N-Me)F.YwKV] 10 P334
cyclo-[Hcy.(N-Me)F.YwKT] 11 P779
cyclo-[(N-Me)F.Hcy.YwKT] 12 P1835
cyclo-[F.(N-Me)Hcy.YwKT] 13 P1839
cyclo-[F.(N-Me)Hcy.YwKV] 14 P1840
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reagent was also found to be useful for the cyclization reaction.
The crude cyclic peptides were treated with 95:5:2.5:2 TFA/
water/triisopropylsilane/ethanedithiol followed by HPLC puri-
fication to obtain the deprotected cyclic peptides10-14. All
peptides were>95% pure by HPLC peak analysis and had the
expected MH+ peak when analyzed by mass spectrometry
(Supporting Information, Table S1).

Chelators. Peptides containing the chelator moiety (Table
2) were also synthesized by solid-phase methodology as shown
in Scheme 2 for compound25. For peptides in which the
C-terminal functional group was either a carboxylic acid or an
alcohol, chlorotrityl resin was used as the support. For peptides
in which the C-terminal functional group was a carboxamide,
Rink amide resin30 was used. Peptides were cleaved from the
resin using either hexafluoroisopropanol, as before, or 95:5 (v/
v) TFA/water. In the cases where hexafluoroisopropanol was
used, the recovered peptides were fully protected. In the cases
where TFA was used thetert-butyl-based protecting groups were
removed and, by adapting the workup conditions, the thiol group
was selectively reprotected with a trityl group. This was
accomplished by removing the TFA and water of the cleavage
mixture in Vacuo followed by dissolution of the crude peptide
in chloroform, which was also removedin Vacuo. After several
such treatments with chloroform, all of the residual acid was
removed with concomitant reattachment of the trityl group to
the cysteine SH. All chloroacetyl peptides were>90% pure by

HPLC peak analysis and had the expected MH+ peak when
analyzed by mass spectrometry (Supporting Information, Table
S2).

Pharmacophore-Chelator Conjugates (Final Peptides).
Pharmacophore-chelator conjugates (Table 3) were efficiently
produced by mixing an equalmolar quantity of each in an
acetonitrile/carbonate buffer solution at pH) 10.0, as shown
in Scheme 3. The progress of the reaction was followed by
analytical HPLC and the reaction quenched at the time of
completion with aqueous TFA. The solution was concentrated
and the trityl protecting group removed with TFA using
triisopropylsilane as a trityl carbocation scavenger.31 The final
products were purified by HPLC to>95% purity and were
confirmed by mass spectrometry (Supporting Information, Table
S3).

Rhenium Oxo Complexes of the Final Peptides.Non-
radioactive rhenium oxo complexes of the pharmacophore-
chelator conjugate peptides were prepared by reacting the
peptide with a 1.5 fold molar excess of Bu4NReOCl4 or Bu4-
NReOBr4 in anhydrous DMF at room temperature according

Scheme 1.Synthesis of Pharmacophore Peptide13

Table 2. Chloroacetyl Chelator Precursors

structure
compd

no. code

ClCH2CO.â-Dap(Boc).K(Boc).C(Trt).T(tBu)(ol) 15
ClCH2CO.GG.C(Trt).H.amide 16
ClCH2CO.TGG.C(Trt).amide 17
ClCH2CO.S.K.C(Trt).amide 18
ClCH2CO.â-Dap.K.C(Trt).amide 19
ClCH2CO.â-Dap(Boc).G.C(Trt).T(ol) 20
ClCH2CO.â-Dap(Boc).S(tBu).C(Trt).T(tBu)(ol) 21
ClCH2CO.â-Dap.Y.C(Trt).T(ol) 22
ClCH2CO.â-Dap(Boc).F(4-NHBoc).C(Trt).T(tBu)(ol) 23
ClCH2CO.â-Dap(Boc).F(4-NHBoc).C(Trt).T(tBu) 24
ClCH2CO.â-Dap.F(4-NH2).C(Trt).TS 25 P2063

Scheme 2.Synthesis of Chloroacetyl Chelator Precursor25

Table 3. Pharmacophore-Chelator Conjugates

structurea
compd

no. code

11-CH2CO.â-Dap.KCK.amide 26
11-CH2CO.â-Dap.KC.T(ol) 27
13-CH2CO.GGCH.amide 28
13-CH2CO.TGGC.amide 29
13-CH2CO.GGCR.amide 30
13-CH2CO.SKC.amide 31
13-CH2CO.â-Dap.KC.amide 32
13-CH2CO.â-Dap.GC.T(ol) 33
13-CH2CO.â-Dap.KC.T(ol) 34
13-CH2CO.â-Dap.SC.T(ol) 35
13-CH2CO.â-Dap.YC.T(ol) 36
13-CH2CO.â-Dap.F(4-NH2).C.T(ol) 37
13-CH2CO.â-Dap.F(4-NH2).CT 38
13-CH2CO.â-Dap.F(4-NH2).CTS 39 P2045
10-CH2CO.â-Dap.KCK.amide 40 P829
10-CH2CO.GGCR.amide 41

a Pharmacophore sequences are described in Table 1.
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to published procedures.17a The [ReO] products were isolated
by reversed phase preparative HPLC. All rhenium complexes
were>95% pure by HPLC peak analysis.

Tc-99m and Re-188 Radiolabeling.The technetium-99m
complexes of compounds26-41 were prepared by reducing
99mTcO4

- with stannous tin at pH 6-7.4 in the presence of the
peptide (ligand) and glucoheptonate (exchange ligand). The Re-
188 complex of peptide39was prepared by a procedure similar
to that of the Tc-99m radiolabelings, except that a larger amount
of stannous tin was needed to reduce the rhenium. In addition,
ascorbic acid and gentisate were added after the radiolabeling
reaction was complete as radiolytic stabilizers. The radiochemi-
cal purity (RCP) of the radiolabeled complexes was measured
by thin-layer chromatography (TLC) and analytical reversed
phase HPLC. In all cases, the TLC RCP was greater than 90%,
and the HPLC RCP was greater than 85%.

Biology

Several cyclic pharmacophore peptides were evaluated for
their ability to target SSTRin Vitro. Pharmacophores10-14
were tested for SSTR-binding affinities using AR42J rat
pancreatic tumor cell membranes, which are known to over-
express SSTR (predominantly the somatostatin receptor subtype
2, SSTR232). The pharmacophorein Vitro results are presented
in Table 4. In order to ensure relevance in the treatment of
human disease, several of the final drug candidate peptides
(pharmacophore-chelator conjugates) and in addition rhenium
oxo complexes of the peptides were tested forin Vitro binding
affinity to human SCLC NCI-H69 tumor membranes (which
also overexpress SSTR233). These results are given in Table 5.
SSTR binding was assessed as the concentration of compound
required to inhibit the specific binding of [125I-Tyr-11]SRIF-
14 to the tumor cell membranes by 50% (IC50).34 All compounds
were tested in duplicate at five different concentrations.

The final drug candidate peptides (pharmacophore-chelator
conjugates) were radiolabeled and evaluated for tumor uptake
and biodistributionin ViVo. The technetium-99m complexes of
compounds26-39 were administered to AR42J tumor xe-
nograft-bearing athymic nude mice intravenously, and tumor,

blood, and tissue samples were collected and counted for
radioactivity at 90 min postinjection. In addition, depreotide (40)
and another peptide containing the compound10pharmacophore
(41) that were described previously17 were screened. The results
are presented in Table 6.

The peptide with the best biodistribution results39 was
radiolabeled with Re-188 and itsin ViVo biodistribution in
AR42J tumor xenograft mice compared to that of the corre-
sponding Tc-99m complex. Results comparing Tc-99m (39) and
Re-188 (39) at 4 and 24 h postinjection are shown in Table 7.

Results and Discussion

The synthetic protocol for the preparation of the peptides
described herein was designed such that pharmacophore and
chelator moieties could be prepared separately and subsequently
conjugated via a sulfhydryl alkylation reaction involving a
homocysteine residue orN-methylhomocysteine on the phar-
macophore peptide and an N-terminal chloroacetyl contained
on the chelator peptide. This convergent synthesis allowed for
a straightforward approach for optimization of the final pep-
tide: a separate initial optimization of the pharmacophore was
conducted, and then SAR modification of the full peptide was
effected by changes made on the small chelator peptides. The
overall yields of the peptides ranged from∼25 to 52%, which
was adequate to generate enough material (5-10 mg) for
radiolabeling and biological screening.

The Tc-99m radiolabeling reactions utilized already well-
established kit formulation chemistry17 starting with pertech-
netate99mTcO4

- from a Mo-99/Tc-99m generator and employing
stannous tin as a reductant and glucoheptonate as an exchange
ligand. This radiolabeling method provides a robust, reliable
method for radiolabeling cysteine-containing peptides with high
radiochemical yields. The Re-188 radiolabeling procedure
employed essentially the same formulation as the Tc-99m
procedure except the starting radiochemical was perrhenate
188ReO4

- from a W-188/Re-188 generator, and∼20 fold more
stannous tin was required to reduce the Re(VII) to Re(V). In
addition, the Re-188 preparations were more prone to radiolytic
decomposition owing to theâ- decay of the isotope, and
therefore, anti-radiolytic stabilizers ascorbic acid and gentisate
were added to the preparation postradiolabeling. The synthesis
of the nonradioactive rhenium complexes of the peptides was
also straightforward, prepared as previously described17 from a
Re(V) starting material Bu4N+ReOBr4-. The rhenium oxo

Scheme 3.Synthesis of Pharmacophore-Chelator Conjugate39

Table 4. In Vitro Binding of Pharmacophore Peptides to AR42J Rat
Pancreatic Tumor Membranes

pharmacophore compd no. IC50 (nM)

cyclo-[YwKV.Hcy.(N-Me)F] 10 1.5
cyclo-[YwKT.Hcy.(N-Me)F] 11 0.4
cyclo-[YwKT.(N-Me)F.Hcy] 12 23.7
cyclo-[YwKTF.(N-Me)Hcy] 13 0.1
cyclo-[YwKVF.(N-Me)Hcy] 14 0.7

Table 5. In Vitro Binding Affinities of SSTR Peptides and Rhenium
Complexes to NCI-H69 Tumor Cell Membranes. Value in Parentheses
Reflects Binding to a Secondary Site

IC50 (nM)

compound
compd

no.
free

peptide
ReO

complex

13-CH2CO.â-Dap.F(4-NH2).C.TS 39 0.20 (8.91) 0.23 (14.7)
13-CH2CO.â-Dap.F(4-NH2).C.T 38 0.64 (6.41) 0.45
13-CH2CO.â-Dap.F(4-NH2).C.T(ol ) 37 0.50 0.12 (430)
13-CH2CO.â-Dap.SC.T(ol) 35 1.6 0.51
13-CH2CO.â-Dap.KC.T(ol) 34 0.35 (234) 0.65 (>1000)
13-CH2CO.â-Dap.GC.T(ol) 33 - 0.22 (3.92)
13-CH2CO.â-Dap.KC.amide 32 - 0.50 (0.02)
13-CH2CO.SKC.amide 31 - 0.27 (12.6)
13-CH2CO.GGCR.amide 30 - 6.2 (0.12)
13-CH2CO.TGGC.amide 29 1.6 (>1000) 3.7 (>1000)
13-CH2CO.GGCH.amide 28 - 8.2 (>1000)
octreotide 2 1.1
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product complexes were purified and isolated using standard
preparative C18 HPLC methods and lyophilization as employed
for the free peptides.

One of the main goals of this work was to improve upon the
radiodiagnostic peptide depreotide to make it more suitable for
radiotherapy. As an initial step to investigate how different
positioning of the pharmacophore relative to the metallocomplex
might effect the performance of the complexes, some modified
pharmacophore peptides were evaluated forin Vitro binding
affinity to AR42J rat pancreatic tumor membranes (Table 4;
Figure 4). The result was a pharmacophore that had improved
binding affinity. Compound10 is the pharmacophore for
depreotide, which had a binding affinity (IC50) of 1.5 nM. When

the valine in10 was substituted by threonine (compound11)
and when the (N-Me)homocysteine and phenylalanine amino
acid side chains were interchanged (compound14), improved
(sub-nanomolar) binding affinity results were obtained (0.4 and
0.7 nM, respectively). When both of these changes to10 were
made (compound13), an optimized binding affinity of 0.1 nM
was achieved. The positioning of the N-Me group (forming the
cis peptide bond) on the amino acid adjacent to the Tyr residue
in the cyclic peptide sequence appeared to be important to the
high binding affinity, because when the N-Me substitutent in
13 was moved from the Hcy to the Phe group (compound12),
the binding affinity of the pharmacophore decreased substan-
tially, to 23.7 nM.

Several of the peptides and rhenium complexes of the peptides
were screenedin Vitro for binding affinity to NCI-H69 human
SCLC tumor membranes (Table 5). All of the ReO compounds
exhibited good binding affinities (IC50) to SSTR on the NCI-
H69 tumor membranes in the low nanomolar to sub-nanomolar
range. The exceptions were complexes of28, 29, and30, with
IC50 values in the mid-nanomolar range (3.7-8.2 nM). The
metal centers of these compounds (Figure 3) consisted of either
anionic complexes derived from triamde thiol chelate (com-
pounds28-31, 41) or neutral complexes derived from diamide
amine thiol donor atoms (compounds26, 27, 32-39, 40).17 The
exceptional (poorer binding) compounds all had triamide thiol
chelators and therefore possessed a negative charge on the metal
complex, which is consistent with previous results indicating
that negative charge can be deleterious to the SSTR binding of
these peptides.17 In general the binding affinities of the peptides
and ReO complexes were quite high, with values equivalent or
better than octreotide (2). Binding affinities of this magnitude
were expected to be well-suited for targeting SSTRs with a
radiotherapeutic peptide and allowed us to proceed with further
optimizing the peptides using biodistribution experiments. In
comparing the results for the rhenium complexes vs the free

Table 6. Biodistribution of Tc-99m Complexes (average( S.D.) in AR42J Rat Pancreatic Tumor Xenograft-bearing Nude Mice at 1.5 h Postinjection
(n ) 6)

% ID/g % ID tumor ratios

compd (no.)a tumor blood kidneys liver G.I. urine T/K T/B

13-CH2C O.â-Dap. F(4-NH2) .C.TS (39) 24.7( 1.3 0.8( 0.03 4.8( 0.5 7.7( 0.8 8.0( 0.7 59( 3 5.2 31
13-CH2C O.â-Dap. F(4-NH2) .C.T (38) 25.0( 3.4 0.4( 0.1 5.7( 0.9 4.9( 0.4 14( 0.5 53( 1 4.4 63
13-CH2C O.â-Dap. F(4-NH2) .C.T(ol) (37) 24.3( 5.4 0.4( 0.1 6.4( 1.1 3.7( 0.6 10( 1.6 47( 1 3.8 61
13-CH2C O.â-Dap. YC.T(ol) (36) 27.6( 6.7 0.6( 0.2 7.7( 2.1 6.7( 0.5 22( 6 32( 13 3.6 46
13-CH2C O.â-Dap. SC.T(ol) (35) 12.6( 1.3 0.2( 0.01 6.1( 0.8 2.5( 0.3 8.1( 0.5 59( 13 2.1 63
13-CH2C O.â-Dap. KC.T(ol) (34) 10.2( 1.7 0.2( 0.01 26.8( 2.8 1.4( 0.8 3.1( 0.2 65( 4 0.4 51
13-CH2C O.â-Dap. GC.T(ol) (33) 7.1( 1.0 0.5( 0.1 4.5( 0.8 6.6( 0.9 19( 3 43( 6 1.6 14
13-CH2C O.â-Dap. KC.amid e (32) 7.5( 0.9 0.5( 0.2 42.5( 4.2 2.2( 0.6 3.2( 0.3 36( 5 0.2 15
13-CH2C O.SKC.a mide (31) 10.3( 1.0 0.7( 0.1 41.9( 2.8 2.3( 1.0 5.2( 0.6 68( 9 0.2 15
13-CH2C O.GGCR .amide (30) 7.2( 0.5 1.5( 0.03 32.3( 3.5 3.4( 0.8 7.9( 1.1 39( 5 0.2 5
13-CH2C O.TGGC. amide (29) 3.8( 0.9 0.1( 0.02 4.7( 0.7 5.5( 0.4 30( 6 26( 4 0.8 38
13-CH2C O.GGCH .amide (28) 0.8( 0.6 0.1( 0.01 3.0( 0.5 10.0( 2.0 42( 7 14( 2 0.3 8
11-CH2C O.â-Dap. KC.T(ol) (27) 3.6( 1.3 0.4( 0.10 43.4( 2.9 2.0( 0.8 5.0( 1.2 51( 9 0.1 9
11-CH2C O.â-Dap. KCK.ami de (26) 4.2( 0.4 0.2( 0.1 162( 3 6.2( 1.8 25( 0.2 12( 0.3 0.03 21
10-CH2C O.â-Dap. KCK.ami de (40, depreotid e) 6.7( 0.3 0.6( 0.3 152( 9 5.9( 0.4 2.3( 0.4 8.9( 1.3 0.04 11
10-CH2C O.GGCR .amide (41) 6.1( 1.0 1.3( 0.6 58( 6 5.7( 0.5 6.1( 1.4 15( 6 0.1 5

a Pharmacophore sequences are described in Table 1.

Table 7. Biodistribution of Tc-99m (39) and Re-188 (39) (average( SD) in AR42J Rat Pancreatic Tumor Xenograft Mice at 4 and 24 h Postinjection
(n ) 6)

% ID/g % ID

compd time, h tumor blood kidneys spleen pancreas lung liver G.I.

Tc-99m (39) 4 27.5( 1.4 0.06( 0.00 5.4( 1.0 0.1( 0.0 7.5( 1.2 0.2( 0.1 3.3( 0.2 6.9( 1.2
Re-188 (39) 4 25.7( 7.6 0.26( 0.03 5.6( 1.4 1.1( 0.2 4.1( 0.9 0.2( 0.0 3.4( 0.2 7.2( 2.1
Tc-99m (39) 24 19.2( 4.1 0.02( 0.01 2.3( 0.3 0.1( 0.0 2.3( 0.4 0.05( 0.02 2.5( 0.4 1.9( 0.2
Re-188 (39) 24 18.2( 7.3 0.07( 0.01 2.4( 0.8 0.2( 0.1 1.2( 0.2 0.05( 0.00 1.2( 0.4 1.1( 0.1

Figure 4. Sequence modifications in the pharmacophore optimization.
Tyr-D-Trp-Lys omitted from peptide structures to simplify depiction
of key features.
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peptides, there is not as pronounced a trend toward improved
binding upon metal complexation, as was observed previously
for these types of SSTR analogues.17

Due to the similarity in atomic sizes and coordination
chemistries of technetium and rhenium,18 it is widely accepted
that the chemical and physical properties of their metal
complexes will correlate. Hence, the two metals have been used
as surrogates for each other when it is necessary or convenient.
For example, nonradioactive macroscopic rhenium complexes
have been made in order to help characterize tracer Tc-99m
radiopharmaceuticals.35 In this case, the nonradioactive rhenium
is more environmentally friendly, safer to work with, and free
of radioactive waste storage/disposal issues as compared to the
radioactive macroscopic technetium alternative: Tc-99g. Fur-
thermore, it is also accepted that technetium and rhenium
complexes of the same ligand ought to have similar biological
properties. Therefore, nonradioactive rhenium complexes are
used to evaluatein Vitro binding properties of Tc-99m com-
plexes,17 and recently, fluorescent nonradioactive rhenium
compounds have been proposed to assess theexViVo subcellular
distribution of the equivalent Tc-99m tracers.36 In this work,
we have chosen to use Tc-99m instead of Re-188 complexes
in biodistribution screening studies for optimization of the
SSTR-binding peptides for radiotherapy. Tc-99m is more readily
available and less radiotoxic than Re-188, and its radiolabeling
chemistry is more robust. Due to the expected similarities in
the biological properties of technetium and rhenium complexes,
we presumed that a peptide optimized using Tc-99m radiola-
beled test compounds ought to also be optimized for the Re-
188.

Biodistribution results for the Tc-99m peptides in AR42J rat
pancreatic tumor xenograft nude mice are given in Table 6. Tc-
99m depreotide (33) demonstrated good tumor uptake (6.8 %ID/
g), but had high uptake in the kidneys (151.8 %ID/g), and
relatively low urinary clearance (15 %ID). Such a distribution
would predict high doses of radioactivity to nontarget organs
and is consistent with the tumor regression study results for
Re-188 depreotide.23 Thein Vitro results for the pharmacophores
(Vide supra) had indicated that11 has a better binding affinity
for SSTR than the depreotide pharmacophore10. However, in
one pair of peptides allowing a directin ViVo comparison of
the pharmacophores, biodistribution results showed that the
pharmacophore11-containing peptide26 exhibited less tumor
uptake than the corresponding pharmacophore10-containing
peptide 40. This is probably a reflection of the fact that
biodistribution and tumor uptake is influenced by several factors
other than binding affinity (for example, receptor-peptide
internalization and bioavailability). In comparing pharmacophore
13-containing peptides to analogues containing pharmacophores
10 or 11, the biodistribution results were consistent with thein
Vitro result that13 is the optimal pharmacophore. Hence, in
cases where direct comparisons are possible, peptides containing
pharmacophore13had the higher tumor uptake results (compare
30 vs 41, and34 vs 27).

The depreotide peptide (40) and its pharmacophore11-
containing analogue bearing theâ-Dap.KCK.amide chelator/
C-terminus (26) both had extremely high kidney uptake. The
other peptide containing pharmacophore11 (27) had tumor
uptake and biodistribution similar to26, but with substantially
less kidney retention. We note that because27has deleted Lys,
it has less positive charge on the complex than26 and
depreotide. Similar Lys transformations to lower positive charge
are known to lower kidney retention in radiolabeled peptides37

and proteins.38 In fact, the charge on the Tc-99m peptide

complexes at the chelator appears to have had a major influence
on the tumor and kidney uptake. Considering first the peptides
with triamide thiol chelators, compounds28 and 29 have a
negative charge at the metal center owing to their GGC metal
complex, and these peptides exhibited very low uptake in both
the kidneys (3.0 and 4.7 %ID/g, respectively) and the tumor
(0.8 and 3.8 %ID/g, respectively). The low kidney result is
consistent with previous reports that indicated lower kidney
uptake was associated with increased negative charge on a
peptide complex.39 The low tumor result may reflect the less-
favorable binding affinities of these compounds (Vide supra).
Addition of a positive charge to the triamide thiol metal center
by substituting Arg (30 or 41) or Lys (31) into the chelator
increased the tumor uptake somewhat, but also increased the
kidney uptake substantially (from 3 to 5 %ID/g to 32-58 %ID/
g). Compound31 had a reasonably good tumor uptake (10.3
%ID/g), but its kidney retention was unacceptably high (42 %ID/
g). This apparent tradeoff between improved tumor uptake at
the expense of worse kidney uptake effectively ruled out the
triamide thiol type of chelators for these peptides.

Considering peptides with neutral diamide amine thiol
chelators, compound32 is equivalent to depreotide, except the
pharmacophore is13 (instead of10), and C-terminal lysine has
been deleted. This peptide exhibited considerably less kidney
uptake than depreotide (43 vs 152 %ID/g), slightly higher tumor
uptake (7.5 vs 6.8 %ID/g), and better urinary clearance (36 vs
15 %ID). Again, we observed that removing a Lys from the
peptide decreases kidney uptake substantially. Replacing the
C-terminal amide NH2 by Thr(ol) (34) improved the tumor
uptake still further to 10.2 %ID/g, decreased the kidney still
further to 26.8 %ID/g, and increased the urinary clearance
considerably to 65 %ID. To lower the kidney uptake still further
(to <7 %ID/g), substitutions of the Lys residue in the chelator
by neutral amino acids were made (Gly for Lys:33 and Ser
for Lys: 35), making the metal center neutral. The Gly
substitution (peptide33) resulted in worse tumor uptake (7.1
vs 10.2 %ID/g), but the Ser-substitution resulted in a peptide
35 with improved tumor uptake (12.6 %ID/g). Hence, peptide
35 had tumor uptake and biodistribution behavior that was
considerably better than depreotide, particularly in regard to
tumor uptake, kidney uptake, and urinary excretion. This
compound was the first in this class of peptides that had a tumor:
kidney ratio>2.

When35 was modified to incorporate Tyr instead of the Ser
in the chelator (36) a further dramatic increase in tumor uptake
was observed (from 12.6 to 27.6 %ID/g). Other results indicated
that the critical feature leading to this improved tumor uptake
was placement of an aromatic substituent at this amino acid
position in the chelator. The percent injected dose per gram in
the AR42J tumors more than doubled with this substitution, and
relative to depreotide, the tumor uptake was now increased
4-fold. Incorporation of the aromatic substituent also increased
the liver and G.I. retention and decreased the urinary excretion
of the peptide (a result of increased peptide lipophilicity effected
by the aromatic moiety), so further modifications were aimed
at readjusting the biodistribution. Replacement of the phenolic
OH group of the tyrosine with ap-NH2 group (37vs36) resulted
in decreased liver and G.I. uptake and increased urinary
excretion. Finally, changing the C-terminus to a carboxyl
functionality instead of an amide (38), and addition of a Ser
amino acid, resulted in the peptide39, with high tumor uptake,
the highest tumor:kidney ratio, and good urinary clearance.
Relative to depreotide, the new clinical candidate peptide39
has dramatically improved tumor uptake (25 %ID/g vs 7 %ID/
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g), 30-fold decreased kidney retention (5 %ID/g vs 152 %ID/
g), and substantially increased urinary clearance (59 %ID vs
15 %ID).

A biodistribution study was done with Tc-99m (39) and Re-
188 (39) in AR42J mice at 4 and 24 h timepoints to compare
the technetium and rhenium complexes in thein ViVo animal
model as well as to evaluate the biodistribution beyond 1.5 h.
The results (Table 7) show quite clearly that the biological
properties of the Re-188 compound are nearly identical to the
Tc-99m compound. The one exception is the pancreas, where
uptake is higher for the Tc-99m analogue vs the Re-188
analogue (7.5 vs 4.1% ID/g at 4 h). By 24 h, the pancreas results
have dropped to comparable levels (2.3 vs 1.2% ID/g). There
is also a slight increase in hepatobiliary uptake/clearance for
the Tc-99m peptide relative to the Re-188 peptide at the later
timepoint, and the Tc-99m analogue has lower blood and spleen
values at the earlier timepoint, but all the values are quite low
and therefore essentially the same. These results confirm the
equivalence of the Tc-99m and Re-188 in this animal model
and justify our decision to use Tc-99m complexes to optimize
the Re-188 peptide. The later timepoint results also demonstrate
that the radiolabeled peptide is retained in the tumor for long
periods (>18 %ID/g) at 24 h and therefore is well-suited for
radiotherapy.

Conclusions

A promising peptide agent for radiotherapy of SSTR-
expressing tumors has been developed:39. The cyclic soma-
tostatin analogue peptides comprising hexapeptide pharmaco-
phores and metal chelator amino acid sequences that were
originally designed for complexing Tc-99m in the commercial
radiodiagnostic agent Tc-99m depreotide have been adapted for
radiotherapy withâ--emitting rhenium isotopes. Pharmacophore
peptides were optimized by testing derivatives forin Vitro
binding affinity to AR42J rat pancreatic tumor cell membranes.
Subsequently peptides with chelating domains and their oxo-
rhenium complexes were tested forin Vitro binding to NCI H69
human SCLC tumor membranes, and low- to sub-nanomolar
binding (IC50) was observed. Final optimization of the peptide
agent was accomplished throughin ViVo biodistribution studies
in AR42J tumor xenograft mice using Tc-99m radiolabeled
complexes. The biological equivalence of the technetium and
rhenium compounds was subsequently confirmed in comparison
biodistribution studies of the Re-188 vs Tc-99m (39). The charge
on the metal complex appeared to have an important influence
on the biological properties of the agents, particularly the tumor
and kidney uptake. Peptides possessing neutral N3S diamide
amine thiol chelators appeared to have better biological proper-
ties relative to negatively charged triamide thiol chelators.
Substituting an aromatic amino acid into the diamide amine thiol
chelatorâ-Dap-X-Cys had a profoundly beneficial effect on
(approximately doubled) the tumor uptake of the peptides.
Radiolabeled39 has dramatically improved tumor uptake,
substantially lower kidney retention, and increased urinary
clearance relative to the commercial radiodiagnostic agent Tc-
99m depreotide. It also has prolonged retention in the tumor,
and is well-suited for radiotherapy of solid tumors. The Re-
188 complex of39was selected for evaluation in clinical studies
for treatment of lung cancer.

Experimental Section

Symbols and abbreviations generally follow the IUPAC-IUB
recommendations as published inInt. J. Pept. Protein Res.(1984,
24, 9-37). Amino acids were of theL-configuration unless stated

otherwise. All protected amino acids used were purchased from
Bachem, Novabiochem, or Advanced Chemtech and used as is.
Rhenium oxo complexes of the peptides were prepared as described
previously.17 Other chemicals and solvents were purchased from
either Aldrich, Perseptive Biosystems, Applied Biosystems, EM
Science, Burdick and Jackson, Fluka, or VWR Scientific and used
as is. Aldrich SureSeal solvents were used when anhydrous
conditions were necessary. When indicated, an automated Applied
Biosystems 431A peptide synthesizer was used. For manual peptide
synthesis, the reaction vessel used was purchased from Safe-Lab,
Santee, CA. Analytical HPLC measurements were made on a
Waters system using a Vydac C18 column, 5 micron particle size,
300 Å pore size, 4.6× 250 mm at a flow rate 1.2 mL/min, and
with 0.1% TFA mobile phases in acetonitrile/water. Preparative
HPLC was performed on a Waters LC-4000 system using a 4×
32.5 cm C18 Delta Pak preparative HPLC column with the same
(TFA) mobile phases as described above for the analytical runs.
Fast atom bombardment mass spectra (FABMS) were obtained by
M-Scan using a VG Analytical ZAB 2-SE instrument.

After amino acid coupling, quantitative analysis via a ninhydrin
test was performed as follows: A 3-10 mg sample of resin was
placed in a test tube. A phenol/ethanol (76:24) solution (75µL)
was added to the resin sample followed by the addition of 0.2 mM
KCN/pyridine (100µL) and 0.28 M ninhydrin in ethanol (75µL).
The tubes were heated at 100°C for 5 min and diluted with 4.80
mL of ethanol/water (60:40). The color of the resulting solution
was observed visually. If the color of the solution was blue,
unreacted free amine was present, indicating that the coupling
reaction was not completed.

L-Phenylalanyl-N-methyl-S-trityl- L-homocysteinyl-O-tert-bu-
tyl-L-tyrosinyl-Nin-Boc-D-tryptophanyl- N-E-Boc-L-lysinyl-O-tert-
butyl-L-threonine (protected linear peptide). O-tert-Butyl-L-
threonine supported on 2-chlorotrityl resin (9.09 g, 1.1 mmol/g,
10 mmol) was sequentially coupled toN-R-Fmoc-N-ε-Boc-L-lysine,
N-R-Fmoc-Nin-Boc-D-tryptophan,N-Fmoc-O-tert-butyl-L-tyrosine,
andN-Fmoc-N-methyl-S-trityl-L-homocysteine using the following
solid-phase peptide synthesis protocol: In a manual peptide
synthesis vessel, the resin supported threonine was washed with
NMP (25 mL, 3× 1 min) with agitation by bubbling with argon
gas. The final NMP wash was drained from the resin. Separately,
N-R-Fmoc-N-ε-Boc-L-lysine (11.7 g, 25 mmol), HATU reagent
(9.51 g, 25 mmol), and HOAt (3.40 g, 25 mmol) were dissolved in
NMP (70 mL). Diisopropylethylamine (8.7 mL, 50 mmol) was
added to the amino acid solution followed by swirling for 2 min.
The resulting activated amino acid solution was added to the vessel
containing the resin-supported N-terminal free amine. The resin
was agitated by bubbling with argon gas for 2 h followed by
draining away the reaction solution. The resin was washed with
DMF (75 mL, three times), dichloromethane (75 mL, three times),
and DMF (75 mL, three times). The completeness of coupling
reaction was determined by qualitative ninhydrin analysis on a small
sample of resin. If the ninhydrin analysis indicated that the coupling
was incomplete, the resin was reacted with activated amino acid
precursor once more on a half-scale for 2 h. Once ninhydrin analysis
indicated the coupling to be complete, the N-terminal Fmoc group
was then removed by treating the resin with 5% piperidine in 1:1
(v/v) NMP/DCM (75 mL) for 10 min, followed by treatment with
20% piperidine/NMP (75 mL) for 15 min. The resin was subse-
quently washed with DMF (75 mL, three times) and DCM (75 mL,
three times).

As performed above, in four sequential procedures,N-R-Fmoc-
Nin-Boc-D-tryptophan (13.2 g, 25 mmol then 6.6 g, 12.5 mmol),
N-Fmoc-O-tert-butyl-L-tyrosine (11.5 g, 25 mmol then 5.75 g, 12.5
mmol),N-Fmoc-N-methyl-S-trityl-L-homocysteine (15.0 g, 25 mmol
then 7.5 g, 12.5 mmol), andN-Fmoc-phenylalanine (9.7 g, 25 mmol)
were similarly reacted with the resin-supported peptide followed
by Fmoc group removal to produce l-phenylalanyl-N-methyl-S-
trityl-L-homocysteinyl-O-tert-butyl-L-tyrosinyl-Nin-Boc-D-tryptopha-
nyl-N-ε-Boc-L-lysinyl-O-tert-butyl-L-threonine-2-chlorotrityl resin.
The coupling of the last amino acid (Phe) was monitored by HPLC
rather than ninhydrin analysis with a small-scale cleavage from the
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resin to generate the HPLC sample as follows: a small portion of
resin (approximately 20-40 beads) was treated with 1:4 (v/v)
hexafluoro-2-propanol/DCM (200µL) for 5 min to affect cleavage
of the protected peptide from the resin. A portion of this cleavage
mixture (15µL) was diluted with 0.1% TFA (v/v) in 90:10 (v/v)
acetonitrile water (150µL) and examined by HPLC analysis.
Solvent A) 0.1% TFA in water; Solvent B) 0.1% TFA in 90/10
ACN/water. Gradient) 50-100% B over 20 min (product retention
time ) 19.9 min).

The resin-supported peptide was treated with 1:4 (v/v) hexafluoro-
2-propanol/DCM (75 mL, 2× 10 min) with subsequent collection
of the cleavage solution into a 1000 mL round-bottom flask. The
resin was washed with DCM (75 mL, 4× 5 min), adding each
wash to the round-bottom containing the cleavage solution. The
volatiles were removed on a rotory evaporatorin Vacuo to yield
protected linear hexapeptide. Some of the material was dissolved
in Solvent B and analyzed by HPLC using the same procedure as
described above (product retention time) 19.9 min).

cyclo-[L-Phenylalanyl-N-methyl-L-homocysteinyl-L-tyrosinyl-
D-tryptophanyl- L-lysinyl-L-threoninyl] (13). The linear protected
hexapeptide was dissolved in anhydrous DMF (400 mL) in a dry
1000 mL round-bottom flask under an atmosphere of argon. To
this solution was added diisopropylethylamine (1.75 mL, 10 mmol)
followed by the addition of HATU reagent (3.8 g, 10 mmol). The
reaction mixture was stirred under an atmosphere of argon for 1.5
h, at which time HPLC analysis (same method as described above)
indicated that the cyclization was complete (cyclic protected peptide
retention time) 23.55 min). A solution of 1% (v/v) TFA in H2O
(80 mL) was added, and the reaction mixture was concentratedin
Vacuoto dryness in a rotory evaporator under high vacuum. After
drying, the crude peptide was treated with DCM (120 mL), and
the resulting suspension was allowed to stand for 0.5 h. The solution
was filtered through a scintered glass funnel and the solid in the
funnel washed with additional DCM (20 mL). The combined DCM
solutions were treated with triisopropylsilane (3.0 mL) and
ethanedithiol (3.0 mL), followed by the addition of a mixture of
95:5 (v/v) TFA/H2O (140 mL). The deprotection solution was
allowed to stand for 1 h, and the volatiles were removedin Vacuo
on a rotory evaporator under high vacuum. The residue was
dissolved in 0.1% TFA (v/v) in 90:10 (v/v) acetonitrile/water
(Solvent B, 100 mL) and diluted with 0.1% TFA (v/v) in water
(Solvent A, 300 mL). The resulting cloudy suspension was allowed
to stand for 15 min and filtered through a pad of Celite. The Celite
pad was washed with a 3:1 mixture of Solvent A/Solvent B and
the wash combined with the filtrate recovered previously. Crude
13 product was analyzed by HPLC using the same HPLC method
as described above, except with a 20-50% B gradient over 20 min
(retention time) 16.5 min).

The product was purified by preparative reversed-phase HPLC
as follows: The solution of crude product was divided into three
equal portions of about 150 mL and each separately applied to a
preparative C18 HPLC column which had been equilibrated in
Solvent A. The column was eluted at 75 mL/min. with a linear
gradient of 100:0 to 72:28 A/B over 10 min and kept at 72:28 A/B
for 10 min. This was followed by a 72:28 to 67:33 A/B gradient
over 35 min. Fractions were collected and analyzed by HPLC using
the same HPLC method as described above, except with a 30-
35% B gradient over 20 min (retention time) 15.4 min). Fractions
containing13product with a purity of>95% were pooled. Fractions
containing product with a purity of 50% to 95% were repurified
by conditions identical to that above and pure fractions from the
repurification were combined with the pure fractions from the initial
chromatography. Acetonitrile was removed from the final pool of
pure product by evaporationin Vacuoon a rotory evaporator, and
the resulting aqueous solution was frozen and lyophilized. The yield
of 13 after lyophilization was 1.1 g. Analytical HPLC of the final
(13) material showed purity>96%. The13pharmacophore peptide
was also confirmed by electrospray mass spectrometry.

N-â-Chloroacetyl-N-r-Boc-L-diaminopropionyl-L-4-Boc-ami-
nophenylalanyl-S-trityl- L-cysteinyl-O-tert-butyl- L-threonyl-O-
tert-butyl-L-serinyl-2-chlorotrityl Resin. O-tert-Butyl-L-serine

supported on 2-chlorotrityl resin (7.2 g, 1.0 mmol/g, 7.2 mmol)
was sequentially coupled toN-Fmoc-O-tert-butyl-L-threonine,N-
Fmoc-S-trityl- L-cysteine,N-R-Fmoc-L-4-Boc-aminophenylalanine,
N-R-Boc-N-â-Fmoc-L-diaminopropionic acid, and chloroacetic acid
using the following solid-phase peptide synthesis protocol (DIC
was used for coupling cysteine and diaminopropionic acid instead
of HBTU reagent40): In a manual peptide synthesis vessel the resin-
supported serine was washed with NMP (75 mL, 3× 1 min) with
agitation by bubbling with argon gas. The final NMP wash was
drained from the resin. Separately,N-Fmoc-O-tert-butyl-L-threonine
(7.16 g, 18 mmol) was dissolved in NMP (20 mL), and to this
solution was added a 1:1 mixture of HBTU reagent and HOBt in
DMF (0.45 M, 39.6 mL, 18 mmol), followed by the addition of
diisopropylethylamine (6.3 mL, 36 mmol). The resulting activated
amino acid solution was swirled for 2 min and added to the vessel
containing the resin-supported N-terminal free amine. The resin
was agitated by bubbling with argon gas for 2 h followed by
draining away the reaction solution. The resin was washed with
DMF (75 mL, three times), dichloromethane (75 mL, three times),
and DMF (75 mL, three times). The completeness of coupling
reaction was determined by qualitative ninhydrin analysis on a small
sample of resin. If the ninhydrin analysis indicated that the coupling
was incomplete, the resin was reacted with activated amino acid
precursor once more for 2 h. Once ninhydrin analysis indicated
the coupling to be complete, the N-terminal Fmoc group was then
removed by treating the resin with 5% piperidine in 1:1 (v/v) NMP/
DCM (75 mL) for 10 min, followed by treatment with 20%
piperidine/NMP (75 mL) for 15 min. The resin was subsequently
washed with DMF (75 mL, three times) and DCM (75 mL, three
times).

The conditions for the couplings withN-Fmoc-S-trityl-L-cysteine
andN-R-Boc-N-â-Fmoc-L-diaminopropionic acid were identical to
those describe above except diisopropylcarbodiimide (2.8 mL, 18
mmol) and HOBt (2.43 g, 18 mmol) was used instead of HBTU
reagent and diisopropylethylamine. As performed above, in four
sequential proceduresN-Fmoc-S-trityl- L-cysteine (10.54 g, 18
mmol),N-R-Fmoc-L-4-Boc-aminophenylalanine (5.03 g, 10 mmol),
andN-R-Boc-N-â-Fmoc-L-diaminopropionic acid (4.27 g, 10 mmol)
were similarly reacted with the resin-supported peptide followed
by Fmoc group removal to produceN-R-Boc-L-diaminopropionyl-
4-Boc-amino-L-phenylalanyl-S-trityl- L-cysteinyl-O-tert-butyl-L-
threonyl-O-tert-butyl-L-serinyl-2-chlorotrityl resin. Theâ-amino of
the N-terminal diaminopropionic acid residue was reacted with
chloroacetic acid (1.70 g, 18 mmol) using HBTU reagent and DIEA
as described above for threonine and 4-aminophenylalanine to
produce N-â-Chloroacetyl-N-R-Boc-L-diaminopropionyl-4-Boc-
amino-L-phenylalanyl-S-trityl- L-cysteinyl-O-tert-butyl-L-threonyl-
O-tert-butyl-L-serinyl-2-chlorotrityl resin. This intermediate was
examined by HPLC analysis using the 50-100% B gradient as
follows: a small portion of resin (approximately 20-40 beads) was
treated with 1:4 (v/v) hexafluoro-2-propanol/DCM (200µL) for 5
min to affect cleavage of the protected peptide from the resin. A
portion of this cleavage mixture (15µL) was diluted with 0.1%
TFA (v/v) in 90:10 (v/v) acetonitrile water (150µL) and examined
by HPLC analysis. (retention time) 21.10 min).

N-â-Chloroacetyl-L-diaminopropionyl-4-amino-L-phenylala-
nyl-S-trityl- L-cysteinyl-L-threonyl-L-serine (25).Resin-supported
peptideN-â-Chloroacetyl-N-R-Boc-L-diaminopropionyl-L-4-Boc-
aminophenylalanyl-S-trityl- L-cysteinyl-O-tert-butyl-L-threonyl-O-
tert-butyl-L-serinyl-2-chlorotrityl resin was treated with 95:5 (v/v)
TFA/H2O (100 mL) for 1.5 h. The volatiles were removed on a
rotory evaporator, the residue was treated with chloroform (100
mL), and the chloroform then removed on a rotory evaporator. The
treatment with chloroform was repeated several times until the
yellow/orange color of the solution and residue disappeared.
Disappearance of the yellow/orange color is indicative of the loss
of the trityl carbocation and reattachment of the trityl group to the
cysteine side-chain sulfhydryl.25 was purified by preparative
reversed-phase HPLC as follows: Crude product was dissolved in
0.1% TFA (v/v) in 1:1 (v/v) CH3CN/H2O and divided into two
equal portions. Each portion was separately diluted with 0.1% (v/
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v) TFA/H2O (Solvent A) and loaded onto a preparative C18 HPLC
column which had been equilibrated in Solvent A. The column was
eluted at 75 mL/min. with Solvent A for 5 min, a 2:8 mixture of
Solvent B/Solvent A for 8 min (SolventB ) 0.1% TFA (v/v) in
90:10 (v/v) CH3CN/H2O), a 3:7 mixture of Solvent B/Solvent A
for 15 min, followed by a flush with Solvent B for 10 min. The
effluent was monitored by UV at 240 nm, and fractions were
collected and analyzed by HPLC using the same conditions as
described above except with a 20-50% B gradient. Fractions
containing 25 product with a purity of >90% were pooled.
Acetonitrile was removed from the final pool of pure product by
evaporationin Vacuo on a rotory evaporator, and the resulting
aqueous solution was frozen and lyophilized. The yield of chloro-
acetylated peptide25 was 2.0 g. An analytical HPLC of this
intermediate showed purity>98% (product retention time) 17.94
min). The mass of the peptide was confirmed by electrospray mass
spectrometry.

cyclo-[L-Phenylalanyl-S-(acetyl-L-diaminopropionyl-L-4-ami-
nophenylalanyl-L-cysteinyl-L-threonyl-L-serine)-N-methyl-L-ho-
mocysteinyl-L-tyrosinyl-D-tryptophanyl- L-lysinyl-L-threoninyl]
(39).A 0.15 M carbonate buffer was prepared as follows: Sodium
hydrogen carbonate (12.6 g) was dissolved in deionized water (900
mL), and to this solution was added 0.1 M EDTA, disodium salt
(10 mL). Addition of 1.0 M NaOH to the solution above was then
carried out until a pH of 10.00 was reached. Separately,13
trifluroroacetate (1.00 g, 1.03 mmol) and25ditrifluoroacetate (1.22
g, 1.10 mmol) were combined in a 1000 mL round-bottom flask,
and the atmosphere was purged with argon gas. To the solids were
added argon-sparged acetonitrile (100 mL) and argon-sparged 0.15
M carbonate buffer (pH) 10.0, 100 mL). The progress of the
reaction was monitored by HPLC using the 20-50% B gradient
(retention time of39(Trt) ) 20.4 min, retention time of13 ) 18.7
min, retention time of25 ) 19.0 min). After 24 h, 1.0% (v/v) TFA
in H2O was added to the reaction mixture and the volume of the
solution was reduced to about half volume by evaporationin Vacuo
on a rotory evaporator. The remaining aqueous solution was frozen
and lyophilized to yield a white solid (5.35 g).

Crude39(Trt) (5.32 g) was placed in a 1000 mL round-bottom
flask equipped with a magnetic stir bar. Triisopropylsilane (2.5 mL)
was added followed by the addition of 1:1 (v/v) TFA/DCM (125
mL). The reaction mixture was stirred for 30 min, and the volatiles
were removedin Vacuoon a rotory evaporator. The residue was
dissolved in 0.1% (v/v) TFA in 90:10 (v/v) acetonitrile/water
(Solvent B, 50 mL), and the solution was diluted with 0.1% TFA
(v/v) in water (Solvent A, 450 mL). The resulting suspension was
filtered through a pad of Celite (prepared in 9:1 Solvent A/Solvent
B), and the Celite pad was washed with 9:1 Solvent A/Solvent B
(2 × 100 mL). Crude39 product was analyzed by HPLC also with
the 20-50% B gradient (retention time) 13.8 min).

The product was purified by preparative reversed-phase HPLC
as follows: The combined filtrate and washes were applied to a
preparative C18 HPLC column which had been equilibrated in 90:
10 Solvent A/Solvent B. The column was eluted at 75 mL/min
with a linear gradient of 90:10 to 85:15 A/B for 5 min followed by
a gradient of 85:15 A/B to 77:23 A/B over 40 min. Fractions were
collected and analyzed by HPLC using a 20-25% B over 20 min
gradient. Fractions containing product with a purity of>95% were
pooled, and acetonitrile was removed from the final pool of purified
product by evaporationin Vacuo on a rotory evaporator. The
resulting aqueous solution was frozen and lyophilized. The yield
of 39 was 1.30 g. An analytical HPLC of the final product showd
purity >97%. The mass of39was confirmed by electrospray mass
spectrometry.

Tc-99m Radiolabeled Peptides.Tc-99m pertechnetate TcO4
-

was obtained from a commercial Mo-99/Tc-99m generator (Du-
pont). “Placebo” kits were prepared containing all components
(lyophilized) necessary to radiolabel with Tc-99m except the
peptides in a 5 mLvial, stoppered under nitrogen. The placebo kit
vials contained 5 mg of sodiumR-D-glucoheptonate dihydrate, 100
of µg edetate disodium (EDTA), and 50 ofµg tin(II) chloride
dihydrate at pH 7.4. Peptides to be radiolabeled were dissolved in

normal saline at 1 mg/mL, and 100µg (100 µL) of peptide was
added to placebo kits. Vials were reconstituted with normal saline/
generator eluate totaling 1.0 mL containing 25-50 mCi 99mTcO4

-

and heated for 10 min in a boiling water bath. After cooling the
vials at room-temperature forg10 min, the Tc-99m complexes were
tested for radiochemical purity (RCP) by thin-layer chromatography
(TLC) and analytical reversed phase HPLC.

TLC was done on ITLC SG strips (Gelman) and developed in
saturated NaCl/saline (SAS), 1:1 methanol:1 M ammonium acetate
in water (MAM), and methyl ethyl ketone (MEK). In the SAS TLC
system, Tc-99m peptide and Tc-99m nonmobile impurities remain
at the origin, while in the MAM TLC system, only Tc-99m
nonmobiles remain at the origin. In the MEK system, all Tc-99m
species except Tc-99m pertechnetate remain at the origin. TLC RCP
(% Tc-99m peptide) was calculated as (% origin SAS)- (% origin
MAM), and % Tc-99m pertechnetate was calculated as % solvent
front MEK. In all cases, the TLC RCP was greater than 95%.

RCP of the Tc-99m peptides was also determined by analytical
reversed phase HPLC on a Zorbax 300SB C18 column (Agilent, 5
µm, 4.6× 250 mm) with 0.1% trifluoroacetic acid in acetonitrile/
water. The flow rate was 1.2 mL/min, and detection was radio-
metric. A typical HPLC gradient was 20-50% B over 20 min,
where A ) 0.1% TFA in water, B ) 0.1% TFA in 90/10
acetonitrile/water. Gradients were adjusted such that the Tc-99m
peptide species eluted at retention time) 10-20 min (20 min
gradient). HPLC RCP was calculated as the % area of the main
Tc-99m peptide peak(s). In all cases, the HPLC RCP was greater
than 85%.

Re-188 (39).Re-188 perrhenate ReO4
- was obtained from a

W-188/Re-188 generator (Oak Ridge National Labs). The placebo
kit described above for Tc-99m radiolabeling was also used for
the Re-188 radiolabeling, and additional stannous tin was used.
Therefore, 100µg (100 µL) of peptide in saline was added to a
placebo kit, followed by 1200µg of SnCl2·2H2O as 120µL of a
10 mg/mL solution in ethanol (used immediately after dissolution).
The vial was reconstituted with normal saline/generator eluate
totaling 1.5 mL containing 30 mCi188ReO4

- and heated for 15
min in a boiling water bath. After cooling the vials at room-
temperature forg10 min, a second vial containing freeze-dried
ascorbic acid (10 mg) and sodium gentisate monohydrate (20 mg)
radiolytic stabilizers was reconstituted with 2 mL of saline, and
the entire volume was added to the first vial containing the
radiolabeled peptides. The Re-188 (39) was tested for radiochemical
purity (RCP) by thin-layer chromatography (TLC) using the same
methods as described above for the Tc-99m peptides and by a
similar analytical reversed phase HPLC method utilizing a 50-
54% B gradient over 25 min.

Pharmacophore Binding Affinity . [125I]Somatostatin-14 ([125I]-
SRIF-14) was obtained from Amersham. Unlabeled SRIF-14 was
purchased either from Bachem or from Sigma. Protease inhibitors,
leupeptin, aprotinin, bacitracin, and benzamidine and other reagents
were obtained from Sigma. Protease inhibitors were prepared in
DMSO at a concentration 500× higher than the final assay
concentration. The prepared protease solution was stored at-20
°C and diluted with buffer solution before use.

Membrane preparations used in these studies were prepared from
two commercially available tumor cell lines, the human small cell
lung cancer line NCI-H69, and the rat pancreatic tumor cell line
AR42J, obtained from American Type Culture Collection (ATCC).
NCI-H69 cells were maintained by serial passage in RPM1 1640
with 10% fetal calf serum. Cells in culture flasks were incubated
at 37°C with 5% CO2 in air atmosphere following recommendations
from the supplier.

Cultured cells were first detached from plates with phosphate-
buffered saline, pH 7.4, containing 2 mM EDTA, and centrifuged
at 1500g for 10 min. Cells were then resuspended in 5-10 mL of
the homogenization buffer (1 mM sodium bicarbonate, pH 7.4, 1
mM EDTA, 1 mM EGTA, 2.5 mM DTT, 5µg/mL leupeptin, 5
µg/mL aprotinin, 100µg/mL bacitracin, 100µg/mL benzamidine)
for 10 min on ice. The cells were lysed for 30 s twice in a polytron.
The lysate was centrifuged at 1000g for 10 min at 4°C. This step
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was repeated twice with the homogenation buffer in the absence
of protease inhibitors. The pellet was then resuspended at 1-5 mg
membrane protein/mL in 25 mM Tris, pH 7.4, without the addition
of protease inhibitors, and the membranes were stored at-80 °C
before use. Membrane protein concentration was determined
spectroscopically using bicinchonic acid (BCA) protein assay kit
(Pierce Chemical Inc.).

All [ 125I]SRIF-14 binding assays were performed in 0.5 mL of
binding buffer containing 50 mM HEPES, pH 7.5, 10 mM MgCl2,
0.25% BSA (w/v) containing protease inhibitors (same as above)
and incubated at 37°C for 45 min. After incubation, samples were
kept at 4°C and rapidly filtered under vacuum through a Whatman
GF/B glass fiber filter with a 12-well harvester (Skatron Instruments
Inc). The filter was washed for 9 s with cold 50 mM HEPES, pH
7.5, 10 mM MgCl2, 0.25% BSA (w/v). Thirty five pmoles of [125I]-
SRIF-14 was used in each tube. Peptides were dissolved in DMSO
and serially diluted with DMSO. Five microliters of peptide solution
in DMSO was used to obtain the final concentration (0.01 nM to
100 nM). DMSO (5µL) was added to the tube without any peptide
or unlabeled somatostatin, so that each tube contained 1% DMSO.
All compounds were tested in duplicate at five different concentra-
tions.

The maximal specific binding was calculated by subtracting
nonspecific binding from total binding in the absence of soma-
tostatin. Nonspecific binding was defined as the binding of [125I]-
SRIF-14 which was not displaceable with an excess (1× 10-6 M)
of unlabeled somatostatin-14. The bound [125I]SRIF-14 without
excess unlabeled somatostatin-14 added was defined as total
binding. The difference between total and nonspecific binding was
defined as specific binding. The percent inhibition (% inh) was
expressed as

Inclusion of protease inhibitors in the homogenizing medium as
well as assay buffer was essential to maintain the integrity of both
[125I]SRIF-14 and somatostatin analogues for the receptor binding
assay and to obtain optimal specific binding. The highest specific
binding was observed when MgCl2 (10 mM) was included.
Mamebranes were finally resuspended in a sodium-free medium,
and receptor binding assays were performed in the absence of
sodium ions.

The potency of the compounds in inhibiting the binding of [125I]-
SRIF-14 to isolated membranes was expressed as the IC50, defined
as the concentration of compound inhibiting 50% of the specific
binding. Binding isotherms indicated that many compounds bound
to two classes of receptors. IC50 values were calculated from the
data by computerized nonlinear least-squares curve fitting program
(GraphPad Prism) assuming two classes of receptor binding sites.

Biodistribution Studies. Rat panceatic AR42J cells (ATCC)
were grown in Modified Ham’s F12K medium (Sigma) containing
20% fetal bovine serum (FCS) (Sigma) under sterile conditions in
95% humidity and 5% CO2. At a density of approximately 10×
106 cells per T150 flask, the cells were harvested with trypsin and
collected by centrifugation at 2400 rpm (800g) for 15 min in a
benchtop centrifuge. The cells were resuspended in medium
containing 20% FCS for implantation.

Six female nude mice (CrlLNU/NU-nuBR, 6-8 weeks old) were
injected subcutaneously into the right flank with tumor cells (2×
107/100µL) in 20% matrigel (Collaborative Biomedical Products).
Fourteen days after inoculation, tumors were visible in all animals.
Three weeks after inoculation, tumors were aseptically dissected,
minced, and implanted into 60 nude mice using a trochar. The tumor
xenografts from the second passage were used for biodistribution
studies.

A dose of approximately 50-100µCi Tc-99m or Re-188 peptide/
mouse was injected intravenously in a total volume of 100µL.
Mice were sacrificed 90 min, 4 h, or 24 h postinjection by
decapitation, and the trunk blood was collected. Tumors (one to

three per mouse), liver, lung, spleen, pancreas, gastrointestinal tract,
kidneys, urine, and samples of muscle from both legs (quadriceps
femoralis) were collected, weighed, and counted for radioactivity.

Supporting Information Available: Cyclic peptide pharma-
cophore MS results, chloroacetyl precursor MS results, and phar-
macophore-chelator conjugate (final peptide) MS results. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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