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The purpose of this study was to examine the profound effects
of the amino acid linkers on the melanoma-targeting and pharma-
cokinetic properties of ''In-labeled lactam bridge—cyclized
DOTA-[X]-CycMSHex {1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid-[X]-c[Asp-His-DPhe-Arg-Trp-Lys]-CONH,; X =
GGNIle, GENIe, or NleGE; GG = -Gly-Gly- and GE = -Gly-Glu-}
peptides. Methods: Three novel peptides (DOTA-GGNIle-
CycMSH;cx, DOTA-GENIe-CycMSH;ox, and DOTA-NIeGE-
CycMSH,.,) were designed and synthesized. The melanocortin-1
(MC1) receptor-binding affinities of the peptides were deter-
mined in B16/F1 melanoma cells. The melanoma-targeting and
pharmacokinetic properties of ''In-DOTA-GGNle-CycMSH;,ex
and '"In-DOTA-GENIe-CycMSH,., Were determined in B16/F1
melanoma-bearing C57 mice. Results: DOTA-GGNIe-
CycMSH;x and DOTA-GENIe-CycMSH,,ox displayed 2.1 and
11.5 nM MC1 receptor-binding affinities, whereas DOTA-NIeGE-
CycMSH;ex showed 873.4 nM MC1 receptor-binding affinity.
The introduction of the -GG- linker maintained high melanoma
uptake while decreasing kidney and liver uptake of '''In-DOTA-
GGNIe-CycMSHex. The tumor uptake of 11In-DOTA-GGNIle-
CycMSH;ex Was 19.05 *= 5.04 and 18.6 *+ 3.56 percentage
injected dose per gram at 2 and 4 h after injection, respectively.
111In-DOTA-GGNIe-CycMSHpex exhibited 28%, 32%, and 42%
less kidney uptake than '"1In-DOTA-Nle-CycMSH,..x we re-
ported previously, and 61%, 65%, and 68% less liver uptake
than ""1In-DOTA-Nle-CycMSH,, at 2, 4, and 24 h after injec-
tion, respectively. Conclusion: The amino acid linkers exhibited
profound effects on the melanoma-targeting and pharmacoki-
netic properties of the '''In-labeled lactam bridge—cyclized
a-melanocyte-stimulating hormone peptides. Introduction
of the -GG- linker maintained high melanoma uptake while
reducing kidney and liver uptake of '''In-DOTA-GGNIe-
CycMSH;ex, highlighting its potential as an effective imaging
probe for melanoma detection, as well as a therapeutic pep-
tide for melanoma treatment when labeled with a therapeutic
radionuclide.
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Over the last decade, both radiolabeled linear and cy-
clized a-melanocyte—stimulating hormone (a-MSH) pep-
tides have been designed to target G protein—coupled
melanocortin-1 (MC1) receptors (/-5) for melanoma radio-
imaging and radiotherapy (6-20). Because of the stabiliza-
tion of secondary structures (i.e., (B-turns), the cyclic
peptides possess less conformational freedom and higher
stability than the linear peptides. Furthermore, the stabili-
zation of secondary structures makes the cyclic peptides
better fit the receptor-binding pocket, thus enhancing
their receptor-binding affinities. Presently, disulfide bond,
metal, and lactam bridge have been successfully used
to cyclize the radiolabeled a-MSH peptides (9-13,15-20).
Among these cyclization strategies, metal and lactam
bridge cyclization resulted in greater tumor uptake and
lower kidney uptake of the radiolabeled a-MSH peptides
than the disulfide bridge cyclization (/2,13,15-20).

We have successfully developed a class of '!'In-labeled
lactam bridge—cyclized DOTA-conjugated a-MSH peptides
for primary and metastatic melanoma detection (/5-19).
Initially, a Lys-Asp lactam bridge was used to cyclize the
MCI receptor—binding motif (His-DPhe-Arg-Trp) to yield a
12—amino acid cyclic a-MSH peptide {CycMSH: c[Lys-
Nle-Glu-His-DPhe-Arg-Trp-Gly-Arg-Pro-Val-Asp]}. DOTA
was conjugated to the N terminus of the CycMSH with or
without an amino acid linker (-Gly-Glu- [GE]) for radiolab-
eling. ''"In-DOTA-GlyGlu-CycMSH displayed high mela-
noma uptake (10.40 = 1.40 percentage injected dose [%
ID]/g at 2 h after injection) in B16/F1 melanoma-bearing
C57 mice (15). When !''"In-DOTA-GlyGlu-CycMSH was
used as an imaging probe, both flank primary and pulmonary
metastatic melanoma lesions could be clearly visualized by
small-animal SPECT/CT (15,16).
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Recently, we identified another DOTA-conjugated lactam
bridge—cyclized a-MSH peptide with a 6—amino acid peptide
ring { DOTA-Nle-CycMSH;,.x: DOTA-Nle-c[Asp-His-DPhe-
Arg-Trp-Lys]-CONH,} for melanoma targeting. The recep-
tor-binding motif of His-pDPhe-Arg-Trp was directly cyclized
by an Asp-Lys lactam bridge. Interestingly, reduction of the
ring size dramatically enhanced melanoma uptake (19.39 =
1.65 %ID/g at 2 h after injection) and reduced kidney uptake
(9.52 * 0.44 %ID/g at 2 h after injection) of '''In-DOTA-
Nle-CycMSHy,,, compared with !1In-DOTA-GlyGlu-CycMSH,
in B16/F1 melanoma—bearing C57 mice (I5,19).

Hydrocarbon, amino acid, and polyethylene glycol linkers
displayed profound favorable effects on the receptor-binding
affinities and pharmacokinetics of radiolabeled bombesin (2 /—
25), RGD (26-29), and a-MSH peptides (15,16). To examine
the effects of the amino acid linkers on melanoma-targeting
and pharmacokinetic properties, we designed 3 novel DOTA-
conjugated lactam bridge—cyclized CycMSHj,. peptides with
different amino acid linkers in this study based on the unique
structure of DOTA-NIe-CycMSHj,.x we previously reported (/9).
A neutral -Gly-Gly- (GG) linker and a negatively charged -GE-
linker were inserted between the DOTA and Nle to generate
DOTA-GGNIle-CycMSH;,., and DOTA-GENIle-CycMSHj,ey.
Furthermore, the negatively charged -GE- linker was intro-
duced between Nle and CycMSHj,., to yield DOTA-NIeGE-
CycMSHj,c«. The MCI1 receptor-binding affinities of these 3
peptides were determined in B16/F1 melanoma cells. Only
DOTA-GGNIle-CycMSH;,ex and DOTA-GENIle-CycMSHj,ex
displayed low-nanomolar MC1 receptor—binding affinities.
Hence, we further determined the melanoma-targeting
and pharmacokinetic properties of ''In-DOTA-GGNIle-
CycMSH,,., and '''In-DOTA-GENIle-CycMSH;,., in B16/
F1 melanoma-bearing C57 mice.

MATERIALS AND METHODS

Chemicals and Reagents

Amino acids and resin were purchased from Advanced Chem-
Tech Inc. and Novabiochem. DOTA-tri-t-butyl ester was purchased
from Macrocyclics Inc. for peptide synthesis. '2°I-Tyr?-[Nle*,
pPhe’]-a-MSH (NDP-MSH) was obtained from PerkinElmer,
Inc. for in vitro receptor-binding assay. !'!'InCl; was purchased
from MDS Nordion, Inc., for radiolabeling. All other chemicals used
in this study were purchased from Thermo Fischer Scientific and used
without further purification. B16/F1 murine melanoma cells were
obtained from American Type Culture Collection.

Peptide Synthesis

New DOTA-GGNIe-CycMSHjy,.,, DOTA-GENIe-CycMSHj,y,
and DOTA-NIeGE-CycMSH;,. peptides were synthesized using
standard fluorenylmethyloxycarbonyl chemistry according to our
published procedure (/9) with modifications. Briefly, linear
peptide backbones of (tBu);DOTA-GGNIle-Asp(O-2-PhiPr)-His
(Trt)-DPhe-Arg(Pbf)-Trp(Boc)-Lys(Dde), (tBu);DOTA-GE(OtBu)-Nle-
Asp(O-2-PhiPr)-His(Trt)-pPhe-Arg(Pbf)-Trp(Boc)-Lys(Dde), and
(tBu)3;DOTA-NI1eGE(OtBu)-Asp(O-2-PhiPr)-His(Trt)-DPhe-Arg
(Pbf)-Trp(Boc)-Lys(Dde) were synthesized on Sieber Amide resin
by an Advanced ChemTech multiple-peptide synthesizer. Seventy

micromoles of resin, 210 wmol of each fluorenylmethyloxycar-
bonyl-protected amino acid, and 210 pwmol of (tBu);DOTA were
used for the synthesis. The protecting group of Dde was removed
by 2% hydrazine for peptide cyclization. The protecting group of
2-phenylisopropyl was removed, and the protected peptide was
cleaved from the resin through treatment with a mixture of 2.5%
of trifluoroacetic acid and 5% of triisopropylsilane. After the pre-
cipitation with ice-cold ether and characterization by liquid chro-
matography—mass spectroscopy, each protected peptide was
dissolved in H,O/CH3CN (50:50) and lyophilized to remove the
reagents. Then, each protected peptide was further cyclized by
coupling the carboxylic group from the Asp with the e-amino
group from the Lys. The cyclization reaction was achieved by
an overnight reaction in dimethylformamide using benzotriazole-
1-yl-oxy-tris-pyrrolidinophosphonium-hexafluorophosphate as a
coupling agent in the presence of N,N-diisopropylethylamine.
After the characterization by liquid chromatography—mass spec-
troscopy, each cyclized protected peptide was dissolved in H,O/
CH;CN (50:50) and lyophilized to remove the reagents. The pro-
tecting groups were totally removed by treatment with a mixture
of trifluoroacetic acid, thioanisole, phenol, water, ethanedithiol,
and triisopropylsilane (87.5:2.5:2.5:2.5:2.5:2.5) for 2 h at room
temperature (25°C). Each peptide was precipitated and washed
with ice-cold ether 4 times, purified by reverse-phase high-
performance liquid chromatography (RP-HPLC), and character-
ized by liquid chromatography—mass spectroscopy.

In Vitro Receptor-Binding Assay

The receptor-binding affinities (inhibitory concentration of
50% [ICsg]) of DOTA-GGNle-CycMSHjx, DOTA-GENIe-
CycMSHj,ex, and DOTA-NIeGE-CycMSHy,., were determined by
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FIGURE 1. Structures of DOTA-Nle-CycMSHex, DOTA-GGNle-

CycMSHex, DOTA-GENIe-CycMSH,ex, and DOTA-NIeGE-CycMSHey.
Structure of DOTA-Nle-CycMSH,,.x was cited from reference 19
for comparison.
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an in vitro competitive binding assay according to our published
procedure (/9), with modifications. B16/F1 cells in 24-well cell
culture plates (5 x 10° cells per well) were incubated at room tem-
perature (25°C) for 2 h with approximately 60,000 cpm of 123I-Tyr?-
NDP-MSH in the presence of a 10712 to 107> M concentration of
each peptide in 0.3 mL of binding medium {Dulbecco’s modified
Eagle’s medium with 25 mM N-(2-hydroxyethyl)-piperazine-N'-
(2-ethanesulfonic acid), pH 7.4, 0.2% bovine serum albumin,
0.3 mM 1,10-phenathroline}. The medium was aspirated after the
incubation. The cells were rinsed twice with 0.5 mL of ice-cold
0.2% bovine serum albumin (pH 7.4)/0.01 M phosphate-buffered
saline and lysed in 0.5 mL of 1N NaOH for 5 min. The activities
associated with cells were measured in a Wallac 1480 automated
v-counter (PerkinElmer). The ICs, of each peptide was calculated
using Prism software (GraphPad Software).

Peptide Radiolabeling with 111In

Since DOTA-NIeGE-CycMSH;,. exhibited at least 78-fold lower
receptor-binding affinity than DOTA-GGNle-CycMSH;e, and
DOTA-GENIe-CycMSH;,.x, we only further evaluated DOTA-
GGNle-CycMSH;,., and DOTA-GENIle-CycMSH;,.,. '''In-DOTA-
GGNle-CycMSH;,.x and '"In-DOTA-GENle-CycMSH,,., were
prepared in a 0.5 M NH,OAc-buffered solution at pH 4.5 according
to our published procedure (19). Briefly, 50 pL of '"InCl; (37-74
MBq in 0.05 M HCl aqueous solution), 10 pL of a I mg/mL peptide
aqueous solution, and 400 L of 0.5 M NH4OAc (pH 4.5) were added
to a reaction vial and incubated at 75°C for 45 min. After the incu-
bation, 10 pL of 0.5% ethylenediaminetetraacetic acid aqueous sol-
ution were added to the reaction vial to scavenge potential unbound
HIp3* jons. The radiolabeled complexes were purified to a single
species by Waters RP-HPLC on a Grace Vydac C-18 reverse-phase
analytic column using the following gradient at a 1 mL/min flow
rate. The mobile phase consisted of solvent A (20 mM HCl aqueous
solution) and solvent B (100% CH3;CN). The gradient was initiated
and kept at 82:18 A/B for 3 min followed by a linear gradient of 82:18
A/B to 72:28 A/B over 20 min. Then, the gradient was changed from
72:28 A/B to 10:90 A/B over 3 min followed by an additional 5 min
at 10:90 A/B. Thereafter, the gradient was changed from 10:90 A/B
to 82:18 A/B over 3 min. Each purified peptide sample was purged
with N, gas for 20 min to remove the acetonitrile. The pH of the final
solution was adjusted to 7.4 with 0.1 N NaOH and sterile saline for
animal studies. The in vitro serum stability of !'1In-DOTA-GGNIe-
CycMSHy,e, and ''In-DOTA-GENIle-CycMSH;,., was determined
by incubation in mouse serum at 37°C for 24 h and monitored for
degradation by RP-HPLC.

Biodistribution Studies

All animal studies were conducted with the approval of the
Institutional Animal Care and Use Committee. The pharmaco-
kinetics of ''In-DOTA-GGNIe-CycMSH;,, and !'In-DOTA-GENIe-
CycMSH;,.x were determined in B16/F1 melanoma-bearing C57
female mice (Harlan). Each C57 mouse was subcutaneously ino-
culated with 1 x 10° B16/F1 cells in the right flank to generate
B16/F1 melanoma. Ten days after inoculation, the tumor weights
reached approximately 0.2 g. Each melanoma-bearing mouse was
injected with 0.037 MBq of '''In-DOTA-GGNIe-CycMSH;,., or
n-DOTA-GENIe-CycMSH;,e via the tail vein. Groups of 5
mice were sacrificed at 0.5, 2, 4, and 24 h after injection, and tumors
and organs of interest were harvested, weighed, and counted. Blood
values were taken as 6.5% of the whole-body weight. The specific-
ities of tumor uptake of '''"In-DOTA-GGNIe-CycMSHy,, and '''In-
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DOTA-GENIe-CycMSHj,., were determined by coinjecting 10 g
(6.07 nmol) of unlabeled NDP-MSH, which is a linear a-MSH
peptide analog with picomolar MC1 receptor—binding affinity.

Melanoma Imaging

Since '''In-DOTA-GGNle-CycMSH;,, displayed more favorable
tumor targeting and pharmacokinetic properties than ' 'In-DOTA-
GENIle-CycMSH;,.«, we only further evaluated the melanoma im-
aging property of '''In-DOTA-GGNle-CycMSHy,... One B16/F1
melanoma-bearing C57 mouse (10 d after cell inoculation) was
injected with 14.8 MBq of ''In-DOTA-GGNIe-CycMSHj,., via
the tail vein. The mouse was sacrificed for small-animal SPECT/
CT (Nano-SPECT/CT; BioScan) imaging at 2 h after injection.
The CT was immediately followed by the whole-body SPECT.
SPECT scans of 24 projections were acquired. Reconstructed
SPECT and CT data were visualized and coregistered using
InVivoScope (BioScan).

Metabolites of 111In-DOTA-GGNIe-CycMSH,,., in
Melanoma and Urine

From the mouse used for SPECT/CT, both melanoma and urine
were collected for analyses of ''In-DOTA-GGNle-CycMSH;,., me-
tabolites. The tumor was homogenized for 5 min. An equal volume
of ethanol was added to the tumor sample. The tumor sample was
stirred in a vortex mixer and then centrifuged at 16,000g for 5 min.
The supernatant was transferred to a glass test tube and purged with
N, gas for 20 min to remove the ethanol. Aliquots of the supernatant
were injected into the HPLC. The urinary sample was directly cen-
trifuged at 16,000g for 5 min before the HPLC analysis. Thereafter,
aliquots of the urine were injected into the HPLC. The HPLC gra-
dient already described was used for the analyses of metabolites.

Statistical Analysis

Statistical analysis was performed using the Student ¢ test for
unpaired data. A 95% confidence level was chosen to determine
the significance of differences in tumor and kidney uptake be-
tween '"'In-DOTA-GGNle-CycMSH},., and !''In-DOTA-GENIe-
CycMSH;,y, as well as the significance of differences in tumor
and kidney uptake in '''In-DOTA-GGNle-CycMSH;,e, or '!In-
DOTA-GENIe-CycMSH;,.x with and without NDP-MSH coinjec-
tion. Differences at the 95% confidence level (P < 0.05) were
considered significant.

RESULTS

Three o-MSH peptides—DOTA-GGNle-CycMSHj,y,
DOTA-GENIe-CycMSH;y,, and DOTA-NIeGE-CycMSH;,.,—
were synthesized and purified by HPLC. All 3 peptides
displayed greater than 95% purity after HPLC purification.
The schematic structures of the peptides are shown in Fig-
ure 1. The identities of the peptides were confirmed by elec-
trospray ionization mass spectrometry. The calculated and
found molecular weights of the peptides are presented in
Table 1. The receptor-binding affinities of the peptides were
determined in B16/F1 melanoma cells. The ICsy values of
DOTA-GGNIle-CycMSH;,.,, DOTA-GENIle-CycMSH;,.x, and
DOTA-NIeGE-CycMSHjy,ex were 2.1, 11.5, and 873.4 nM in
B16/F1 cells, respectively (Table 1; Fig. 2).

We further evaluated only DOTA-GGNle-CycMSHj,.x and
DOTA-GENIe-CycMSH;,.x because both peptides displayed
low-nanomolar MC1 receptor-binding affinities. The pep-
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tides were readily labeled with '''In in 0.5 M ammonium
acetate solution at pH 4.5 with greater than 95% radiolabeling
yield. Each !''In-labeled peptide was completely separated
from its excess nonlabeled peptide by RP-HPLC. The reten-
tion times of the peptides and their '!'In-labeled conjugates are
shown in Table 1. The retention times of !!''In-DOTA-GGNle-
CycMSH,,., and '"'In-DOTA-GENIe-CycMSH,,, were 17.7
and 21.7 min, respectively. They showed greater than 98%
radiochemical purity after HPLC purification and were stable
in mouse serum at 37°C for 24 h. Only intact !!!In-labeled
conjugates were detected by RP-HPLC after 24 h of incu-
bation in mouse serum.

We further evaluated the melanoma-targeting and pharma-
cokinetic properties of ' In-DOTA-GGNle-CycMSH,,, and
H1n-DOTA-GENIe-CycMSH,,, in B16/F1 melanoma—bear-
ing C57 mice. The biodistribution results are shown in Table 2.
11Tn-DOTA-GGNle-CycMSHy, exhibited rapid, high mela-
noma uptake and prolonged tumor retention. The tumor
uptake of ''"'In-DOTA-GGNIe-CycMSH;,., was 18.39 =+
2.22 %ID/g at 0.5 h after injection and peaked at 19.05 *=
5.04 %ID/g at 2 h after injection. '''In-DOTA-GGNIle-
CycMSHjy,., displayed similar high tumor uptake (18.6 *=
3.56 %ID/g) at 4 h after injection. Even at 24 h after injec-
tion, 6.77 * 0.84 %ID/g of '''"In-DOTA-GGNIe-CycMSH; .,
activity remained in the tumor. Approximately 98% of the
tumor uptake of ''In-DOTA-GGNIe-CycMSH;,., was blocked
by 10 g (6.07 nmol) of nonradiolabeled NDP-MSH (P <
0.05), demonstrating that the tumor uptake was specific and
MC1 receptor-mediated. Whole-body clearance of !'''In-
DOTA-GGNIe-CycMSH;,. was rapid, with approximately
88.4% of the injected radioactivity cleared through the uri-
nary system by 2 h after injection. Normal-organ uptake of
n-DOTA-GGNIe-CycMSH},., was low (<1.31 %ID/g),
except for the kidneys at 2, 4, and 24 h after injection. Liver
uptake of ''"In-DOTA-GGNIe-CycMSH;,., was less than
0.61 %ID/g at 2 h after injection. Kidney uptake was
15.19 £ 2.75 %ID/g at 0.5 h after injection and decreased
to 6.84 = 0.92 %ID/g at 2 h after injection. Coinjection
of NDP-MSH did not significantly reduce kidney uptake
of the ''"In-DOTA-GGNIle-CycMSH;,, activity at 2 h af-

ter injection, indicating that kidney uptake was not MCl1
receptor—mediated. High tumor uptake and prolonged tumor
retention coupled with rapid whole-body clearance resulted
in high ratios of tumor-to-blood uptake and tumor—to—
normal-organ uptake as early as 0.5 h after injection. The
ratios of tumor-to-liver uptake for '''In-DOTA-GGNle-
CycMSH;,., were 33.42 and 31.0 at 2 and 4 h, after injec-
tion, respectively, whereas the ratios of tumor-to-kidney
uptake for !'''In-DOTA-GGNle-CycMSH,,., were 2.79
and 2.73 at 2 and 4 h after injection, respectively.

As we anticipated, !''In-DOTA-GENIle-CycMSH;,., showed
lower tumor uptake than !''In-DOTA-GGNle-CycMSH;,, at
0.5, 2, and 4 h after injection. Tumor uptake of '''In-
DOTA-GGNIe-CycMSH;,.x was 2, 2.5, and 3 times that of
In-DOTA-GENIle-CycMSH,., at 0.5, 2, and 4 h after
injection, respectively (Table 2). Coinjection of nonradioac-
tive NDP-MSH blocked 95.6% of tumor uptake at 2 h after
injection (P < 0.05), indicating that tumor uptake of '!'In-
DOTA-GENIe-CycMSH;,.x was MC1 receptor—specific. Despite
the fact that kidney uptake of '''In-DOTA-GENIe-CycMSH,.,
was similar to that of '''In-DOTA-GGNle-CycMSH,,, at 2,
4, and 24 h after injection, '''In-DOTA-GENIle-CycMSH},.,
showed 40% lower kidney uptake than ! 'In-DOTA-GGNle-
CycMSH;,., at 0.5 h after injection (P < 0.05). Kidney uptake
of """In-DOTA-GENIe-CycMSH,,., was as low as 9.06 +
2.20 %ID/g at 0.5 h after injection and decreased to 5.54 *+
0.63 %ID/g at 2 h after injection.

We further evaluated the melanoma-imaging properties
of '"'In-DOTA-GGNIle-CycMSH;,.,, because it showed
more favorable biodistribution properties than !'!In-
DOTA-GENIe-CycMSHy,.,. The whole-body SPECT/CT
images are presented in Figure 3. Flank melanoma tumors
were clearly visualized by SPECT/CT using '''In-DOTA-
GGNIle-CycMSHj,.x as an imaging probe. The whole-body
images showed high ratios of tumor—to—normal-organ
uptake except for the kidneys, as was consistent with the
biodistribution results. Melanoma and urinary metabolites
of "'"In-DOTA-GGNIle-CycMSH,,., were analyzed by RP-
HPLC at 2 h after injection. Figure 4 illustrates the HPLC
profiles for both melanoma and urine samples. !'!''In-

TABLE 1
DOTA-Conjugated Lactam Bridge-Cyclized a-MSH Peptides
DOTA-Nle- DOTA-GGNle- DOTA-GENIe- DOTA-NIeGE-
Parameter CycMSHyex CycMSHyex CycMSHpex CycMSHyex
Amino acid linker between DOTA and cyclic -Nle- -GGNle- -GENle- -NleGE-
peptide moiety

Calculated molecular weight (Da) 1,368.5 1,482.6 1,554.6 1,5654.6
Found molecular weight (Da) 1,368.2 1,482.0 1,554.0 1,554.0
Molecular formula Ce4Hg3N19015 CegHgoN21017 C71H103N21019 C71H103N21019
MC1 receptor binding affinity (nM) 1.8 2.1 11.5 873.4
HPLC retention time (min) 14.3 14.8 15.4 9.6
HPLC retention time for ''In-conjugate (min) 10.7 17.7 21.7 NA

NA = not applicable.

Data of DOTA-NIe-CycMSH,,ex were cited from reference 19 for comparison.
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FIGURE 2. In vitro competitive binding curves of DOTA-Nle-

CycMSHyex, DOTA-GGNIe-CycMSHy,ex, DOTA-GENIe-CycMSHex,
and DOTA-NIeGE-CycMSHy,ex in B16/F1 melanoma cells. 1C5q val-
ues of DOTA-NIe-CycMSH,ex, DOTA-GGNIle-CycMSH,x, DOTA-
GENIle-CycMSHy,ex, and DOTA-NIeGE-CycMSH,.x were 1.8, 2.1,
11.5, and 873.4 nM, respectively. Data of DOTA-Nle-CycMSHex
were cited from reference 19 for comparison.

DOTA-GGNIe-CycMSHj,. remained intact in both tumor
and urine 2 h after injection (Fig. 4).

DISCUSSION

We have been interested in developing lactam bridge—
cyclized a-MSH peptides to target the MC1 receptors for
melanoma detection (/5-19). Unique lactam bridge cycli-
zation makes the cyclic a-MSH peptides resistant to pro-
teolytic degradation in vivo and provides the flexibility for
fine structural modification (15,17,19). Recently, we iden-
tified '"'"In-DOTA-Nle-CycMSHj,., with a 6-amino acid
ring targeting the MC1 receptors for melanoma imaging
(19). Among these reported '''In-labeled lactam bridge—
cyclized o-MSH peptides (15,17,19), '''In-DOTA-Nle-
CycMSH;,x displayed the highest melanoma uptake
(24.94 = 4.58 %ID/g at 0.5 h after injection and 19.39 =
1.65 %ID/g at 2 h after injection) in B16/F1 melanoma—
bearing mice (/9). Reduction of the ring size improved tumor
uptake and reduced kidney uptake of !''In-DOTA-Nle-
CycMSH;y,x, providing new insight into the design of lactam
bridge—cyclized a-MSH peptides for melanoma targeting.

Hydrocarbon, amino acid, and polyethylene glycol linkers
have been used to optimize the receptor-binding affinities and
modify the pharmacokinetic properties of radiolabeled bomb-
esin (21-25), RGD (26-29), and a-MSH peptides (15, 16). For
instance, Hoffman et al. reported that the hydrocarbon linkers
ranging from 5-carbon to 8-carbon between the DOTA and
bombesin peptide resulted in 0.6—1.7 nM receptor-binding
affinities for the DOTA-conjugated bombesin peptides. Either
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shorter or longer hydrocarbon linkers dramatically reduce the
receptor-binding affinity by 100-fold (21). Parry et al. reported
the profound effects of amino acid linkers (-Gly-Gly-Gly-,
-Gly-Ser-Gly-, -Gly-Ser-Ser-, and -Gly-Glu-Gly-) between
the DOTA and bombesin peptide on tumor and normal-organ
uptake of the radiolabeled peptides (25). *Cu-labeled DOTA-
conjugated bombesin peptide with the -Gly-Gly-Gly- linker
displayed higher PC-3 tumor uptake, whereas the -Gly-Ser-
Gly- linker resulted in lower kidney uptake (25). Recently, the
group led by Liu reported an improvement in the tumor
uptake and pharmacokinetics of ®*Cu- and *°*™Tc-labeled cy-
clic RGD peptides using the -Gly-Gly-Gly- and polyethylene
glycol 4 (PEG,) linkers (26-29). We also demonstrated that
the introduction of a negatively charged -GE- linker enhanced
melanoma uptake and reduced kidney uptake of !!'In-DOTA-
GlyGlu-CycMSH, compared with ''In-DOTA-CycMSH (15).
Hence, we evaluated the effects of -GG- and -GE- linkers on
the melanoma-targeting and pharmacokinetic properties of
Hn-DOTA-[X]-CycMSH,,., peptide constructs in this study.

DOTA-Nle-CycMSH;,. displayed 1.8 nM MCI receptor—
binding affinity in B16/F1 melanoma cells in our previous
report (19). The MCI receptor-binding sequence of His-
DPhe-Arg-Trp was directly cyclized by an Asp-Lys lactam
bridge to generate the CycMSH,,., moiety. The radiometal
chelator DOTA was conjugated to the CycMSH;,.x moiety
via an Nle to form DOTA-Nle-CycMSH;,.« peptide. Based
on the unique structure of DOTA-Nle-CycMSHj,., we
initially introduced the amino acid linker (-GE-) between
the DOTA and Nle or between the Nle and CycMSHj,.x moi-
ety to determine which position was suitable for an amino
acid linker. We found that the moiety of Nle-CycMSHj,., was
critical for maintaining the low-nanomolar MC1 receptor—
binding affinity of the peptide. The introduction of the -GE-
linker between the Nle and CycMSHy,., moiety dramatically
reduced the MC1 receptor-binding affinity to 873.4 nM,
whereas the introduction of the -GE- linker between the
DOTA and Nle decreased the MC1 receptor—binding affinity
only to 11.5 nM. Interestingly, the -GG- linker between
the DOTA and Nle maintained the MC1 receptor-binding
affinity at 2.1 nM, further indicating that the moiety of
Nle-CycMSHj,.x played a crucial role in maintaining the
low-nanomolar MC1 receptor-binding affinity of the peptide.
Furthermore, the amino acid between the DOTA and the moi-
ety of Nle-CycMSHj,.x also showed a significant impact on the
MCI receptor—binding affinity of the peptide. The neutral
-GG- linker was better than the negatively charged -GE- linker
in maintaining the low-nanomolar MC1 receptor-binding
affinity of the peptide. The ICsy value of DOTA-GENIe-
CycMSH.x was 5.5 times that of DOTA-GGNle-
CycMSHy,.. It was likely that the electrostatic interaction
between the negatively charged Glu in the -GE- linker and
the positively charged Arg in the moiety of Nle-CycMSHj,ex
affected the configuration of the MC1 receptor—binding
region (His-DPhe-Arg-Trp). The difference in MC1 recep-
tor—binding affinity between DOTA-GGNle-CycMSH;,. and
DOTA-GENIe-CycMSH;,x (2.1 nM vs. 11.5 nM) was also
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FIGURE 3. Representative
whole-body SPECT/CT image X |
of B16/F1 melanoma-bearing ;
mouse (10 d after cell inocula- § & Tumor
tion) 2 h after injection of 14.8
MBg of '"In-DOTA-GGNle-
CycMSHyex.

observed in the difference in melanoma uptake between
Hn-DOTA-GGNIe-CycMSH;,., and '''In-DOTA-GENIe-
CycMSHj,. in B16/F1 melanoma-bearing C57 mice. Tumor
uptake of ''"In-DOTA-GGNIle-CycMSH;,., was 2, 2.5, and 3
times that of '''In-DOTA-GENIle-CycMSH;,, at 0.5, 2, and
4 h after injection, respectively (Table 2). In our previous
report, the introduction of a negatively charged -GE- linker
resulted in 44% reduced kidney uptake of '''"In-DOTA-
GE-CycMSH at 4 h after injection, compared with ''In-
DOTA-CycMSH (75). In this study, kidney uptake for
In-DOTA-GENIle-CycMSH,,., was 40% lower than that
for '''In-DOTA-GGNIe-CycMSHj,., at 0.5 h after injection
(P < 0.05) (Table 2).

Presently, the lactam bridge—cyclized '''In-DOTA-Nle-
CycMSH,,. and the metal-cyclized !''In-DOTA-Re(Arg'!)
CCMSH have displayed the highest comparable melanoma
uptake among all reported !!'In-labeled linear and cyclic
a-MSH peptides (13,19). The respective values for mela-
noma uptake were 17.29 = 2.49 and 17.41 * 5.63 %ID/g
at 2 and 4 h after injection for '''In-DOTA-Re(Arg'!)
CCMSH (73) and 19.39 * 1.65 and 17.01 * 2.54 %ID/g at
2 and 4 h after injection for ''In-DOTA-Nle-CycMSHj,.,
(19). Meanwhile, '''In-DOTA-Nle-CycMSH;,, showed
ratios of tumor-to-kidney uptake that were similar to those
for ''"In-DOTA-Re(Arg!))CCMSH at 2 and 24 h after injec-
tion (/9). In this study, the introduction of the -GG- linker
maintained high melanoma uptake of ''In-DOTA-GGNIe-
CycMSHye (19.05 * 5.04 and 18.6 = 3.56 %ID/g at 2 and 4
h after injection, respectively), compared with !''In-DOTA-
Nle-CycMSH;,.«, as was consistent with their similar MC1
receptor—binding affinities (2.1 nM vs. 1.8 nM). Interest-
ingly, the introduction of the -GG- linker reduced liver and
kidney uptake of ! 'In-DOTA-GGNIe-CycMSHy,,, compared
with '"In-DOTA-NIle-CycMSH, (19). The reduction in liver
and kidney uptake might be attributed to the relatively faster
whole-body clearance of !''"In-DOTA-GGNle-CycMSH;,,.
Approximately 88% of !'"In-DOTA-GGNle-CycMSH;,qx
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FIGURE 4. Radioactive HPLC
profiles of ""In-DOTA-GGNle-
CycMSHy,e (injected conjugate)
and its metabolites in urine
and tumor 2 h after injection.
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Time (min)

activity cleared from the body via the urinary system at 2 h
after injection, whereas 82% of '''In-DOTA-Nle-CycMSHj,ex
activity washed out of the body via the urinary tract at 2 h after
injection (/9). '''In-DOTA-GGNIe-CycMSH,, exhibited
61%, 65%, and 68% less liver uptake than !''In-DOTA-Nle-
CycMSH;,. (Fig. 5) and 28%, 32%, and 42% less kidney
uptake than !'"In-DOTA-Nle-CycMSH;,., at 2, 4, and 24 h
after injection, respectively (Fig. 5). The maintained high mel-
anoma uptake coupled with the decreased liver and kidney
uptake resulted in enhanced ratios of tumor-to-liver and
tumor-to-kidney uptake for ' 'In-DOTA-GGNIe-CycMSH,,
compared with '"In-DOTA-Nle-CycMSH,.,, at 2 and 4 h
after injection (Fig. 6). The tumor-to-liver ratios of !!'!In-
DOTA-GGNIe-CycMSHjy,, were 2.5 and 3.1 times those of
Hn-DOTA-NIe-CycMSH,,., at 2 and 4 h after injection,
whereas the tumor-to-kidney ratios of '''In-DOTA-GGNle-
CycMSH,., were 1.4 and 1.6 times those of !'''In-DOTA-
Nle-CycMSH;, at 2 and 4 h after injection.

As shown in Figure 3, the enhanced tumor-to-liver and
tumor-to-kidney ratios of ! 'In-DOTA-GGNIle-CycMSHj,o,
generated high contrast between tumor and background.
The flank melanoma lesions were clearly visualized by
SPECT/CT using '"'"In-DOTA-GGNle-CycMSH;,., as an
imaging probe, highlighting its potential as an effective
imaging agent for melanoma detection. !''In-DOTA-
GGNle-CycMSH;,.x maintained intact in melanoma and
urine at 2 h after injection (Fig. 4). From the therapeutic
point of view, the enhanced tumor-to-liver and tumor-to-
kidney ratios of !''"In-DOTA-GGNle-CycMSH;,., would
decrease the absorbed doses to the liver and kidneys
when the therapeutic radionuclide-labeled DOTA-
GGNle-CycMSH;,.x is used for melanoma treatment. In
other words, the improvement in tumor-to-liver and
tumor-to-kidney ratios would potentially increase the
absorbed dose to the tumor while keeping the liver and
kidneys safe when melanoma is treated with therapeutic
radionuclide—labeled DOTA-GGNIle-CycMSHj,e.

CONCLUSION

The amino acid linkers exhibited profound effects on the
melanoma-targeting and pharmacokinetic properties of the
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FIGURE 5. Kidney (A) and liver (B) uptake of '"'In-DOTA-Nle-
CycMSH,,ox and '"In-DOTA-GGNle-CycMSH,,.,. Data of 1In-
DOTA-NIe-CycMSHy,ex were cited from reference 19 for comparison.

]n-labeled lactam bridge—cyclized a-MSH peptides.
Introduction of the -GG- linker maintained high melanoma
uptake while reducing kidney and liver uptake of '''In-
DOTA-GGNIe-CycMSHjy,.x, highlighting its potential as
an effective imaging probe for melanoma detection and as
a therapeutic peptide for melanoma treatment when labeled
with a therapeutic radionuclide.
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