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ABSTRACT: The purpose of this study was to examine the effects of the -Arg-Pro- (RP) and -Gly-
Gly-Nle- (GGNIle) moieties on the melanoma targeting and clearance properties of **™Tc-peptides. We
synthesized four new peptides {Ac-GGNle-CCEHdFRWC-NH,, Ac-GGNle-CCEHdFRWCRP-NH,,
Ac-CCEHdFRWC-NIeGG-NH,, and Ac-CCEHdFRWCRP-NIeGG-NH,} and determined their
melanocortin-1 (MC1) receptor binding affinities in B16/F1 melanoma cells. Then we further
examined the biodistribution properties of *™Tc-Ac-GGNle-CCEHdFRWCRP-NH, and *™Tc-Ac-
CCEHdFRWCRP-NleGG-NH, in B16/F1 melanoma-bearing CS7 mice. Overall, the -RP- moiety was
critical for retaining low nanomolar MC1 receptor binding affinity. The deletion of the -RP- moiety
dramatically reduced the receptor binding affinities of the peptides. The N-terminus was a better
position than C-terminus for the -GGNle- moiety in retaining the lower renal and liver uptake. High
melanoma uptake coupled with fast urinary clearance of *™Tc-Ac-GGNle-CCEHdFRWCRP-NH,
provided a new insight into the design of new a-melanocyte stimulating hormone (a-MSH) peptides.
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O ver the past a few years, we and others have reported
radiolabeled lactam bridge-cyclized alpha-melanocyte
stimulating hormone (@-MSH) peptides to target melanocor-
tin-1 (MC1) receptors for melanoma detection."™"! Specifi-
cally, we have developed two series of radiolabeled lactam
bridge-cyclized a-MSH peptides building upon the CycMSH
{c[Lys-Nle-Glu-His-DPhe-Arg-Trp-Gly-Arg-Pro-Val-Asp]} and
CycMSHy,, {c[Asp-His-DPhe-Arg-Trp-Lys]-CONH,} con-
structs. Both DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) and NOTA (1,4,7-triazacyclononane-1,4,7-
triacetic acid) were attached to the peptides for radiolabeling of
"n, ¥Ga, and *Cu for single photon emission computed
tomography (SPECT) and positron emission tomography
(PET) imaging of melanoma.” "' Among these radiolabeled
peptides, ''In-DOTA-GGNIle-CycMSH;,,, and *Cu-NOTA-
GGNle-CycMSHy,, exhibited great potential as imaging probes
for SPECT and PET imaging of melanoma due to their high
melanoma uptake and fast urinary clearance.”"°

The unique structural features, such as the Asp-Lys lactam
bridge and -GGNle- linker, contributed to the favorable
melanoma targeting and clearance properties of '''In-DOTA-
GGNIe-CycMSHy,, peptide. For instance, as compared to the
CycMSH construct, the direct cyclization of the MC1 receptor
binding motif {His-DPhe-Arg-Trp} by an Asp-Lys lactam
bridge generated a smaller CycMSHy,, moiety, which enhanced
the melanoma uptake of '''In-DOTA-Nle-CycMSH,,,.” Fur-
thermore, the introduction of -GG- linker dramatically reduced
the renal and liver uptake of ""'In-DOTA-GGNIle-CycMSH,,,,.”
In an attempt to take advantage of the ideal imaging properties
of #™Tc (140 keV y-photon and T, = 6 h), we developed
several #™Tc-labeled lactam bridge-cyclized a-MSH peptides
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via a bifunctional chelator approach. Specifically, we substituted
DOTA/NOTA with hydrazinonicotinamide (HYNIC), mer-
captoacetyltriglycine (MAG;), and Ac-Cys-Gly-Gly-Gly
(AcCG;)."”* Both MAG; and AcCG; chelators directly yielded
complexes with *™Tc, whereas HYNIC generated a conjugate
with *™T¢ in ethylenediaminediacetic acid (EDDA)/tricine
solution. *Tc(EDDA)-HYNIC-GGNIe-CycMSH,,, exhibited
higher melanoma uptake and faster urinary clearance than
#mTc MAG;-GGNle-CycMSH,,,, and *™Tc-AcCG;-GGNle-
CycMSHj,, in B16/F1 melanoma-bearing C57 mice."?

An integration approach is another way to design **Tc-
labeled cyclic a-MSH peptides.">'* For example, three
cysteines were successfully utilized to generate the cyclic
#mTe-(Arg'' )CCMSH  {**™Tc-c[Cys-Cys-Glu-His-DPhe-Arg-
Trp-Cys-Arg-Pro-Val]-CONH,} peptide.'® Interestingly, both
#mTe-(Arg'' )CCMSH and *™Tc(EDDA)-HYNIC-GGNle-
CycMSHy,, exhibited comparable high melanoma uptake
(11.16 + 1.77 vs 13.23 + 2.35% ID/g at 4 h postinjection)
in B16/F1 melanoma-bearing C57 mice."*"® However, the
chemical structures were quite different between *™Tc-
(Arg'")CCMSH and **™Tc(EDDA)-HYNIC-GGNle-Cy-
cMSH,,,. A motif of -Arg-Pro-Val- (RPV) was attached to
the C-terminus of (Arg'')CCMSH peptide, whereas a -GGNle-
linker was attached to the N-terminus of HYNIC-GGNle-
CycMSHj,, peptide. Thus, we were interested in examining
whether and how the moieties of -RP- and -GGNle- could
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affect the melanoma targeting and clearance properties of
9T c-peptides in this study.

In consideration of the structural difference between *™Tc-
(Arg''")CCMSH and **"Tc(EDDA)-HYNIC-GGNle-Cy-
cMSH,,,, we designed four new peptides (namely, Ac-
GGNle-CCEHdFRWC-NH,, Ac-GGNle-CCEHdFRWCRP-
NH,, Ac-CCEHdFRWC-NIeGG-NH,, and Ac-CCEH-
dFRWCRP-NIeGG-NH,) to investigate whether and how the
moieties of -RP- and -GGNle- could affect the melanoma
targeting and clearance properties of **™Tc-peptides. The
schematic structures of the new peptides are presented in
Figure 1. The peptides were synthesized and purified by reverse
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Figure 1. Schematic structures of Ac-GGNle-CCEHdFRWC-NH, (1),
Ac-GGNIle-CCEHdFRWCRP-NH, (2), Ac-CCEHdFRWC-NIeGG-
NH, (3), and Ac-CCEHdFRWCRP-NIeGG-NH, (4).

phase-high performance liquid chromatography (RP-HPLC).
The overall synthetic yields were 30% for all four peptides. The
chemical purities of the peptides were greater than 95% after
the HPLC purification. The peptide identities were confirmed
by mass spectrometry. The measured molecular weight (MW)
was 1351.5 for Ac-GGNle-CCEHdFRWC-NH,, 1604.5 for Ac-
GGNle-CCEHdFRWCRP-NH,, 1351.5 for Ac-:CCEHdFRWC-
NleGG-NH,, and 1604.5 for Ac-:CCEHdFRWCRP-NleGG-
NH,. The measured MWs matched the calculated MWs.

The comparisons in receptor binding affinities between Ac-
GGNle-CCEHdFRWC-NH,/Ac-CCEHdFRWC-NleGG-NH,
and Ac-GGNle-CCEHdFRWCRP-NH,/Ac-CCEHdFRWCRP-
NleGG-NH, can suggest whether the -RP- moiety is critical for
MCI receptor binding, whereas the comparisons in receptor
binding affinities between Ac-GGNle-CCEHdFRWC-NH,/Ac-
GGNle-CCEHdFRWCRP-NH, and Ac-CCEHdFRWC-
NleGG-NH,/Ac-CCEHdFRWCRP-NIeGG-NH, can indicate
which terminus (N- or C-terminus) is better for the -GGNle-
moiety in retaining stronger MC1 receptor binding. Thus, we
determined the MC1 receptor binding affinities of these four
peptides in B16/F1 melanoma cells. The competitive binding
curves of the peptides are shown in Figure 2. The ICy, value
was 27.1 + 5.5 nM for Ac-GGNle-CCEHdFRWC-NH,, 2.0 +
0.4 nM for Ac-GGNle-CCEHdFRWCRP-NH,, 70.9 + 18.9 nM
for Ac-CCEHdFRWC-NleGG-NH,, and 4.1 + 0.6 nM for Ac-
CCEHdFRWCRP-NIeGG-NH,, respectively.

The receptor binding results indicated that the -RP- moiety
was critical for retaining low nanomolar MC1 receptor binding
affinities of the peptides in B16/F1 melanoma cells. The
deletion of the -RP- moiety dramatically reduced the receptor
binding affinities of the peptides. For instance, Ac-GGNle-
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Figure 2. Competitive binding curves of Ac-GGNle-CCEHdFRWC-
NH, (®), Ac-GGNle-CCEHdFRWCRP-NH, (V), Ac-
CCEHdFRWC-NIeGG-NH, (A), and Ac-CCEHdFRWCRP-
NleGG-NH, (M) in B16/F1 melanoma cells.

CCEHdFRWCRP-NH, and Ac-CCEHdFRWCRP-NleGG-
NH, displayed stronger MC1 receptor binding affinities than
Ac-GGNle-CCEHdFRWC-NH, and Ac-CCEHdFRWC-
NleGG-NH,. The ICy, value of Ac-GGNle-CCEHdFRWC-
NH, was 13.6 times the IC;, value of Ac-GGNle-
CCEHdFRWCRP-NH,, whereas the ICy, value of Ac-CCEH-
dFRWC-NIleGG-NH, was 17.3 times the ICg, value of Ac-
CCEHdFRWC-NIeGG-NH,. Meanwhile, the N-terminus was
better than C-terminus for the -GGNle- moiety for stronger
MC1 receptor binding. The ICy, value of Ac-CCEH-
dFRWCRP-NIeGG-NH, was 2.1 times the ICy, value of Ac-
GGNle-CCEHdFRWCRP-NH,, whereas the IC, value of Ac-
CCEHdFRWC-NIeGG-NH, was 2.6 times the ICg, value of
Ac-CCEHdFRWC-NIleGG-NH,. Thus, we further radiolabeled
Ac-GGNle-CCEHdFRWCRP-NH, and Ac-CCEHdFRWCRP-
NleGG-NH, with *™Tc.

Both Ac-GGNle-CCEHdFRWCRP-NH, and Ac-CCEH-
dFRWCRP-NIeGG-NH, have three cysteines that can directly
form a complex with *™Tc, as well as can simultaneously
cyclize the peptide during the radiolabeling of **Tc. Ac-
GGNle-CCEHdFRWCRP-NH, and Ac-CCEHdFRWCRP-
NleGG-NH, were readily labeled with *Tc with greater
than 95% radiolabeling yields. Both **™Tc-peptides were
purified and separated from their excess nonlabeled peptides
by RP-HPLC. The retention times of *Tc-Ac-GGNle-
CCEHdFRWCRP-NH, and **"Tc-Ac-CCEHdFRWCRP-
NleGG-NH, were 14.8 and 15.0 min, respectively. The specific
activities of both *™Tc-peptides were 1.20 X 10'° MBq/g.

The melanoma targeting and pharmacokinetic properties of
99mTc-Ac-GGNle-CCEHdFRWCRP-NH, and **™Tc-Ac-
CCEHdFRWCRP-NIleGG-NH, are shown in Tables 1 and 2.
#mTc-Ac-GGNle-CCEHdFRWCRP-NH, displayed slightly
higher but comparable melanoma uptake as *™Tc-Ac-
CCEHJFRWCRP-NIeGG-NH, in B16/F1 melanoma-bearing
C57 mice. However, the tumor uptake pattern was different
between *™Tc-Ac-GGNle-CCEHdFRWCRP-NH, and *™Tc-
Ac-CCEHdFRWCRP-NIeGG-NH,. *™Tc-Ac-GGNle-CCEH-
dFRWCRP-NH, exhibited its highest tumor uptake of 10.54
+ 1.6% ID/g at 2 h postinjection, whereas **™Tc-Ac-
CCEHdFRWCRP-NIeGG-NH, reached its highest tumor
uptake of 8.08 + 1.61% ID/g at 30 min postinjection. The
tumor uptake values gradually decreased to 4.40 + 0.91 and
3.88 + 0.66% ID/g by 24 h postinjection. The tumor blocking
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Table 1. Biodistribution of *Tc-Ac-GGNle-CCEHdFRWCRP-NH, in B16/F1 Melanoma-Bearing C57 Mice; the Data Were
Presented As Percent Injected Dose/Gram or As Percent Injected Dose (Mean + SD, n = 5)

tissues 0.5h 2h
Percent Injected Dose/Gram (%ID/g)
tumor 890 + 1.13 10.54 + 1.60
brain 0.16 + 0.04 0.0S £+ 0.01
blood 2.88 + 1.83 0.76 + 0.84
heart 2.14 + 0.28 0.55 £ 0.22
lung 6.53 + 2.47 1.74 + 0.88
liver 4.34 + 0.44 3.19 + 047
spleen 3.50 + 2.39 317 £ 224
stomach 3.17 + 1.07 1.67 + 0.16
kidneys 13.95 + 4.57 11.4S5 + 2.30
muscle 0.94 + 0.24 021 + 0.24
pancreas 0.84 + 0.29 0.28 + 0.09
bone 2.30 + 2.61 0.82 + 0.30
skin 4.69 + 1.00 1.07 £ 0.37
Percent Injected Dose (%ID)
intestines 241 + 0.15 274 + 1.34
urine 51.74 + 5.26 79.15 + 443

4h 24 h 2 h NDP blockade

9.76 + 1.38 440 + 091 2.05 + 0.96*
0.04 + 0.02 0.02 + 0.02 0.04 + 0.02
0.25 + 0.26 0.08 + 0.09 0.61 + 0.57
0.32 + 0.07 0.13 £ 0.12 0.59 £ 0.2
0.68 + 0.14 0.14 + 0.05 1.76 + 0.62
2.67 + 0.61 0.67 + 0.20 2.70 + 1.04
2.20 + 0.60 2.77 + 142 2.36 + 2.37
1.18 + 0.07 0.33 £ 0.12 0.66 + 0.31
10.50 + 1.27 1.24 + 0.28 13.15 + 3.98
0.12 + 0.04 0.06 + 0.04 0.14 + 0.05
0.15 + 0.04 0.12 + 0.06 0.32 + 0.12
0.31 + 0.04 0.17 + 0.12 091 + 0.17
0.72 + 0.10 0.29 + 0.12 1.17 + 0.63
1.94 + 0.38 1.38 +£ 0.88 1.81 + 0.67
79.78 £ S5.11 93.28 + 2.36 81.22 + 6.79

*p < 0.0 for determining the significance of differences in tumor and kidney uptake between **™Tc-Ac-GGNle-CCEHdFRWCRP-NH, with or
without NDP-MSH peptide blockade.

Table 2. Biodistribution of *"Tc-Ac-CCEHdFRWCRP-NIeGG-NH, in B16/F1 Melanoma-Bearing C57 Mice; the Data Were
Presented As Percent Injected Dose/Gram or As Percent Injected Dose (Mean + SD, n = §)

tissues 0.5 h 2h
Percent Injected Dose/Gram (%ID/g)
tumor 8.08 + 1.61 7.33 £ 1.72
brain 0.23 + 0.01 0.0 + 0.01
blood 4.37 £ 3.11 1.20 + 0.80
heart 3.02 + 043 0.82 + 0.23
lung 6.88 + 0.49 1.31 + 0.63
liver 10.37 + 0.93 6.32 + 0.76
spleen 346 + 221 2.17 £ 0.59
stomach 9.40 + 1.83 442 + 1.14
kidneys 2831 + 641 29.65 + 4.28
muscle 0.78 + 0.39 0.14 + 0.03
pancreas 149 + 0.27 0.52 + 0.19
bone 1.68 + 0.22 0.54 + 0.17
skin 434 + 0.51 0.96 + 0.17
Percent Injected Dose (%ID)
intestines 6.10 + 0.42 11.07 + 141
urine 3543 + 3.76 59.57 + 4.01

4h 24 h 2 h NDP blockade
6.74 + 1.97 3.88 + 0.66 2.83 + 1.04*
0.04 + 0.01 0.01 + 0.01 0.04 + 0.02
0.73 £ 0.52 0.17 + 0.21 1.12 + 0.29
0.61 + 0.14 0.06 + 0.04 146 + 1.36
0.84 + 0.23 0.27 + 0.11 3.18 +£2.73
527 £ 0.29 0.94 + 0.21 7.18 £+ 2.17
191 + 1.07 0.58 + 0.36 1.72 + 1.14
299 + 142 1.34 + 1.57 335 +1.32
24.86 + 3.54 740 + 2.63 30.19 + 1.00
0.60 + 0.33 0.10 + 0.08 0.31 + 0.38
023 + 0.12 0.09 + 0.06 0.52 + 0.50
0.46 + 0.21 0.30 + 0.20 048 + 0.13
0.10 + 0.03 0.25 + 0.09 0.85 + 041
1225 + 1.84 348 + 0.87 9.55 + 0.68
66.97 + 2.69 89.46 + 2.98 67.67 + 2.74

“p < 0.05 for determining the significance of differences in tumor and kidney uptake between *™Tc-Ac-CCEHdFRWCRP-NIeGG-NH, with or

without NDP-MSH peptide blockade.

studies (Tables 1 and 2) demonstrated that coinjection of 10
ug (6.1 nM) of nonradiolabeled NDP-MSH with *™Tc-Ac-
GGNle-CCEHdFRWCRP-NH, or °*™Tc-Ac-CCEH-
dFRWCRP-NIeGG-NH, decreased their tumor uptake values
to 2.05 + 0.96 and 2.83 + 1.04% ID/g at 2 h postinjection,
demonstrating that the tumor uptake was MCI1 receptor-
mediated.

Interestingly, despite the similar tumor uptake, *Tc-Ac-
GGNle-CCEHdFRWCRP-NH, exhibited lower renal uptake
than *™Tc-Ac-:CCEHdFRWCRP-NleGG-NH, at 0.5, 2, 4, and
24 h postinjection. The renal uptake of **™Tc-Ac-GGNle-
CCEHdFRWCRP-NH, was 49, 37, 42 and 17% of the renal
uptake of *™Tc-Ac-:CCEHdFRWCR-NIeGG-NH, at 0.5, 2, 4,
and 24 h postinjection, respectively. The renal uptake values of
99mTc-Ac-GGNle-CCEHdFRWCRP-NH, and **™Tc-Ac-
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CCEHdFRWCRP-NIeGG-NH, were 11.45 + 2.30 and 29.65
+ 4.28% ID/g at 2 h post injection and decreased to 1.24 +
0.28 and 7.40 + 2.63% ID/g at 24 h postinjection, respectively.
Meanwhile, *™Tc-Ac-GGNle-CCEHdFRWCRP-NH, ex-
hibited lower liver uptake than *™Tc-Ac-CCEHdFRWCRP-
NleGG-NH, at 0.5, 2, 4, and 24 h postinjection. The liver
uptake of *™Tc-Ac-GGNle-CCEHdFRWCRP-NH, was 42, 50,
51, and 71% of the liver uptake of **™Tc-Ac-:CCEHdFRWCRP-
NleGG-NH, at 0.5, 2, 4, and 24 h post-injection, respectively.
The liver uptake values of **"Tc-Ac-GGNle-CCEHdFRWCRP-
NH, and *™Tc-Ac-:CCEHdFRWCRP-NIeGG-NH, were 3.19
+ 047 and 632 + 0.76% ID/g at 2 h post injection and
decreased to 0.67 + 0.20 and 0.94 + 0.21% ID/g at 24 h
postinjection, respectively. The differences in renal and liver
uptake between *™Tc-Ac-GGNle-CCEHdFRWCRP-NH, and

dx.doi.org/10.1021/ml400309u | ACS Med. Chem. Lett. 2013, 4, 1000—1004



ACS Medicinal Chemistry Letters

#mTc-Ac-CCEHdFRWCRP-NIeGG-NH, suggested that the
N-terminus was a better position than the C-terminus for the
-GGNle- moiety in retaining the lower renal and liver uptake.

99mTc.Ac-GGNle-CCEHdFRWCRP-NH, exhibited faster
whole-body clearance than *"Tc-Ac-CCEHdFRWCRP-
NleGG-NH,. Approximately 79% of ?*™Tc-Ac-GGNle-
CCEHJFRWCRP-NH, radioactivity and 60% of *™Tc-Ac-
CCEHdFRWCRP-NIeGG-NH, radioactivity cleared through
the urinary system by 2 h postinjection (Tables 1 and 2). At 24
h postinjection, 93% of **"Tc-Ac-GGNle-CCEHdFRWCRP-
NH, and 89% of *™Tc-Acc:CCEHdFRWCRP-NIeGG-NH,
activity cleared out the body. Since ?*™Tc-Ac-GGNle-
CCEHdFRWCRP-NH, exhibited more favorable tumor
targeting and clearance properties than °°™Tc-Ac-
CCEHdFRWCRP-NIeGG-NH,, we further examined the
melanoma imaging property of °*™Tc-Ac-GGNle-
CCEHdFRWCRP-NH,. Whole-body SPECT/CT image of
#mTc-Ac-GGNle-CCEHdFRWCRP-NH, is presented in Fig-
ure 3. Flank B16/F1 melanoma lesions were clearly visualized

Figure 3. Representative whole-body SPECT/CT image of **™Tc-Ac-
GGNle-CCEHdFRWCRP-NH, in a B16/F1 melanoma-bearing C57
mouse at 2 h postinjection. The tumor lesions (T) are highlighted with
an arrow on the image.

by SPECT using *™Tc-Ac-GGNle-CCEHdFRWCRP-NH, as
an imaging probe. Recent publications'>'® have described
proliferative and invasive melanoma cells and addressed the

heterogeneity issue in melanoma. The SPECT image showed
heterogeneous distribution of radioactivity in melanoma, which
was likely related to the heterogeneous expressions of MCl1
receptors on melanoma cells. Furthermore, we determined the
urinary metabolites of **™Tc-Ac-GGNle-CCEHdFRWCRP-
NH, at 2 h postinjection. The urinary metabolites of *™Tc-
Ac-GGNle-CCEHdFRWCRP-NH, are shown in Figure 4.
Approximately 52% of **™Tc-Ac-GGNle-CCEHdFRWCRP-
NH, remained intact in the urine at 2 h postinjection, while
48% of *™Tc-Ac-GGNle-CCEHdFRWCRP-NH, was trans-
formed to a more hydrophobic compound.

In summary, four new peptides were evaluated to examine
the effects of the -RP- and -GGNle- moieties on the melanoma
targeting and clearance properties of *™Tc-peptides. The -RP-
moiety was critical for retaining low nanomolar MC1 receptor
binding affinity. The deletion of the -RP- moiety dramatically
reduced the receptor binding affinities of the peptides. The N-
terminus was a better position than C-terminus for the
-GGNle- moiety in retaining the lower renal and liver uptake.
High melanoma uptake coupled with fast urinary clearance of
#Tc-Ac-GGNle-CCEHdFRWCRP-NH, provided a new in-

sight into the design of new a-MSH peptides.
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Experimental details for peptide synthesis, in vitro competitive
binding assay, radiolabeling, biodistribution and imaging
studies, and urinary metabolites analysis. This material is
available free of charge via the Internet at http://pubs.acs.org.
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