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ABSTRACT: Melanoma is a lethal form of skin cancer. Despite recent breakthroughs of BRAF-V600E and PD-1 inhibitors showing
remarkable clinical responses, melanoma can eventually survive these targeted therapies and become resistant. To solve the drug
resistance issue, we designed and synthesized ligand-drug conjugates that couple cytotoxic drugs, which have a low cancer resistance
issue, with the melanocortin 1 receptor (MC1R) agonist melanotan-II (MT-II), which provides specificity to MC1R-overexpressing
melanoma. The drug-MT-II conjugates maintain strong binding interactions to MC1R and induce selective drug delivery to A375
melanoma cells through its MT-II moiety in vitro. Furthermore, using camptothecin as the cytotoxic drug, camptothecin-MT-II
(compound 1) can effectively inhibit A375 melanoma cell growth with an IC50 of 16 nM. By providing selectivity to melanoma cells
through its MT-II moiety, this approach of drug-MT-II conjugates enables us to have many more options for cytotoxic drug
selection, which can be the key to solving the cancer resistant problem for melanoma.
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Melanoma is the most deadly form of skin cancer in the
United States, with an estimated 96 480 new cases and

7230 deaths in 2019.1 Once metastasized, the median overall
survival for malignant melanoma patients is 5.3 months.2

Despite recent breakthroughs on targeted therapies including
BRAF-V600E inhibitors and programmed cell death protein 1
(PD-1) inhibitors, current treatments can only improve
survival, and tumor cells eventually become resistant to these
treatments. The BRAF-V600E inhibitor vemurafenib was
shown to prolong the median overall survival of patients
with BRAF V600E mutant melanoma to 15.9 months.3

However, a mice study showed that 20% of melanoma tumors
became resistant to vemurafenib treatment after 56 days.4

Similarly, 60% to 70% of metastatic melanoma patients are
innately resistant to PD-1 inhibitor treatments.5 These targeted
therapies achieve high specificity to cancer and less side effects
through interfering with specific targeted molecules required
for carcinogenesis and tumor growth, but there are many ways
that cancer cells could circumvent such interventions and
become resistant to the therapies.6,7 On the other hand,
cytotoxic drugs target biological processes that are fundamental

for cell proliferation or survival, so that the therapeutic effect
cannot be easily bypassed through activation of a compensat-
ing signal pathway.8 Nevertheless, current cytotoxic drugs
usually have poor specificity to cancer cells and thus are also
toxic to healthy noncancer cells, thus causing side effects.
Recently, a new strategy of ligand-targeted cancer

therapeutics has been widely explored in different clinical
trials, especially for targeting folate receptor (FR) positive
cancers and prostate-specific membrane antigen (PSMA)
positive prostate cancer.9,10 The design utilizes a ligand that
can bind to and activate an overexpressed receptor on cancer
cells to provide selectivity. The ligand is conjugated to a
cytotoxic drug through a cleavable linker. Once bound to the
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receptor, the conjugate molecule is internalized into the early
endosome through endocytosis,11 where the acidic environ-
ment causes the conjugate molecule to dissociate with the
receptor.12 The conjugate molecule will then be sorted to
other endosomal compartments, where the cleavable linker is
degraded, and the cytotoxic drug is released into cancer cells.
This design uses specific ligand−receptor interactions between
the conjugate molecule and cancer cells to enhance selectivity,
and thus would produce much less damage to healthy
noncancer cells compared to using the cytotoxic drug itself.13

The melanocortin 1 receptor (MC1R) is a G protein-
coupled receptor that is mainly expressed on melanocytes to
regulate skin pigmentation. Upon sun exposure, the
endogenous agonist α-melanocyte-stimulating hormone (α-
MSH) is produced, which activates MC1R on melanocytes to
induce melanin production and skin pigmentation.14 MC1R is
found to be highly expressed in 80% of malignant
melanomas,15 and thus has been demonstrated as a selective
target for melanoma imaging.16−21 Even with nonselective
peptide ligands that can also bind to other melanocortin
receptor subtypes, the in vivo imaging studies demonstrated
high melanoma uptake and low normal organ uptake except for
the kidney.19,20 Ever since its development, the cyclized
peptide melanotan-II (Ac-Nle-cyclo[Asp-His-D-Phe-Arg-Trp-
Lys]-NH2, MT-II) has been widely used as melanocortin
receptor agonists due to its strong potency and serum
stability.22 MT-II also serves as a template for further
modifications and conjugations to improve its selectivity,23

oral bioavailability,24 and to expand its applications (such as
melanoma imaging and therapy19,20). In this paper, we
describe the design, synthesis, and biological evaluation of
novel ligand-targeted chemotherapeutic agents targeting
MC1R overexpressing melanoma.

■ RESULTS
Design of Drug-MT-II Conjugates with Self-Cleavable

Linker. α-MSH is a linear peptide with a short half-life of
around 10 min.25 To maintain a reasonable serum stability of
the final conjugate molecule, the cyclized peptide MT-II, with
an enhanced half-life of 1.5 h,26 was used for MC1R targeting.
MT-II has previously been shown to induce β-arrestin
mediated receptor internalization of MC1R.27 The linker was
designed to have a disulfide bond, which can be reduced by the
excessive amount of glutathione inside the endosome.28 Once
reduced, the thiol group in the intermediate 15 can carry out
intramolecular nucleophilic attack to release the free drug 11
through two slightly different mechanisms (Scheme 1).29 A 6-
aminohexanoic acid was introduced as part of the linker to
create space and prevent the cytotoxic drug from interfering
with ligand−receptor interactions. The ability of the drug-MT-
II conjugate scaffold to selectively target melanoma cells was
tested by replacing the therapeutic drug with a fluorescent
probe fluorescein 12 in the design of fluorescein-MT-II
conjugate (2, Figure 1). The topoisomerase I inhibitor
camptothecin (CPT, 11) was selected as the cytotoxic drug
in the design of CPT-MT-II conjugate (1, Figure 1).
Synthesis of CPT-MT-II (1) and Fluorescein-MT-II (2).

Scheme 2 shows the Fmoc solid-phase peptide synthesis used
to prepare the linker-MT-II peptide 3. After the linear peptide
Fmoc-Cys(Trt)-6-Ahx-Nle-Asp(Allyl)-His(Trt)-D-Phe-Arg-
(Pbf)-Trp(Boc)-Lys(Alloc) was synthesized on Rink amide
resin, the side chain protecting groups on Asp and Lys residues
were removed using the standard Allyl/Alloc deprotection

method,30 and side-chain-to-side-chain cyclization was per-
formed. Fmoc deprotection and TFA cleavage were further
carried out to produce 3.
The synthesis of the carbonate linker 10 is shown in Scheme

3. Compound 5 with a sulfenyl chloride functional group was
added to 2-mercaptoethanol 4 to form the disulfide bond. A
disulfide exchange reaction was performed with pyridine 6 in

Scheme 1. Proposed Mechanism of Disulfide-Mediated
Release of Camptothecin from MC1R Targeting Prodrugs
in the Endosome of Melanoma Cells

Figure 1. Structures of CPT-MT-II conjugate 1 and fluorescein-MT-
II conjugate 2.
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DCM at reflux to yield alcohol 7. Carbonylation was achieved
with triphosgene 8 added to 7, which was followed by ester
exchange reaction with hydroxybenzotriazole 9 to yield to
carbonate linker 10. The synthesis of 10 was modified based
on previously reported procedures.31

Scheme 4 shows the final steps to the synthesis of the CPT-
MT-II conjugate 1 and fluorescein-MT-II conjugate 2. The
hydroxyl group on CPT 11 was connected to the carbonate
linker 10 through nucleophilic substitution, yielding CPT-

linker compound 13. A thiol−disulfide exchange reaction was
then performed between the disulfide groups on 13 and the
thiol group on the Cys residue of 3 to yield the CPT-MT-II
conjugate 1. Similarly, the hydroxyl group on fluorescein 12
reacted with the carbonate linker 10 to form the fluorescein-
linker compound 14, which further reacted with 3 to yield the
fluorescein-MT-II conjugate 2.

Binding of CPT-MT-II and Fluorescein-MT-II to
Melanocortin Receptors. To evaluate binding affinity of 1

Scheme 2. Synthesis of the Linker-MT-II Peptide 3a

aReagents and conditions: (a) 20% piperidine/DMF, 20 min; Fmoc-Lys(Alloc)−OH, HCTU, DIPEA/DMF, 1 h; (b) 20% piperidine/DMF, 20
min; Fmoc-Trp(Boc)−OH, HCTU, DIPEA/DMF, 1 h; (c) 20% piperidine/DMF, 20 min; Fmoc-Arg(Pbf)−OH, HCTU, DIPEA/DMF, 1 h; (d)
20% piperidine/DMF, 20 min; Fmoc-D-Phe-OH, HCTU, DIPEA/DMF, 1 h; (e) 20% piperidine/DMF, 20 min; Fmoc-His(Trt)−OH, HCTU,
DIPEA/DMF, 1 h; (f) 20% piperidine/DMF, 20 min; Fmoc-Asp(Allyl)−OH, HCTU, DIPEA/DMF, 1 h; (g) 20% piperidine/DMF, 20 min;
Fmoc-Nle−OH, HCTU, DIPEA/DMF, 1 h; (h) 20% piperidine/DMF, 20 min; Fmoc-6-Ahx−OH, HCTU, DIPEA/DMF, 1 h; (i) 20%
piperidine/DMF, 20 min; Fmoc-Cys(Trt)−OH, HCTU, DIPEA/DMF, 1 h; (j) PhSiH3, Pd(PPh3)4/DCM, 1 h; (k) HCTU, DIPEA/DMF, 2 h;
(l) 20% piperidine/DMF, room temperature, 20 min; (m) TFA/TIS/H2O (95:2.5:2.5), 3 h.
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and 2 to MC1R, competitive binding assays were performed
on human MC1R overexpressing HEK293 cells with 125I
labeled NDP-α-MSH as the competing ligand (Figure 2, Table
1). The Ki values of CPT-MT-II and fluorescein-MT-II
binding to MC1R were determined to be 57 ± 7 nM and
172 ± 20 nM, respectively, while the Ki value of MT-II was
shown to be 1.5 ± 0.2 nM. Despite having lower binding
affinities than MT-II, both 1 and 2 were demonstrated to
retain full displacement of 125I-NDP-α-MSH within micro-
molar range concentration. As MT-II is not selective to MC1R
and can also bind to and activate other melanocortin receptor
subtypes,24,32 further competitive binding assays were
performed with HEK293 cells that overexpress MC3R,
MC4R, or MC5R. CPT-MT-II was demonstrated to have
weak selectivity to MC1R, with around 3−6-fold higher
binding affinity to MC1R as compared to MC3R, MC4R, and
MC5R (Table 1, Figure S7).
Specific Drug Delivery of Drug-MT-II Conjugates to

Melanoma Cell Line A375 over HEK 293. To analyze the
ability of drug-MT-II conjugate scaffold to release drug into
melanoma cells, A375 malignant melanoma cells, which
overexpress MC1R,15,33 were treated with 3 μM of 2 for 0.5,
1.5, or 2.5 h. The media with excess 2 was washed away, and
the intracellular fluorescence was monitored by live-cell
confocal microscopy under the same microscope settings. No
significant fluorescence uptake was observed when A375 cells
were treated for 0.5 h (data not shown) or 1.5 h (Figure 3A).
After 2.5 h incubation, strong fluorescence was observed to be
evenly distributed inside the A375 cells (Figure 3B). A Z-stack
image was taken, which further confirmed that the observed
fluorescence was not from the cell membrane but came from

both nucleus and cytoplasm (Figure S8). To test if the
fluorescence uptake was mediated by ligand−receptor
interactions between MC1R and the MT-II moiety of 2,
A375 cells were simultaneously treated with 3 μM of 2 and 30
μM of MT-II for 2.5 h and examined under confocal
microscopy. With an excess amount of MT-II present to
occupy the MC1R binding sites, fluorescence uptake by A375
cells was not observed (Figure 3C), suggesting that ligand−
receptor interactions between MC1R and fluorescein-MT-II is
crucial to deliver fluorescein into A375 cells. To test if drug-
MT-II conjugate scaffold also releases the therapeutic drug into
healthy noncancer cells, HEK293 kidney epithelial cells were
treated with 3 μM of 2 for 2.5 h and monitored under confocal
microscope. The results demonstrated fluorescence uptake by
HEK293 cells with much weaker fluorescence intensity
compared to uptake by A375 cells (Figure 3D), suggesting a
selective delivery of fluorescein into melanoma cells using 2.
Taken together, these results imply that the drug-MT-II
conjugate scaffold can selectively deliver the therapeutic drug
into the cytoplasm of melanoma cells through interactions
between its MT-II moiety and MC1R on melanoma cells.

CPT-MT-II Conjugate Effectively Reduces Cell Viabil-
ity of A375 Cells. To analyze the ability of drug-MT-II
conjugates to affect the viability of melanoma cells, A375
malignant melanoma cells were treated with different
concentrations of CPT 11, MT-II, or 1 for 24 h, and the cell
viability was measured with XTT assay. The results suggest
that both CPT and CPT-MT-II can effectively kill A375

Scheme 3. Synthesis of Linker 10

Scheme 4. Synthesis of the CPT-MT-II Conjugate 1 and Fluorescein-MT-II Conjugate 2

Figure 2. Competitive binding assay results of MT-II, CPT-MT-II 1
and fluorescein-MT-II 2 binding to MC1R in competition with 125I
labeled NDP-α-MSH.
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melanoma cells, while MT-II alone does not have any impact
on melanoma cell viability (Figure 4). CPT-MT-II has an

enhanced cytotoxicity with an IC50 value of 16 ± 2 nM,
comparing to the IC50 value of CPT (47 ± 2 nM).
Camptothecin is known to have poor solubility.34 Thus, the
enhanced potency for CPT-MT-II conjugate is possibly due to
improved solubility and cell membrane penetration of CPT-
MT-II.

■ DISCUSSION
Recent breakthroughs on targeted therapies, including BRAF-
V600E inhibitors and PD-1 inhibitors, have successfully
prolonged the median overall survival for malignant melanoma

patients. Nevertheless, tumor cells eventually relapse and
become resistant to these treatments. To completely cure
melanoma would require cytotoxic drugs that target biological
processes essential for cell proliferation or survival, so that
melanoma cells cannot easily bypass the therapeutic target to
survive the treatment, or that they are quickly eliminated
before they can accumulate enough mutations to become
resistant. However, cytotoxic drugs normally have poor
selectivity to cancer cells and thus possess high risks of side
effects. Here we report the design, synthesis, and biological
evaluations of the first ligand-drug conjugate targeting
melanoma, which can selectively deliver cytotoxic drugs to
melanoma cells through the overexpressed receptor MC1R.
Our biological data support the hypothesis that a drug-MT-II
conjugate can bind to MC1R, and mediate selective drug
delivery to melanoma cells through its interactions with
MC1R. Using camptothecin as an example cytotoxic drug, we
further confirmed that CPT-MT-II can effectively kill
melanoma cells in low nanomolar range in vitro. In our next
paper, we will specifically address the PK/PD and safety for the
CPT-MT-II in vivo. Taken together, our design of drug-MT-II
conjugate motif is a promising approach to selectively deliver
cytotoxic drugs that target pathways essential for cell
proliferation or survival to MC1R overexpressing melanomas,
in order to effectively combat drug resistance issues and
extenuate side effects.
The competitive binding assay suggests that both 1 and 2

can bind to MC1R and fully displace the radioligand 125I-NDP-
α-MSH, though the binding affinity to MC1R decreased by
40−123 fold. Similar decrease in the binding affinity was also

Table 1. Ki Values of MT-II, CPT-MT-II and Fluorescein-MT-II Binding to Melanocortin Receptorsa

Ki (nM)

compounds MC1R MC3R MC4R MC5R

MT-II 1.5 ± 0.2 1.3 ± 0.2 1.4 ± 0.2 2.9 ± 0.3
CPT-MT-II (1) 57 ± 7 300 ± 34 173 ± 48 194 ± 10
fluorescein-MT-II (2) 172 ± 20 ND ND ND

aND: not determined.

Figure 3. Live-cell confocal microscopic image of A375 (A−C) and HEK293 (D) cells treated with 3 μM of fluorescein-MT-II 2 with or without
30 μM of MT-II for indicated periods of time.

Figure 4. Dose−response XTT cell viability assay of camptothecin
(CPT, 11), CPT-MT-II conjugate (1) and MT-II on the cell viability
of human A375 melanoma cell line after 24 h incubation.
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seen in a recent paper when the cytotoxic drug doxorubicin
was conjugated to the formyl peptide receptor 1 (FPR1)
agonist through a pH-sensitive linker.35 Such decrease in
binding affinity could be partly due to the fact that both CPT
and fluorescein can interact with serum albumin.34,36 As bovine
serum albumin (BSA) was used in the binding assay to reduce
nonspecific bindings, interactions between the conjugate drugs
and BSA may limit the amounts of conjugate drugs available to
the melanocortin receptors on the cell surface, and thus cause
the binding affinity to decrease. Another possible reason for
the decrease in binding affinity is that intramolecular
interactions between CPT/fluorescein and MT-II interfered
with binding. Such interactions can be reduced by using a
longer and more hydrophilic spacer. Nevertheless, even small
increases in the spacer size have been demonstrated to
markedly reduce tumor penetration.37

Using confocal microscopy, we demonstrated that the
release of fluorescein from 2 into A375 takes at least 90 min.
The proposed drug release mechanism for ligand-drug
conjugates include conjugate binding to the receptor,
endocytosis, release of the cleavable linker, and diffusion of
the drug through the membrane of the endosome.9,10 Even
though the process of MT-II binding to the MC1R and causing
endocytosis could be observed within 10 min,27 36% of surface
bound MC1R agonist was shown to internalize 1 h after 125I-
NDP-α-MSH incubation.38 The half time of reducing the
disulfide bond in ligand-drug conjugates in the presence of
glutathione was demonstrated to be 1 h.39 Considering the
excessive time required for fluorescein to penetrate the
membrane of the lysosome, 90 to 150 min is a reasonable
time window for drug-MT-II conjugates to deliver the drug
into melanoma cells. A similar long time frame was also
reported in the development of a ligand-drug conjugate
targeting the formyl peptide receptor (FPR1).35 When
doxorubicin was conjugated to the FPR1 agonist through a
pH-sensitive linker, doxorubicin was shown to mainly
colocalize with FPR1 in the endosome 1 h after incubation.35

Doxorubicin was demonstrated to pass through the endosome
membrane and enrich in the nucleus 6 h after incubation.35 In
our study, we chose the pH-sensitive dye fluorescein, which
has strong fluorescence intensity at neutral to basic pH but
only retains a minimal level of fluorescence intensity when the
pH is less than 5.5.40 Fluorescein would lose its fluorescence
when trafficked in the acidic environment of endosomes and
lysosomes. Fluorescein would regain fluorescence when it
reaches the cytoplasm, thus mimicking the complete drug
delivery process of ligand−drug conjugates.
Because selective delivery to MC1R overexpressing

melanomas is provided by the MT-II motif of the drug−
MT-II conjugate, our design opens up opportunities for a
much wider range of therapeutic drugs selection. From a
synthetic perspective, any cytotoxic drug with an −NH2 or
−OH group can be used for drug-MT-II conjugates through
the same synthetic strategies. To achieve maximal killing of
cancer cells, drugs with high potency are favored due to limited
number of receptors on the membrane.9,41 Potential
personalized therapy may be developed by screening for
cytotoxic drugs that have low resistance problems and are most
effective at killing a person’s tumor cells without having to
consider selectivity, and then provide selectivity to melanoma
cells through our drug−MT-II conjugate design. Moreover, a
potential combinational therapy with MT-II conjugated to
different cytotoxic drugs can be developed based on the drug−

MT-II conjugate design, as combinational therapy is widely
considered the best option for combating drug resistance in
cancer.42 These approaches may greatly reduce the chances
that the melanoma tumor become resistant to the therapy.
GPCRs such as protease-activated receptor-1 (PAR-1),

angiotensin-II receptor, G protein-coupled receptor 30
(GPR30), lysophosphatidic acid receptor (LPAR) and gastrin
releasing peptide receptor (GRP-R) have been demonstrated
to overexpress in a variety of cancers and play important roles
in carcinogenesis, tumor progression and metastasis.43,44

Distinct from previously developed ligand-drug conjugates
that target non-GPCR receptors such as FR, PSMA, and
glucose transporter 1 (GLUT1),9,10 we demonstrate through
our drug-MT-II conjugates targeting the overexpressed MC1R
on melanoma that ligand−drug conjugates can target GPCRs
for cancer specific drug delivery. Though FPR1 is also a
GPCR, ligand-induced internalization of FPR1 was shown to
happen through the clathrin-independent mechanism,35,45

whereas MT-II stimulates MC1R internalization through the
β-arrestin-mediated clathrin-dependent mechanism27 that is
the most common for GPCR internalization. With our results
demonstrating its feasibility, we anticipate more ligand−drug
conjugates targeting different GPCRs to be developed to
address the problem of cancer resistance in the future.

■ MATERIALS AND METHODS
General. Organic solvents and reagents were purchased

from Aldrich and used without further purification. ESI-MS
was performed with the Bruker amaZon ion trap system.
Reverse-phase high-performance liquid chromatography (RP-
HPLC) was performed with Agilent 1100 series. Semi-
preparative RP-HPLC on a C18 bonded silica column
(Vydac 218TP152022, 250_22 mm, 15−20 μm, 300 Å) was
used for compound purification and to analyze the purity,
eluted with a linear gradient of acetonitrile (gradient, 2−100%
B in A over 40 min, flow rate 3 mL/min). System 1: solvent A,
0.1% TFA in water; solvent B, 0.08% TFA in acetonitrile.
System 2: solvent A, 1% formic acid in water; solvent B, 1%
formic acid in methanol) and aqueous 0.1% TFA (v/v). The
major peak of all compounds accounted for ≥95% of the
combined total peak area monitored by a UV detector at 254
nm. Cells were grown in minimum essential medium (MEM,
Gibco) supplemented with 10% FBS, 1% penstrep, and 1 mM
sodium pyruvate at 37 °C and 5% CO2.

Synthesis of Cys-6-Ahx-Nle-c[Asp-His-D-Phe-Arg-Trp-Lys]-
NH2 (3). Nα-Fmoc-amino acids were obtained from GL
Biochem and ChemCruz. The side chain protected amino
acids were Fmoc−Cys(Trt)−OH, Fmoc−Asp(OAll)−OH,
Fmoc−His(trt)−OH, Fmoc−Arg(pbf)−OH, Fmoc−Trp-
(Boc)−OH, and Fmoc−Lys(Alloc)−OH. Fmoc−Rink amide
resin was purchased from Novabiochem. All peptides were
synthesized by the N-Fmoc solid-phase peptide strategy using
DIEA and HCTU as the coupling reagents. Rink amide resin
(0.37 mmol/g) was placed into a 5 mL polypropylene syringe
with a frit on the bottom and swollen in DCM (2 mL) and
DMF (2 mL) for 1 h. The Fmoc protecting group on the rink
linker was removed by 20% piperidine in DMF. After 20 min
the solution of piperidine was removed and the resin was
washed with DMF (2 mL, 4 times) and DCM (2 mL, 4 times).
N-Fmoc amino acid (3 equiv) and HCTU (3 equiv) were
dissolved in DMF, and then DIEA (3 equiv) was added. The
coupling mixture was transferred into the syringe with the resin
and shaken for 1 h. Coupling completion was monitored with a
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Kaiser test. The coupling mixture was removed, and the resin
was washed with DMF (2 mL, 4 times) and DCM (2 mL, 4
times). N-Fmoc groups were removed with 20% piperidine in
DMF in 20 min. Each coupling and deprotection step was
repeated until a linear peptide was assembled. Allyl and Alloc
deprotection was carried out by adding Pd(PPh3)4 (0.35
equiv) and PhSiH3 (20 equiv) in DCM under argon. The
deprotecting solution was left to react in the presence of argon
and shaken for 30 min. Next, the peptide resin was washed
four times with DCM and the process was repeated once. The
subsequent cyclization was performed by adding HCTU (3
equiv) and DIEA (3 equiv) in DMF for 2 h. The N-Fmoc
group on the Cys residue was removed with 20% piperidine in
DMF for 20 min. The final wash of the resin was done with
DMF (2 mL, four times) and DCM (2 mL, four times). The
product was cleaved from the resin with a mixture of 95% TFA,
2.5% TIPS, and 2.5% water during 3 h. Side chain protecting
groups were removed during the cleavage step as well. The
cleaved mixture was evaporated on a rotary evaporator, and the
crude peptide was dissolved in H2O/methanol and purified by
HPLC before being lyophilized. m/z calculated, 1197.62; m/z
observed, 1198.78 (M+H)+.
Synthesis of 1H-Benzo[d][1,2,3]triazol-1-yl[2-(pyridin-2-

yldisulfanyl)-ethyl] Carbonate (10).31 2-Mercaptoethanol
(4) (0.77 g, 9.9 mmol) was dissolved in 5 mL of ACN, and
the solution was added dropwise to a solution of
chlorocarbonylsulfenyl chloride (5) (1.30 g, 9.9 mmol) in 8
mL of ACN precooled at 0 °C. The solution was stirred at 0
°C for 30 min. A solution of 2-mercaptopyridine (6) (1.00 g,
9.0 mmol) in 20 mL of ACN was added dropwise to the
solution, and the mixture was stirred at reflux for 2 h, during
which a white precipitate formed. The mixture with white
precipitate was then stirred at 0 °C for 1 h and filtered. The
filter cake was washed with ACN to provide the compound 7
as a white amorphous solid (1.35 g, 80%). Compound 7 (1.00
g, 4.47 mmol) was dissolved in DCM (5 mL) and Et3N (0.45
g, 4.47 mmol) and added dropwise to a solution of triphosgene
(8) (0.44 g, 1.49 mmol) at 0 °C. The solution was stirred at
room temperature for 1.5 h, followed by dropwise addition of a
solution of hydroxybenzotriazole (9) (0.60 g, 4.47 mmol) in
DCM (10 mL) and Et3N (0.45 g, 4.47 mmol). The mixture
was then stirred at room temperature for 16 h and then diluted
with CHCl3 to 50 mL and washed with H2O (100 mL × 3)
and brine (100 mL). The organic layer was dried over
anhydrous Na2SO4, filtered, and concentrated. The resulting
yellow oil was triturated with hexane and filtered to provide the
product 10 as a white solid (1.36 g, 87%):

1H NMR (400 MHz, CDCl3) δ: 3.28 (t, J = 6.4 Hz, 2 H),
4.83 (t, J = 6.4 Hz, 2 H), 7.11 (ddd, J = 1.3, 7.2, 8.1 Hz, 1 H),
7.57 (ddd, J = 1.2, 7.2, 8.2 Hz, 1 H), 7.67 (ddd, J = 0.9, 1.7, 8.0
Hz, 1 H), 7.71 (dt, J = 1.3, 8.1 Hz, 1 H), 7.79 (ddd, J = 1.3,
7.3, 8.4 Hz, 1 H), 8.05 (ddd, J = 0.9, 1.8, 8.0 Hz, 1 H), 8.23
(ddd, J = 0.9, 1.8, 8.0 Hz, 1 H), 8.46 (ddd, J = 0.9, 1.7, 8.1 Hz,
1 H).
Synthesis of CPT-Linker Compound (13). Camptothecin

(11, 25 mg, 0.07 mmol) was dissolved in DCM (5 mL),
followed by addition of carbonate reagent 10 (37 mg, 0.10
mmol), DMAP (9.1 mg, 0.07 mmol), and Et3N (15 mg, 0.15
mmol). The mixture was stirred at room temperature
overnight, purified by semipreparative RP-HPLC, and
lyophilized to provide a yellow solid (37.2 mg, 95%). m/z
calculated, 561.10; m/z observed, 562.21 (M+H)+.

1H NMR (400 MHz, CDCl3) δ: 1.00 (t, J = 7.5 Hz, 3 H),
2.32 (m, 2 H), 3.06 (t, J = 6.6 Hz, 3 H), 4.36 (m, 2 H), 5.3 (s,
2 H), 5.53 (s, 2 H), 7.03 (m, 1 H), 7.33 (s, 1 H), 7.65 (m, 3
H), 7.83 (m, 1 H), 7.94 (d, J = 8.2 Hz, 1 H), 8.22 (d, J = 8.6
Hz, 1 H), 8.39 (s, 1 H), 8.41 (d, J = 4.7 Hz, 1 H).

Synthesis of Fluorescein-Linker Compound (14). Fluo-
rescein (12, 33 mg, 0.10 mmol) was dissolved in THF (5 mL),
followed by the addition of carbonate reagent 10 (40 mg, 0.12
mmol), DMAP (13 mg, 0.10 mmol), and Et3N (21 mg, 0.21
mmol). The mixture was stirred at room temperature
overnight and purified by semipreparative RP-HPLC, and
lyophilized to provide a yellow solid (38.0 mg, 70%). m/z
calculated, 545.06; m/z observed, 568.16 (M+Na)+.

1H NMR (400 MHz, CDCl3) δ: 3.15 (t, J = 6.5 Hz, 2 H),
3.78 (s, 1 H), 4.53 (dt, J = 6.5, 1.7 Hz, 2H), 6.56 (dd, J = 8.6,
2.4 Hz, 1 H), 6.63 (dd, J = 8.6, 3.7 Hz, 1 H), 6.74 (dd, J = 7.1,
2.4 Hz, 1 H), 6.82 (dd, J = 17.8, 8.6 Hz, 1 H), 6.86 (dd, J =
8.6, 2.3 Hz, 1 H), 6.91 (dd, J = 8.6, 2.3 Hz, 1 H), 7.15 (m, 3
H), 7.66 (m, 4 H), 8.03 (m, 1 H), 8.49 (m, 1 H).

Synthesis of CPT-MT-II (1). Linker-MT-II peptide (3, 6.11
mg, 0.0050 mmol) was dissolved in argon-purged, saturated
sodium bicarbonate solution (1 mL). A solution of CPT-linker
compound 13 (2.86 mg, 0.0050 mmol) in THF (1 mL) was
added dropwise to the reaction mixture, and the solution was
stirred for 30 min. The product CPT-MT-II (1) was purified
by preparative RP-HPLC and lyophilized to provide a yellow
solid (4.21 mg, 51%). m/z calculated, 1647.71; m/z observed,
1649.19 (M+H)+.

Synthesis of Fluorescein-MT-II (2). Linker-MT-II peptide
(3, 1.33 mg, 0.0011 mmol) was dissolved in argon-purged,
saturated sodium bicarbonate solution (0.5 mL). A solution of
fluorescein-linker compound 14 (0.93 mg, 0.0017 mmol) in
THF (0.5 mL) was added dropwise to the reaction mixture,
and the solution was stirred for 30 min. The product CPT-
MT-II (1) was purified by preparative RP-HPLC and
lyophilized to provide a yellow solid (1.02 mg, 57%). m/z
calculated, 1631.67; m/z observed, 816.91 (M+2H)2+.

Competitive Binding Assays. Competitive binding assays
were performed on whole cells using previously described
procedures.46−48 Stably transfected HEK 293 cell lines
overexpressing human MC1R, MC3R, MC4R, or MC5R
were seeded on 96-well plates 48 h before the assay and grown
to 100 000 cells per well. For the assay, the medium was
removed, and cells were washed twice with a binding buffer
containing minimum essential medium with Earle’s salt
(MEM, GIBCO), 25 mM HEPES (pH 7.4), 0.2% bovine
serum albumin, 1 mM 1,10-phenanthrolone, 0.5 mg/L
leupeptin, and 200 mg/L bacitracin. Cells were incubated
with different concentrations of unlabeled test compounds and
125I labeled NDP-α-MSH (PerkinElmer, 100 000 cpm/well,
0.1386 nM) for 40 min at 37 °C. The medium was
subsequently removed, and the cells were washed twice with
the binding buffer. The cells were lysed by 50 μL of 0.1 mM
NaOH and 50 μL of 1% Triton X-100. The plates were left to
dry overnight under the hood, and 50 μL of scintillation fluid
(OptiPhase SuperMix, PerkinElmer) was added in each well.
The radioactivity was measured using MicroBeta 2 microplate
counter (PerkinElmer). Data were analyzed using Graphpad
Prism 6 (Graphpad Software, San Diego, CA).

Confocal Microscopy. One milliliter of A375 or HEK 293
cell suspension (∼5 × 104 cells) was seeded in a 35 mm No.
1.5 coverslip glass-bottomed microwell dish (MatTek) and
cultured overnight. Cells were gently washed with PBS twice
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and treated with compound 2 (3 μM) with or without MT-II
(30 μM) in phenol red-free, HEPES-supplemented DMEM.
After incubation at 37 °C for an indicated time, cells were
washed three times with PBS before imaging. Images were
taken with Zeiss LSM880 inverted confocal microscope with
either bright field or laser at 488 nM with 2% laser power and
Plan-Apochromat 63x/1.4 Oil DIC M27 objective.
XTT Cell Viability Assay. A375 cells were seeded in 96

well plates at a density of around 105 cells per well in 95 μL of
MEM medium and incubated for 24 h. Cells were treated with
5 μL of drugs in a final concentration of 0, 0.3 nM, 1 nM, 3
nM, 10 nM, 30 nM, 100 nM, and 300 nM for 24 h. XTT
solution was prepared by dissolving 4 mg of XTT in 4 mL of
MEM medium. PMS solution was prepared by dissolving 3 mg
of PMS in 1 mL of phosphate buffer saline (PBS). Ten
microliters of PMS solution was added to 4 mL of XTT
solution, and 25 μL of the PMS/XTT mixture was added to
each well. The plate was incubated at 37 °C for another 2 h
culture. Absorbance was measured at 450 nm using a μQuant
Universal Microplate Reader (Bio-Tek instruments, Inc.,
Winooski, VT). Absorbance from a no-cells control was
subtracted, and the percentage of cell viability was calculated as
the percentage of absorbance relative to cells treated with
medium.
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