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Variation in the degree of prolonged (residual) biological activity of the melanotropin peptides
o-MSH (a-melanocyte-stimulating hormone, Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-
Pro-Val-NH;) and the superpotent analogues [Nle*pbPhe’]la-MSH (MT-1) and Ac-

1

[Nle* Asp® bPhe’,Lys®la-MSH(4—10)-NH, (MT-I1) has stimulated considerable interest re-
garding this biological phenomena. We have examined the differences in their relative
dissociation rates from the melanocortin receptor, hMCI1R, to try and correlate peptide
dissociation rates with the observations of prolonged biological activity. Interestingly, these
studies revealed that a-MSH remained 25% bound, MT-1 65% bound, and MT-11 86% bound 6
h after the ligand had been removed from the assay medium. The relative dissociation rate of
MT-11 was 4 times slower than that for o-MSH and 2 times slower than that for MT-1, which
was 2 times slower than that for a-MSH. These data suggest that slow dissociation kinetics
(hours) may contribute to the prolonged biological activities observed for both MT-1 and MT-11
peptides in vitro and in vivo. The prolonged binding, biological activities, and enzymatic
stability of MT-1 and MT-11 make them putative candidates for clinical uses such as external
scintigraphy for the localization of tumors (i.e., melanoma).

Introduction val

a-Melanotropin (a-melanocyte-stimulating hormone, 0. CH, Pro
o-MSH) is a linear tridecapeptide consisting of the y
amino acid sequence Ac-Ser-Tyr-Ser-Met-Glu-His-Phe- HN
Arg-Trp-Gly-Lys-Pro-Val-NH,. This melanocortin hor- Ser
mone is derived from the preprohormone, proopiomel- HO
anocortin (POMC), and secreted from the pars intermedia N
of the pituitary gland of most vertebrates.»2 This HN
peptide hormone is thought to possess a variety of HN o
central and peripheral biological activities, but its most Gly
recognized role is regulating skin pigmentation.3=7 The HO NH
peripheral melanocortin receptor, designated MC1, has NH Ojgl\@
been isolated from human melanoma®® and is the HO NCNH T
G-protein-coupled receptor believed to be involved in Glu A
regulating skin pigmentation.

Utilizing the classical frog (Rana pipiens) and lizard WH N
(Anolis carolinensis) skin bioassays,1911 extensive struc- N
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ture—function studies of a diverse number of melan- His NN ° Nre
otropin analogues have been examined to identify
compounds possessing increased biological potencies
and prolonged residual activity, as compared to the
native hormone o-MSH. Substitution of a Nle (side
chain = CH,-CH,-CH,-CH3) for Met* resulted in pep-
tides possessing more potent biological activity. Upon
inversion of configuration of L-Phe” to p-Phe’, to give
[Nle*,pPhe’la-MSH (hereafter referred to as MT-I,
Figure 1), a substantial increase in potency’? as well
as prolonged (or residual) biological activity resulted.313

—
The design of the cyclic lactam peptide Ac-Nle*-Asp®-
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Figure 1. Structure of the peptide Ac-[Nle* D-Phe”]a-MSH-
NH>, also referred to as NDP-MSH and MT-I. This peptide
differs in primary sequence from the native hormone o-MSH
by Nle replacing Met at position 4 and inversion of chirality
of the a-carbon of phenylalanine at position 7 to pPhe.

1
His®-bPhe’-Arg8-Trp°-Lys!-NH, (hereafter referred to
as MT-II, Figure 2), based on conformational consider-
ations and molecular dynamic simulations, resulted in
potencies ca. 10 times greater than that of «-MSH,12in
addition to possessing prolonged (residual) biological
activity.1#15 This study was undertaken to examine the
relative dissociation rates of these melanocortin peptides
from the human peripheral melanocortin MC1 receptor
to examine ligand—receptor Kinetics as a possible mech-
anism for residual or prolonged biological activity.
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Figure 2. Structure of the superpotent monocyclic peptide

1
Ac-[Nle*, Asp®,bPhe’,Lys®la-MSH(4—10)-NH,, referred to as
MT-11.
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Figure 3. Prolonged activity of a-MSH, MT-I, and MT-II in
the frog skin bioassay.'® The experiment is conducted by
incubating the peptide in the assay medium for 1 h and
measuring the light reflectance of the assay skins. After 1 h,
the peptide is removed from the assay medium, and the skins
are washed with medium lacking the melanotropin and
monitored over time for changes in skin darkening.

Results and Discussion

The relative potencies of these compounds in the
frog® and lizard* skin bioassays, and on the human
melanocortin receptor, hMC1R,'2 are summarized in
Table 1. Figure 3 illustrates the prolonged biological
activity observed for the peptides a-MSH, [Nle4,bPhe’]a-

—
MSH (MT-I), and Ac-[Nle*Asp®,bPhe’,Lys%a-MSH(4—
10)-NH; (MT-11) in the frog skin bioassay, with similar
results observed in the lizard skin bioassay.}14 Al-
though the biological actions of a-MSH are rapidly
reversed after transfer of the frog skins to a medium
lacking a-melanotropin, the actions of MT-1 and MT-11
are prolonged almost indefinitely (for weeks in the case
of MT-I). Since frog skin darkening results from recep-
tor activation, signal transduction, and cyclic AMP
production, it might be assumed that the prolonged
actions of the MT-1 and MT-Il melanotropin analogues
are due to irreversible receptor occupation and activa-
tion. This hypothesis is rather dramatically illustrated
in Figure 4, using the lizard skin bioassay. Melanotro-
pin receptor signal transduction (and skin darkening)
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Figure 4. lllustration of the effect that Ca?" plays on
prolonged biological activity of (®) MT-1 and the signal
transduction mechanism(s) involving melanotropin peptides
in general. Once Ca?' (1 mM) is removed (— — —) from the
assay medium, the signal transduction pathway is disrupted,
as demonstrated by lightening of the assay skins. However,
when Ca?" is returned (—) to the assay medium, the signal
transduction process is resumed, as demonstrated by darken-
ing of the assay skins. a-MSH (O) is included to illustrate the
lack of prolonged biological activity in this experiment. These
studies support the hypothesis that MT-I is associated with
the receptor over an extended period of time.

can be interrupted by intermittent removal of Ca?" (1
mM) from the incubation medium (Figure 4). When
Ca?" is returned to the assay medium, the signal
transduction process is resumed, as demonstrated by
skin darkening. This supports our hypothesis that the
ligand remains bound to the receptor in order for
continued signal transduction. In the case of a-MSH,
where no prolonged biological activity is observed,
removal of Ca2" and its return to the assay medium do
not produce darkening of the skin. Although it is
probable that MT-I is irreversibly bound to the melano-
cortin receptor, these physiological bioassays are limited
in examining the dissociation kinetics of these peptides
from the melanocortin receptor specifically.

The dissociation properties of o-MSH, MT-1, and MT-
Il from the human melanocortin receptor, hMCI1R, are
plotted (Figure 5) according to the first-order equation?’

In [LRJ/[LR], = —k_,t 1)

where [LR] is the concentration of the ligand—receptor
complex at time t and [LR]e is the concentration found
at the 6 h time point. A linear plot of the peptide bound
(percent of specific binding) versus time is obtained, and
the apparent dissociation rate, k—; was determined from
the ty, value, using eq 2.

k_, = (In 1/2)/t,, )

The values obtained from this study (Figure 5) are
summarized in Table 2. Because of very slow dissocia-

Table 1. Previously Reported Relative Potencies of These o-Melanotropin Peptides

peptide activity (relative potency)

peptide structure frog lizard binding® cAMPe
a-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH; 1.0 1.0 1.0 1.0
MT-I Ac-Ser-Tyr-Ser-Nle-Glu-His-pPhe-Arg-Trp-Gly-Lys-Pro-Val-NH; 60.02 5.02 5.4 4.0
MT-11 0.8° 10.0° 11.4 10.0

I 1
Ac-Nle-Asp-His-pDPhe-Arg-Trp-Lys-NH;

a Relative potencies reported from Sawyer et al.! P Relative potencies reported from Al-Obeidi et al.14 ¢ Relative potencies were calculated

based on the ICsg and ECsq values relative to a-MSH.12
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Figure 5. Percentage of a-MSH, MT-I, and MT-11 remaining
bound to the melanocortin receptor, hMC1R, over time. The
peptide is incubated for a minimum of 1 h and removed from
the assay medium, the cells are washed, and radioligand is
added to the medium and monitored for a duration of 6 h to
determine dissociation properties of these peptides on the
human MC1 receptor believed to be involved in skin pigmen-
tation (n = 4).

Table 2. Observed Dissociation Characteristics of
Melanotropin Peptides on hMC1 Receptor over a Time Period of
6 H

extrapolated? apparent? relative®
peptide t12 value (h) k-i(h ™D dissociation rate
o-MSH 4.00 0.17 1.0
MT-1 8.50 0.08 0.50
MT-I1 195 0.04 0.24

a Determined by extrapolation of the slope until 50% of the
peptide was bound relative to the specific binding, Figure 5.
b Dissociation rate calculated from the first-order equation (In 1/2)/
ti2 = k-1, using the ti, value listed. ¢ The relative rates were
determined by setting o-MSH equal to 1, and dividing the
apparent k-1 by the a-MSH value.
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Figure 6. Percentage of a-MSH, MT-I, and MT-11 remaining
bound to the hMC1 receptor after being removed from the
assay medium for 6 h.

tion rates, the ty» values for MT-1 and MT-Il were
determined by extrapolation using the slopes obtained
from Figure 5.

Examination of the residual binding of the peptides
6 h after they were removed from the assay medium
revealed that a-MSH was only 25% bound, whereas
MT-1 was ca. 65% bound, and MT-II was observed to
be a remarkable 86% bound (Figure 6) at that time.
These results compare with previously reported results
in the frog skin bioassay (Figure 3), where MT-I and
MT-I1 possess superprolonged residual activity. o-MSH,
however, was previously observed to possess little or no
residual activity. However, the interaction of a-MSH
with hMC1R demonstrates some prolonged activity
(Table 2, Figures 5 and 6). This may be accounted for
evolutionarily when considering that chameleons, and
frogs to a lesser extent, are able to rapidly induce
pigment dispersion (skin darkening), while humans
require an extended time period to induce melanosome
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Figure 7. lllustration of the general mechanism by which
peptide hormones interact with their receptors to transduce a
signal into the intracellular region of cells. Several receptor
states are illustrated, in addition to alternative conformational
states of a linear peptide interacting with its representative
receptor.

dispersion (typically UV induced), thus exemplifying
species differences between humans, amphibians, and
reptiles.

Figure 7 identifies the various receptor and peptide
states that are believed to be occurring throughout the
signal transduction pathway. Although a two-state
model of receptor conformations can be proposed as the
simplest case,'® it is commonly believed that multiple
receptor states exist and, in addition, most small peptide
hormones and neurotransmitters possess a variety of
conformations. The hypothesis of a “z state” has been
previously proposed by our laboratories for the pro-
longed action of melanotropin peptides.192° This hy-
pothesis suggests that prolongation may result from
peptide—receptor interactions. Since the dissociation
constant is related to the ligand off rate, strong binding
interactions, which can be attributed to highly potent
analogues, might lead to slow off rates. This is the first
study of dissociation kinetics of melanotropin peptides
from the human melanocortin receptor, hnMC1R. The
results presented here demonstrate extremely slow
dissociation rates (Table 2) for the superpotent melan-
otropin analogues and provide experimental evidence
supporting the hypothesis of slow peptide—receptor
dissociation rates. This study further provides evidence
that prolonged biological activities can be incorporated
into the design of peptide analogues which are desired
to maintain a long duration of binding and biological
action.

Conclusions

Prolonged, or residual, biological activity is a phe-
nomenon that is desired for compounds considered for
clinical applications. Peptides are notorious for their
short in vivo and in vitro half-lives which may be
attributed to multiple physiological degradation mech-
anisms. Peptides that are able to possess biological
activity over extended periods of time (hours) are highly
desirable and rarely reported in the literature. Multiple
research endeavors are being pursued to design peptides
maintaining prolonged action, in addition to isolating
the mechanism(s) that sustain these physiological ac-
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tivities. We report here peptides that exhibit prolonged
activity (Figure 3), which correlates with their long
dissociation rates from the cloned human receptor.
Both MT-1 and MT-I1 have been found to be stable to
proteolytic enzymes such as a-chymotrypsin, trypsin,
and pepsin.?! Therefore, their residual activity may be
related to improved circulating half-life, but in addition,
the dissociation study reported here clearly indicates
that the long dissociation half-life (hours) on the human
receptor, hMC1R, also may be a contributing factor to
the exceptional prolonged, or residual, biological activity
that these compounds possess.

Experimental Section

Peptide Synthesis. Ac-NIe-Ast-His-DPhe-Arg-Trp-Li/s-
NH. was synthesized by solid phase synthetic methods, as
previously described.'*?> The properties and purity of this
peptide were assessed by FAB-MS, RP-HPLC, TLC in three
solvent systems, optical rotation, and amino acid analysis and
are in agreement with previously published values (data not
shown). The other melanotropins, a-MSH and [Nle*,pPhe’]a-
MSH, were purchased from Peninsula Laboratories, Inc.
(Belmont, CA).

Frog and Lizard Skin Assays. The frog (R. pipiens) and
lizard (A. carolinensis) skin bioassays were utilized to deter-
mine the relative potencies of the synthetic melanotro-
pins.101114 The assays measure the amount of light reflected
from the surface of the skins in vitro. In response to melano-
tropic peptides, melanosomes within integumental melano-
cytes migrate from a perinuclear position into the dendritic
processes of the pigment cells. This centrifugal organellar
dispersion results in a change in color (darkening) of the skins
which is measured by a Photovolt reflectometer and expressed
as the percent response compared to the initial (time zero)
reflectance value. Subsequent removal of a melanotropin such
as a-MSH usually results in a rapid perinuclear (centripetal)
reaggregation of melanosomes within melanocytes leading to
a lightening of the skin back to their original (base) value.

The experiments examining the effect of Ca*" were per-
formed on a group of lizard (A. carolinensis) skins. At time
zero, MT-I (nM) was added to the skins (n = 6). At 60 min,
the skins were transferred to Ringer solution in the absence
of any melanotropins. At subsequent time periods the skins
were alternatively transferred to Ringer solution in the
absence (dahsed) and presence (solid line) of calcium ion (1
mM).

Dissociation Assays. L-Cells transfected with the human
MC1 receptors were grown to confluence in 12-well (2.4 x 1.7
cm) tissue culture plates.*? The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; GIBCO) con-
taining 4.5 g/100 mL glucose, 10% fetal calf serum, 100 units/
mL penicillin and streptomycin, 1 mM sodium pyruvate, and
1 mg/mL geneticin. For the assays, the medium was removed
and cells were washed twice with a freshly prepared binding
buffer consisting of 97% minimum essential medium with
Earle’s salt (MEM; GIBCO), 2.5% HEPES (pH 7.4), 0.2%
bovine serum albumin, 0.1% 1,10-phenanthrolone, 0.5 mg/L
leupeptin, and 200 mg/L bacitracin. A 107¢ M concentration
of the peptide being tested was added to the well, preincubated
for at least 1 h, and removed from the assay medium at the
designated time, and the cells were washed with binding
buffer. Subsequently, a 100 uL solution of [*°1][Tyr?,-
Nle*,0Phe’Jo-MSH (100 000 cpm/well) was added to each well
and incubated at 37 °C for up to 6 h. Upon completion of the
incubation period, the medium was subsequently removed and
each well was washed twice with binding buffer. The cells
were lysed by the addition of 0.5 mL 0.1 M NaOH and 0.5 mL
of 1% Triton X-100. The mixture was left to react for 5 min
and the contents of each well transferred to labeled 16 x 150
mm glass tubes and quantified in a y-counter. [*®I][Tyr?,-
Nle*,DPhe’lo-MSH was prepared and purified by methods
described previously.?
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