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Abstract: Results of energy calculations for a-MSH (a-melanocyte stimulating hormone,
Ac-Ser L-Tyr 2-Ser 3-Met*-Glu®-His®-Phe’-Arg®-Trp°-Gly*-Lys''-Pro**-Val **-NH,) and [ b-Phe”] a-
MSH were used for design of cyclic peptides with the general aim to stabilize different conforma-
tional isomers of the parent compound. The minimal structural modifications of the conformationally
flexible Gly™ residue, as substitutions for L-Ala, b-Ala, or Aib (replacing of hydrogen atoms by
methyl groups), were applied to obtain octa- and heptapeptide analogues of a-M3H (4-11) and
a-MSH (5-11), which were cyclized by lactam bridges between the side chains in positions 5 and
11. Some of these analogues, namely those with subgtitutions of the Gly™° residue with L-Ala or
Aib, showed biological activity potencies on frog skin comparable to the potency of the parent
tridecapeptide hormone. Additional energy calculations for designed cyclic analogues were used
for further refinement of the model for the biologically active conformations of the His-Phe-
Arg-Trp ‘“‘message’’ sequence within the sequences of a-MSH and [p-Phe’]a-MSH. In such
conformations the aromatic moieties of the side chains of the His®, L/p-Phe’, and Trp°® residues
form a continuous hydrophobic ‘‘surface,”” presumably interacting with a complementary receptor
Ste. This feature is characteristic for low-energy conformers of active cyclic analogues, but it is
absent in the case of inactive analogues. This particular spatial arrangement of functional groups
involved in the message sequence is very close for «-MSH and [p-Phe’] a-M$H, as well as for
biologically active cyclic analogues despite differences of dihedral angle values for corresponding
low-energy conformations. © 1998 John Wiley & Sons, Inc. Biopoly 46: 155—-167, 1998

Keywords, «-MSH; [p-Phe’] a-MSH; isomerism; cyclic analogues

Correspondence to: V. J. Hruby, Department of Chemistry,
University of Arizona, Tucson, AZ 85721

Contract grant sponsor: U.S. Public Health Service

Contract grant number: DK 17420

Biopolymers, Vol. 46, 155—-167 (1998)
© 1998 John Wiley & Sons, Inc. CCC 0006-3525/98/030155-13

155



156 Nikiforovich et al.

INTRODUCTION

The tridecapeptide «a-melanotropin (a-MSH, «a-
melanocyte stimulating hormone), Ac-Ser'-Tyr?-
Ser3-Met*-Glu®-His®-Phe’-Arg®-Trp®-Gly **-Lys"-
Pro*?-Val *-NH,, is a stimulator of melanogenesis
in mouse and human melanocytes, mouse B16 and
Cloudman S91 melanoma.cells, aswell asastimula-
tor of tyrosinase induction in some human mela
noma cell lines (e.g., Ref. 1). The structure—func-
tion and conformation—function relationships for a-
MSH for interaction with pigment cell receptors has
been intensely studied in the last two decades by
synthesis and biological studies of various «-MSH
analogues.’® It has been shown that the minimal
sequence possessing a-M SH-like activity isthe cen-
tral tetrapeptide His®-Phe’-Arg®-Trp® (Ref. 4). This
‘“core’’ sequence was suggested to be the ‘‘mes-
sage’’ fragment for a-MSH, the rest of the molecule
being regarded as the ‘‘ address”’ sequence® (some
authors have suggested that the C-terminal Lys™-
Pro*2-Val *3-NH, fragment also contributes to the a-
MSH message).®’ Linear superagonists of a-MSH
with prolonged action were obtained by substitution
of the Phe’ residue for its b-enantiomer and replac-
ing Met* with Nle* (Ref. 8). This finding became
the basis of the suggestion that the central His®-
Phe’-Arg®-Trp® message sequence of «-MSH
adopts a S-turn or S-turn-like structure when bound
to a-MSH specific receptors.® The peptide chain
reversal of this kind could bring the side chains in
positions 4 and 10 in close proximity, which was
the reason for the synthesis of cyclic [half-Cys®,
half-Cys'®] -a-MSH.%*° This analogue and its frag-
ments generally were found to be more active than
their linear counterparts in both frog and lizard skin
bioassays. *'° Furthermore, they generally were less
potent compared to the same cyclic fragments with
the additional substitution of the Phe’ for p-Phe’
(Ref. 11).

A comparison of the nmr data and biological
activity results for a-MSH analogues with subse-
quent substitutions of each amino acid residue in
the His®-Phe’-Arg®-Trp® fragment yielded a model
that suggested the predominant 8 conformations for
the residues in this fragment (i.e., those with ¢
= —139°, ¢y = 135° for L-, and with ¢ = 139°,
= —135° for b-amino acid residues) .*? At the same
time, energy calculations for a«-MSH and its [ half-
Cys*, half-Cys™] cyclic analogue led to the conclu-
sion that the biologically active conformation of a-
MSH might be stabilized with either Glu®- - - Arg®
or Glu®- - - Lys™ sdt bridges between oppositely
charged ionic side chains of the molecule.’*** To
test both hypotheses, the cyclic lactam analogues

Ac-Nle*-cyclo[D-Orn®, Glu®]a-MSH (4-11)NH,
and Ac-Nle*-cyclo[p-Orn®, b-Phe’, Glu®]a-
MSH (4—-11) NH,, were synthesized, the former re-
taining the potency of the corresponding linear frag-
ment of a-MSH in frog skin bioassays and the latter
possessing more than 100-fold less potency.* More
recently, quenched molecular dynamics simulations
performed on a-MSH and its [Nle*, pb-Phe’] ana-
logue suggested the possibility of the close spatial
location of residuesin positions 5 and 10.*° Accord-
ingly, another cyclic lactam analogue, Ac-Nle*-
cyclo[Asp®, D-Phe’, Lys™]a-MSH (4—-10)NH,,
was synthesized and was found to be exceptionally
potent in melanoma tyrosinase assays, demonstra-
ting pronounced selectivity and prolongation of ac-
tion.*®*” On the contrary, the N-terminal to C-termi-
nal cyclic hexapeptides cyclo(Gly-His-Phe-Arg-
Trp-Gly) and cyclo(Gly-His-p-Phe-Arg-Trp-Gly)
were significantly less potent than their linear pre-
cursors in frog skin assays.®

This data on cyclic analogues of «-MSH resulted
in avariety of models for the spatial structure of «-
MSH and its central fragment analogues. Some of
these models have been examined by energy calcu-
lations,***® but a systematic conformational search
for a-MSH was performed just once,*® using rather
out-of-date force field parameters.*® The main goal
of this paper is to examine and refine a model for
the *‘biologically active’’ backbone conformer of
the message sequence of a-MSH employing energy
calculations, followed by synthesis of conforma-
tionally constrained analogues of «-M SH, and stud-
ies of their biological activity to examine the valid-
ity of these models. First, we have performed
systematic energy calculations for a-MSH and its
[p-Phe’] analogue to find their low energy confor-
mations. Then we have used the knowledge ob-
tained from these low-energy conformations to de-
sign and to synthesize new cyclic analogues of a-
MSH. Finally, the biological activities of these ana-
logues were examined, and, independently, sets of
low energy conformers for the analogues were
found by energy calculations. Analysis of the results
of biological studiesin light of energy calculations
for cyclic analogues allowed us to further refine the
model for the biologicaly active backbone con-
formers of the message sequence of a-MSH, aswell
as to reach some conclusions concerning the molec-
ular mechanisms of interaction between a-MSH an-
alogues and its pigment cell receptors.

GENERAL METHODS

The protected amino acid derivatives and the p-methyl-
benzhydrylamine peptide resin were obtained from
Bachem (Torrance, CA). Thin-layer chromatography
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Table | Analytical Properties of New Cyclic Analogues of a-M SH
[a]ggg

in 10% TLC R Vaues® FAB-MS (M + H)
AcOH HPLC®

Analogue® (deg) A B C K’ Found Calculated Amino Acid Analysis’

la —438 078 007 069 841(a 982.5 983.1 Asp(0.92), His(0.94), Phe(1.0), Arg(L.1),
(c, 0.041) 3.19 (d) Ala(1.08), Lys(0.93)

Ib —-56.2 075 006 067 388(a) 10965  1096.27 Nle(1.0), Asp(0.91), His(0.96),
(c, 0.035) Phe(1.03), Arg(1.05), Ala(1.1),

Lys(0.93)

la -235 077 007 07 6.56 (€) 982.7 983.1 Asp(0.90), His(0.96), Phe(1.0), Arg(1.1),
(c, 0.033) 6.21 (d) Ala(1.04), Lys(0.92)

Ila —40 079 008 071 597 (¢ 982.5 983.1 Asp(0.90), His(0.98), Phe(1.0),
(c, 0.029) 3.34 (d) Arg(0.97), Ala(0.95), Lys(0.94)

b —452 079 007 070 334(a) 10965  1096.27 Nle(1.1), Asp(0.95), His(0.92), Phe(1.0),
(c, 0.044) 3.95 (b) Arg(1.02), Ala(1.01), Lys(0.91)

IVa -21.8 074 008 067 862(f) 982.4 983.1 Asp(0.92), His(0.97), Phe(1.0),
(c, 0.032) 1.96 (a) Arg(0.94), Ala(1.1), Lys(0.95)

IVb -46.1 073 006 065 639(a 10956  1096.27 Nle(1.0), Asp(0.90), His(0.91), Phe(1.1),
(c, 0.048) Arg(1.05), Ala(1.08), Lys(0.91)

Va -30.7 078 009 070 546 (c) 997 997.1 Asp(0.89), His(0.97), Phe(1.0), Arg(L.1),
(c, 0.045) 4.1 (d) Lys(0.92)

Vb -31.2 076 008 068 589(a 1110 1110.3 Nle(1.0), Asp(0.90), His(0.97),
(c, 0.041) Phe(1.06), Arg(0.98), Lys(0.90)

Ve -385 078 008 071 9.33(f) 996.5 997.1 Asp(0.88), His(0.99), Phe(1.0), Arg(1),
(c, 0.023) Lys(0.90)

vd -42.3 077 007 069 387() 1110 1110.3 NIe(0.96), Asp(0.93), His(0.90),
(c, 0.03) Phe(1.0), Arg(0.94), Lys(0.95)

Via -334 082 009 073 074(a 982.5 983.1 Asp(0.96), His(0.93), Phe(1.0),
(c, 0.047) 8.26 (f) Arg(0.97), Lys(0.93)

Vib —46.2 080 008 070 237(b) 109 1096.27 Nle(1.1), Asp(0.94), His(0.96), Phe(1.0),
(c, 0.037) 9.5 (e) Arg(1.0), Lys(0.90)

Vic —-28.8 084 007 073 091(a 983.5 983.1 Asp(0.88), His(1.03), Phe(1.0), Arg(1.0),
(c, 0.031) 431 () Lys (0.93)

Vid -31.6 081 005 072 317(a 1097 1096.27 Nle(1.0), Asp(0.90), His(0.96), Phe(1.1),
(c, 0.035) 2.89 (b) Arg(0.97), Lys(0.95)

Vila —51.1 079 007 068 581(e) 983 983.1 Asp(0.90), His(0.92), Phe(1.0),
(c, 0.029) 2.16 (c) Arg(0.99), Ala(1.0), Lys(0.90)

Vilb —453 077 006 068 124(b) 10965  1096.27 NIe(0.97), Asp(0.94), His(0.97),
(c, 0.024) Phe(1.0), Arg(0.94), Ala(1.1),

Lys(0.89)

& Solvent systems: (A) 1-butanol/AcOH/pyridine/H,0O (5:1:5:4), (B) EtOAc/pyridine/AcOH/H,0 (5:5:1:3), (C) 1-butanol/AcOH/H,O

(4:1:1, upper phase).

® Analytical HPLC was performed on a C-18 column (VYDAC Cat. No. 218TP104) using a gradient of CH;CN in 0.1% ag. TFA
in 30 min at 1.5 mL/min. The following gradients were used: (a) 20—30%, (b) 20—40%, (c) 15—25%, (d) 15—30%, (€) 10—30%, and

(f) 10—25%.

¢ Relative ratios in parentheses. Trp, Sar, and Aib not determined.

4 For structures see Table 4.

(TLC) was performed on Merck silica gel 60 Fyx, plates
in various solvent systems described at the end of Table
|. Peptide spots on the devel oped plates were detected by
uv and iodine vapor. Purification of the peptides was
accomplished by semipreparative high performance lig-
uid chromatography (HPLC) using a C-18 reversed-
phase VYDAC column (218TP1010, 250 X 10 mm).
The purity of the finished peptides was confirmed by
reversed-phase analytical HPLC at \280 and 2220 nm.
Various gradient systems of CH;CN in 0.1% aq. triflour-
oacetic acid (TFA) were used and are described at the

end of Table . The purity of al the peptides ranged 90—
96%. The structures of the peptides were confirmed by
amino acid analysis and fast atom bombardment mass
spectrometry (FAB-MS). Amino acid analysis was per-
formed on an Applied Biosystems Model 420A amino
acid analyzer with automatic peptide hydrolysis capabil-
ity (vapor phase hydrolysis using 6N HCI at 160°C for
100 min). No correction was made for destruction of
amino acids during hydrolysis. Optical rotations were
measured on a Fisher Autopol 111 instrument at A589 nm
in 10% AcOH.
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Table || Buildup Procedure for a-MSH and [p-Phe’la-M SH
Number of Conformers
Step Fragment Considered Considered Selected
1 His-Phe-Arg-Trp-Gly 5000 533
His-p-Phe-Arg-Trp-Gly 5000 677
2 Glu-His-Phe-Arg-Trp-Gly-Lys 13,325 28
Glu-His-p-Phe-Arg-Trp-Gly-Lys 16,925 23
3 Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH, 1260 260
Met-Glu-His-p-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH, 1035 200
4 Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Va-NH, 1300 154
Ser-Met-Glu-His-p-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH, 1000 235
5 Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Va-NH, 2310 157
Ac-Ser-Tyr-Ser-Met-Glu-His-p-Phe-Arg-Trp-Gly-Lys-Pro-Va-NH, 3525 929

EXPERIMENTAL METHODS

Energy Calculations

The methods and parameters used for energy calculations
for a-MSH and its analogues were the same as we have
used for opioid peptides.? Rigid valence geometries for
the Sar and Aib residues were calculated employing the
SYBYL program and the values of partial atomic charges
for theseresidues were calculated by the Del Retechnique
(SYBYL implementation).?* All peptide bonds were as-
sumed to be in the rigid planar trans conformations, ex-
cept that preceding the Sar residues, where the w angle
was allowed to rotate and to choose from both trans and
cis possibilities. The patterns of energy calculations for
a-MSH and [p-Phe’]a-MSH were based on a buildup
procedure for ‘‘growing’’ of the peptide chain. Three of
the amino acid side chain functiona groups were re-
garded as ionized, namely the y-carboxyl of the Glu®,
the guanidino group of the Arg®, and the e-amino group
of the Lys™. The buildup procedure was started from the
central pentapeptide 6—10 to the fragment 5—11 (which
contains all ionized functional groups in question) and
then subsequently to the fragments 4—13 and 2—13, and
to the entire molecule (Table I1). The starting points for
energy minimization in the first step were the backbone
conformations corresponding to the dihedral angle values
of ¢ = —140°, 4 = 140°% ¢ = —75° ¢ = 140°; ¢
= =75 ¢ = 80°% ¢ = —60°, y = —60°; ¢ = 60°, ¢
= 60° for all L-amino acid residues; and to the same
values with reversed signs for the b-amino acid residues.
For the Gly residue the starting points were obtained
by combinations of those for both L- and p-amino acid
residues, and for Pro residue they were v = 140°, 80°,
and —60° (¢po = —75°). The same starting points were
used for new residues attached to the conformers selected
at the previous steps. The backbone conformers selected
for further consideration at the each step were those satis-
fying the criteria of AE = E — E.;, = 10 kcal/moal,
except for the last three steps, where the AE values were
12 kcal /mol. At each step the spatial arrangement of the

side chains was optimized before energy minimization
by a special algorithm (see Ref. 20 for details).

Energy calculations for cyclic analogues Ac-cyclo[L/
p-Asp®, L/p-Phe’, X, Lys**]a-MSH(5-11)NH, (X
= Ala, p-Ala, Sar, Aib) were performed according to a
somewhat different buildup procedure (Table I11). First,
the conformers of the peptide backbone for the 5-11
fragment possessing a distance between C¢ and C4, atoms
less than 7 and more than 4 A were selected using all
possible combinations of starting points described above.
Then the low-energy conformations of the cyclic peptide
backbone, where all nonglycine residues except the
L/p-Asp® and Lys™ were replaced by aanines, were ob-
tained. Starting from this step, all w anglesinside acycle
were allowed to rotate during energy minimization. In
most cases, the final step for the cyclic molecules was
performed as two simultaneous independent substeps (see
Table I11). One option was to replace the S-methyl
groups of all alanines (but not for the glycine) by the
corresponding side chains, to perform energy calcula-
tions, and then to replace the Gly™ residue by the X*°
residues (X = Ala, p-Ala, Sar, Aib) for the conformers
selected by the AE = 10 kcal/mol criteria. Another way
was first to replace the Gly*° residue by the X° residues,
preserving aanines, and then to replace the aanines. Fi-
nally, both obtained sets of conformations for each of the
cyclic molecules were merged and low-energy conform-
ers were selected (Table Il1). In the case of Ac-
cyclo[ Asp®, b-Phe’, Aib™, Lys"]a-MSH(5-11)NH,,
additional energy minimizations starting from the fina
sets of low-energy conformers for Ac-cyclo[ Asp®, Phe’,
Ala®, Lys"]a-MSH(5-11)NH, and Ac-cyclo[ Asp®,
Phe’, p-Ala’, Lys"]a-MSH(5-11)NH, were per-
formed also. The final set of conformers was selected by
merging of all calculated conformers for this analogue
which satisfy the energy criterium AE < 12 kcal/mol.

Geometrical Comparison

The geometrical similarity between a pair of conformers
was checked by the assessment of the best fit of the spatial
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Table |11 Buildup Procedure for Cyclic Analogues of @-M SH and [p-Phe’]a-M SH
No. of Conformers
Anaogue Step Sequence Considered Considered Selected
la 1 Ac-Asp-Ala-Ala-Ala-Ala-Gly-Lys-NH, 25722 242
2 Ac-c[Asp-His-Phe-Arg-Trp-Gly-Lys]-NH, 242 31
2’ Ac-c[Asp-Ala-Ala-Ala-Ala-Ala-Lys]-NH, 242 155
3 Ac-c[Asp-His-Phe-Arg-Trp-Ala-Lys]-NH, 31 11
3 Ac-c[Asp-His-Phe-Arg-Trp-Ala-Lys]-NH, 155 32
4 Ac-c[Asp-His-Phe-Arg-Trp-Ala-Lys]-NH, 11 + 32 35
Ila 1 Ac-Asp-Alap-Ala-Ala-Ala-Gly-Lys-NH, 56282 260
2 Ac-c[Asp-Ala-D-Ala-Ala-Ala-bp-Ala-Lys|-NH, 260 128
3 Ac-c[Asp-His-p-Phe-Arg-Trp-b-Ala-Lys]-NH, 128 56
Ila 2 Ac-c[Asp-His-D-Phe-Arg-Trp-Gly-Lys]-NH, 260 26
2’ Ac-c[Asp-Ala-D-Ala-Ala-Ala-Ala-Lys]-NH, 260 191
3 Ac-c[Asp-His-D-Phe-Arg-Trp-Ala-Lys]-NH, 26 10
3 Ac-c[Asp-His-D-Phe-Arg-Trp-Ala-Lys]-NH, 191 16
4 Ac-c[Asp-His-D-Phe-Arg-Trp-Ala-Lys]-NH, 10 + 16 21
IVa 1 Ac-Asp-Alabp-Ala-Ala-bp-Ala-Ala-Lys-NH, 5847% 616
2 Ac-c[Asp-His-D-Phe-Arg-pD-Trp-Ala-Lys]-NH, 616 88
Va 3 Ac-c[Asp-His-D-Phe-Arg-Trp-Aib-Lys]-NH, 26 15
2’ Ac-c[Asp-AlaD-Ala-Ala-Ala-Aib-Lys]-NH, 260 111
3 Ac-c[Asp-His-D-Phe-Arg-Trp-Aib-Lys]-NH, 111 42
4 Ac-c[Asp-His-D-Phe-Arg-Trp-Aib-Lys]-NH, 15 + 42 48
4 Ac-c[Asp-His-D-Phe-Arg-Trp-Aib-Lys]-NH, 21 + 56 46
viaP 3 Ac-c[Asp-His-D-Phe-Arg-Trp-Sar-Lys]-NH, 26 7
2’ Ac-c[Asp-Ala-D-Ala-Ala-Ala-Sar-Lys]-NH, 260 118
3 Ac-c[Asp-His-D-Phe-Arg-Trp-Sar-Lys]-NH, 118 6
4 Ac-c[Asp-His-D-Phe-Arg-Trp-Sar-Lys]-NH, 7+6 8
Via® 1 Ac-Asp-Ala-p-Ala-Ala-Ala-Sar-Lys-NH, 6819% 39
2 Ac-c[Asp-His-D-Phe-Arg-Trp-Sar-Lys]-NH, 39 14
Via® Final Ac-c[Asp-His-D-Phe-Arg-Trp-Sar-Lys]-NH, 8+ 14 7
Vila 1 Ac-D-Asp-Ala-bp-Ala-Ala-Ala-Ala-Lys-NH, 5502% 45
2 Ac-c[p-Asp-His-D-Phe-Arg-Trp-Ala-Lys]-NH, 45 9

aThe number of conformers with C£ — C%, distance less than 7.0 A and greater than 4.0 A.

b Sar in trans conformation.
¢ Sar in cis conformation.
4 Sar both in trans and cis conformations.

arrangement for selected atomic centers (see aso Ref.
20). In all cases the conformers were regarded as similar
when the rms value for these atomic centers was less
than 1.0 A.

Peptide Synthesis

All peptides were synthesized by solid phase methods of
peptide synthesis®® on a Vega 250 peptide synthesizer.
The procedures employed were very similar to that de-
scribed for the synthesis of cyclic lactam bridge-con-
taining melanotropin analogues on a solid support.*” In
brief, individual amino acids as their N“-t-butyloxycar-
bonyl (Boc) protected derivatives were successively
coupled to p-methylbenzhydrylamine (pMBHA) resin
(substitution 0.3—0.4 mmol/g resin) using diisopropyl-

carbodiimide- N-hydroxybenzotriazole (DIC-HOBt) as
coupling reagents. The side-chain protecting groups on
the Lys (or p-Lys) and Asp (or p-Asp) residues were
fluorenylmethoxycarbonyl (Fmoc) and fluorenylmethyl
ester (OFm), respectively, which are stable under the
acidic conditions (50% TFA in dichloromethane) usually
employed for removal of the N*-Boc group. After com-
plete synthesis of the linear protected peptide on theresin,
both Fmoc and OFm groups were removed by treatment
of the peptide resin for 20 min with 20% piperidine in
N-methylpyrrolidinone. Then the liberated carboxyl and
amino functional groups were coupled using BOP re-
agent? to construct the cyclic lactam peptide on the resin.
In each case the peptide was released from the resin by
treating with 10 mL/gm resin of a mixture of hydrogen
fluoride (HF)-anisole (9:1). All the crude peptides were
subjected to purification by preparative HPLC and purity
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Table IV Biological Potencies of Cyclic Analogues of a-MSH in Frog Skin Bioassays

Analogue Sequence Potency?
a-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH, 1.00
la Ac-cyclo(Asp-His-Phe-Arg-Trp-Ala-Lys)-NH, 0.002
Ib Ac-Nle-cyclo(Asp-His-Phe-Arg-Trp-Ala-Lys)-NH, 0.016
Ila Ac-cyclo(Asp-His-D-Phe-Arg-Trp-p-Ala-Lys)-NH, 0.0014
Ia Ac-cyclo(Asp-His-D-Phe-Arg-Trp-Ala-Lys)-NH, 0.37
b Ac-Nle-cyclo(Asp-His-p-Phe-Arg-Trp-Ala-Lys)-NH, 0.917
IVa Ac-cyclo(Asp-His-D-Phe-Arg-p-Trp-Ala-Lys)-NH, 0.011
IVb Ac-Nle-cyclo(Asp-His-p-Phe-Arg-p-Tr p-Ala-Lys)-NH, 0.48
Va Ac-cyclo(Asp-His-p-Phe-Arg-Trp-Aib-Lys)-NH, 0.25
Vb Ac-Nle-cyclo(Asp-His-p-Phe-Arg-Trp-Aib-Lys)-NH, 1.00
Ve Ac-cyclo(Asp-His-D-Phe-Arg-Trp-Aib-p-Lys)-NH, 0.008
vd Ac-Nle-cyclo(Asp-His-p-Phe-Arg-Trp-Aib-b-Lys)-NH, 0.01
Via Ac-cyclo(Asp-His-D-Phe-Arg-Trp-Sar-Lys)-NH, 0.01
Vib Ac-Nle-cyclo(Asp-His-p-Phe-Arg-Trp-Sar-Lys)-NH, 0.005
Vic Ac-cyclo(Asp-His-p-Phe-Arg-Trp-Sar-p-L ys)-NH, 0.001
vid Ac-Nle-cyclo(Asp-His-p-Phe-Arg-Trp-Sar -p-Lys)-NH, 0.023
Vila Ac-cyclo(p-Asp-His-D-Phe-Arg-Trp-Ala-Lys)-NH, 0.02
VIlb Ac-Nle-cyclo(p-Asp-His-p-Phe-Arg-Trp-Ala-Lys)-NH, 0.001

*Relative to a-MSH = 1.00.

was confirmed by reversed-phase analytical HPLC. The
peptides were characterized by fast atom bombardment
mass spectrometry, HPLC, TLC, and amino acid analysis,
and the analytical data for the purified peptides are given
in TableI.

Biological Screening

Bioassays were performed on frog (Rana pipiens) skins
according to published methods.?*-% In these assays the
darkening of skin due to dispersion of melanin granules
within the melanocytes in response to melanotropin ana-
logues is measured by photoreflectance methods. The po-
tency of each analogue was determined from the dose—
response curves comparing the skin darkening with that
caused by the native hormones, a-M SH. The comparative
biological activities are given in Table IV.

RESULTS

Energy Calculations for a-MSH and
[D-Phe’]a-MSH

Energy calculations for a-MSH and [p-Phe’]a-
MSH molecules were performed according to the
buildup procedure in Table II. At the very last step
of this procedure, the low-energy structures ob-
tained earlier for the entire molecules of «-MSH
and [ p-Phe’]a-MSH (71 and 74 structures, respec-
tively) used in the preliminary publication® were
reminimized and combined with the structures ob-

tained following the pattern of Tablell. Thisyielded
157 different backbone structures for a-MSH,
satisfying the criterion of AE < 12 kcal/mol, and
99 different low-energy backbone structures for
[D-Phe’]a-MSH. (The term *‘‘different’”” means
that each of the structures differs from all others by
more than 60° in the value of at least one of the
backbone dihedral angles).

It is convenient to divide the obtained low-
energy structures of -MSH and [ p-Phe’] a-MSH
into several structure types according to the possi-
ble geometrical shapes of the message sequences
His-L/D-Phe-Arg-Trp. Indeed, many of low en-
ergy structures of «-MSH and [p-Phe’] a-MSH
showed geometrical similarity in spatial arrange-
ments for C* and C” atoms in His-L/p-Phe-Arg-
Trp fragments with rms values <1 A, when com-
pared to each other according to Experimental
Methods section. The comparison revealed 5 dif-
ferent structural types for «-MSH and 8 types for
[D-Phe’]a-MSH. The most populated are struc-
ture types, 1, 2, and 3 for a-MSH (154 structures
out of 157) and 1-6 for [D-Phe’]a-MSH (96
structures out of 99); only these structure types
will be discussed below. The backbone dihedral
angles for fragments 6—9, corresponding to the
lowest energy structure for each structure type are
listed in Table V along with number of conform-
ers belonging to each structure type. Since both
a-MSH and [p-Phe’]a-MSH are highly active
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Table V Types of Conformers for Message Sequence of a-M SH and [p-Phe’]a-M SH, Differing in Spatial

Arrangements of Side-Chain Functional Groups

His L/p-Phe Arg Trp
No. of

Peptide Type b ] ¢ ¥ b P ¢ P Conformers
a-MSH 1 —61 -38 —78 -27 -71 93 -91 -27 82

2 —-70 -33 -91 -23 -82 -33 58 70 64

3 —70 -31 -82 -27 —69 135 66 28 8
[D-Phe’]-a-MSH 1 —70 120 84 17 —102 142 —70 134 18

2 —142 135 75 18 —139 123 55 46 25

3 —66 100 122 -21 -99 —60 55 69 29

4 47 53 114 -57 —166 139 -61 -51 6

5 —68 151 51 —122 —161 86 -98 -22 8

6 —62 112 78 17 —154 38 —67 —56 13

molecules, they could be expected to possess sim-
ilar geometrical shapes of their ‘*message’’ se-
quences, which participate in receptor binding.
Geometrical comparison of low energy structures
for a-MSH with those for [ p-Phe’] a-MSH, per-
formed with the same atomic centers and in the
same way as described above, pointed out two
possible variants of similarity in question. First,
the conformers of type 1, and partly, of type 2 for
a-MSH are similar to the conformers of type 3
for [ D-Phe’] a-MSH, and, second, the conformers
of type 3 for a-M SH are similar to the conformers
of type 2 for [p-Phe’] «-MSH. Both cases of
similarity are depicted in Figures 1la and b, which
show the corresponding structure types over-
lapped.

The two conformer types mentioned above can
be regarded as possible alternative models for the
conformation of the His-L/p-Phe-Arg-Trp mes-
sage sequence, which is presumably involved in
receptor binding, i.e., the models for the biologi-
cally active conformation. To achieve the best
results in design of the analogues with the addi-
tional stabilization of these conformations, one
can consider the following: (a) the side chainsin
the message sequence should not be modified *3;
(b) analogues with p-Phe’ are expected to be
more potent than their counterparts with L-Phe’,
which has been the case for numerous other a-
MSH analogues (see, e.g., Ref. 8); and (c) the
side chains of amino acid residues in positions 5
and 11 could be placed in near proximity and
covalently linked together to create conformation-
ally constrained cyclic analogues with the cycliza-
tion between the position 5 and 11 (see Figure
1). It seems also reasonabl e to substitute the con-
formationally flexible Gly*° residue (* ‘ the confor-
mational hinge’’ ) by more constrained residues

to further stabilize different conformations of the
message sequence. In this view the ‘“‘minimal’’
substitutions would be the different kinds of re-
placements of hydrogen atoms in position 10 for
methyl groups, i.e., the substitutions of Gly*° for
the L/p-Ala, Aib, or Sar residues.

The above considerations were the basis for de-
sign of a series of cyclic analogues of [p-Phe’] a-
MSH with the general sequence of X-cyclo(Asp-
His-p-Phe-Arg-Trp-Y-Lys)-NH,, where X = Ac,
Ac-Nleand Y = Ala, p-Ala, Aib or Sar. We have
decided also to synthesize severa additional cyclic
analogues with enantiomers of the Asp, Phe, Trp,
and Lys residues (for the entire list of synthesized
analogues see Table 1V). Our main goal was to
provide additional experimental datafor refining the
model of the biologically active conformation of «-
MSH message sequence, and in this sense, to make
a distinction between different conformer types for
a-MSH and [p-Phe’]a-MSH. It should be noted
that this goa is unlikely to be achieved by nmr
studies of these cyclic peptides since they undoubt-
edly are flexible enough to display some conforma-
tional averaging in solution.

Synthesis of Cyclic Analogues

The cyclization of the peptide analogues on the
resin proceeded very well. All the peptides were
obtained in good yields (12—38%) after purifica-
tion to homogeneity by preparative HPLC. The
peptides exhibited correct molecular ion peaksin
FAB-MS and gave satisfactory amino acid analy-
ses (Table ).

Biological Testing of Cyclic Analogues

The relative potencies of the peptides to darken frog
skins are given in Table IV. It was interesting to
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(a)

D-Phe”

&
F

®) D-Phe’ D-Phe’

FIGURE 1 Stereoview of overlapping of the 5—11 fragments for [p-Phe’]a-MSH (thick
black line) and a«-MSH (thin shadow lines) for structure types 3, and 1 and 2 (a); and 2 and
3 (b), respectively. All hydrogens are omitted for clarity.



Table VI

Isomerismin a-MSH 163

Low-Energy Conformers of a-MSH (A) and [p-Phe’]la-MSH (B) and of Cyclic Analogues, Similar

in Spatial Arrangements of Side-Chain Functional Groups for the Message Sequence

Asp His L/D-Phe Arg L/D-Trp XP Lys

AE

Peptide No.® ¢ ¢ ¥ ¢ W ¢ 1 ¢ Y ¢ Y ¢ (kcal/mol)
A 1 -44 -61 -38 —-78 -—-27 -71 93 -91 -27 -78 79 -—-152 0.0
16 -35 -67 -41 -7 -27 -8 -29 59 67 68 —-122 55 6.1
B 14 -19 -66 110 114 -9 -116 -62 57 66 71 41 -140 58
la 11 -40 -66 -42 -66 —-47 -8 78 -65 -—-38 76 80 -79 55
Ila 9 -30 -60 151 94 -60 -64 —-47 —-95 140 -55 58 51 3.9
18 -5 -7 -40 -50 -60 -8 135 -71 139 76 54 58 5.2
I1a 1 -33 58 130 101 -39 -—-74 -40 -112 146 -78 78 —-80 0.0
14 -38 -59 -46 -52 -48 -—-67 -52 -147 134 -68 137 -85 9.1
20 -46 -65 -—-41 -47 —-67 -85 7 -61 -36 74 79 =74 9.8
IVa 19 140 -65 150 105 -71 —-81 -46 121 -141 -89 128 —-157 4.7
21 -45 —-67 -4 -47 -56 87 72 54 -4 -74 80 -76 4.8
82 153 -112 150 86 —-125 49 54 91 -85 -147 101 -156 8.8
Va 7 -34 58 129 103 -38 -—-76 -39 -112 145 -73 72 -82 5.0
31 -47 -67 -39 -47 -71 -87 71 -66 -31 -62 70 =71 10.5
Vlia 2 -32 58 135 9 -4 -71 -38 -112 145 =77 72 -84 0.1
5 -34 -60 146 9% -52 -68 —-44 -101 150 -61 -57 52 85
Vila 3 -80 -—-74 159 8 -68 -58 —-45 -111 158 —-76 83 -127 6.8
4 -165 -66 149 90 -60 -64 -—-41 -112 151 -80 87 -114 7.1

2The number of a low-energy conformer in order of increasing AE values.

bX = Ala, p-Ala, Aib, or Sar.

observe that the analogues displayed greatly varied
potencies that ranged from 1000-fold less potent to
equipotent to a-MSH. In general, inclusion of Nle*
caused a significant increase in potency of the pep-
tides. Notable exceptions, however, were VIb and
VIlb, where addition of a Nle* residue caused 2-
fold and 20-fold drops in potency. As anticipated
al the p-Phe-containing peptides were significantly
more active than L-Phe-containing analogues. Inter-
estingly, the linear analogue Ac-Nle-Gly-His-p-
Phe-Arg-Trp-Gly-Lys-NH, made earlier® showed
a bioactivity that is about 0.2 that of a-MSH,?
whereas the cyclic analogue Ac-Nle-cyclo(Asp-
His-p-Phe-Arg-Trp-Ala-Lys)-NH, (analogue I11b,
differs by an Ala instead of Gly at position 10),
possess bioactivity that is 0.92 that of a-MSH (Ta
ble 1V). Therefore it is reasonable to assume that
the bioactive conformation is somewhat stabilized
in the cyclic analogue.

DISCUSSION

Energy Calculations for Cyclic
Analogues and Geometrical
Comparisons

Seven types of cyclic analogues were selected for
energy calculations, namely the analogues | (a)—

VIl (a) (Table 1V). The calculations were per-
formed according to the buildup procedure de-
scribed in Experimental Methods section and in Ta-
bles 1l and I1l. The find lists of low-energy backbone
conformations include 35 structures for analogue | a,
56 for Ila, 21 for I11a, 88 for 1Va, 46 for Va, 7 for
Vla, and 9 for Vlla. As might have been expected,
no low energy conformer of Ala'-containing ana-
logues la, Illa, 1Va, and Vlla occupied a gtericaly
forbidden region of the Ramachandran map with posi-
tive ¢ and negative i values in pogition 10; the same
is true for the p-Ala’-containing analogue 11a, where
dgns of dihedrd angles ¢ and ¢ in the dericdly
forbidden region in position 10 are reversed. Also, as
expected, the N-methylated Sar™® residue has limited
the conformational possibilities for the preceding Trp®
residue to the structures with the postive ¢y values
found only in analogue V1a; no low energy analogues
with a cis conformation of the Sar’® residue were
found. At the same time, subdtitution of the Aib™
residue in analogue Va confined the possible confor-
mations in position 10 not only to either right or left
a-hdices, and, perhaps, to the fully extended confor-
mation, as might be expected,”® but also reveaed
the possbility of inverse +-turn conformations
(p = —60°, ¢ = 70°).

All low-energy conformers of cyclic analogues
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FIGURE 2 Stereoview of overlapping of conformer 20 for analogue I11a, conformer 21 for
analogue |'Va, conformer 31 for analogue Va (thin shadow lines) and of backbone of fragment
5-11 for structure type 3 of [D-Phe’]a-MSH (thick black line). All hydrogens are omitted
for clarity.

were then compared to each other, aswell asto the
low-energy structures of «-MSH and [ b-Phe’] a-
MSH. The comparison involved the spatial ar-
rangements of their His-L/p-Phe-Arg-L/p-Trp
fragments, using the same atomic centers and the
same similarity criteria as were employed above
for comparison of low-energy structures of a-
MSH and [p-Phe’] a-MSH. It was found that all
cyclic analogues possess low energy conformers
similar to each other and to the conformers of
type 1 and 2 of a-MSH and of type 3 of [D-Phe’]
a-MSH as to the spatial arrangement of the central
tetrapeptide message sequence. Table VI contains
the dihedral angle values for backbones of those
conformers together with their relative energies
AEFE’s, and with the corresponding *‘template’’ con-
formers of a-MSH and [p-Phe’] a-MSH.

Most conformers of the cyclic peptides listed in
Table VI arevery closeto each other asto the values
of dihedral anglesfor their peptide backbonesin the
sequence from ;s t0 ¢ryp iN the His-L/D-Phe-Arg-
L/D-Trp fragment (the dihedral angles defining the
mutual spatial arrangement of side chains in the
fragment). Some discrepancies, like differences in
Pris 10 Pp.pre Values between conformers 1, 14, and

20 for analogue I11a, could be overcome easily by
rotation of the peptide bond plane between the His
and p-Phe residues at ca. 180°, which would leave
the mutual spatial positions of side chains for
these two residues virtually unchanged. But the
differences in dihedral angles outside of the
His-L/p-Phe-Arg-L/p-Trp fragments can disrupt the
overall spatial similarity between conformers. For
instance, it is not possible to fully overlap conform-
ers 1 and 14 with conformer 20 for analogue Illa
by any rotations of peptide bond planes due to the
difference in the corresponding ¢+, values. Further,
analyzing the conformers in Table VI, it can be
deduced that there are two distinct groups of con-
formers with overall similarity. The first group is
formed by conformer no. 11 for analogue la, no.
20 for Illa, no. 21 for 1Va, and no. 31 for Va,
and the second one include conformers no. 9 for
analogue Ila (with rotation of the peptide bond
plane between the p-Ala and Lys residues), no. 1
for analogue I11a, no. 7 for analogue Va, no. 2 for
analogue Vla, and no. 3 for analogue Vlla.
Keeping in mind that analogues I11b, Vb, and
Vb can be considered as biologically potent (see
the data in Table V), whereas all other analogues
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FIGURE 3 Stereoview of overlapping of conformer 9 for Ila, conformer 2 for Vla, con-
former 3 for VIla (thin shadow lines), and of the backbone of fragment 5-11 for structure
type 3 of [p-Phe’]a-MSH (thick black line). All hydrogens are omitted for clarity.

have reduced potency, it is noteworthy that the con-
formers of the first group are present in active ana-
logues only, whereas conformers of the second
group are present both in active and inactive cyclic
analogues. The only exception (conformer 11 for
analogue | a) can be easily explained by the inherent
difference in activity between o-MSH analogues
containing L- or p-Phe’ residues; the linear ana-
logue Ac-[Nle*, b-Phe’] a-MSH (4—11)-NH, is 100
times more active than its L-Phe’-containing coun-
terpart.*® This suggests that the first group of con-
formers can be used as a template for a model of
the biologically active conformation for the a-MSH
message sequence. These conformers are depicted
overlapped in Figure 2 together with the corre-
sponding backbone fragment of [p-Phe’]a-MSH
conformer of type 3. The second group of conform-
ers, which are characteristic for inactive analogues
(conformer no. 9 for Ila, no. 2 for Vla and no. 3
for Vlla), are depicted in Figure 3 together with
the same backbone conformer of [ p-Phe’]-a-MSH.
In both Figures 2 and 3, the side chains of the His,
D-Phe, Arg, and Trp residues do not occupy exactly
the same spatial position for al depicted analogues,
but they easily could be put more close together by
limited rotations around side chain dihedral (.
and/or x,) angles.

It is evident from Figure 2 (active analogues)
that the aromatic side-chain moieties of the His®,
p-Phe’, and Trp® residues can form a continuous
“‘surface,’’ presumably interacting with a comple-
mentary receptor site. This feature is absent in the
case of inactive analogues (Figure 3), since such a
surface would be intersected by the lactam bridge
and the backbone of the residue in position 10. This
might be afactor which resultsin the loss of activity
of IIb, VIb, and VIIb (assuming their cycle confor-
mations would not be significantly changed after
addition of the Nle* residues), despite the fact that
some of low energy conformers for these analogues
are geometricaly similar to the same conformers
of the ‘‘message’’ sequence for a-MSH and [ p-Phe’]
a-MSH. The ability of the ‘‘message’’ sequence to
form a continuous hydrophobic surface interacting
with the receptor was mentioned earlier as a neces-
sary feature of the a-MSH ‘‘biologically active’”
conformation.®’

In summary, our findings alow us to refine a
model for the biologically active conformation for
the a-MSH message sequence. We are suggesting
for this model that conformers no. 20 for I11a, no.
21 for IVa, and no. 31 for Va, as well as the corre-
sponding conformers of «-MSH and [p-Phe’] a-
MSH, listed in Table VI, are the most likely. It
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Phe”

Phe”

FIGURE 4 Overlapped stereoviews of various models of the biologically active conformer
for [D-Phe’] a-MSH: fragment 5-11, this study (thin black line); backbones of fragment 6—
9 from Ref. 12 (thick black line, more extented) and Ref. 14 (thick shadow line). All hydrogens

are omitted for clarity.

should be emphasized that these conformers are
similar in terms of the mutual spatial arrangement
of the His, Phe, Arg, and Trp sidechain moieties,
rather than in terms of the similarity of their peptide
backbone dihedral angle values. This is especially
evident when comparing conformers in Table VI
for active cyclic analogues and for linear a-MSH
and [p-Phe’] a-MSH peptides.

It is interesting to note that «-MSH conformer
1, listed in Table VI, is the same conformer that
was suggested as a template for the biologically
active conformation of a-MSH in our preliminary
publication.”” Conformer 14 of [p-Phe’]a-MSH,
which also is listed in Table 1V, is close to the
[D-Phe’]1a-MSH conformer of type | (see Tablel in
Ref. 27) providing the peptide bond planes between
residues His-p-Phe, Arg-Trp, and Trp-Gly are ro-
tated by ca. 180°.

Findly, it is worthwhile to compare the biologi-
cally active conformation of the backbone of the
His-L/p-Phe-Arg-Trp message sequence proposed

in this study, with those suggested by energy calcu-
lations earlier.** Figure 4 depicts the backbone in
question for [D-Phe’]a-MSH conformation (frag-
ment 5-11) from this study (see Table VI) and
from an earlier computational paper,* as well as
from Sugg et al.*> One can easily see a conforma-
tional similarity for both former structures, but only
a modest resemblance to the other proposed™ con-
formation, which has a loose chain reversal around
the o-Phe’-Arg® fragment. At the same time, the
model for the bioactive conformation of Ac-[Nle*,
c[p-0rn®, Glu®)]a-MSH (4—11)-NH, revealed by
nmr spectroscopy ™ is similar to that proposed in
this study.

CONCLUSIONS

1. Energy calculations on a-MSH and [ p-Phe’]
a-MSH were used to design cyclic peptides
to stabilize different proposed conformational



isomers of the parent compounds. With mini-
mal structural modifications of the conforma-
tionally flexible Gly™ residue (replacing of
hydrogens by methyl groups), cyclic octa-
and heptapeptide cyclic analogues with dif-
ferent conformational possibilities were de-
signed. Some of these analogues showed bio-
logical potencies on frog skin comparable to
the potencies of parent tridecapeptide.

2. Additional energy calculations for the ob-
tained cyclic analogues alowed us to refine a
model for the biologicaly active conforma-
tion of the His-Phe-Arg-Trp message se-
quence of a-MSH and [p-Phe’]a-MSH. It
was found that «-MSH and [ p-Phe’] a-MSH,
as well as hiologicaly potent cyclic ana
logues, possess similar low-energy conforma-
tions not in terms of close values for dihedra
angles, but in terms of common spatial ar-
rangements for functional groups involved in
the ‘*‘message’’ sequence.

This work was supported in part by U.S. Public Health
Service grant DK17420.
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